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Welcome to Guimarães at Eurosensors XVII, 
 
thanks to the authors, who sent us over 459 high-quality papers. Thanks to the members of the 
Executive Steering Committee, who came personally to Guimarães and, based on reviews made 
and arranged by the members of the Technical Programme Committee, composed the conference 
technical programme. We decided to accept 341 of contributed papers: 123 as oral and 218 as 
poster contribution. We believe that the result is a nicely balanced programme with excellent 
papers. As many as 41 countries are represented with papers. The technical programme continues 
with 3 oral parallel sessions and poster presentations. As in Prague, we decided to make the 
poster sessions plenary, not overlapping with oral sessions. Thanks for all the participants, 
exhibitors, sponsors and local organizers, who make this conference another successful event in 
the following series: 
 
 
1987 Cambridge  1995 Stockholm 
1988 Enschede  1996 Leuven 
1989 Montreux  1997 Warsaw 
1990 Karlsruhe  1998 Southampton 
1991 Rome   1999 The Hague 
1992 San Sebastian  2000 Copenhagen 
1993 Budapest  2001 Munich 
1994 Toulouse  2002 Prague 
 
 
As started from The Hague, this book contains two-page abstracts. Four-page full papers are on 
CD-ROM proceedings and the authors are encouraged to submit extended paper to special 
volume of Sensors and Actuators. The annual Eurosensors Fellow award was established in 2000 
to "acknowledge outstanding contributions to the field covered by the scope of the Eurosensors 
series of conferences". The 5000 Euro award was an idea of Eurosensors XIII chairman, R. 
Wolffenbuttel, and it is sponsored from the profit of the Eurosensors conferences. The typical 
profile of a prospective Eurosensors Fellow contains the following components: excellent recent 
work, getting established in the field, in the process of building up a research team within a 
European based affiliation. Prof. Udo Weimar was elected Eurosensors XVI Fellow. He will present 
his invited lecture during Eurosensors XVII. The name of the Eurosensors XVII Fellow will be 
disclosed and the award will be given during a special award ceremony at the Eurosensors XVII 
conference dinner. This year we will have at the beginning of the sessions on Tuesday afternoon 
(at 16:00) one keynote and two invited speakers. 
 
Next Eurosensors conference will be organized by Universita di Roma “Tor Vergata”, Italy and it 
will be held in Rome. 
 
Enjoy the conference and your time in Guimarães and in Portugal! 
 
 
José Higino Correia 
Eurosensors XVII General Chairman 
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Abstract:

Thie talk discusses nanorobotics and its connections with sensor/actuator networks. 
Nanorobotics encompasses: (i) design and fabrication of nanorobots with overal dimensions 
at or below the micrometer range and made of nanoscopic components; (ii) programming and 
coordination of large numbers of nanorobots; and (iii) programmable assembly of nanoscale 
components either by manipulation with SPMs (or other robotic devices), or by self-assembly. 

Nanorobots are quintessential NEMS (nanoelectromechanical systems) and raise all the 
important issues that must be addressed in NEMS design: sensing, actuation, control, 
communications, power, and interfacing across spatial scales and between the 
organic/inorganic and biotic/abiotic realms. Nanorobots are expected to have revolutionary 
applications in such areas as environmental monitoring and health care, and to open new 
avenues of research and development in pervasive interaction with the physical word. 

This talk begins by discussing nanorobot construction, which is still at an embryonic stage. 
The emphasis is on nanosensors and nanomachines, areas which have seen a spate of rapid 
progress over the last few years. The focus then changes to nanoassembly by manipulation 
with scanning probe microscopes (SPMs), which is a relatively well established process for 
prototyping nanosystems. Prototyping of nanodevices and systems is important for design 
validation, parameter optimization and sensitivity studies. Nanomanipulation also has 
applications in repair and modification of nanostructures built by other means. High-
throughput SPM manipulation may be achieved by using multi-tip arrays. Experimental 
results show that interactive SPM manipulation can be used to accurately and reliably position 
molecular-sized components. These can then be linked to form subassemblies, which in turn 
can be further manipulated. Applications are presented. 
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From metal oxide gas sensors towards artificial olfaction and its application
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Summary: The contributions presents the basics of the modelling approach for the metal oxide based gasc 

sensors established in the last years at the University of Tübingen. Also, a selection of applications

succesfully solved in the frame of European projects is presented together with the input from or to the 

basic understanding of the gas sensing .

Keywords: gas sensor microsystem and applications, modeling

Category: 1 (General, theoretical and modeling), 5 (Chemical sensors), 10 (Applications)

1 Introduction

This contribution presents on one side the
modelling approach for metal oxide based gas sensors 
established in the last years at the University of
Tübingen and on the other side some selected
applications of this type of sensors. The applications 
were chosen either for their relevance or for
highlighting the usefulness of the results of the
modelling when one deals with practical problems. 

2 Modelling

The Gas Sensor Group at the University of
Tuebingen is involved in both basic research and
application of, among others, metal oxide based gas 
sensors. The finding that a fractal knowledge is the 
result of research and development in this field was 
the reason for starting a modelling effort with the aim 
of putting together a research approach that results in 
a coherent picture integrating, both, basic
understanding and sensor application aspects. The
approach/research program was first time sketched in 
[1]. Its rationale is presented in what follows:

Assessment of the state of the art by literature
survey and selection of an appropriate metal oxide 
system. The candidate used for this is SnO2.

• SnO2 is a wide band gap n-type
semiconductor, its conduction type being related 
to the intrinsic oxygen vacancies. Gas sensors 
based upon this material are extensively used in 
the detection of toxic gases. Their advantages 
such as low costs and high sensitivities make 
them very attractive, whereas disadvantages such 
as lack of selectivity and strong interfering effect 
of water vapour still hinder their use as
measuring devices.

Definition of objectives for the next steps:
• What are the relevant parameters to be
focused at?

o Identification of relevant problems, e.g. 
CO in presence of humidity
o Typical 3S parameters (Stability,
Sensitivity, Selectivity) as a basis for

benchmarking.
• What are the experimental and boundary
conditions?

o Measure as much as possible in real 
world conditions and on real world
samples. This was leading to
measurements performed under gas
atmospheres provided by gas mixing
stations. Most of the measurements are
electrical measurements and optical
spectroscopy. For material characterization 
tasks also UHV techniques were used.

• Preparation of appropriate samples according 
to the following criteria:

o “Simple” preparation of sensitive
material, which avoids additives (where
the additive role is not quite understood)
o Very sensitive samples to get sufficient 
“effect” (good signal to noise ratio)
o Optimised substrate (materials)
o Solid experimental basis: High
throughput reproducible preparation
method, which ensures a high sample to 
sample reproducibility and consequently
allows for testing of devices in totally 
different experimental rigs in different
laboratories over a long period.

• Extensive testing for selection of appropriate 
combination of samples and relevant parameters. 
Anticipating a little bit, the main conclusions
were:

o The home-made SnO2-based sensors
live up to the standards of commercial 
SnO2-based sensors. Especially the ones 
doped with 0.2% wt. Pd were showing
excellent sensitivity for CO detection and 
a remarkable long-term stability and have 
been chosen for the following basic
studies.
o The CO detection is especially
influenced by the presence of the
humidity. Consequently, the water-CO
combination was used as a model system.
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• Selection of complementary experimental
techniques appropriate to the a.m. aims

o DC resistance measurements are the
“normal” way of sensor measurements and 
allow for a screening of large number of 
sensors.
o AC impedance spectroscopy as a
technique which is applied in normal
operation conditions. AC impedance
spectroscopy provides knowledge on the
different contributions (surface, bulk,
contacts) to gas sensing.
o Work function change measurements by 
the Kelvin method are also performed in 
normal operation conditions. They
additionally provide insight about surface 
reactions where free charge carriers are not 
involved.
o Catalytic conversion measurements in
normal operation conditions give
additional information about the gas
sensing reaction paths.
o Infrared spectroscopy and especially
DRIFT measurements are allowing (in
principle) for the identification of surface 
species involved in the sensing process in 
normal operation conditions. It is one of 
the few spectroscopic techniques which 
can be applied in normal operation
conditions.

• Development of necessary tools for the
interpretation of the experimental findings ; the 
modelling should start from elementary steps
governing those surface-molecule interactions
which lead to charge transfer (adsorption,
reaction, desorption, etc) and then show how
these steps are linked with the macroscopic
parameters describing the sensor response.
• Application of the interpretation tools to
precisely planned experimental model systems.

Most of the experimental techniques were used in 
the past for studying gas sensors [2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13]. However, they were never combined 
and applied to the same samples/sensors and their 
results never integrated in a complete modelling of 
gas sensing.

Partly, the experimental results and the modelling 
tools  are already published [14, 15, 16, 17, 18] or 
submitted for publication[19, 20]. The general picture 
became clearer just recently [21].
The sensing of CO in the presence of water vapour 
seems to be described as follows:
1. CO sensing on tin oxide sensors is associated 

with combustion forming CO2. The combustion is 
a linear phenomenon. The power law dependence 
of the resistance on the CO concentration is due 
to the transduction dominated by Schottky
barriers.

2. Water adsorption results in the formation of:

• hydroxyl groups bound to Sn atoms forming 
strong surface dipoles hence leading to
changes in the electron affinity;

• donors attributed to 'rooted' hydroxyl groups.
3. Oxygen adsorption results in temperature-

dependent ionosorbed species (O2
-,  O2- and O-),

with O- dominating in the range of interest (250 
to 400°C)

4. CO sensing occurs via two pathways:
• reaction with ionosorbed oxygen and
• reaction with hydroxyl groups, which

changes the electron affinity and releases H 
atoms. The latter combines with associated 
water and provide donors (protonated water) 
i.e. free charge carriers.

For lower concentrations and temperatures the
reaction with OH groups dominate.

5. The resistance dependence -of the equivalent
circuit resistors corresponding to the different 
elements in the sensing layer- on the CO
concentration for dry and humid background air 
can be described by a power law (R ~ pCO

-n) and 
resemble each other. The dependence of the
exponent on the operation temperature can be 
related to two qualitatively different contributions 
to the layer resistance. These two contributions 
could be due to tin dioxide grains close to and 
further away from the catalytically active
electrodes or due to the existence of depleted and 
undepleted grains.

6. The overall combustion of sensors is not the
independent combination of the contributions of 
the different sensor parts. The presence of the
substrate influences the combustion of the
sensitive layer. The combustion of the sensor
signal and the sensitive layer in contact with the 
Pt electrodes increase with increasing water
vapour content of the gas. 

The findings demonstrate that gas sensors based on 
metal oxides are complex devices and that it is not 
possible to understand them in the absence of a
systematic approach. They also demonstrate that the 
proposed approach can be applied with a reasonable 
degree of success. The results obtained up to now are 
first steps in the understanding of the gas sensing with 
metal oxide sensors starting with the mechanistic
level and continuing with the transducer function. 

There are still a number of specific topics to be 
investigated and clarified; however, the already
acquired knowledge allows for the next needed
advancements especially towards the understanding of 
the role of dopants. The extension of the modelling to 
the study of the sensing of other target gases is
envisaged; currently hydrocarbons’ sensing is under 
investigation with the aim of understanding the role of 
electrodes in this process (see next paragraph).

2 Applications

From the point of view of applications it has to be 
stated clearly that the ones which are going in the 
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direction of large markets are from the industrial point 
of view the most appealing ones. Besides domestic 
applications e.g. as leak detectors in flats and
buildings with combustion heating systems the
automotive field is a large driver. Traditionally the 
combustion regulation and control with e.g. the
lambda probe is a considerable field for the
application of chemical gas sensors however the metal 
oxide sensors presented here are not really suitable for 
this field. This is mainly due to the high temperatures 
and the very hazardous environment in the exhaust 
manifold of a combustion engine. On the other hand 
comfort features for new cars are getting more in the 
focus of the automotive industry and consequently 
also applications where gas sensors are involved.
Such a feature is the automated re-circulation flap 
which is closing upon “bad air quality” outside the 
car. A typical indicator for such a situation is carbon 
monoxide (CO) which is emitted by other cars and 
accumulated e.g. at large cross roads in an urban
environment or in tunnels. Fig 1 is showing results of 
such a test drive where an electrochemical cell was 
used as a reference instrument for recording the actual 
CO concentration and an SnO2 coated micromachined 
sensor was evaluated in parallel. The measurements
were carried out in a joint European project called 
CIA (Chemical Imaging for Automotive applications, 
BRPR-CT96-0194).) to demonstrate the feasibility. 
The outcome of that is meanwhile picked up by the 
industry and commercialised.
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Fig. 3. SnO2 based microsensor resistance and EC output 
time dependence during a test drive.

For the optimisation of the solving of this
application, the knowledge acquired in the modelling 
is of big help; it provides the needed knowledge for 
designing a sensor with high CO sensitivity and low 
cross sensitivity to water.

In the frame of the CMOSSens project (IST-1999-
10579) the main application was the residual oil
monitoring in compressed air. It was necessary to 
devise a microsensor module which should allow a 
continuous monitoring of the proper functioning of 
the compressor line and provide an immediate alarm 
as soon as malfunctioning occurs. This applies to two 
environmental issues: 
• First, the filters have no more to be changed on a 

time basis, but only in the moment their capacity 

is really exhausted as indicated by the sensor. 
This will help to save material and energy in the 
filter production. 

• Second, as soon as malfunctioning occurs, not 
only the compressor, but also the whole
production line behind the compressor is flooded
with oil. This requires an extensive clean up and 
disposal of large quantities of hazardous waste. In 
addition, major components have to be
completely replaced. The sensor will detect
malfunctioning at an early stage, early enough to 
close the valves behind the compressor and
protect the production line.

In order to fulfil this demand the most crucial step 
was the vaporisation of all residuals (e.g. oil and 
water aerosols). This was done using an expansion 
through capillaries. The main result is presented in 
Fig 2 showing the response of home made and
commercial sensors to the exposure to an atmosphere 
containing 23.5 mg/m3 of lubricant oil. The oil
content was determined through independent
gravimetric measurements. In the figure also the time 
dependency of the other parameters, which could 
influence the sensor resistance, is given
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Fig. 2. Sensor resistance, humidity, flow and temperature 
time dependence during the exposure to a oil-containing
atmosphere.

A very interesting finding of the presented work was 
the role played in the oil vapour detection by the
combination between substrate and electrode
materials. It was found that the best results were
obtained by using a combination Al2O3 based
substrate and Au electrodes. These facts are currently 
under investigation.
Another application area is the field of the so called 
“electronic noses”. Even if the recognition of gaseous 
species by such a electronic sensor system and the 
biological olfaction are not directly comparable, the 
term “electronic nose” is meanwhile established in 
literature but will not be used in this description.
The information shown in Fig 3 is giving the
correlation of independent test data for the artificial 
ageing of corn oil using UV irradiation. Here one can 
clearly see the necessity of a recalibration which 
determines the improvement in the prediction of the 
ageing time. Similar experiments can be also carried 
out with e.g. packaging material which was the topic 
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of a European project PARFUM (ESPRIT IT 20.848). 
Since the applications in this field needs a lot of 
assistance from the analytical chemistry field and real 
application know how, it turned out during the last 
decade that the “electronic nose” is much more a 
“application specific sensor system (a3s)” (following 
the statement of Andreas Hierlemann) and not a
universal tool which can be applied always and
everywhere. To reach this point of understanding it 
was also very useful to discuss these matters with all 
the experts which are grouped in the European
projects NOSE (I and II). Since it is obviously getting 
now more application specific it makes also sense to 
develop more versatile, integrated, smart
microsystems with appropriate data evaluation
strategies which will be an important topic for FP6 in 
the European framework. The optimisation of the
sensing components will have to be performed in a 
coherent manner like the one proposed in the previous 
section.
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Fig. 3. Correlation between the prediction of the sensor 
system and the real ageing data.

The current research trend in this area is the building 
of flexible re-configurable sensor system by using 
microsystems technology with the aim of obtaining 
handheld instruments.

3 Conclusion

We think that by using the research approach
presented above it is possible to expand this approach 
to other model systems including different metal
oxides and target gas (mixtures) and in this way build-
up the knowledge needed for the solving of relevant 
applications. It is important to remember that the
identification of the research targets, the preparation 
of the needed samples and the use of the appropriate 
research methods are the crucial steps in any such 
attempt. The sensor science has to be elaborated by 
combining the interests and knowledge of sensor
developers, sensor users and scientists aiming for the 
basic understanding; all these experts should talk to 
each other for mutual benefit. The users can clearly 
identify the relevant objectives, the developers can 
optimise the samples/sensors and the scientists will be 
able to build the knowledge needed for the further 

advancements. The latter will have to be validated by 
the development of better performing real world
sensors able to be applied for solving relevant
practical problems.
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Thin-Film Silicon Micromachined Resonators  

Processed at Low Temperatures for Sensor Applications 

J. Gaspar1,2, V. Chu1 and J. P. Conde1,2

1INESC Microsistemas e Nanotecnologias, Rua Alves Redol, 9, 1000-029 Lisbon, Portugal 
email: jgaspar@inesc-mn.pt http://www.inesc-mn.pt 

2Materials Engineering Dept., Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisbon, Portugal 

Summary:  This work reports on the fabrication and characterization of thin-film silicon micromachined 

bridges and cantilevers processed at low temperature (≤ 110 ºC) on glass and plastic substrates. The 
microelectromechanical structures are electrostatically actuated and the resulting deflection is optically 

monitored with subnanometric precision. Resonance frequencies of 30 MHz are detected and quality 

factors up to 3000 are observed in vacuum. The deflection of the structures, either at low-frequency or at 

resonance, is measured as a function of the actuating voltage, geometrical dimensions, structural materials 
and pressure. An electromechanical model is presented. A Young’s modulus of 160 GPa is extracted for 

hydrogenated amorphous silicon and the elementary energy dissipation processes in thin-films are 

discussed. 

Keywords: thin-films, low temperature, microelectromechanical structures, and amorphous silicon 

Category: 2 (Materials and technology)

1 Introduction and motivation 

Microelectromechanical systems (MEMS) use 
planar microelectronics fabrication techniques to 
produce 3D structures, which have both electronic 
and mechanical functionality. MEMS sensors and 
actuators can be based on a variety of different 
physical, chemical and biological principles [1]. 

Currently, most MEMS are made by bulk 
micromachining of crystalline silicon (c-Si) 
substrates or by surface micromachining of high-
temperature poly-Si on a c-Si wafer substrate [1]. 

Thin-film MEMS aim to exploit the advantages 
of thin-film technology in the fabrication of MEMS 
on large area substrates such as glass and plastic. 
Because of the low temperature used in most thin-
film processes [2], it is compatible with a wide 
variety of substrates. Thin-film technology is also 
CMOS compatible, allowing backend integration of 
MEMS with Si integrated circuits (IC’s). Thin-film 
MEMS devices such as electrostatic actuators with 
integrated magnetic sensing and thermal actuators 
have been developed [3]. 

This paper reports on the fabrication and 
characterization of thin-film Si surface-
micromachined electrostatic actuators processed at 
low temperatures on glass and plastic substrates. 
Electrostatic actuators play an important role in 
MEMS for applications such as optical switches, 
radio-frequency (RF) resonator filters or sensitive 
mass detectors [1]. The motivations for this work 
are (i) the possibility of obtaining high-performance 
resonators with this technology, and (ii) the 
structural and mechanical characterization of thin-
film materials such as hydrogenated amorphous 
silicon (a-Si:H) and nanocrystalline Si (nc-Si:H). 

Fig. 1. SEM picture of a microbridge with gate electrode.

2 Experimental procedures

2.1 Sample preparation 

Microbridges and cantilevers with an underlying 
gate electrode are fabricated on glass and plastic 
substrates using thin-film technology and surface 
micromachining. The maximum processing 
temperature used was 110 ºC. Fig. 1 shows a 
scanning electron micrograph  (SEM) of a bridge 
structure. 

The process starts with the deposition and 
patterning of a 100 nm-thick aluminum (Al) gate 
electrode. A 1 µm-thick photosensitive polymer is 
then spun and patterned by photolithography, 
forming the sacrificial layer. The structural material 
is then deposited and patterned into bridges and 
cantilevers. The structures consist of a-Si:H/Al and 
nc-Si:H/Al bilayers or doped a-Si:H or nc-Si:H 
single structural material. The sacrificial layer is 
then selectively removed, releasing the 
microstructures. Typical device dimensions are 1 
µm for the air-gap (d), 4-100 µm for the length (L),
4-20µm for the width (b) and 100-500 nm for the 
thickness (t).
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Fig. 2. Bridge deflection measured against VG at 31 Hz.

2.2 Sample characterization 

The microstructures are electrostatically actuated 
by applying a voltage, VG, with DC and AC 
components, VG = VDC + VACsin(2πft), between the 
gate and the structure. The resulting deflection is 
optically monitored by focusing a laser on top of 
the structure and measuring the reflected beam 
deviation with a quadrant photodetector. The 
deflection (at low frequencies f or at the resonance) 
is measured as a function of VG, geometrical 
dimensions (L, b and t), type of structural material 
and pressure, P.

3 Results 

3.1 Deflection dependence on gate voltage 

Fig. 2 shows the deflection, δT, of an a-Si:H/Al 
bridge measured as a function of the applied gate 
voltage, VG, at 31 Hz. δT is proportional to VG

2 and 
amplitudes up to 300 nm are measured with a 
precision of 1 Å. It is possible to extract important 
materials elastic properties, such as the Young’s 
modulus, E, from the δT dependence on VG [4]. Ea-Si

∼ 160 GPa is thus estimated.  

3.2 Resonance frequency and quality factor 

The deflection of the microstructures is monitored 
as a function of the gate excitation frequency, f, and 
the resonance frequencies are typically in the MHz 
regime. Fig. 3 shows the resonance peak (fres ∼ 2.3 
MHz) of a microbridge measured at 102 Torr and 
10-6 Torr. As the pressure decreases, the resonance  

Fig. 3. Resonance deflection peaks of a microbridge at 
102 Torr and 10-6 Torr. 

Fig. 4. Quality factor, Q, versus surrounding pressure, P.

amplitude, δres, increases by a factor of ∼ 100 and 
the resonance peak narrows, i.e., the quality factor, 
Q, increases. Q-1 is proportional to the energy 
dissipation. The Q dependence on the pressure, P,
is plotted in Fig. 4. For pressures above 1 Torr, Q
decreases by a factor of ∼ 100, and is limited by air 
damping [5], and for P < 1 Torr, Q is constant, and 
it is limited by intrinsic mechanisms. 

In Fig. 5 (a), the intrinsic quality factor, Qi, for 
n+-a-Si:H bridges is plotted as a function of the 
length, L. Quality factors up to 3000 are obtained, 
which are comparable to those of c-Si and poly-Si 
resonators. The general trend of Fig. 5 (a) is that Qi

increases with L, suggesting that the main 
dissipation mechanism is thermoelastic dissipation 
[6]. Resonance frequencies, fres, up to 30 MHz are 
detected (Fig. 5 (b)). 

The thin-film resonators here described are 
promising for applications such as sensors/actuators 
arrays integrated with CMOS or biosensors arrays 
over glass and plastic substrates. 

Fig. 5. (a) Intrinsic quality factor and (b) resonance 
frequency, measured as function of the length of n+-a-
Si:H bridges, at 10-6 Torr. 
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Metallic Triple Beam Resonator with Thick-film Printed Drive and Pickup
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Summary:  A triple beam resonator fabricated in 430S17 stainless steel with thick-film piezoelectric 

elements to drive and detect the vibrations is presented. The resonator substrate was fabricated by a 

simultaneous, double-sided photochemical etching technique and the thick-film piezoelectric elements
were deposited by a standard screen-printing process. The combination of these two batch-fabrication

processes provides the opportunity for mass production of the device at low cost. The resonator, a 

dynamically balanced triple beam tuning fork (TBTF) structure 15.5mm long and 7mm wide, has a 
favoured mode at 6.2 kHz with a Q-factor of 3100 operating in air.

Keywords: thick-film, piezoelectric, metallic resonator, triple beam tuning fork 

Category: 4 (Non-magnetic physical devices)

1 Introduction 

The thick film printing process has been successfully
used to deposit piezoelectric materials onto silicon
structures for fabrication of a silicon beam resonator
and other silicon devices [1]. In this paper we 
describe the application of this process to the
fabrication of a metallic triple beam resonator with
screen-printed thick film lead zirconate titanate (PZT) 
drive and sense elements and present initial results
from the device. This device, a metallic triple beam
tuning fork structure with thick-film printed
piezoelectric drive and pickup elements, is the first of 
its kind [2].

2 Resonator design and fabrication 

The resonator consists of three beams (tines) aligned
in parallel alongside each other and joined at a
decoupling zone at each end which is in turn
connected to the surrounding material. The central
beam is twice the width of the two outer beams. The 
resonating element has a length of 15.5 mm, a
thickness of 0.25 mm and beam widths of 2 mm and 1
mm. The distance between the beams is 0.5 mm.
Finite element analysis (FEA) has been performed to 
predict the modal behaviour with stress distribution
and eigenfrequencies of the resonator. Thick-film
PZT elements were printed on separate regions at
each end of the central beam, where maximum
stresses exist as the resonator operates in its favoured
mode of vibration. The PZT element at one end drives
the vibrations, whilst the PZT element on the other
end detects them. Positioning the PZT driving and 
sensing elements on the regions of maximum stresses
maximises the degree of mechanical coupling
between the active piezoelectric layer and the 
resonator for generation of both driving forces and 
sensing signals.

15.5 mm 

Fig. 1. Photograph of the metallic resonator. 

The triple beam resonator has three different
fundamental modes of vibration out of the plane of
the wafer. In mode one, the three tines oscillate in
phase. In mode two, the central tine does not oscillate
while the outer tines vibrate at a phase of 180o with
respect to each other. In mode three, the central tine 
vibrates in anti-phase with the outer tines. This mode
is the optimum for operating such a triple beam
resonator, as both bending moments and shearing
forces at the decoupling zone are cancelled out and 
very little vibration energy is coupled into the
supporting frame at each end. This improves the Q
factor of the device and therefore the performance of 
a resonant sensor employing such a device. The in-
phase mode has the lowest resonant frequency,
followed by the second and the third modes. There are
also other higher-order modes of vibrations. A 
photograph of the metallic resonator is shown in 
Figure 1. 

The substrate of the resonator was fabricated from a
0.5 mm thick 430S17 stainless steel thin wafer using a
simultaneous double-sided photochemical etching
technique, with a top pattern to define the layout of 
the resonator and a bottom pattern to etch in a 
standoff distance leaving the section of resonating
element 0.25 mm thick. A dielectric layer was then 
deposited at the defined driving and sensing regions
on the top surface of the resonator using a standard 
screen-printing process, and consecutively layers of
bottom gold electrode, piezoelectric paste and top
gold electrode, were deposited each with their own 
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screens. The dielectric layer was required to isolate
the bottom electrode from the resonator substrate in
order to polarise the piezoelectric layer in a later 
stage.
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The fabricated resonators were sawn from the wafer
and electrical connections were made by conventional
wire bonding. The PZT elements were then connected
in parallel and poled for one hour at 130oC with a 
voltage of 200 V across the electrodes. Given the
measured PZT layer thickness of 50 m, an electric 
field of strength 4 MV/m was generated during the
polarising process. This aligns the dipoles within the
PZT material enabling it to exhibit its piezoelectric 
properties.

3 Resonator operation and results 

The resonator operating in air was first tested in an
open-loop configuration in order to observe the
vibration modes and confirm successful operation of
the driving and sensing mechanisms. The PZT
element at one end of the resonator was driven by an
AC signal of 1V pk-pk from a Hewlett-Packard
89410A Vector Signal Analyser with the tracking
generator scanning over a frequency range of 2-9 
kHz. The PZT element on the other end of the
resonator was connected to a Kistler 5011 Charge
Amplifier and the output from the charge amplifier
was fed back to the signal analyser for frequency
response analysis of the resonator. Figure 2 shows the
frequency response of the resonator with clear
resonances at 2.2 kHz, 6.2 kHz and 6.8 kHz. These
resonances correspond to the first, the third and the
fourth vibration modes of the resonator respectively,
according to the FEA predictions, with the third mode
of vibration being far dominant due to the favourable
dynamic structure balance associated with this mode.
It is obvious that the peak corresponding to mode two
is not visible, since in this mode the central beam,
where the pick-up is located, is at rest. 

Fig. 2. Amplitude-frequency response of the resonator. 

The Q factor of the resonator in air for mode three 
was measured to be 3100, which is excellent when
compared to a Q-factor 70 of a silicon single beam
resonator with PZT thick films operating in air [1] or
a Q-factor 400 of a silicon triple beam resonator with 

Fig. 3. Frequency output of the resonator in closed-loop.

Next, the resonator (in air) was tested in a feedback 

thin films vibrating in air [3] or the Q-factors of other
metallic resonators [4] in air. 

cl
w
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osed-loop configuration. The PZT sensing element
as connected to a charge amplifier circuit, followed

by a digital 90-degree phase shift circuit and a second 
stage amplification circuit all on one circuit board.
The output from the second stage amplification was
fed back to the other PZT element for driving. In such
a way, the resonator was maintained at resonance in
the required favourable mode of oscillation. Figure 3 
shows the frequency output of the resonator in such a
closed-loop operation.

4 Conclusions

This paper has rep
triple beam resona
which the vibrations are driven and detected by thick-
film printed piezoelectric elements. The resonator has
been characterised in an open-loop test which
identified the modes of vibration and confirmed the
successful operation of the device and of the driving
and sensing mechanisms. The resonator has further
successfully been operated in a closed-loop
configuration with the designed associated
electronics. The presented resonator has shown a 
good mode selectivity with a Q factor of 3100 
operating in air, which compares very favourably with
other reported resonators of similar structures
operating in air.
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A Novel Dynamic Thermoelastic Actuation Scheme for Microresonators

R. Mahameed and D. Elata
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Email: mrashed@tx.technion.ac.il

Summary:  A novel dynamic actuation scheme for deformable microstructures is presented. This actuation 

scheme makes use of the thermoelastic response of the structure material. In existing thermoelastic

actuators, the driving forces are induced by a change in the structure temperature.  In contrast, the novel 

thermoelastic actuation scheme exploits local gradients of the temperature to induce the driving forces.  As 

a result, activation and termination of the driving forces in the novel scheme are far more rapid.  The new 

scheme is employed to design a cantilever beam microresonator with high frequency and large deflection 

amplitudes.

Keywords: Thermal actuators, Modeling, Dynamic response

Category: 1 (General, Theoretical and modeling)

1 Introduction

Thermoelastic actuators offer a simple means of
driving microsystems and they can be readily
fabricated using standard materials and
micromachining processes.  Existing thermoelastic 
actuation schemes [1-3] (Fig. 1.) utilize the thermal 
expansion of deformable solids to achieve the
required deflection.  In these existing schemes, the 
driving forces are fully developed only when the 
thermoelastic elements have been heated to the
required actuation temperature.  Termination of the 
driving forces requires cooling of these elements 
(e.g., by conduction).  Due to the thermal relaxation 
time, the response of these actuators is slow relative 
to other actuation methods (e.g., electrostatic
actuation).

Fig. 1. Existing thermoelastic actuation schemes.

The novel thermoelastic actuation scheme
presented in this work is characterized by a much 
shorter response time.  In contrast to existing
actuators, the driving forces in the novel actuation 
scheme are induced by local gradients of the
temperature.  These gradients fully develop within a 
time scale that is much shorter than the time

required to heat or cool the entire thermoelastic 
elements.

Fig. 2. Schematic view of a thermoelastic microresonator.

2 Principle of operation

The novel thermoelastic actuation scheme is
demonstrated on a microresonator (Fig. 2).  A 
resistive heater periodically supplies heat over a 
confined region of the upper surface of the
deformable beam, in the vicinity of the anchor that 
also serves as a heat sink.  The stable periodic 
temperature distribution that develops under the
heater is schematically illustrated in Fig. 3, for a 
square waveform of supplied heat flux.

Fig. 3. Progression of the temperature distribution in the 
beam under the heater.  Several time points ti (ti+1>ti)
during a single load cycle are considered. 
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The temperature gradient rapidly develops as heat 
is supplied, and maintains a constant amplitude
whereas the temperature continuously increases.
When heat supply is ceased, the temperature
gradient rapidly vanishes whereas the temperature 
continuously decreases.

The temperature gradient under the heater
induces a gradient in the thermal stress across the 
beam height.  The gradient in thermal stress gives 
rise to an internal bending moment.  This internal 
moment is proportional to the heat flux and is 
instantaneously activated and terminated.  The
periodic variations in this internal moment induce 
the steady vibrations of the beam.

By tuning the frequency of the heat flux wave-
form to the natural frequency of the cantilevered 
beam, a resonance response is achieved.

The temperature gradient under the heater is 
proportional to the supplied heat flux. This
gradient across the beam height h, is generated
within a time scale of the order τh=h

2/α where α is 
the thermal diffusivity of the structure material.  In 
contrast, in the existing thermoelastic actuation
schemes the thermoelastic elements have to be
heated to the actuation temperature along their 
entire length L.  This heating process occurs over a 
time scale of τL=L

2/α.  Typically, the ratio between 
the height and length of thermoelastic actuator
beams is h/L≈1/100.  Therefore, using the
temperature gradient across the beam height for 
actuation has the potential of reducing the therma l
response time by four orders of magnitude relative 
to existing schemes (τh/τL≈10-4).

3 Simulations

To demonstrate the novel actuation scheme and 
investigate its performance, the dynamic response 
of a microresonator beam was simulated.  The
results presented here relate to a thin Aluminum 
beam with the following dimensions (see Fig 2):
L=800 [µm], h=10 [µm], w=100 [µm], m=2.7 10-9 [kg].
The microresonator was subjected to a periodic heat 
flux with maximal amplitude of q=6.4 108 [W/m2].

The dynamic response was simulated with the 
ANSYSTM finite element code using coupled-field
harmonic analysis.  The maximal deflection at the 
free edge of the beam was computed assuming a 
damping ratio of ζ=0.01 and neglecting convection. 

The deflection amplitude as function of the
frequency of the supplied heat flux is illustrated in 
Fig. 4.  The resonance frequency of the system is 
4.72 [kHz], and it is slightly larger than the free 
vibration frequency of the system because the beam 
is elongated due to the heating.  The resonance
amplitude is 22 [µm], and in the vicinity of the 
clamped edge of the beam the maximal von Mises 
stress is 78 [MPa] and the maximal temperature is 90
[ºC] over ambient temperature.

For this thermoelastic resonator, the thermal time 
scale across the beam height is τh=1 [µs], which 
suggests that it may be driven in frequencies of up 
to f ≈0.5 [MHz].

Fig. 4. Frequency response of the microresonator - free 
edge deflection and phase shift relative to the heat flux.

4 Discussion

The novel thermoelastic actuation scheme for
microresonators presented in this work enables
higher frequencies than can be achieved by using 
existing thermoelastic actuation schemes on
structures of comparable dimensions.

Furthermore, the specific example analyzed here 
demonstrates that large deflection amplitudes may 
be achieved.

Thermoelastically actuated resonating structures 
of the proposed type may also have some
advantages over common electrostatically actuated 
microresonators [4].  In electrostatic resonators a
small gap must be designed between the driving 
electrodes to avoid the necessity of using high
voltages.  As a result of the small gap, kinematic 
constraints may be imposed on the deflection
amplitude of the deformable element, and large
damping forces may arise (unless the device is
packaged in vacuum).

Furthermore, electrostatic forces are inherently 
non linear and therefore the dynamic response of 
electrostatic resonators may be non linear and may 
exhibit instabilities [5] that do not occur in
thermoelastic actuators.
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Resonant MEMS microsensor 

for the measurement of fluid density and viscosity 
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Summary:  A resonant MEMS microsensor was developed to measure fluid density and viscosity. It
consists of a thin plate made of a SOI top layer vibrating at resonance in its first bending mode. Its working 
principle is based on the resonance frequency and quality factor affected by the surrounding fluid density 
and viscosity. Measurements have been done in a series of gases and liquids at different pressures and 
temperatures. The resonant MEMS is able to measure densities to ± 1% in the range of 1 to 1100 kg/m3 and 
viscosities to ± 5% in the range of 10 to 105 µPa s.

Keywords: Density, viscosity, Resonant MEMS, vibrating plate, SOI 
Category: 4 (Non-magnetic physical devices)

1 Introduction

In the petroleum industry, measurements of density 
and viscosity are required to determine the value of 
the produced fluid and production strategy. Density 
and viscosity measurements are also important in 
industrial process control, especially in chemical
and food industries. 

We took advantage of the fact that the vibration 
of a plate is affected by the surrounding fluid to 
design a resonant MEMS microsensor using SOI
wafers and DRIE micromachining. In this paper,
we will describe our sensor working principle and 
fabrication, and report the measurements obtained. 

2 Principle of operation 

The resonant MEMS microsensor, shown in Figure 
1, consists of a thin vibrating plate made of the top 
silicon layer of a Fusion-Bonded SOI wafer. The 
use of SFB SOI wafers allows us to choose at will 
the thickness of the vibrating plate and simplifies 
the DRIE micro-machining steps by providing an 
etch stop with the buried oxide (BOX). 

To drive into resonance the vibrating plate,
magnetic forces are used as illustrated in Figure 2. 
The device is placed in a constant magnetic field B 
generated by an external electromagnet or a
permanent magnet. With an alternating current I
injected in a coil fabricated on the plate top surface, 
alternating Laplace forces F put the plate in forced 
oscillations. When the current is at the plate first 
natural frequency, the plate vibrates in resonance in 
its first bending or flexion mode with maximum 
amplitude. Piezoresistive gauges configured in
Wheatstone bridges and placed close to the
clamped edge are used to sense the varying strains 
in the plate as it oscillates. These bridges allows us 

to control and measure the resonance frequency f as 
well as the amplitude or equivalently the quality
factor Q. 

Fig. 1. Picture of the whole Si resonant MEMS
microsensor with main components indicated. 

B

I

F

Fig. 2. Actuation principle by Laplace forces

When the MEMS sensor is placed in a given
fluid, its resonance characteristics, f and Q, will be 
affected by the surrounding fluid as follows. The 
fluid in proximity to the oscillating plate is moved 
by the body’s motion, adding effective mass or
inertia to the intrinsic mass of the plate, hence
decreasing f. The shearing associated with the fluid 
motion around the plate gives rise to viscous energy 
loss per cycle, and so makes Q < Qvacuum. Thus, the 
density ρ and viscosity η of the fluid may be
obtained by measuring f and Q of the vibrating
plate in resonance. 
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3 MEMS fabrication 

The starting wafer is a 4” SFB SOI wafer with a top 
Si layer 20 µm thick. A thermal oxide is first
grown, then a 0.4 µm PolySi layer is deposited, 
implanted with boron and patterned to define an
RTD for temperature in-situ measurement and the 
piezoresistive gauges for resonance control and f 
and Q measurements. After passivation and contact 
openings, a 1 µm thick aluminum layer is sputter 
deposited and patterned to define the coil and other 
interconnections.

DRIE is then used to etch from the front side the 
SOI layer around the plate and from the back side 
the Si substrate all underneath the plate. A final HF 
etch of the BOX layer releases the vibrating plate. 

Figure 3 shows a completed resonant MEMS
sensor in its package specifically designed to allow 
it to be dipped in various fluids, liquids or gases, at 
various pressures (up to 70 MPa or 10 kpsi) and 
temperatures (up to 150 °C).

Fig. 3. MEMS in its package 

4 Measurements

Table 1 shows f and Q measured in vacuum and in 
various fluids, namely inert gas (Ar), natural gas 
(CH4), reservoir oil, formation water, and silicone 
oil. In vacuum and at 298 K, f0 is 5.3 kHz, in good 
agreement with FEM simulations with ANSYS. 

Fluid  ρ (kg/m3) η (mPa⋅s) f (Hz) Q

P → 0 5326 4556
CH4 7.23 0.011 4722 127
Ar 671 0.049 1429 60
Crude oil 774 1.02 1160 10
Brine 1060 0.99 1005 12
Si oil 1910 2200 527 2

Table 1. f and Q in vacuum and various fluids.

With some approximations, simple relations can 
be derived to describe the dependency of f and Q on 
the fluid density ρ and viscosity η:

1 2

0 Si

w
1

4 h

−
π ρ

= +
ρ

⎛ ⎞
⎜ ⎟
⎝ ⎠

f

f
  and 

3 2
CST=Q f ηρ

where ρsi is the Si density, w and h are the plate 
width and thickness and CST is a constant [1, 2, 3]. 

However, a more elaborate model [3] was
necessary to account for the f and Q variations over 
the whole range of densities and viscosities for both 
gases and liquids. 

To calibrate the microsensor, three parameters
defined in the model need to be adjusted by fitting 
the measures taken with argon. After this rather
simple calibration, densities in the range of 1 to
1100 kg/m3 can be measured to ± 1%, and
viscosities in the range of 10 to 105 µPa s to ± 5%. 
These accuracies on ρ and η were obtained by
comparing measured values with either accepted
literature or experimental values. 

Figures 4 and 5 show the error on measured
densities and viscosities for Ar, N2, CH4, heptane, 
crude oil, formation water and reference standards. 
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Summary:  The downscaling of mechanical components is the simplest method to minimize the thermo-

mechanical noise in various kinds of resonating sensors and Nano-electromechanical Systems (NEMSs).  As 
the dimensions of a structure shrink, the surface effects tend to dominate the bulk properties in mechanical 

quality factors (Q-factors) and nonlinearity.  This paper presents the findings on nanomechanical properties 

of ultra-thin single crystalline silicon resonators, with emphasis on their surface effects, such as atomic 

arrangements and surface resconstruction due to thermal treatment and gas adsorption.  The surface loss 

mechanism in energy dissipation was also discussed with reference to support loss and thermoelastic loss.  

The results obtained in this study provide an insight into the understanding of surface effects on 
nanomechanics of resonating elements, and provide design guidelines for future’s nanoengineered devices 

for ultimate sensing. 

Keywords: surface effects, nanomechanics, ultra-thin silicon resonator, energy dissipation 

Category: 4 (Non-magnetic physical devices)

1 Introduction 

Ultra-thin single crystalline silicon cantilevers 
have versatile applications in various resonating 
sensors due to its excellent mechanical properties, 
low defect density, absence of grain boundaries and 
bending (stress free).  However, the surface effects 
arising from the atomic arrangement and surface 
reconstruction on the energy dissipation are of 
paramount importance.  This is not only because of 
downscaling but also due to easily oxidized fresh 
silicon surface.  Unfortunately, relatively little is 
understood about this surface-related mechanism 
and its influence on energy dissipation in ultra-thin 
single crystalline silicon resonators during vibrating. 

2 Experimental 

Figure 1 shows a typical 50-nm-thick (100)-
oriented Si cantilever array fabricated on a silicon-
on-insulator (SOI) wafer using Si-based micro-
machining.  The array consists of rectangular-
shape-cantilevers, and each cantilever is 3 µm wide 
by 50 µm in length.  All measurements of resonant 
frequencies, Q-factors etc. were performed in an 
UHV system with a treatment and measurement 
chambers under a pressure lower than 1×10-7 Pa.  
The resonator was electrostatically actuated by 
applying a low actuation voltage between the 
resonator and a metal electrode.  Laser beam of a 
Doppler vibrometer with a diameter of about 1.5 
µm and a power of about 1 mW was focused onto 
the resonator surface to measure the vibration. 

3 Results and discussions 

Figure 2 shows both the resonant frequency and 
Q-factor of a (100)-oriented Si cantilever after 
treated by flash-heating at 1000oC for 30 s.  The 
resonant frequency increased initially until about 
150 min and gradually decreased thereafter.  The 
balance of mass increase of molecule adsorption 
(mainly water molecules) and adsorption-induced 
surface stress may explain the observed behavior.  
In contrast, the Q-factor decreased and then 
gradually increased to a relatively stable value.  
After treated again by flash-heating, the Q-factor 
was further increased and was found to behave in a 
similar way as that after the first heating as shown 
in Figure 3.  When the flash-heated cantilever was 
exposed to O2 gas for 100 s (about 8 Langmuir), the 
resonant frequency increased and the Q-factor 
decreased drastically as shown in Figure 4.  The 
exposure of O2 gas breaks the Si-Si bonds and 
results in defect formation on the cantilever surface.  
When the O2 supply was stopped at this stage, both 
the resonant frequency and Q-factor increased in 
the same way as shown in Figure 2.  When the 
cantilever was exposed to O2 gas again at 150 min 
after falsh-heating, no increase was observed for the 
resonant frequency, while the Q-factor decreased to 
some extent in comparison to the behavior shown in 
Figure 2.  The formation of Si-O-Si bonds on the 
cantilever surface may be possibly related to the 
observed change in Q-factor as shown in Figure 4.  
The temperature dependence of Q-factor and 
nonlinear response of cantilever were also 
investigated as shown in Figures 5 and 6, 
respectively. 
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Figure 1. A typical view of 50-nm-thick (100)-
oriented Si cantilever array.  Each rectangular 
cantilever is 3 µm wide by 50 µm in length. 

Figure 2. Time dependence of the resonant 
frequency and Q-factor of the 50-nm-thick (100)-
oriented Si cantilever after surface treatment by 
flash-heating. 

Figure 3. The comparison of time dependence of 
the Q-factors after the surface treatment by the first 
and the second flash-heating.  Both curves 
decreased first and gradually increased thereafter. 
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Figure 4. Effect of surface treatment by the 
exposure of O2 gas on the resonant frequency and 
Q-factor of the flash-heated Si cantilever. 

Figure 5. Temperature dependence of the Q-factor 
of the 50-nm-thick (100)-oriented Si cantilever.  
The Q-factor was plotted as a function of 
temperature as well. 

Figure 6. Typical nonlinear responses of the 
oscillating Si cantilever as a function of the 
actuation voltage. 
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A Symmetrical and Decoupled Nickel Microgyroscope
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Summary:  This paper presents a symmetrical and decoupled surface micromachined gyroscope fabricated 
by electroforming thick nickel on a glass substrate.  The symmetric structure allows matched resonant 

frequencies for the drive and sense vibration modes for improved sensitivity, while the decoupled drive and 

sense oscillation modes prevents unstable operation due to mechanical coupling and achieving a low zero-
rate output drift.  The use of a glass substrate instead of a silicon substrate reduces noise due to the 

parasitic signal coupling by two orders of magnitude according to both simulated and measured results on 

fabricated devices.  A capacitive interface circuit which is fabricated in a 0.8 m CMOS process is hybrid 
connected to the gyroscope, where the circuit has an input capacitance lower than 50fF and a sensitivity of 

33mV/fF.  Fabricated gyroscopes have close resonant frequencies for the drive and sense modes, as 
37.2kHz and 38.3kHz, respectively.  The fabricated gyroscope with 18µm-thick structural layer provides a 

Brownian noise floor of 7.3(deg/hr)/Hz1/2 at vacuum.  The overall rate sensitivity of the gyroscope is 

estimated to be 25deg/hr in 10Hz bandwidth. 

Keywords: symmetric gyroscope, decoupled gyroscope, capacitive interface circuit, nickel electroforming 
Category: 4 (Non-magnetic physical devices)

1 Introduction 

Tactical-grade rate sensing applications require 
noise floor better than 0.01deg/sec and bias drift as 
low as 1deg/hr.  These challenging requirements are 
difficult to achieve for MEMS-based Coriolis 
vibratory gyroscopes with current microfabrication 
technologies, unless dedicated mechanical designs 
and improved interface circuits are employed.   In 
MEMS gyroscopes, it is essential to use matched 
resonance frequencies for the drive and sense mode 
vibrations for improving the sensitivity by the 
mechanical quality factor of the sense mode, which 
can be as high as a few thousand at vacuum [1].  
This can be satisfied by designing symmetric 
suspensions for the drive and sense modes, in order 
to keep temperature-dependent drift small [2].  
However, symmetric suspensions usually yield 
undesired mechanical coupling between drive and 
sense modes resulting in a high bias drift.  Bias drift 
can be minimized if the gyroscope has decoupled 
vibration modes [3]; however, these gyroscopes 
usually have unsymmetrical suspensions and are 
subject to temperature-dependent drift.  Some 
approaches aimed to achieve both symmetrical and 
decoupled gyroscope [4-6].  We have reported 
various symmetrical and decoupled gyroscopes 
(called SYMDEC) with different fabrication 
processes [5-6].  This paper reports development of 
an improved SYMDEC gyroscope with an 18 m-
thick nickel structural layer on an insulating 
substrate, where the gyroscope is hybrid connected 
to a CMOS readout circuit with low input 
capacitance and high sensitivity.  

2 Gyroscope Structure and Simulations 

Figure 1 shows the 3D structure of the SYMDEC 
gyroscope.  The drive mode (x-axis) of the 
gyroscope is electrostatically excited to oscillate at 
its resonance frequency.  When an angular rate 
input is applied about the z-axis, the sense mode 
also starts vibrating due to the Coriolis coupling 
from the drive mode, and this vibration is sensed 
with a capacitive interface circuit.  This structure 
has both symmetric suspensions and mechanically 
decoupled oscillation modes.  The anchors of the 
structure are placed at the outermost corners and 
connected to the movable drive and sense 
electrodes with the help of suspension beams in 
such a way that the drive electrodes cannot vibrate 
along the oscillation direction of the sense 
electrodes and vice versa, therefore, the mechanical 
decoupling is achieved.  In addition, the suspension 
beams supporting the proof mass are not attached to 
the anchors directly, rather the proof mass is 
supported by the beams attached to the movable 
drive and sense electrodes.  This way, symmetry of 
the structure is preserved, while the drive and sense 
electrode motions are kept independent from each 
other.  Figure 2 shows CoventorWare FEM 
simulations, where the drive and sense mode 
resonance frequencies of the two modes are 
matched at about 37kHz.  Figure 3 presents the 
FEM simulation result showing that the drive mode 
coupling to the sense mode is less than 2%. Since 
the frequency of the coupling signal is twice that of 
the drive mode, it can be suppressed further with 
the readout electronics.   
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Fig. 1. 3D-structure of the SYMDEC gyroscope.

Fig. 3. The undesired coupling from drive to 
the sense mode is only 2% of the drive mode 
vibration amplitude. 

Fig. 2. CoventorWare modal simulations showing the mode 
shapes of the drive and sense modes, with resonance frequencies 
are matched at about 37kHz. 

3 Implementation and Test Results 

The improved SYMDEC gyroscope is 
implemented by electroforming 18µm-thick nickel 
into a photoresist mold on top of a 4µm-thick 
copper sacrificial layer.  Figure 4 shows the SEM 
pictures of the fabricated gyroscope.  The 
capacitance from the drive mode to the sense mode 
is measured as 100fF by a precision impedance 
analyzer (HP4294A). When the expected 
capacitance of the comb fingers is extracted, the 
parasitic capacitance is determined as only 30fF, 
very small due to the insulating substrate.  A 
capacitive interface circuit in a 0.8 m CMOS 
process is fabricated.  Figure 5 shows the schematic 
of the interface circuit, which provides a measured 
input capacitance lower than 50fF and a measured 
sensitivity of 33mV/fF.  This circuit is hybrid 
connected to the gyroscope.  Figure 6 shows the 
measured resonance frequencies of the drive and 
sense modes of the gyroscope as 37.2kHz and 
38.3kHz, respectively, by using the HP4395A 
network analyzer.  The fabricated gyroscope 
provides a Brownian noise floor of 
7.3(deg/hr)/Hz1/2 at vacuum.  The overall rate 
sensitivity of the gyroscope is estimated to be 
25deg/hr in 10Hz bandwidth. 
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 (a) (b) 

Fig. 4. SEM pictures of the fabricated gyroscope. (a) Overall 
view and (b) close-up view of comb fingers. 

Fig. 5. Capacitive interface circuit with input capacitance lower 
than 50fF and sensitivity of 33mV/fF. 

Drive mode

Sense mode

Fig. 6. Measured resonance frequencies of the drive mode and 
sense mode with a highly-sensitive capacitive interface circuit. 
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Summary:  This paper describes a biosystem (biological system) used to measure the concentration of 

biological substances in urine, serum, plasma or cerebrospinal fluid. Rather than just one channel, it 

comprises 16 optical-channels that enable the measurement of the concentration of 16 different biological 
substances. An array of 16 optical filters based on Fabry-Perot thin-films optical resonators has been 

designed. Each optical-channel is sensitive in a single wavelength with a Full-Width-Half-Maximum 

(FWHM) of 7 nm. The filter fabrication requires only 4 masks, used with different etch time. A commercially 

available band-pass optical filter with a band-pass wavelength in 450-650 nm is used. The biosystem 

requires only a white light source for illumination due the use of selective optical filters. 

Keywords: biosystem, optical filter array, Fabry-Perot 

Category: 7 (Fluidic Devices)

1 Introduction 

Spectrophotometric analysis is one of the most 
commonly used analytical techniques for determining 
the concentration of a particular compound in 
biological fluids samples [1]. Usually, the samples 
need to be sent to a laboratory for spectrophotometric 
analysis, and the results become available after 
several hours or days. The need for rapid and on-line 
measurements led to the development of biosystems 
with the fluidic, detection and readout systems 
integrated in a single-chip [2]. The advantages 
associated with shrinking clinical analysis systems 
include improved efficiency with respect to sample 
size, integration, response times, costs, etc. Previ-
ously developed biosystems on-a-chip with absorb-
ance detection require a wavelength dependent light 
or waveguides inserted into the biosystem for illumi-
nation [3, 4]. Illumination using only a white light 
source requires the use of selective optical filters. 

2 Design of the 16 optical-channels array 

A biosystem to measure the concentration of 
biological substances in biological fluids, by optical 
absorption, was previously implemented [4]. Its 
operation was successfully demonstrated in uric acid 
concentration detection. However, the measurements 
were carried out with a wavelength dependent light 
source (monochromatic light). An optical filter placed 
on the top of the biosystem allows the use of only a 
white light source. Rather than just one optical filter it 
has been developed a 16 optical filters array based on 
Fabry-Perot thin-films optical resonators. The device, 
schematically shown in Fig. 1 and Fig. 2, allows the 
measurement of the concentration of 16 biological 

substances in human’s fluids (Table 1). The 
biosystem is composed by a glass die that contains 
the fluidic channels, including the optical filters, and 
a silicon die that contains the photodetectors and 
readout electronics. A commercially available 
band-pass optical filter on the top of the biosystem is 
used to avoid the non-visible spectrum. 

p substrate

SiO
2

n+p+ Glass channel

Fabry-Perot
optical filter

Commercial
band-pass filter
[450-650 nm]

Silicon
die

Glass
die Al

Ag

Fig. 1. Schematic structure of the biosystem for an 
individual optical-channel in cross-section. 

Commercial
band-pass filter
[450-650 nm]

Fig. 2. The 16 optical filters (4x4 array) and the commercial 
band-pass filter. Each of the Fabry-Perot cavities is tuned to 
transmit in different spectral band. 

The impinging spectrum is filtered by the optical 
filters to a single wavelength, and the intensity of the 
selected spectral component transmitted through the 
fluid is measured using an underlying photodetectors 
array. Thus, each optical-channel is composed by a 
Al/SiO2/Ag layer stack functioning as the Fabry- 
-Perot optical filter with an optical detector 
underneath (a CMOS standard photodiode). The 16 
optical filters are tuned for a specific wavelength 
(third column of Table 1). The thickness of the SiO2

layer determines the tuned wavelength. The optical 
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filters use metallic mirrors instead of high-perform-
ance dielectric mirrors due to the simplicity of their 
fabrication: only 3 layers are deposited and the 
wavelength selection is performed by changing only 
the thickness of the SiO2 layer. 

Table 1. The 16 biological substances that can be analyzed 
in the biosystem. U (Urine), S (Serum), P (Plasma) and 
CSF (cerebrospinal fluid) [1]. 

Biochemical 
Substance 

Biological 
Fluid 

Absorption spectra 
maximum peak (nm) 

Uric Acid U, CSF 495 
Cholesterol S 500 
Glucose S 505 
Glutamic oxalacetic / 
pyruvic transaminase S, P, CSF 510 

Creatinine U, S, P 515 
Magnesium S 520 
Aldolase S 525 
Bile acids S 530 
Blood urea nitrogen S, P 535 
Salicylate S 540 
Hemoglobin P 545 
β Glucuronidase S, U 550 
Urea nitrogen U, S, P 555 
Bilirubin S 560 
Leucine aminopeptidase U 565 
Calcium S 570 

A thin-film optics software package (TFCalc 3.4) 
was used for the structural optimization of the optical 
filters. Simulation results show that a 20 nm Al / SiO2

/ 40 nm Ag layer stack is the best option for the 
optical filters in terms of optical characteristics and 
feasibility. The SiO2 layer thickness changes between 
637 nm and 742 nm with 7 nm steps. Each of the 
channels is sensitive to a single spectral band, with a 
FWHM = 7 nm (see Fig. 3). 
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Fig. 3. Simulated transmittance vs. wavelength for the 16 
optical filters array.  

3 Fabrication of the 16 optical-channels 

array

The filter fabrication starts with the deposition of 
a 20 nm Al layer by evaporation. Then a 742 nm 
thick SiO2 layer is deposited by chemical vapor 
deposition. In subsequent plasma etching steps (for 
which a mask is used, Fig. 4), the total thickness of 
the SiO2 layer is decreased from 742 nm to 637 nm. 
The fabrication ends with the deposition of a 40 nm 
Ag layer. The 16-filter fabrication requires only 4 
masks and 4 etching steps. The masks are used with 
different etch time (see Fig. 4). The filters can be 
easily tuned to different spectral bands by adjusting 
only the thickness of the SiO2 layer without affecting 
the biosystem layout.  

1 mask
time=T

etch=56nm

st 2 mask
time=T/2

nd 

etch=28nm

3 mask
time=T/4

rd 

etch=14nm

4 mask
time=T/8

th 

etch=7nm

Filter number

71513

6

5

81614

10 12 4 2

9 11 3 1

Fig. 4. The 4 masks used in the SiO2 etching process. The 
filter number 1 (λ = 495 nm) is for uric acid; the filter 
number 2 (λ = 500 nm) is for cholesterol, and so one 
according to Table 1. The crosses are alignment marks. 

4 Experimental Results 

The 16 optical filters are now being fabricated. 
Meanwhile a single channel was previously 
fabricated and its operation demonstrated in the 
measurement of uric acid concentration (λ = 495 nm). 
A 200 W quartz tungsten halogen lamp was used as 
the white light source for biosystem illumination. The 
photodiode current was measured using a Keithley 
487 picoammeter. The optical filter is composed of 
the 20 nm Al / 637 nm SiO2 / 40 nm Ag layer stack. 
Optical spectra measurements on the biosystem show 
that the single channel is sensitive to its specific 
wavelength with a FWHM of 7 nm (Fig. 5). 
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Fig. 5. Measured transmittance for a single channel for 
different uric acid concentrations (λ = 495 nm). 

5 Conclusions 

The reported biosystem offers a new approach for 
clinical analysis due to the measurements of the 
concentration of 16 different biological substances in 
human’s fluids, with the same device. Moreover, the 
16 optical-channels array allows the use of only a 
white light source for illumination. Therefore, the 
measurements can be performed in any place.  
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Summary:  The internal walls of microfabricated fluidic channels were functionalized with a self-

assembled monolayer of Rhodamine B lactam. This molecule has the capability to interconvert between its 

open fluorescent amide form and the closed non-fluorescent lactam form upon changes of the pH 

conditions. The interconversion (switch) between the two reversible forms is achieved by addition of an 

acid or a base and is consistent with a reaction mechanism of the first order. This paper describes the 
online observation of such fluorescent switch covalently anchored to the channel and proposes this method 

as a possible sensor for the monitoring of pH changes in microreactors.  

Keywords: Chemically driven switches, Rhodamine B, microfluidics, confocal microscopy 
Category: 7, 10 (Fluidic devices, chemical sensors)

1 Introduction 

Online detection of critical and sudden reactions 
occurring in microfluidic systems is an important 
issue in the developing field of microreactors. 

A sudden and unexpected change in the pH 
conditions of a continuos-flow chemical process 
can lead to unexpected reaction pathways such as 
overheating, or in the worst scenario explosion. 
Chemical reactions in microfluidic devices occur on 
a faster timescale if compared to bulk reactions, 
therefore a fast online monitoring system is 
required to minimize risks [1]. 

2 Results and Discussion 

The synthesis of RhB amide fluorescent core has 
been previously described at the single molecular 
level when incorporated in the core of 
metallodendrimers [2]. This molecule has the 
capability of reversibly switching between the 
lactam form b and the open amide form a upon 

changing the pH conditions (Figure 1). From the 
literature [3] it is known that rhodamine B 
derivatives containing primary amide groups at the 
2’-position can easily be interconverted in the non-
fluorescent spirolactam form under basic conditions 
[4]. Upon addition of a base, the RhB amide a

reacts to its lactam form causing the loss of 
aromaticity in the pyrilium ring of the xanthene 
chromophore (Fig. 1).

A microfabricated glass channel (20 µm wide and 2 
µm deep) was chemically modified by forming an 
NH2 terminated monolayer on its surface. 
Subsequently the monolayer was reacted with a 
diluted solution of Rhodamine B oxalyl chloride. In 
this way it was possible to react Rhodamine B to 
the surface via amidation at the 2’ position. The 
switching pH dependent function is now chemically 
linked to the surface. By using dilution of NH2

groups on the surface (1/10 to 1/10000), it was 
possible to regulate the amount of dye reacting with
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Fig. 1. UV-Vis spectrum of a and b and corresponding molecular structures. 
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the surface and therefore obtain an ideal 
concentration of function at the surface minimizing 
the possibility of interference between vicinal dye 
molecules because of steric hindering. The reaction 
is shown schematically in Figure 2. 
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Fig. 2. Reaction scheme for the covalent bonding of RhB 
to glass. 

After functionalization and subsequent extensive 
rinsing with several solvents, in order to remove 
physisorbed material, the microfluidic device was 
placed under a Laser Scanning Confocal  
Microscope (LSC) to detect the fluorescent signal 
emitted by the switches. A flow of dichloromethane 
(CH2Cl2) was pumped inside the channel by 
hydrodynamic pressure and an area of 40x40 µm
was scanned. Subsequently the reservoir containing 
CH2Cl2 was emptied and filled with 20% 
triethylamine (NEt3) in CH2Cl2 and the same area 
scanned again. A significant decrease in the overall 
intensity of fluorescence was observed. The 
channel was then rinsed with CH2Cl2 and filled with
20% Acetic acid (CH3COOH) in CH2Cl2. In the 
subsequent scan a considerable increase of the 
fluorescence was seen (approximately 5-fold).  
The rinsing procedure with CH2Cl2 was repeated 
and another off-on cycle (i.e. base-acid) performed. 
The fluorescence decreased again when the layer 
was addressed with the basic solution and a 
complete recovery of the fluorescence intensity was 
obtained upon release of the acid solution, ruling 
out the possibility that the previously observed low 
level of fluorescence could be due to desorption or 
damage to the monolayer. A control test in a 
microchannel without functionalized monolayer 
excluded the possibility of autofluorescence of the 
used solvents to cause the observed changes in 
fluorescence intensity. For each scan, the intensity 
distribution was determined (Fig.3).  
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Fig. 3. a) Example of confocal scanned image (40x40 µm
area) and b) fluorescence intensity distribution obtained 
from the scan.

Fig. 4 shows the relative means of the distributions 
for two consecutive on-off cycles.  
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Fig. 4. Off-on switching of the molecules in the 
microfluidic channel. Relative mean fluorescence 
intensity after exposure to base (T1, T3) and to acid (T2,
T4). Between events the system was flushed with 
CH2Cl2.

Conclusions
We have demonstrated the possibility to include a 
chemical sensor inside a microfluidic device by 
covalently binding it to the channels’ walls.  The 
molecular switch was able to sense two different 
pH conditions by responding to the external stimuli 
with a clear and reproducible change in the 
fluorescence behavior. Furthermore, by using high 
dilution of NH2 groups on the surface, it is possible 
to minimize the number of switches in order to 
obtain a very diluted sample and allow single 
molecule studies [5]. The microfluidic network 
would then serve as a very effective tool to change 
the pH conditions in a controlled way. 
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Single Mask Integration of Micro-Fluidic and Micro-Optical Elements 
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Summary: We are presenting a novel design and process to integrating micro-fluidic and micro-optical 
elements.  Light waveguides and fluidic microchannels have been constructed using single mask 
photolithography.  This integration is performed with two devices: a hybrid with SU-8 waveguides and 
polydimethylsiloxane (PDMS) channels, and the other using only SU-8 for the waveguides and microchannel 
walls.  Preliminary tests have demonstrated the ability of the waveguides to guide laser light to the 
microchannels exciting florescent dye present in the microchannels. 

Keywords: micro-fluidic, micro-optic, SU-8, polydimethylsiloxane 
Category: Fluidic devices 

MEMS technologies have been used to 
fabricate microfluidic devices as well as planar 
lightwave circuits [1]. We have fabricated 
integrated microfluidic/optical-waveguide 
devices for use as optical chemical/biological 
sensors. The waveguides are made of SU-8, a 
photo-epoxy material commonly used for high 
aspect ratio molds or structural materials in 
MEMS fabrication, and more recently, as an 
optical material because of its low absorption 
and scattering [2]. Two devices are presented, 
one being a hybrid structure with 
polydimethylsiloxane (PDMS) microchannels 
and an embedded SU-8 waveguide, and the 
other with a structure made entirely of SU-8.  

The devices were designed to detect 
fluorescence from samples in a microchannel, 
with light coupled into and out of the channels 
through SU-8 waveguides at either end.  

PDMS / SU-8 hybrid design  
and fabrication 

Figure 1 shows a schematic of the PDMS/SU-
8 device. Fabrication of this hybrid device 
made use of a single-mask process in which 
SU-8 was patterned onto glass.  PDMS was 
mixed and poured onto the SU-8. After curing, 
the PDMS with embedded SU-8 was removed 
from the glass using a Teflon release process 

[3].  This allowed the single layer of SU-8 to 
serve as both mold for the PDMS and as the 
embedded waveguide. Sections of the SU-8 
were removed from the PDMS to create open 
fluid channels, and 3000 Å of aluminum were 
deposited onto the channel walls to improve 
the light guiding capability to the output 
waveguide. The channels were sealed with 
another activated PDMS layer containing 
holes drilled for fluid interface. Fluid was 
injected and removed through luer fittings 
sealed into the holes of the top PDMS layer.  

Figure 2a shows a picture of the device 
while figure 2b shows the SU-8 waveguide 
successfully directing light to the channels.  In 
this case, a 10-4 M solution of the fluorescent 
dye Rhodamine B is being pumped through 
the channels and light from a HeNe laser 
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(wavelength 543 nm) is butt-coupled into the 
SU-8 waveguide on the left. The fluorescence 
emission from the dye can clearly be seen.  

Adjustments 

The use of two materials requires the space 
between the end of the SU-8 waveguide and 
the PDMS microchannels for structural 
integrity. This leads to considerable loss of the 
excitation and fluorescence emission due to 
scattering at the SU-8/PDMS and PDMS/fluid 
interfaces, as well as diffraction of the light 
between the waveguide end and the fluid 
channel. To reduce these problems, we have   
redesigned the device to be fabricated 

completely from SU-8, reducing the number of 
medium changes along the optical path.  

All SU-8 device design and fabrication 

Figure 3 shows a schematic of the all SU-8 
device, also fabricated with a single mask, in 
which the waveguiding regions couple directly 
into the microfluidic channel.  The SU-8 is 
patterned onto glass, creating SU-8 walls and 
waveguides as shown in figure 4.  The 
channels are then sealed with a glass slide 
using uncured SU-8 as the adhesive. Light 
from a laser is butt-coupled into the waveguide 
on the left. Imaging the output end shows light 
waveguiding through the entire device, from 
the input SU-8 waveguide, through the fluidic 
microchannel, and out through the second 
waveguide.  
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Figure 4. SU-8 patterned onto
glass for the all SU-8 device.  To
achieve a clearer picture of the SU-
8 design, the channels have not yet
been sealed. 

Figure 3. Schematic of the all SU-8
device on glass. 
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Figure 2. (a) Picture of SU-8 / PDMS hybrid
device (b) Laser light enters through the SU-8
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in the fluidic microchannels 

a

b

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Microfluidics

23



Pressure Barrier of Capillary Stop Valves in Micro Sample Separators
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Summary: This paper presents a new method and an analytical model for characterizing pressure barrier of 

capillary stop valves inside micro sample separators based on active CD-like microfluidics platforms. The

capillary stop valves and micro sample separator were fabricated on polycarbonate (PC) substrates by using hot 

embossing techniques. The passive valves stop the flow of a liquid inside the micro fluidic devices using a 

capillary pressure barrier when the channel geometry changes abruptly.  Experiments are performed by rotating

the micro sample separator on a platform. The liquid stopped inside the micro sample separator can be

segmented using density gradient centrifugation. Various densities of samples required for an analysis can be

separated by simply rotating at different speeds. Design parameters of the capillary valves used in the micro

sample separator have been analyzed theoretically. It is shown the pressure barrier of the capillary valve design 

can be better predicted by using a modified 3D meniscus effect model.

Keywords: micro sample separator; capillary stop valve, LabCD

Category: 7 (Fluidic devices)

1 Introduction

Separation of various density samples is required 
in many biomedical devices. Current trends in lab-
on-a-chip technology suggest a rapid growth in the 
need for high throughput as well as cost-effective
diagnostic tools in biomedical applications. One of 
current technologies proven to be fast, disposable 
and cheap is so-called LabCD [1], a Lab-On-A-
Chip based on CD-like technology and platform.
Several fluidic functions on LabCD have been 
demonstrated for this purpose. Virtanen et. al. [2]
have presented a on-chip technique to meter
discrete nanoliter-sized liquid inside microchannel 
by using micropipette principle.  Liquid flow inside 
micron-sized channels on LabCD platform can be 
controlled by manipulating the centrifugal force and 
the capillary force.  A sudden expansion (or
contraction) channel, called capillary stop valve, is 
usually used to stop the fluid by changing the
channel geometry.  When rotational speed increases, 
the centrifugal force becomes larger than the
capillary force.  Liquid starts to flow downstream.
An angular velocity ω, called the burst frequency [3]
is given if the centrifugal force is equal to the
capillary force as

ω=[γcosθ/(π2ρ�∆R�R�dH)1/2

where ω is the angular velocity of the CD platform, 
γ is the surface tension,  θ is the contact angle, ρ is 
the density of the liquid, ∆R is equal to  R2-R1, the
distance difference from the center of the CD to the 
capillary stop (R2) and reservoir (R1), R is equal to 
(R2+R1)/2 and dH is hydrodynamic diameter of the 
channel.

When the angular velocity is smaller than the burs t
frequency, liquid will first stop at the capillary 
stops of the micropipettes.  Therefore, liquid
sample will first be metered inside a number of 
micropipettes and the excessive liquid overflows 
into a bypass chamber.

In this paper, we present several passive capillary 
stop valves that exploit a new method and an
analytical model for characterizing pressure barrier 
inside these capillary stop valves using the
measurement of the pressure barrier on LabCD
platform.  The capillary stop valves will be applied
to a micro sample separator. The design and
photography of the micro sample separator is
shown in Figure 1.

(a) (b)
Fig. 1 (a) Sketch and (b) photograph of micro 
sample separator

In Figure 1, the micro sample separator consists 
of a separation chamber with two reservoirs on 
upstream end and a capillary stop valve on the
downstream end, and three overflow concentration 
chambers with capillary stop valves. Experiments
are performed by rotating the micro sample
separator on a platform, as shown in Figure 2. The
liquid will first stop inside the separation chamber.
and segment using density gradient centrifugation
As rotational speed increases , valve 1 opens and 
density-gradient fluid flow into concentration
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chamber 1 and stops at valve 2. Various densities 
of samples required for an analysis can be separated
by simply rotating at different speeds. For
examples, lower density fluid will be flow into 
concentration chamber 2 when the rotational speed 
is further increased. 

(a) (b)
Fig. 2 (a)Sketch and (b)image of experimental setup

2 Results and Discussion

The micro sample separator was fabricated on 
polycarbonate (PC) substrates by using hot
embossing techniques, as shown in Figure 1(b).
The capillary stop valves used in the micro sample 
separator consist of a region of the microchannel 
with horizontal sudden expansion at different angle 
β, as shown in Figure 3.

Fig. 3 Closeup of capillary stop valve region

Design parameter β of the capillary stop valves
were analyzed theoretically. For a typical capillary
stop valve inside the current devices, the width and 
height of the microchannels are 50 and 20 µm
respectively.  The aspect ratio of the microchannel 
is only 2.5.  Three-dimensional meniscus effects 
have to take into consideration even the capillary 
junctions expand two-dimensionally. The results 
were shown in Figure 4.  Two-dimensional surface
energy analysis reported by P. F Man [4] is also 
performed for the comparison with current
analytical and experimental results.  In Figure 4, it 
is found that 2D analysis reported by P. F Man [4] 
did not well predict the experimental results.  For 
better design of capillary stop valve, three-
dimensional meniscus effects have to be considered 
in the current analysis. Therefore, a modified 3D 
meniscus effects analysis is proposed and found to 
better predict the experimental results. The pressure
barriers  predicted with modified 3D meniscus
effect model match the experimental data until β is 
50 degree.  It is also noticed the prediction becomes 
overestimated when β is larger than 50 degree since 
the modified 3D meniscus effect analysis did not 

have good modeling for the meniscus shapes at
corners of the capillary junction.

Fig. 4 Pressure barrier v.s. design parameter β angle 
of the capillary stop valve

Finally, the micro sample separator is tested
while the rotational speeds increase from 0 to 1050
rpm.  The designed burst frequency for capillary 
stop valves 1, 2, and 3, as shown in Figure 5(a), are 
ω1=640, ω2=870 and ω3=1020 rpm respectively.  At 
first, the liquid stopped (ω<ω1) inside the
separation chamber can be segmented using density 
gradient centrifugation. As rotational speeds
increase to 640 rpm (ω1≤ω<ω2), 900 rpm
(ω2≤ω<ω3) and 1050 rpm (ω3≤ω), valve 1, 2 and 3 
open sequentially and separate fluid flow into
concentration chamber 1, 2 and 3 based on the
density gradient , as shown in Figure 5(b) and 5(c) 
and 5(d).

(a) dry chip (b) 640 rpm

(c) 900 rpm (d) 1050 rpm

Figure 5 Micro sample separator is tested at
different rotational speeds
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A Ferrofluid Micropump for Lab-on-a-chip Applications 
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Summary: A disposable micropump is presented that uses the piston actuation principle and relies on the 

magnetic properties of a ferrofluid, a colloidal suspension of nanosize ferromagnetic particles. The cost 
effective micropump consists of 7 bonded layers of polymethylmetacrylate (PMMA) that are either 

micromachined or structured by powder blasting. Two silicone check-valves are also integrated in the 

microchip. External dimensions of our prototype are 36 mm x 22 mm x 5 mm. The magnetic liquid plug is 
externally actuated by a motorised permanent magnet. Water has been successfully pumped at a flow rate 

of 30 µL/min without backpressure; pumping is demonstrated up to a backpressure of 25 mbar. 

Keywords: Micropump; Ferrofluid; Powder blasting; Check-valve; PMMA; Lab-on-a-chip. 

Category: 7 (Fluidic devices)

1 Introduction 

Advances in microfluidic MEMS technology and 
the interest of biochemical companies for integrated 
analytical systems have led to the Lab-on-a-chip 
(LOC) concept. The cost-effective transport of 
small quantities of biochemical fluidic samples, in 
the range of few microliters per minute, remains an 
important challenge for these devices.  
The use of magnetic liquids is an innovative 
actuation method for fluid handling. Ferrofluid has 
shown its great potential in piston pumping [1]. 
Pérez-Castillejos [2,3] et al. reported different 
possibilities offered by using ferrofluids in 
microfluidics. Menz [4] and Wagner [5] et al. 
presented microfluidic systems containing 
ferrofluids displaced with integrated mobile 
magnets. Greiwell [6] realised an 
electromagnetically actuated ferrofluid 
micropipette. Hatch [7] and Kamholz [8] et al. 
realised a ferrofluid micropump where the 
ferrofluid plugs serves both for pumping and 
valving.  
In this study, a miniaturized plastic pump using a 
ferrofluid pumping mechanism is fabricated using a 
simple and rapid prototyping technology. The 
prototype consists of two check-valves separated 
with a large channel that is filled with a ferrofluid 
plug. The external actuation avoids the integration 
of expensive elements, which is essential for 
implementation of a disposable cartridge. 

2 Microfabrication of the micropump

Complex parts are realised with precision milling 
tools, while channels and other planar structures are 
realised using the powder blasting technique. This 
rapid prototyping method offers an efficient 

solution for the fabrication of fluidic devices, with 
minimum channel dimensions down to 100 
micrometer.  
In a first step, a metallic mask is realised by a CO2

laser. Fluidic structures are realised in 250 
micrometer thick polymethylmetacrylate (PMMA) 
sheets. The different layers are assembled into a 
monolithic three-dimensional microfluidic structure 
by an appropriate chemical binding step. The 
assembly step is realised in a hot press and only 
takes a few minutes. Silicone membranes also are 
integrated into the chip. The final prototype of our 
micropump is shown on Fig. 1.

Fig. 1. Photography of the ferrofluid micropump. 
External dimensions: 36 mm x 22 mm x 5 mm.

3 Performance of the micropump

3.1 Check-valve characterization 

A corrugated silicone membrane is taken from a 
commercially available check-valve. The 
performance of the integrated check-valve is tested 
on a dedicated chip before being integrated into the 
ferrofluid micropump.  
As shown in Fig. 2., our assembled valve shows 
comparable characteristics with the original one and 
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has the characteristic of a fluidic diode with an 

opening pressure of about 10 mbar.

Fig. 2. Integrated check-valve characteristics compared to 
the commercial component.

3.2 Ferrofluid characterization

The water based ferrofluid used in the experiments 
is synthesized at the Powder Technology 
Laboratory of EPFL. A Quantum Design MPMS2 
SQUID magnetometer is used for magnetic 
characterization of dried samples at 300 K. 
Measurements are reported in Fig. 3. The magnetic 
saturation of the ferrofluid is found to be 30 mT at 
this temperature, which will permit larger magnetic 
actuation forces than obtainable with most 
commercial ferrofluids.  

Fig. 3. Hysteresis loop of the sample when submitted to a 
magnetic field cycling between +10'000 and -10'000 Oe. 
The magnetisation is given per ml suspension.

3.2 Ferrofluid pump characterization 

Water is pumped using a motorised rare-earth 
magnet that is displaced linearly at different speeds 
above the ferrofluid piston channel. 
Measurements are done with a capillary placed at 
different heights in order to measure the effect of  a 
backpressure. The pressure-flow characteristic is 
reported on Fig. 4. The maximum flow rate 
measured is about 30 microliters per minute, and a 
maximum backpressure close to 25 millibars is 
achieved with our ferrofluid.  

Fig. 4.  Pressure-flow characteristics of water for 
different speeds of the rare-earth magnet. 

4 Conclusion 

A simple and low-cost prototyping method has 
been exploited to realise plastic microfluidic chips. 
A ferrofluid micropump has been realized showing 
its interesting potential for LOC applications. 

Acknowledgement 

The magnetic characterisation of the ferrofluid was 
carried out by Prof. K. V. Rao and A. Gupta, in the 
Department of Materials Science of the Royal 
Institute of Technology, Stockholm, Sweden. 

References

[1] J. E. Leland, “Ferrofluid piston pump for use 
with heat pipes or the like”, US patent 5005639, 
1991
[2] R. Pérez-Castillejos et al., “The use of 
ferrofluids in micromechanics”, Sensors and 

Actuators A, vol. 84, pp. 176-180, 2000 
[3] R. Pérez-Castillejos et al., “Smart passive 
microfluidic systems based on ferrofluids for 
microTAS applications”, Proc. Transducers 01,
Munich, Germany, 2001 
[4] A. Menz et al., “Fluidic components based on 
ferrofluids”, Proc. IEEE-EMBS conf. 

Microtechnologies in Medicine and Biology, Lyon, 
France, 2000 
[5] B. Wagner, M. Kreutzer, and W. Benecke, 
“Permanent magnet micromotors on silicon 
substrates”, J. Microelectromech Syst., vol. 2, pp. 
23-29, 1993 
[6] N. Greivell, B. Hannaford, “The design of a 
ferrofluid magnetic pipette”, IEEE Trans. Biomed. 

Eng., vol. 44, pp. 129-135, 1997 
[7] A. Hatch, A. E. Kamholz, G. Holman, P. Yager, 
and K. F. Böhringer, “A ferrofluid Magnetic 
micropump”, J. Microelectromech Syst., vol. 10, 
pp. 215-221, 2001 

[8] A. Kamholz et al., “Magnetically actuated fluid 
handling devices for microfluidic applications”, US 
patent 6408884, 2002 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Microfluidics

27



Miniature taste sensing system based on dual SAW sensor device 

G. Sehra, M. Cole and J. W. Gardner 

University of Warwick, School of Engineering, Coventry, CV4 7AL, UK
email: G.S.Sehra@warwick.ac.uk http://www.eng.warwick.ac.uk/SRL/

Summary: In this paper we report on a novel analytical sensing system, so-called electronic tongue, based
upon a dual shear horizontal surface acoustic wave device, to discriminate between liquids with different

basic tastes. 60 MHz IDT delay line sensors were micro-fabricated on 36  rotated Y-cut X-propagating
LiTaO3 and placed under a small PTFE housing containing the liquid under test. Synthetic samples were

analyzed with the four basic tastes of sour, salt, bitter, and sweet. The electronic tongue device classified
correctly all  the different basic  tastes. Finally, dultion tests have been performed in order to determine the

detection limit of the taste sensor and hence its appliction potential.

Keywords: Smart tongue, SAW device, taste sensor

Category: 6 (Biosensor)

1 Introduction 

The use of acoustic microsensors to detect the 
physical properties of liquids and gases, such as
mass density and viscosity, offers the benefits of a
real-time electronic read-out, small size, robustness,
and low unit cost.  By employing so-called
chemical interfaces, the interaction of a chemical
analyte with the sensor surface results in a change
of propagating characteristics of the wave. In the
food and beverage industries, environmental
testing, and other areas, human sensory tests have
mainly been performed, however, the results often
depend on subjective judgment. Therefore the
development of taste and odour sensors is very
important. Surface acoustic wave (SAW) devices
have the ability to directly respond to the
mechanical and physical properties of materials in 
contact with the device surface. Here we propose a
surface acoustic wave (SAW) electronic tongue
sensor system that can be used to determine the
different taste properties of liquid samples.  The
term “electronic tongue” was introduced at the 
Eurosensors X conference in 1996 [1] while the
first concepts of taste sensors were published a few
years earlier, in 1990 [2].  The reported devices
were based on potentiometric principles utilising
either ion selective lipid membranes or ion selective
electrodes. Winquist et al. introduced a voltametric
electronic tongue in 1997 [3]. Unlike electronic
tongue devices reported so far, the devices
described in this paper are miniature, low-cost,
robust, durable, micropower devices based on
physical rather than chemical principles.  The main
advantage of our proposed SH-SAW sensor is that
it can detect various properties of an adjacent liquid 
without any coating films.  The approach adopted is 
based on a generic fingerprint correlated to key
physical parameters and so does not employ a bio-
chemical selective layer.  This in turn increases the

lifetime and durability of the resultant devices,
albeit with a loss of specificity.

2 Device design and operating principle 

Two SH-SAW IDTs are designed using the
software package L-Edit (Tanner Tools) and
fabricated on 36  rotated Y-cut X-propagating
LiTaO3 (36YX.LT) substrate employed for 
simultaneous measurements of both mechanical
(acoustic) properties, and electrical (electro-
acoustic) parameters of the liquid under test. This is 
achieved through a dual delay line configuration,
one shorted (metallized and electrically shielded)
and the other left free (electrically active).  This
way, apart from mass loading and viscosity (shorted
delay line), it is possible to monitor additionally the
permittivity and conductivity (free delay line) of the
liquid under test, parameters that can be related to
taste properties, such as sweetness and saltiness.
Figure 1 shows a picture of the fabricated SH-SAW 
device.

Figure 1. Photograph of fabricated SH-SAW device 
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The SH-SAW wave that propagates on the
surface of LiTaO3 substrate has an associated
electric field that propagates several micrometers
into a liquid. This electrical interaction (also known
as the acousto-electric interaction) with the liquid
affects the velocity and/or attenuation of SH-SAW
propagation and it is utilised in sensing the
dielectric properties of the liquids. When the
surface is electrically shorted, the piezoelectric
potential becomes zero and thus only horizontally
polarised shear displacement waves interact with 
the fluid. In this case, mechanical properties 
including the viscosity and density will be detected.
On the other hand, the piezoelectric potential at the 
free surface extends to the liquid and subsequently
measures the complex dielectric properties such as
relative permittivity and conductivity. Previous
work on the analysis of different drinks [4] and fat
content in milk [5] has been very encouraging.

Figure 3 shows 3-D principal components
analysis (PCA) of the attenuation and phase
parameters for the different taste sample solutions.
The concentrations used were 0.1 M for HCl, NaCl
and sucrose and 1.3 10-4 M for quinine. The
amplitude ratio and phase difference on each of the
delay lines (electrical shorted and active) were used

Figure 3.  3-D PCA plot for the differen

as the four parameters for the PCA. 

t taste solutions 
showing 100 % separation

Further expe to see the 

ystem has been developed and is

. Rudinitskaya, Y. Vlasov, C. Di Natale, 
 A. D’Amico, Technical digest of 

[2]

[3]
cta, 357, (1997), 21-31.

IEEE Sensor

[5]
ress

3 Experimental method and results

In order to test the sample liquids the devices were 
mounted on a custom designed PCB below a PTFE
cell that contains the liquid under test, see Figure 2.
The experimental procedure for SH-SAW devices
involves the measurement of both the phase
velocity and attenuation of the SH-SAW signals
propagating on the two delay lines of the sensor.
The set-up includes a signal generator, the SH-
SAW sensor and a vector voltmeter (HP 8505A). In
this, an electrical signal is fed from the signal 
generator to the input IDTs; the amplitude ratio V

and phase difference  between the input and
output signals of each delay line were monitored by
the vector voltmeter.

riments were conducted
effect of diluting the different taste solutions using
water and repeating the tests. The 0.1 M solutions
were diluted in stages by a factor of 2n where n
varied from 1 to 5. Each time the volume of DI
water was increased by a factor of 2n and added to a
fixed volume of the solutions. These results shown
that the limit of detection is typically 0.1%.

4 Conclusion 

A taste sensing s
based upon a dual SAW sensor configuration.
Preliminary results show that it is capable of
discriminating between different basic tastes. A
microsystem version is under design that will work
at higher frequencies (433 and 869 MHz) and
should improve sensitivity.  It is believed that this
system could be used as a simple, robust low-cost
taste sensor.
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Summary:  This paper presents the analysis and optimisation of an on-chip electromechanical power source 

specially adapted for self-powered sensors subjected to slow and irregular motion with amplitudes way in 
excess of device dimensions. Design architectures compatible with MEMS technology and initial experimental 

results of this parametric generator are presented. The main goals have been to maximise the energy generated 
in one motion cycle, and to minimise the acceleration necessary to initiate power generation. The analysis 

considers sinusoidal sensor motion for a range of energy extraction strategies resulting in interrupted motion of 

the moving plate. We conclude that carefully timed energy extraction and new suspension systems are necessary 
for slow-moving self-powered sensors. 

Keywords: Micro-generator, self-powered sensors, motion-to-electric energy conversion  

Category: [1] General, theoretical and modelling

1 Introduction 

Micro-generators have been reported [1-3] to generate 
enough power to supply a microelectronic circuit. 
They do, however, rely on rapid and regular vibration 
of several kHz. This motion stimulates a sprung mass 
into resonance, allowing its kinetic energy to be 
extracted. The extraction can be achieved using 
resonant electrostatic, electromagnetic or piezo-
electric phenomena. Due to the restricted internal 
displacement of the mass, efficient generation only 
takes place below a certain amplitude of device 
motion.  

Unfortunately, rapid and regular vibration restricted to 
minute amplitudes are clearly not available in many 
applications, and we are therefore developing new 
generator topologies in order to extract power from 
slow sweeping irregular motion more compatible with 
our human environment. A major challenge is to 
extract the maximum energy over a range of motion 
frequencies and amplitudes. In the case of our 
electrostatic generator, this requires adapting the 
timings of charging and energy extraction as well as 
the charge level, to the prevailing motion. Results 
from a detailed analysis of the adaptive (or 
parametric) energy extraction method and first 
measurements with the new geometry of the 
parametric generator are presented here. 

2 Generator operation and topology 

Energy conversion from irregular motion with 
amplitudes significantly greater than the dimensions 
of the generator requires special attention to the 
topology. Fig. 1 shows a cross-section of a suitable 
MEMS generator. The large mass of the moving plate 
is suspended in a silicon frame and charged via an 
auxiliary circuit. As the device is accelerated 

downwards, the plate travels upwards relative to the 
device and reduces the plate’s capacitance to ground. 
The work against the attractive force between the 
capacitor plates results in the voltage on the plates 
rising and the gained energy can be extracted via a 
high-voltage low-current power electronic circuit. 

Fig. 1: Integrated micro-generator (cross-section). 

Only a fraction of large amplitude device motion can 
be utilised due to the moving plate being constrained 
by typical MEMS dimensions. Therefore, in order to 
maximise the generated energy, the proof mass is 
controlled so as to move relative to the frame only at 
the peak of the acceleration. 

The analysis was performed using a parametric 
generator model consisting of a mass within a frame 
attached to the moving source, with power extracted 
by a damper whose force is constant. The motion of 
the mass relative to the frame would normally be 
enhanced by resonance, but due to large irregular 
input motion we cannot take advantage this 
phenomenon. Fig. 2 summarises the results for three 
categories of generators. Normalised power 
generation is plotted from large amplitude motion 
(Zl/Y0 0) to low amplitude (vibration) (Zl/Y0>1),
where Zl and Yo are the maximum internal 
displacement and the source motion amplitude 
respectively, for frequencies close to the resonant 
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device frequency ( c=1). The parametric case excels 
for low frequency motion and large amplitudes. 

Fig. 2: Normalised power output for two resonant generator 
types and for the parametric electrostatic generator. 

Fig. 3: Superior energy/cycle generation by parametric 
generator at low frequency and large motion amplitude 
(mass travel 0.5mm, moving mass 0.1g). 

Fig. 4: Simulated flight path of the moving mass relative to 
the sinusoidal motion of the device. The initial charge on 
the plates is set to allow the mass only to break away once a 
certain acceleration is attained.

3 Experimental results 

Fig. 5 shows a prototype generator with the wet-
etched silicon frame and moving mass clamped 

between upper and lower acrylic plates. Spacers and 
contact electrodes are electroplated onto a quartz 
substrate. A highly flexible polyimide membrane 
forms the suspension.  

Fig. 5: Prototype generator inside acrylic clamp. 

The measured waveforms in Fig. 6 show one half-
cycle of the device with motion (Trace 1, 1mm/div), 
breakaway point (Trace 2) and discharge as the 
moving plate reaches the upper electrodes (Trace 3, 
1kV/div).  

Fig. 6: Response of prototype generator on shaker table at 
3.5mm amplitude and 10Hz. Motion (1), breakaway (2) and 
discharge (3). 

4 Conclusions

An electrostatic generator has been designed based on 
a new, non-resonant operating principle which is 
shown to provide superior power output for low 
frequency, high amplitude motion. A meso-scale 
prototype has been fabricated and tested which 
illustrates the non-resonant motion and voltage 
amplification. Output power per cycle greatly exceeds 
previous examples operating at higher frequencies. 
Further work is needed to reduce the device 
dimensions, and to implement an efficient output 
circuit to obtain low voltage continuous power from 
the high voltage output pulses. 
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Numerical simulation of an electrostatically-actuated micro-fluidic optical 

switch 
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Summary: A novel micro-fluidic switch for optical applications, is currently under development. Parallel 

to the development, a numerical model has been built to help design the micro-switches. The model takes 

into account the coupled physical phenomena involved in the process, namely the large deflection of a 

clamped circular diaphragm submitted to the spatially variable load due to the electrostatic pressure and 

the liquid damping. Numerical examples of the static and dynamic behavior of the micro-switches are 
presented, as well as a comparison of computed and measured values of the pull-in voltage. 

Keywords: Modeling, MOEMS, Diaphragm, Electrostatic, Micro-fluidic 

Category: 1 (General, theoretical and modeling)

1 Introduction

The device is based on the combination of planar 
lightwave technology and MEMS technology (Fig. 1). 
The principle of the switch relies on the motion of an 
index matching fluid in a trench etched on the 
propagation path of the optical wave guide. The 
motion of the fluid is controlled by the displacement 
of a mechanical diaphragm driven by an electrostatic 
actuator. Depending on the position of the index 
matching fluid in the trench, the propagation of light 
is modified, providing switching or attenuation 
functions. 

Optical waveguide Optical trench

Index matching fluid

Electrostatic gap

Electrodes
Membrane

V

Fig. 1. Principle of the micro-fluidic optical switch. 

The principle of the optical micro-switch is similar to 
that of other micro-devices based on the deflection of 
a diaphragm. A number of previous modeling 
publications, relevant to our work, have dealt with the 
numerical simulation of micro-pumps [1] and 
pressure sensors [2]. 

In a first part, this paper describes the actuator model 
and presents a comparison of computed pull-in 
voltage values with experimental data. In a second 
part, the damping effect due to the motion of the 
index liquid is taken into account in order to simulate 
the dynamic response of the optical micro-switch. 

2 Electrostatic actuator modeling 

The electrostatic actuation part of the optical micro-
switch is composed of a clamped circular diaphragm 
and a rigid counter electrode, in a capacitor-like 
configuration. Applying a potential difference 
between the capacitor electrodes causes the 
diaphragm to bend and eventually, if the applied 
potential difference is greater than a pull-in voltage 
threshold, to go in contact of the counter electrode, 
because of the non linearity of the phenomenon. 
The theory of large deflection of plates is applicable 
for deflections up to three times the diaphragm 
thickness [3]. As the electrostatic pressure is not 
spatially uniform, analytical solutions, such as that of 
Eaton [2], cannot be used in our case. Thus, the 
numerical approach of Voorthuysen [4], appropriate 
for large deflection, has been extended to the case of 
non uniform loads. The following set of partial 
differential equations is solved iteratively, for the 
displacement radial derivative f and the radial force 
per unit length Nr, by a finite difference method :  

∫ ρρ+=−+
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with r the radial coordinate, p the position dependant 
electrostatic pressure, D the diaphragm flexural 
rigidity, h the diaphragm thickness and E the material 
Young modulus. 
In this formulation, the built-in stress appears as a 
boundary condition on Nr. The electrostatic pressure 
is computed by the means of a straightforward plane 
multi-ring capacitor approximation. The displacement 
w is obtained by integrating f. 
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The contact of the diaphragm with the counter 
electrode is treated as a cancellation of the load in the 
contact zone. Under-relaxation is used to deal with 
this very strong non linearity. 
As an example of computation, performed in Matlab, 
the variation of the pull-in voltage with the built-in 
stress and the electrostatic gap thickness is presented 
on Fig. 2. 

Fig. 2. Pull-in voltage versus built-in stress for several 
electrostatic gap thickness (1.0 µm, 1.1 µm and 1.2 µm 
from bottom to top). 

A comparison between computed and measured 
values of the pull-in voltage has been performed. 
Using the experimental parameters (i.e. diaphragm 
radius: 110 µm, diaphragm thickness: 1.5 µm, 
electrostatic gap thickness: 1.1 µm), the computed 
pull-in voltage is 44 V. The average measured value 
is 59 V, with 8 V standard deviation. The probable 
causes of the discrepancy are the overestimation of 
the applied voltage due to resistive contact and the 
large uncertainty on the physical properties values, 
among which the built-in stress, whose influence on 
the pull-in voltage value is quite significant (Fig. 2.). 
Additional experimental comparison with improved 
electrical contacts are currently under progress. 

3 Dynamic behavior of the micro-switch 

In order to model the dynamic behavior of the micro-
switch, damping, due to the motion of the index 
matching fluid, must be taken into account. 
Assuming that the pressure inside a micro-pump 
chamber is uniform and the pressure loss is mostly 
caused by inlets and outlets, some authors [1] based 
their fluid damping analysis on the Bernoulli 
equation. We chose instead to use the Reynolds 
equation for incompressible fluids, which is 
applicable in the lubrication or damping context [5] : 

t

w
12p

)we( 3

∂
∂=⎟⎟

⎠

⎞

⎜
⎜

⎝

⎛
∇

η
−⋅∇

where η is the fluid dynamic viscosity, e the initial 
fluid tank thickness and w the diaphragm 
displacement. The Reynolds equation comes with its 
set of assumptions among which (i) the pressure is 
constant through the fluid thickness, (ii) the surface 

curvature is large compared with fluid thickness, (iii) 
the flow is laminar. 
Assuming an axisymmetrical device geometry, the 
equation for the damping pressure is coupled to the 
diaphragm displacement set of equations. The 
dynamic behavior of the system is then calculated for 
a given voltage ramp. 
The influence of geometrical or physical parameters 
can be studied. For instance, the dynamic of the 
displaced fluid volume is presented on Fig. 3 for 
several index liquid viscosities. 

Fig. 3. Transient behavior of the displaced fluid volume for 
several fluid viscosities (resp. 0.5, 1, 5 and 10 times the 
water viscosity from top to bottom). The applied voltage 
ramp is 100 V/ms. 

4 Conclusion 

A model of electrostatically-actuated optical micro-
switch has been developed. It takes into account the 
coupled physical phenomena involved in the process, 
namely the large deflection of a diaphragm submitted 
to built-in stress and a spatially variable load, due to 
the electrostatic pressure and the liquid damping 
pressure. Numerical examples are presented, which 
demonstrate the effectiveness of the present model. 
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Summary:  We present experimental and theoretical limits of stable voltage and torque gain as functions of 

DC bias and actuator dimensions for parallel-plate electrostatic actuators. This technique reduces the 

drive voltage  by using a DC bias and non-linearity of torque with voltage. By optimizing the design of 

electrode length, gap, and bias, maximum stable range can be extended for a given DC bias.  The pull in 

angle also depends on bias voltage. We show that for torque gain of 2-4, maximum angular range is 

maintained. 

Keywords: torque gain, parallel-plate, electrostatic  actuators 

Category: 1 (General, theoretical and modeling) 

Angular parallel-plate electrostatic actuators have 
received much attention recently as a means for 
implementing micro-mirror optical switches [1,2]. 
A pervasive problem with these devices is their 
high voltage requirement due to the large size and 
correspondingly large gaps. It is thus desirable to 
reduce the drive voltage to levels compatible with 
conventional electronics.  The torque gain 
technique uses a DC bias VB and the non-linearity 
of torque with voltage to reduce the drive 
requirement [3,4] (see Fig. 1). The resulting torque 
is magnified by gain Gτ. Large torque (and voltage) 
gains are achievable, but as the bias is increased, 
the actuator becomes unstable and pulls-in; 
therefore this method has been largely used for 
digital toggle applications, such as in TI’s DMD.  

In this paper we present experimental and 
theoretical limits of stable voltage and torque gain 
as functions of DC bias and actuator dimensions. 
We show that through careful design, for a given 
bias and drive voltage the electrode length can be  
optimized for maximum stable range. We also 
demonstrate that pull-in behavior occurs at an angle 
that depends on VB.

Figure 2 shows the cross-section of the bulk 
micromachined torsional mirror actuator used for 

the experiments. The device is constructed by 
anodically bonding a 7740 pyrex glass wafer with 
patterned metal electrodes to an SOI wafer with 
100 µm-thick device layer. Prior to bonding, the 
silicon device layer is anisotropically etched to 
precisely define the thickness of both flexures and 
mirror support plate. Electrical lead transfers are  

made by overlapping the glass metal onto the 
silicon, and lead wires are routed to bonding pads 

Fig.1. Schematic cross-section of typical angular
electrostatic actuator showing biasing configurations. The
device can be driven differentially or single ended. The
significant parameter is the voltage span at the drive
electrodes.

Fig. 2.  Cross section of bulk micromachined mirror used
for experiments. The entire structure is made of single
crystal silicon.

Fig. 3. SEM photograph of a MEMS mirror array.
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located at the edge of the  chip through grooves 
etched on the silicon.  The SOI carrier substrate is 
selectively etched and the buried oxide is removed. 
Next the Au mirrors are defined, and the gimbal 
structure is patterned using deep RIE. Figure 3 
shows photographs of a device array. The electrode 
length is LE = 195 µm. 

A high torque is achieved when a DC bias -VB

is applied to the movable plate, and a differential or 
single ended voltage VD is applied to the drive 
electrodes. For an angular range θo, voltage and 
torque gains GV = Vo/VD and Gτ = (GV )2,
respectively, where Vo is the minimum voltage 

necessary to stably deflect the actuator at θo with 
VB = 0. Figure 4  shows deflection curves for outer  
frame versus DC bias voltage.  The single ended 
drive voltage is reduced as the bias voltage is 
increased, but the stable angular range (at the onset  
of pull-in) is gradually reduced. Figure 5 shows the 
single ended voltage gain achieved as a function of 

the DC bias.  Figure 6 shows the stable angular 
range that can be achieved for different gains. For 

voltage gains of 2-4 the angular range is minimally  
reduced. Figure 7 shows the corresponding full  
range single ended voltage for different biases. The 
curve is almost a straight line. The paper will 
discuss both theoretical and experimental results in 
detail. 
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Fig. 4. Single-ended deflection of actuator for different 
DC biases (right scale).

Fig. 5. Single-ended voltage gain for maximum angular 
range as a function of DC bias voltage.

Fig. 6. Angular range versus (stable) voltage gain. There 
is little loss in the angular range for voltage gains 2-4.

Fig. 7. Single-ended drive voltage required for maximum 
deflection for a given DC bias.
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Summary. Metal-to-metal contact switches depend on having adequate contact force to achieve desired,
low contact resistance [1, 2]. Electrostatically actuated micro-switches can only produce contact forces
on the order of micro-Newtons (µN ). In this study actuation voltages were applied to cantilevers until
they buckled onto the bottom electrode. Overdriving devices in this manner resulted in somewhat higher
contact forces. The difference between initial contact and buckling was defined as the useful range
of contact force. Micro-switches, modeled and simulated using CoventorWare [3], were anyalyzed to
determine useful force range. This was further investigated by varying the bottom electrode’s dimensions.

Keywords: MEMS, micro-switch, contact force, pull-in voltage, electric contact, FEM, CoventorWare
Category: 1 (General, theoretical, and modeling)

1 Introduction

Finite element modeling and simulation design tools
are useful for evaluating microelectromechanical sys-
tem (MEMS) cantilever switch designs prior to device
fabrication. In this study, micro-switches were mod-
eled and simulated, using the CoventorWare [3] finite
element software package, to determine pull-in voltage
and the maximum useful contact force.

2 Modeling

The micro-switch design was drawn using a 2D lay-
out editor, converted to GDS format, and imported into
CoventorWare [3]. The cantilever beam in Figure 1 was
75µm-wide and 400µm-long and the dimple or contact
area was approximately 8µm in diameter. The precise
contact area, determined by material hardness and sur-
face roughness was not considered here.

Next, the foundry, modeled after the fabrication pro-
cess developed by the Air Force Research Laboratory’s
Sensors Directorate (AFRL/SND), was defined. Ta-
ble 1 summarizes the process and typical layer thick-
nesses. The elastic modulus and poisson’s ratio for the
structural layer were 80 GPa and .42, respectively [4].
Residual or stress gradients, due to fabrication, were
assumed to be zero and the cantilevers flat after release.

The 3D model, generated from the 2D layout,
the material properties, and the foundry process was
meshed using finite volume elements. A careful mesh
analysis was accomplished to ensure accurate, timely
simulation results. This iterative analysis consisted

∗∗The views expressed in this article are those of the authors and
do not reflect the official policy or position of the United States Air
Force, Department of Defense, or the U.S. Government.

Beam Length

Anchor

Drive Electrode Width

Drive Electrode
Contact
Points

Beam Thickness

Beam Width

a)

b)

Gap

Fig. 1: Micro-Switch Layout (a) 2D layout, Top View
(b) 3D Layout, Side View.

Table 1: Typical Layer Thicknesses using the
AFRL/SND Micro-Switch Fabrication Process.

Layer Material Thickness
Beam/Structural Plated Gold 4.3µm
Gap/Sacrificial Polymethylglutarimide (PMGI) 3.2µm
Drive Electrode Evaporated Gold .3µm
Dimple/Contact Gold 1.2µm

of comparing relative mesh quality (i.e. the num-
ber of nodes) and the resulting beam buckling volt-
age. CoventorWare’s free meshing option (tetrahedral-
shaped elements) was used to the mesh the structural
layer because it provided the best overall nodal cover-
age.

Beam buckling voltage was evaluated after each sim-
ulation run to determine if an increased mesh qual-
ity was needed. Figure 2 shows that structural layer
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meshes greater than about 650 nodes did not change
the buckle voltage by more than one volt.

BuckleVoltage vs Number of Nodes
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Fig. 2: Mesh Analysis Results using a Micro-Switch
with a 200µm-Wide Drive Electrode.

3 Simulation

The simulations were accomplished using Coventor-
Ware’s mechanical and combined solution solvers. The
mechanical solver was used to fix all degrees of free-
dom at the anchor and define contact surfaces under the
dimples [3]. The combined solution solver was used to
generate electrostatic actuation force by applying DC
voltage between the beam and bottom electrode. Note
from Figure 3 that properly defined boundary condi-
tions can greatly simply the device’s 3D model.

A pull-in analysis with a voltage trajectory of zero to
75 volts with one volt increments was used. An “imag-
inary” dielectric layer was defined on top of the drive
electrode to avoid crashing the simulation upon reach-
ing the beam’s buckle voltage.

Fig. 3: Micro-Switch with Pull-in Voltage applied. The
device has a 300µm-Wide Drive Electrode.

From Table 2, we find that the pull-in voltage de-
creases as the drive electrode width increases. Maxi-
mum contact force, defined as the force one step prior
to beam buckling, has a parabolic relationship with the
drive electrode’s width. For this switch geometry, a
peak contact force of 35.5µN occurred while using a
150µm-wide drive electrode. The corresponding pull-
in voltage was approximately 21 volts. The values in
Table 2 correlate well with both analytically derived
models and experimentally collected results.

Fig. 4: Micro-Switch with Buckle Voltage applied. The
device has a 300µm-Wide Drive Electrode. Note the
high stress areas near the anchor and contact regions.

Table 2: Micro-Switch Contact Force Ranges for De-
vices with Drive Electrodes from 50µm−350µm-Wide.

Width Pull-in Voltage Maximum Contact Force
50µm 32 volts 11.0µN
100µm 24 volts 27.5µN
150µm 21 volts 35.5µN
200µm 21 volts 29.9µN
250µm 21 volts 29.8µN
300µm 20 volts 25.4µN
350µm 20 volts 25.1µN

4 Conclusions

Using CoventorWare, micro-switches were simulated
and approximate pull-in voltages and maximum con-
tact forces and were predicted. Nominal pull-in volt-
ages were approximately 21 volts and maximum con-
tact force was approximately 35µN . These simulations
show that cantilever micro-switches with this geometry
have very low contact force. In addition, the simula-
tions show CoventorWare to be a useful tool for eval-
uating micro-switch designs, predicting contact force,
and even selecting appropriate electric contact metal-
lurgy prior to fabricating devices.

Acknowledgments: The authors gratefully acknowl-
edge the efforts of AFRL/SND, Wright-Patterson AFB,
OH, in developing the switch fabrication process.
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Pull-In Voltage of Microstructures  

L.A. Rocha, E. Cretu and R.F. Wolffenbuttel 

Delft University of Technology, Faculty ITS,  
Dept. for Micro-electronics, Mekelweg 4, 2628 CD, Delft, The Netherlands 

Email: L.Rocha@its.tudelft.nl 

Summary: The pull-in voltage of a suspended microstructure can be used as on-chip voltage reference in a 

compatible MEMS-IC process. Pull-in is detected using capacitive displacement measurement. The 

stability is affected by an initial parasitic charge buildup and a temperature sensitivity of -149 µV/K. A 
burn-in procedure is required to minimize the first effect. The temperature coefficient is compensated for by 

applying additional temperature dependent electrostatic energy to the microstructure. Devices fabricated 
in an epi-poly process and designed for a nominal pull-in voltage at 5 V have a measured value at 4.7424 

V. Drift becomes negligible after 50 hours of operation. The temperature reproducibility is within the 

resolution of the readout at 100 µV over a temperature range between 20 oC and 60 oC.

Keywords: Microelectromechanical systems, pull-in voltage, temperature compensation 

Category: 10 (Applications)

1 Introduction 

The long-term stability of a DC voltage reference 
based on the pull-in of a microstructure, is affected 
by two effects: parasitic charge build-up at the 
insulator layers on top of the actuation electrodes 
[1,2], and a temperature coefficient due to thermal 
expansion and thermal dependence of the Young’s 
Modulus on the material used [2]. The work 
reported here, focuses on the second source of 
uncertainty and a simple and efficient way to 
reduce the temperature coefficient of the DC 
voltage reference is presented.  
For stable operation as a DC reference, residual 
stress should not compromise long-term stability, 
therefore, a single-ended clamped beam or a 
structure with folded suspension should be used. 
The structure used was fabricated in an epi-poly 
process [3,4] and is an one degree of freedom 
structure with folded springs, with two sets of 
actuators: one periodically driven to pull-in and the 
other to compensate for temperature (Fig. 1).  

2 Pull-In Analysis 

 The pull-in of such a 1DOF structure is expressed 
as:

0

8
27

k
pi C

V d ,  (1) 

where d is the initial gap distance, C0, the initial 

capacitance and 
3

4 b
L

k Eh is the spring constant 

( E, h, b and L are the Young’s Modulus, thickness, 
width and length respectively).  The polysilicon 
structure has a thermal expansion coefficient 

63 10 / K and a Young’s Modulus thermal 

coefficient 667 10 / K [5]. Disregarding the 

effect of thermal expansion on C0, k remains as the 
temperature dependent part and can be expressed as 

( ) (1 ( ) )k T k T  (not considering quadratic 

terms). Introducing this temperature dependent 
spring on (1) and taking the derivative to 
temperature (T), we get: 

Fig. 1. Schematic and photograph of the 
microfabricated device used on the experiment. 
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Fig. 2. Pull-In Voltage versus Temperature
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From (2) it can be concluded that the pull-in 
thermal coefficient is not linear, and that it 
increases with temperature (note that ( ) 0 ).  

For the device presented, and considering a linear 
temperature coefficient (T=0 C in (2)), a TC of  
-149 V/K results. Measurements performed on a 
sample device (Fig. 2) are in agreement with this 
analysis, showing a TC of about -100 V/K, and 
increasing for high temperatures. 
As Vpi is determined by the potential energy in the 

system ( 2 2/ 0pU x ) and temperature decreases 

the mechanical energy ( / 0k T ), a second set 
of electrodes can be used to add electrostatic 
energy. The second set of electrodes (V1 in Fig.1), 
enables us to introduce a positive TC (applying a 
voltage proportional to the square root of the 
measured temperature) compensating for the 
negative TC introduced by the mechanical 
properties. Fig. 3 shows the computed and 
measured pull-in changes for increasing V1 at 
constant temperature. From the graph we find a 
slope of 28.125mV/V1

2. To achieve zero TC: 

1
0pi piV V

T V
, a value V1

2=3.55mV/K is required. 

Fig. 3. Pull-In voltage changes at increasing V1

3 Results and Conclusions 

A feedback loop control for V1 based on the 
measured temperature was implemented and the 
results are shown in Fig.4. For temperatures beyond 
50 C, the non-linear effects are clearly visible, as 
the control was implemented on the assumption of a 
constant TC. 

Therefore, this new electro-mechanical 
approach for compensating the temperature 
dependence of pull-in greatly reduces the TC. 
Present devices show a stable pull-in voltage within 
a 100 V range (equipment resolution limit) over a 
temperature range of 40K (273K to 313K).  

Fig. 4. Pull-in Voltage versus Temperature with 
compensation control. 
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Summary:  In this contribution, a resistive hydrocarbon sensor based on heavily iron doped strontium

titanate, Sr(Ti1-x,Fex)O3- is described. The sensor materials were screen-printed on aluminia substrates
and exposed to different gas atmospheres. Experiments on temperature dependency and cross sensitivity of
the sensor signal were conducted. It is shown that the sensitivity towards hydrocarbons is especially

pronounced in the temperature range between 350 °C and 450 °C for samples with x=0.3..0.4.

Keywords: gas sensor, thick film, resistive oxygen sensor, titanates, strontium titanate-ferrate

Category: 5 (Chemical sensors)

1 Introduction 

For many years, several research groups have
focused on the semiconductor material SrTiO3 as a
material for resistive oxygen sensors [1-3]. Of late,
heavily iron doped SrTiO3 (Sr(Ti1-x,Fex)O3- with
0 x 0.5, STFx) was investigated [4]. Here, a major
advantage is the temperature independency of this
p-type ceramic conductor: in the temperature range
between 700°C and 900°C, the sensor resistance of
a specimen with a ferrate content x of about 35%
does not vary with temperature but it depends
strongly on the oxygen partial pressure. Defect
chemical models were suggested to explain the
relationship between the resistance of STF sensors
and oxygen partial pressure [5].

However, material properties of STF at lower
temperatures are less understood: in the temperature
range below 450°C, the electrical resistance of STF 
films depends strongly on the concentration of
reducing components in the ambient gas.
Especially, this effect is highly sensitive to
hydrocarbons. Inexpensive hydrocarbon sensors,
which are very interesting for industrial and
automotive applications, can be manufactured by
screen-printing.

2 Experimental

2.1 Sample Preparation

The original STF powders with a particle size of
approx. 1µm were synthesised by using a
conventional mixed oxide route. A printable paste
was prepared and screen-printed on aluminia
substrates.  A set of platinum electrodes underneath
this porous ceramic layer served as electrical
contacts. On the sensor backside, a platinum heater 
structure was screen-printed allowing to control the
temperature of the STF thick film.

2.2 Measurement Methods

Sensor specimens were exposed to different gas
atmospheres (10% O2 in N2). As representative
hydrocarbon species, propane was added in
different concentrations. The sensor resistance was 
measured using the four-wire technique.

3 Results and discussion 

Fig. 1 shows a typical sensor response curve of a
sensitivity measurement at two different sensor
temperatures. As can be seen, the sensor signal is
stable with a jump of about 1.5 % per 100 ppm
propane and does not show saturation effects even 
at high hydrocarbon concentrations.
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Fig. 1. Sensor response of a thick film STF sensor (x=0.4,
R0(400°C, 10% O2) = 2.6 k ) to different propane 
concentrations.

A major drawback is the pronounced temperature
dependency of the sensor signal, which suggests the
underlying mechanism being a thermally activated
adsorption process. For practical use, one has to 
solve these problems, e.g. by simultaneously
measuring the actual sensor temperature in order to
correct the resistance signal. 
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In Table 1, the different STFx-compositions are
compared qualitatively. The sensor resistance R0 at 
400°C and 10% O2 depends strongly on the iron
content. Whereas undoped strontium titanate and
STF10 have a high resistance and show only poor
sensor properties, material compositions with x 
0.2 have more promising sensor characteristics.

Table 1. Comparison of STF sensors at 400°C 

material resistance R0 / k

undoped ST > 1000 

STF10 500

STF20 100

STF30 50

STF40 10

STF50 5

-20

-15

-10

-5

0

5

10

15

20

25

30

35

40

R
S

e
n

s
o

r
/

%

0 20 40 60 80 100 120 140

time  t / min

1
0

 %
 O

2

3
 %

 O
2

3
0

 %
 O

2

1
0

 %
 O

2

1
0

 %
 O

2
 +

 6
6

0
 p

p
m

 p
ro

p
a

n
e

1
0

 %
 O

2
 +

 5
 %

 C
O

2

1
0

 %
 O

2
 +

 1
0

 %
 C

O
2

1
0

 %
 O

2
 +

 1
3

3
0

 p
p

m
 p

ro
p

a
n

e

1
0

 %
 O

2
 +

 0
.2

5
 %

 H
2

1
0

 %
 O

2
 +

 0
.5

 %
 H

2

1
0

 %
 O

2

balance: nitrogen

Fig. 2. Cross sensitivity of STF40 sensor towards other gaseous species (as indicated).

Cross sensitivity of the sensitive ceramic layer
towards other gaseous species has been another
research aspect. The influence of other exhaust
components such as oxygen, hydrogen, and carbon
dioxide, on the sensor resistance was investigated
by exposing the sensor to different synthetic gas 
compositions. Fig. 2 shows an exemplary curve of a
cross sensitivity measurement. Some gases such as 
oxygen have a notable impact on the sensor
resistance whereas others, e.g. hydrogen, apparently
do not have any influence. A possible explanation
might be given by an adsorption model. Besides the
very promising results, it should be mentioned that
up to now, two main problems exist. There is a drift
of the sensor resistance with time, and the
quantitative reproducibility of the measurement
deserves further investigation.

Future work is going to evaluate the sensor
system quantitatively. Furthermore, aging processes
of the material as well as the underlying sensor
mechanism are going to be further investigated. It is 
anticipated that the sensor properties are mainly
governed by grain boundary processes. Therefore,

microstructural studies as well as impedance
spectroscopical studies will be conducted.
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A Novel Miniaturized Oxygen Sensor with a Solid-State Ceria-Zirconia

Reference
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1University of Tehran, Faculty of Eng., Dept. of Chem. Eng., Catalysis and Reaction Engineering Lab., Iran
 email: khodadad@ut.ac.ir

2University of Tehran, Faculty of Eng., Dept. of Electrical Eng., Thin-film Lab., Iran

Summary: A self-contained, miniature, electrochemical-type oxygen sensor is described which uses an

oxygen ion conducting solid electrolyte (YSZ). Unlike conventional oxygen sensors, in which one side
of the sensor needs to be directly exposed to the air reference, the oxygen sensor presented in this

paper exploits a solid solution of 25% zirconia in ceria as the reference. This novel oxygen sensor

exhibits an anomalous behavior in transition from rich-to-lean regimes where the polarity of the
created voltage changes from a positive value of +300mV to a negative value of –80 mV at  =1.04.

Keywords: oxygen sensor, solid-state reference, ceria-zirconia
        Category: 5 (Chemical sensors)

1 Introduction

We report, for the first time, a novel oxygen sensor
based on yttria stabilized zirconia (YSZ), in which air
reference is replaced by a solid solution layer. Unlike
conventional oxygen sensors, in which one side of the
sensor needs to be directly exposed to the air
reference, this new type oxygen sensor exploits a
solid solution of 25% zirconia in ceria as the
reference. This solid solution has thermal expansion
coefficient near that of YSZ, high oxygen storage
capacity (OSC), and high thermal stability in exhaust
gas environment [1]. This oxygen sensor exhibits an
anomalous behavior in transition from rich-to-lean
regimes where the polarity of the created voltage
changes from a positive value to a negative one. This
sensor can be miniaturized, yielding a low cost sensor
with a fast response, especially during cold start.
Schematic diagram of the oxygen sensor with solid-
reference is shown in Fig. 1.

2 Experimental

YSZ and ceria-zirconia powders, used in fabrication
of the oxygen sensor, were prepared from their
XCBXC

corresponding nitrates solutions, followed by drying
and calcination. X-ray diffraction analyses of ceria-
zirconia powder calcined at 500oC for 3hrs and YSZ
powder sintered at 1100°C for 12hrs reveal the
formation of crystalline oxide solutions, Figs. 2-3.

For sensor fabrication, fine calcined YSZ powder
was pressed into a 2mm-thick pellet with 14mm
diameter. A platinum layer was sandwiched between
the solid-reference and YSZ pellet to make the inner
contact. After sintering at 1100oC for 12hrs, second
platinum layer (Herause OS3) was screen-printed on
YSZ side of the prepared pellet and sintered at 920°C
for 10mins [2]. Fig. 4 shows SEM views of surface
and cross-section of the fabricated sensor.

The response of the sensor was investigated in
presence of a simulated exhaust gas of  (6.0%CO and
0.2%C2H6 in He) at different temperatures of 300,
325, 350, 400 and 450°C. The mixture was prepared
by admixing a flow of simulated gas with air. The
ratio of flow rates of the simulated gas and air was
varied to prepare rich and lean regimes.   is the ratio
of the actual air-to-fuel ratio to that of stoichiometric
ratio.

                Fig. 1: Oxygen sensor prototype with the solid-state reference on one side
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Pt electrodes

Pt wires

��������
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3 Results and discussion

As displayed in Fig. 5, the sensor shows a sharp
transition from +300mV to -80mV at =0.92 when
exposed to the simulated exhaust gas, while for
commercial oxygen sensors this transition occurs
between 1000-100mV. We believe this phenomenon
occurs because the content of exchangeable oxygen in
solid-reference is less than that of exhaust gas in lean
region and more than that in rich case. The occurrence
of the voltage transition at <1 could be attributed to
different diffusion coefficients of C2H6 and oxygen
and also different adsorption rate constants of C2H6

and CO [3]. Sintering at higher temperatures could
enhance sensor’s performance [4]. As shown in Fig. 6
by using a mixture of 8.4%CO in He mixed with air,
the transition occurs at  =1.04. The sensor exhibits
hysteresis at low temperatures of 300 and 325°C, Fig.
7, as observed in regular YSZ sensors [3].

4 Conclusion

In conclusion, we have successfully fabricated a
novel solid-state reference oxygen sensor whose
response to simulated exhaust gas shows an
anomalous transition from positive to negative
voltages. Preparation of miniaturized sensors on
silicon-based membranes using thin film technology
is underway.
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Fig. 4: SEM micrographs
of  (a) Cross-section view
and (b) Ceria-zirconia
surface of sensor sintered
at 1100°C for 12hrs.

Fig. 3: XRD of solid-reference (CeO2 75%, ZrO2 25%)
sintered at 1100°C for 12hrs.

Fig. 2: XRD of YSZ powders sintered at 1100°C for 12hrs.

(a)
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(b)

Fig. 5: Response of sensor in (He
93.8%, CO 6.0%, C2H6 0.2%) gas
mixture at 350, 400 and 450°C.

Fig. 6: Response of sensor in (He
91.6%, CO 8.4%) gas mixture at
350, 400 and 450°C.

Fig. 7: Hystersis in sensor’s response
in (He 93.8%, CO 6.0%, C2H6 0.2%) gas
mixture at 300 and 325°C.
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Development of pH-ISFET sensors for the detection of bacteria
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Summary: Ion sensitive field effect transistor (ISFET) microsensors including a SiO2/Si3N4 pH-sensitive gate
structure and a titanium/gold pseudo-electrode have been used for the detection of the Lactobacillus

Acidophilus bacteria. First results have shown that such applications require high bacterial concentrations and

therefore small analysis volumes. Therefore, the pH-ISFET have been adapted by fabricating micro tanks from

plexiglass or polydimethyl siloxane (PDMS). Thus, the bacteria detection has been possible in several minutes 

by monitoring the pH variations. These works will allow the development of ChemFET microsensors for 

biological  applications and more precisely for medical analysis.

Keywords: ChemFET, pH, biological detection

Category: 5 (Chemical sensors)

With this assessment, we then thought to reduce
the reaction volume to increase bacterial 
concentration. Thus, the pH-ISFETs have been
adapted to the detection of bacteria by reducing the
analysis volume to a minimum size around one
microliter. Thus, microtanks were made up with a 
straight through pierced plexiglass cube and were
stuck with a silicon paste on the pH-ISFET sensors so 
that the hole comes exactly above the sensitive gate
(figure 1). 

1- Introduction 

Many medical analysis are performed through
the monitoring of pH variations during various
biochemical reactions. However, the developed
technique is very time-consuming. For example, in
the case of bacteria, they must be grown on a specific
medium. Once quantity is important enough, they are 
isolated, purified and put in touch with a medium
containing a specific element. Metabolisation of this
element by the bacteria will generate either their
growth, either a pH variation, due to an oxidation or a
fermentation, generally manifested by colour
variation of indicator present in the medium for
detection. In order to improve this detection
technique, chemical microsensors must be adapted
according to the medical analysis specifications.

This work deals with the use of pH-ISFET
sensors for the detection of bacteria and more
precisely for the monitoring of the glucose
assimilation by Lactobacillus Acidophilus. In this
case, pH variation is induced by production of lactic
acid by the bacteria in contact with glucose.

Fig. 1. Plexiglass micro-tank reported on ISFET chip

2- Experiments The gate-source voltage VGS being applied to the
solution either by the titanium/gold pseudo-electrode,
pH-ISFET sensors were characterised by I-V 
measurements, the VGS voltage variations being
monitoring for a constant drain-source current IDS.

Ion-sensitive field effect transistor (ISFET) 
microsensors including a SiO2/Si3N4 pH-sensitive
gate structure and a gold pseudo-electrode have been
fabricated using a standard P-well silicon technology
[1]. They have been used for the detection of bacteria. 
First attempts were made in aqueous solution of
glucose (20 g.L-1). The minimum reaction volume
needed due to the size of the sensor was about 2 mL.
Thus, the necessary amount of bacteria was much
important to see the hoped pH fall.

PH measurements were studied using three
standard buffer solutions (pH = 4.01, 7.00 and 10.01).
Detection of Lactobacillus Acidophilus by monitoring
the variation of pH in a glucose solution (20 g.L-1).
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3- Results 

The first pH measurements evidence a a linear 
relation between the solution pH and the ISFET gate
voltage VG (figure 2). The sensitivity is around 43 
mV/pH. It’s far enough of the theoretical Nernst law
value (59 mV/pH). This decrease should be related to
the use of the titanium/gold pseudo-electrode [1].

The second step was to proceed to attempt with 
bacteria. The micro volume was filled with the
glucose solution, and after a few minutes, bacteria
were added directly from the petri box where they
were grown.

Fig. 2. Gate voltage as a function of pH for plexiglass tank.

Fig. 3. Gate voltage vs time during metabolisation of
glucose by Lactobacillus.

Typically, we had the kind of response presented
on figure 3. The first drastic pH fall is the 
consequence of the bacteria insertion in the micro-
tank. Indeed, bacteria growth medium is radically
acid so the pH variation when micro-organisms are
added in the relatively neutral glucose solution
(pH=7.5). Then, a plateau is evidenced which should
be interpreted as a latency period. Finally, the
continuous pH decrease can traduce the production of 
lactic acid due to the presence of glucose in the
solution. It is also important to compare these
variations with those obtained in a 2 mL volume. In
this case, pH decreases slowly and it takes finally

several hours before that the detection of the
Lactobacillus bacteria could be evidenced (figure 3).

4- Perspectives 

Theses results have encouraged us to think to a 
more adjustable device and, above all a device
compatible with micro electronic collective 
fabrication techniques. Therefore, we chose to
fabricate micro-tank with polydimethyl siloxane
(PDMS) (figure 4). PDMS naturally sticks on the
silicon chip. Once the moulded PDMS tank is 
positioned, it’s definitively fixed with non reticulated
PDMS and we let the device dry for several hours.

Next attempts should allow to compare the
microanalysis methods and to give us more
information about the sensor behaviour and pH
variations in presence of bacteria. This will be
obtained through the detection of the Lactobacillus
bacteria behaviour versus different sugars (fructose,
lactose,...).
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Fig. 4. Detail of the PDMS reported micro-tank

5- Conclusion 

pH-ISFET sensors have been successfully
adapted to the detection of bacteria by developing
micro-tanks thanks to different fabrication techniques.
These works will be continued by improving the
micro tanks fabrication and by developing the pH-
ISFET sensors for the detection of different bacteria.
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Summary: The lateral resolution of photocurrent techniques such as Light-addressable Potentiometric
Sensors (LAPS) or Scanning Photo-induced Impedance Microscopy (SPIM) is limited by the properties

of the semiconductor material used. For bulk silicon, the best results reported in the literature are in

the range of 20 µm. Different semiconductor/insulator-structures were studied to improve the lateral
resolution. The best results were obtained using thin layers of amorphous silicon. The resolution was

better than 1 µm and was only limited by optical constraints. Structures of 400 nm dimensions were
visualized by photocurrent measurements.

Keywords: LAPS, photocurrent, semiconductor, amorphous Si

Category: 5 (Chemical sensors)

1 Introduction

Since the introduction of the Light-addressable
Potentiometric Sensor (LAPS) [1] in 1988 and
Scanning Photo-induced Impedance Microscopy
(SPIM) [2], several groups have been interested in
improving the lateral resolution of these techniques
[3-7]. A theoretical description of the photocurrent
distribution in the semiconductor was given in [7]. It
was shown that the lateral diffusion of the charge
carriers out of the illuminated area of the
semiconductor is the limiting factor for further
improvement. The diffusion length is determined by
the carrier concentration, the mobility and the
recombination rate. In [6] the influence of the charge
carrier concentration for bulk silicon was shown
experimentally. The presence of charges in the
insulator or at the interfaces can cause photocurrents
several hundreds of micrometers away from the gate
metallization [8]. The best values of lateral resolution
reported for bulk silicon have been about 20 µm.

In this paper we report on the lateral resolution of
photocurrent using amorphous silicon as the basis
semiconductor material. A thin double-layer insulator
was deposited on top of this amorphous silicon to
achieve the required field-effect structure.

2 Experimental

Thin amorphous silicon (a-Si) films were prepared
on corning 1737 glass substrates. First Al (500
nm)/ZnO (700 nm) was deposited as the ohmic
contact. Afterwards, a-Si and SiO2 (30 nm) and Si3N4

(50 nm) insulator layers were deposited by PECVD
(plasma-enhanced chemical vapour deposition). The

thickness of the a-Si was varied in the range of 0.3 to
1.5 µm. For the gate contact, a structure with different
metal thickness, as shown in Fig. 1, was prepared to
allow determination of the decay of the signal at a
metal edge.

Scanning the laser light passing position A permits
to adjust the focus by z-variation. During a scan from
position B to areas without gate metallization the
photocurrent decays to zero providing information
about lateral resolution.

A diode laser with λ=640 nm and the optics of a
DVD drive were used in combination with an xy-
positioning system with a resolution of better than 50
nm.

c o n ta c t

m e ta l

Fig. 1 Scheme of the semiconductor structure
and the light scan
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3 Results and discussion

The Metal/Insulator/Semiconductor (MIS)
structures described above showed good insulator
quality and only samples with DC current smaller
than 10 pA at ±2 V were investigated in more detail.
A typical photocurrent/voltage curve is given in Fig. 2
demonstrating a sufficiently low concentration of
charges in the insulator and at the interfaces as
required for LAPS applications. The photocurrent
increased with the thickness of the amorphous silicon
layer.

In Fig. 3, a 600 µm x 600 µm photocurrent scan is
shown. The outer part had a gate metallization of 150
nm Au, and an area of 400 µm x 400 µm is free of
metal. In contrast to other semiconductors
investigated, no increase of the photocurrent at the
metal edge was observed but the signal is
immediately decreased.  Furthermore, the resolution
was much better than for other materials. A line scan
is shown in Fig. 4. It can be seen that the decay of the
signal occurs in a range smaller than 1 µm. For
measurements with such a high resolution close to the

wavelength of the light, the intensity distribution of
the laser beam has to be considered. This means that
the curve in Fig. 4 could be due to the laser spot
profile, i.e. the resolution determined by the
semiconductor properties could be even better. This is

in accordance with the diffusion length in amorphous
silicon, which is in the nm range.

Some influence of the ohmic contact geometry was
observed and will be discussed.

The resolution was found to be independent of the
thickness of the a-Si. As optical parameters are
limiting our measurement, this was to be expected.

In conclusion, amorphous silicon can be used as a
material for LAPS measurements with very high
lateral resolution. Further improvements can be
achieved by an optimised optical setup.
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oscillators for gas detection
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Summary: The purpose of this paper is to present a method for tuning the resonant frequency of a typical 
Delay Line SAW oscillator by means of a method simple and widely used in microwave circuits. It consists 
of a quadrature hybrid coupler in whose coupled arms are placed two identical terminations: a capacitor 
C and an inductor L in series. The output signal has the same amplitude than the input one and its phase is 
changed depending on the value of C and L. The oscillator designed in this way exhibits stable frequency 
response and operates with a wide range of coatings in measurements with volatile organic compounds.

Keywords: Oscillator, SAW sensor, polymer

Category: 5 (Chemical sensors)

1 Introduction

Surface Acoustic Wave (SAW) devices are well
known to offer high surface-mass detection sensitivity 
for chemical sensing, [1]. Apart of the compact
structures, the advantages of these devices are their
small size, low cost, high sensitivity and fast
responses. SAW devices are very sensitive to mass
changes on their surfaces, then if a coating film is
placed over the SAW propagation path it acts
concentrating vapor molecules from the ambient gas
at the device surface. The total mass of the film is
increased due to the gas sorption and diffusion taking 
place a change in the propagation velocity of the
acoustic wave. The velocity changes are performed
indirectly with extremely good precision using the
device as the resonating element in a delay line
oscillator circuit, (figure 1).

Oscillations occurs only when the amplifier gain is
greater than the losses of the delay line. Then the
oscillator for SAW sensor applications must be
designed in the way that it must operate with a wide
variety of SAW characteristics, [2]. Even though for a 
given design the device frequency will be
approximately the same, the loss through the device
will vary quite dramatically depending of the coating 
film chosen and the thickness deposited.

As it is well known, the polymer films are the best
chemical interface to detect organic vapors because of 
their high sensitivity, fast vapor diffusion, reversible
responses and good ability to work at room
temperature. The polymer coating must be chosen to
interact with an analyte as selectively as possible,
then, both the choice of chemical film and the sensor 
design greatly influence in the frequency signal
response, [3].

2 Experimental

The oscillator designed must have a large gain margin 
at the desired oscillation frequency in order to
compensate any loss that occur in the feedback loop. 
The SAW sensor used in this work has been
fabricated on ST-X quartz substrate at a frequency of 
157 MHz. It has 100 finger pairs with a finger width 
and spacing of 5 µm and both the length L and
aperture W (figure 1) are of 2 mm, being the
dimensions 9 mm × 4 mm × 0.5 mm. The lowest
insertion losses of the device are about 14 dB. Taking 
into account that the polymer film deposited will add 
10 dB or more depending of the thickness and that the 

Figure 1.- Gas sensor SAW oscillator system
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sorbed gas molecules will also contribute to the total 
losses, taking a margin of 6 dB as recommended in
the literature [2], the amplifier gain requirements will 
be at least 30 dB.

We use the feedback/loop method to design the
amplifier circuit. We do not use simulation of the
components but we measure the S parameters of the
total open loop. The amplifier has two cascaded RFIC 
amplifiers and three attenuators in T configuration
placed at the input, separating the two amplifiers and 
at the output. The value of the attenuators is fixed
from the IC amplifier gain, the SAW device losses
and the ones of the other components of the circuit:
the directional coupler and the phase matching circuit. 
The S12 parameter in most of SAW delay lines fulfills 
the phase 0º condition for more than one frequency in 
the range where the whole loop amplitude gain is
bigger than 1. So the oscillator can hop between
several frequencies. In order to avoid this drawback
we have implemented a phase adjust component
consisting of a 90º hybrid coupler in whose two
coupled arms are placed a capacitor and an inductor in 
series finished in an open circuit, (figure 2). With this 

arrangement the phase can be adjusted from –180º to 
180º. Several phase shift at 157 MHz due to these
components are shown in the Table 1.

Table 1. Values of the phase shift corresponding to several
values of L1 and C1 for the circuit of figure 2

Inductance Capacity Phase Shift

33 nH 12 pF 87.8º

15 nH 68 pF 179.7º

22 nH 47 pF -179.7º

56 nH 180 pF -90.4º

Therefore the oscillation frequency can be adjusted to 
the required value, e.g. to the maximum of the
amplitude of S12 of the whole open loop, very near the 
synchronous frequency of the SAW device, f0.
Although the amplifiers are working in a non linear
point of their gain curves, the S12 phase variation is
not so important as the amplitude variation, then the
final phase is very close to 0º and hence the
oscillation frequency is very near f0.

To test the performance of our oscillator designs we
chose as coating materials two well known polymers
for SAW sensor applications: Polyepichlorohydrin

(PECH) and Polyeteruretano (PEUT) and different
concentrations of volatile organic compounds were
measured. The films were sprayed with different
thicknesses on the whole device surface, including
IDTs, using an airbrush and controlling thickness and 
losses by means of a HP 8510B vector network
analyzer. A typical sensor response of a PECH coated 
device to low concentrations of toluene in synthetic
air is shown in figure 3. In this case the film
introduced losses of 3 dB and a shift of the resonance 
frequency of 400 kHz equivalent to a thickness about 

90 nm. Concentrations of the test gas vary from 25 to 
100 ppm in steps of 25 ppm. The total gas flow rate
was 200 ml/min. After each exposure, the device was
purged with pure synthetic air to allow the sensor to
return to the initial conditions. Each sorption and
desorption cycle lasted 3 minutes.

The frequency measurement from the oscillator circuit 
shown in figure 3 exhibits excellent properties with
respect to linearity and reversibility, negligible
baseline drift, fast response, reversibility and good
sensitivity.
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Figure 2.- Circuit for frequency adjustment of the delay 
line SAW oscillator.
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Summary:  A new type of gas sensor is presented that combines the advantages of micro machined silicon

gas sensors and ceramic gas sensors. LTCC-technology which, is the cutting edge for manufacturing 
printed circuit boards for high frequency applications, is used to produce gas sensors. The sensor devices

are shaped like already known hot-plate low-power micro machined silicon gas sensors. The low thermal 

conductivity (3W/mK) leads to a low power consumption (1W at 400°C) compared to classical ceramic gas 
sensors. The inexpensive manufacturing technology is a remarkable advantage for small series compared 

to the expensive silicon technology. This contribution presents first results for LTCC hot-plate gas sensors 

that include production, measurements, and simulation of such devices. Important thermal properties like
power consumption and temperature distribution are measured and compared to FEM-simulations. The 

results of the simulations are used to improve the temperature distribution on the hot-plate.

Keywords: hot-plate, LTCC, low temperature cofired ceramics, gas sensor, FEM, SnO2

Category: 5 (Chemical Sensors)

1 Introduction 

Chemical gas sensors can be categorized by 
production technology into ceramic gas sensors and 
micro machined silicon gas sensors. Each of them
has its own advantages. Ceramic gas sensors are 
high temperature stable and the manufacturing
technology is inexpensive. On the other hand the
low power consumption and the possibility of
integration are the main advantages of micro
machined silicon gas sensors [1]. Silicon gas
sensors can be produced cheaply only in very large
series. However, there is a need for a gas sensor 
system that shows high flexibility, low cost
production technology, possibility of integration, 
low power consumption and high temperature
stability. LTCC materials (low temperature cofired
ceramics) meet these requirements. The materials
show low thermal conductivity of about 3 W/mK
and the manufacturing technology is inexpensive
and flexible. The sensors are integrable into printed
circuit boards. Nevertheless, only few authors use
LTCC for gas sensors [2].

Here, a gas sensor is presented, which is integrable.
The active area (hot-plate) can be heated to several 
hundreds °C. It is suspended by four beams. For
micro machined silicon gas sensors hot-plates are
state of the art due to their low power consumption.

2 Experimental 

2.1 Sensor manufacturing 

First, the metallisation (e.g. heaters) is applied onto
the tapes by screen-printing. After punching the
tapes are laminated uniaxially with a pressure of
about 250bars. Then the laminate is cofired at about
850°C. Fig. 1 shows the typical design of a sensor. 

Fig. 1: Typical design of an LTCC-sensor 

2.2 Sensor measurements 

At first the power consumption of the gas sensors
was determined. The temperature of the hot-plate 
was measured by an infrared pyrometer. The power 
consumption was calculated by the voltage and the
current needed to heat the hot-plate to its operating
temperature. Fig. 2 depicts the power consumption
of sensors with different hot-plate sizes. One would
have expected that the power consumption
increased proportionally to the surface area. Since
the heat convection coefficient at the vertical areas 
is much higher than on the horizontal areas, the 
power consumption does not increase
proportionally to hot-plate surface.

The temperature distribution was measured by an 
infrared camera. Fig. 3 shows the temperature
distribution picture of an initial device with a 
meander shaped heater (Fig. 1). 
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Fig. 2: Measured power consumption of sensors devices
with different hot-plate sizes 

It can be seen that in this case the temperature on
the hot-plate varies very strongly in all directions.

Fig. 3: Temperature distribution of a typical Sensor 

However, a uniform temperature distribution on the
hot-plate is desirable for a good gas sensor [3].

3 Simulation 

FEM calculations were used to optimize the
thermal properties of the sensors. The aim is to vary
the geometry of the heater until the temperature
distribution on the hot plate is uniform. First of all,
the measured temperature distribution of the initial
sensor devices was recalculated using a 
commercially available FEM program (ALGOR). 
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Fig. 4: Comparison of simulated and measured 
temperature profile (section AA in Fig. 3) 

Fig. 4 compares the measured temperature profile
(section AA in Fig. 3) with the simulated one of the

same section. The simulated profile agrees very
well with the measured profile.

In the next step, the geometry of the heater was 
varied to improve the temperature distribution of 
the hot-plate. Due to the uniform heat generation on
the hot-plate the meander shaped heater shows a 
poor performance. In order to homogenize the
temperature distribution the losses due to heat
conduction in the beams should be compensated by
increased heat generation. Therefore a double spiral
heater performs better with respect to temperature
distribution.
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Fig. 5 Calculated temperature distribution of meander 
shaped heaters and double spiral heaters (section AA in
Fig. 3) 

Fig. 5 shows the improvement of the temperature
distribution from the meander shaped heater to a 
double spiral heater.

4 Conclusion and Outlook 

First LTCC gas sensors have been produced. The 
sensors show reduced power consumption
compared to typical ceramic gas sensors [4]. It is
possible to simulate the temperature distribution of 
such a sensor. First improvements in temperature
distribution have been introduced.
As an outlook gas sensitive layers will be applied 
onto the sensors and first sensitivity measurements
will be conducted.
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Summary:  The kinetics of the resistance response to a steep change in gas composition are experimentally

and theoretically investigated in tin oxide thin film sensors surfaces of which were modified by catalytic

metals. H2 and CO gases were used in the tests. Based on the phenomenological model the stationary

signal of the response is related to the density of the chemisorption centers for the gas and oxygen while the
time constants are dependent only on the rate parameters of the surface reaction and are independent on

the density of the centers. Influence of the density of impurities and the size of the cluster is discussed.

Keywords: gas sensors, impurities, kinetics

Category: 5 (Chemical sensors)

1 Introduction

The response time and the recovery time usually are
used to describe the kinetic characteristics of metal
oxide gas sensors in most studies. In general, these
parameters are assumed equal to a time interval
during which the major portion of the response
signal is measured (e.g. [1]). In spite of lack of
explicit theoretical understanding of the response
kinetics it is desirable to develop the methods for
improvement of the kinetic characteristics of metal
oxide sensors with the aim to increase the speed of
the analysis performed by an electronic nose.

In present paper an influence of catalytic metals
on the kinetic characteristics of tin oxide sensors
was experimentally and theoretically investigated.
A phenomenological model was employed for the
interpretation of the experimentally measured
response to a steep change in gas composition of
the atmosphere.

2 Phenomenological model

Based on phenomenological model [2] the kinetics
of the resistance response was related to the surface
reaction rates such as gas adsorption rate (�B),
desorption rate (�B) and the rate for the bimolecular
interaction (�B). The stationary signal and the
resistance response to a steep change in gas
composition were described by the
phenomenological relationships. Phenomenological
time constants � were defined for quantitative
characterization of the kinetics because these
constants might be evaluated from the experimental
transients by the standard methods based on
multiexponential decays similar to

∑
=

−+=
N

i

ii taatR
1

0 .)/exp()( τ (1)

Weighting coefficients a0 and ai might be related to
the rate parameters of the surface chemical reaction.
Some details are described in [2].

3 Experimental

Thin films of gas sensors were deposited by
magnetron sputtering in pure Ar atmosphere with
consequential oxidation in humid synthetic air.
Similar initial films of pure Sn were used for four
types of the sensors. Each type of the sensors was
manufactured by the post-growth doping of the film
surfaces with individual catalyst (no. 1 - Pt, 2 - Mo,
3 - W, 4 - Ag). The fifth type (no. 5) was
manufactured of the oxidized films previously
grown by a sequential deposition of pure Sn and
Mo. The films were grown on the prototype
structure with the contacts of pure Pt and the heater.

During the gas tests, the sensors were mounted in
a test chamber through which synthetic air was
flowing at the constant rate (typically 200
ml/minute). A steep change in the atmosphere
composition was produced by switching of the
chamber inlet connection from the clean air channel
to the channel in which the air contaminated with
fixed amount of CO or H2 gas flowed.

DC-electrical resistance was measured for each
of the sensors mounted in the same gas chamber.
Time dependence of the resistance was obtained by
sampling the signals with frequency of 1 Hz. the
temperature of a sensor was set at individual values
within the interval from about 450 K to 800 K long
before the measurements.
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4 Results and discussions

The transients were measured at various
concentrations from about 10 ppm to 100 ppm of
H2 gas and from about 50 ppm to 1200 ppm of CO
gas. Monotonous decrease of the resistance was
typically observed for the sensor response to the
gases. Recovery to clean air was not studied here.

The dependencies of the phenomenological time
constants τi and the weighting coefficients ai on gas
concentration Pgas were evaluated from
experimentally measured transients. In the interval
of small gas concentrations (ΦB ≡ �BPgas <<
�B+�B�O2), the dependence of the time constant on
concentration is described by �iB = (�iBPgas +
�iB+�iB�O2)

-1 with �O2 as the initial coverage of the
surfaces with the oxygen species. The parameters
�iB and �*i0= (�iB+�iB�O2)

-1 were evaluated
The pairs of related parameters ai0 and �*i0 are

displayed as a set of the points in the two-
dimensional plot. In this plot, the weighting
coefficient ai0 (relative part of the response
attributed to the corresponding component) defines
the ordinate and the time constant �*i0 defines the
abscissa of the individual point in the orthogonal
graph. Such the spectrum of the kinetic parameters
quantitatively describes the basic profile of the
transient of the sensor response that is independent
on the gas concentration. Typical spectrum for the
sensor doped with Pt (no. 1) and exposed to H2 gas
at Tsensor= 575 K is presented in Fig. 1.

Fig. 1. The distribution of the relative part of the response
to H2 gas per component defined by the time
constant �*i0 for tin oxide sensor with Pt.

The distributions of the weighting coefficient per
set of the components were compared for all the
sensors in the plot similar to Fig.1. Typical spectra
corresponding to the response of the sensors to H2

gas at Tsensor= 475 K are shown in Fig. 2. The
transient of the sensor no. 3 is described by a set of
nearly equal weighting coefficients ai

corresponding to the series of the time constants. In
the kinetics of the sensors 1, 2 and 4, the longer
time components are dominant. This result exhibits
comparatively slow response to gas.

An  influence  of  the  gas  concentration  on  the

Fig. 2. The distribution of the weighting coefficients per
component defined by the time constant �*i0 for
various tin oxide sensors.

spectra a*i0(�*i0) was described by a distribution of
the slope coefficient �iB per component.

Activation energies of the reaction rates were
evaluated from dependencies of the
phenomenological coefficients on temperature. It
was demonstrated that desorption prevails over the
bimolecular interaction at comparatively low
temperatures. At higher temperatures, a change of
the response mechanism was supposed.

Based on the phenomenological model, the
experimental results might be explained by
additional chemisorption centers for the target gas.
These centers should be associated with the clusters
of the catalytic metals. Assuming that the centers
are located at the edges of the clusters and in the
vicinity of the reaction sites then an increase in the
center density will increase the response. In contrast
to this the rate parameters of the bimolecular
interaction will not be changed. This mechanism
suggests the criteria for choosing of catalyst: it
should be the impurity metal on the surfaces of
which the gas binding energy is higher.

From the accepted model follows that the doping
might modify the kinetics of the response if the
most of the oxygen chemisorption centers are
created by the catalyst point defects on the surfaces
of the basic metal oxide. It seems reasonable to
expect that the rate parameters of the reaction will
be unique in these centers if compared to the
centers on the surfaces of pure metal oxide.
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Summary: A flexible sensor constructed in a sandwich configuration with a hydrophilic poly-
tetrafluoroethylene membrane placed between two gold deposited layers was evaluated for use as a 

hygrometric sensor. The electric impedance of the device with desiccants (CaCl2, NaCl, and Na2SO4) as 

hygroscopic material was measured at 100 Hz alternating frequency, and the device with calcium chloride 
was calibrated against moisture over range of 30 to 4000 ppm. The application of calcium chloride as 

desiccant was effective for detecting the low concentration of moisture in the gas phase. 

Keywords: hygrometric sensor, moisture, LCR meter, porous membrane, Au deposited membrane 

Category: 5 (Chemical sensors)

1 Introduction 

The detection and quantification of gaseous 
substances, such as moisture, odors, toxic and 
combustible gases, with high sensitivity and 
selectivity ale required in many different areas [1]. 
The moisture analysis is required in the many fields, 
i.e. quality control of natural gas in the compressed-
gas cylinder in order to prevent the hydration of the 
natural gas with moisture by decompressing to 
normal pressure.  

On the other hand, we constructed and reported 
flexible conductimetric and glucose sensors 
(thickness: 80 µm) in a sandwich configuration 
with a hydrophilic poly-tetrafluoroethylene 
membrane placed between two gold deposited 
layers [2-4]. In this work, a hygrometric sensor was 
also developed using the fabrication techniques of 
the flexible device for analyzing a lower 
concentration of moisture in the gas phase.  

2 Experimental 

2.1 Construction of flexible hygrometric sensor 

The structure of the flexible hygrometric sensor is 
shown in Figure 1.  

Fig. 1. Hygrometric sensor with porous membrane coated 
on both sides with Au-layers. 

Gold electrodes were formed directly using vapor 
deposition onto both sides of a hydrophilic 
polytetrafluoroethylene (H-PTEF) membrane 
(JGWP14225, thickness: 80 µm, pore size: 0.2 µm, 
NIHON MILLIPORE KOGYO K.K., 
YONEZAWA, JAPAN); this membrane offers 
chemical stability, tear resistance, and flexibility.  

The thickness of each gold electrode layer was 
1000 Å. Electrodes on both sides were kept at equal 
intervals across the H-PTFE membrane. The 
membrane was shaped by knife into a 3 mm-wide 
strip. Deposited gold adhered to the membrane and 
could not be peeled off by mechanical stress such 
as bending. The gold deposited membranes retain 
their flexibility even after vacuum evaporation.  

In order to improve the sensitivity of the device, 
desiccants as hygroscopic materials were contained 
into the porous PTFE-membrane, by dipping the 
hygrometric sensor into desiccant solution and 
drying. 

After inspection of electrical shorts, the flexible 
hygrometric sensor was stored at room temperature 
except when in use for measurement.  

2.2 Evaluation of flexible hygrometric sensor 

Behavior of the sensor was calibrated using 
nitrogen gases with varying concentration of 
moisture, supplied from a moisture generator (101, 
Parametrics Japan Corp., Tokyo, Japan) (Figure 2).  

The concentration of moisture in the gas phase 
was calculated from electrical impedance of the 
device measured by personal computer-controlled 
LCR meter (HP4263A, YUKOGAWA-
HEWLETT-PACKARD, LTD., Tokyo, Japan) 
system using the four-probe method at 100 Hz 
alternating frequency. A commercial available 
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hygrometer was applied to the moisture 
measurement system for a sensor calibration. 

Fig. 2. Schematic diagram of moisture measurement 
system with flexible hygrometric sensor and commercial 
available hygrometer. 

3 Results and Discussion 

3.1 Hygrometric sensor with calcium chloride 

Figure 3 illustrates the calibration behavior of the 
flexible hygrometric sensor with calcium chloride 
(1.0 mmol/l solution) as desiccant to varying 
concentration of moisture. The sensor output was 
presented as difference between the steady state 
impedance in the moisture gas and an asymptotic 
impedance value. 

Fig. 3. Calibration behavior of the flexible hygrometric 
sensor.

The flexible hygrometric sensor was calibrated 
against the moisture in the gas phase over the range 
of 30 to 4000 ppm, with a correlation coefficient of 
0.996 deduced by exponential regression analysis 
as shown by the following equation: 

sensor output (ohm) = 26.1[moisture (ppm) ] 1.64

The effect of the concentration of calcium 
chloride on the electric impedance of the flexible 
hygrometric sensor is shown in Figure 4. As the 
figure indicates, the behavior of sensor impedance 
to moisture concentration is dependent on the 
solution concentration for the CaCl2 impregnation. 
The application of CaCl2 desiccant (more than 1.0 
mmol/l) to the porous membrane was effective for 
detecting the low concentration of moisture. 

Fig. 4. Effect of CaCl2 concentration on the impedance 
output of the flexible hygrometric sensor for moisture 
analysis. (  : w/o,  : 0.01 ,  : 1.0, x : 2.0 mmol/l) 

3.2 Effect of desiccants on sensor behavior 

Figure 5 illustrates the effects of the desiccants on 
the electric impedance of the hygrometric device.  

Fig. 5. Effect of desiccants as hygroscopic material on the 
impedance output of the flexible hygrometric sensor for 
moisture analysis. (0.1 mmol/l impregnation;  : CaCl2,

 : NaCl ,  : Na2SO4, x : w/o desiccant) 

As the Figure 5 indicates, the application of 
calcium chloride gave the widely change in the 
electric impedance of the flexible hygrometric 
sensor, thus allowing the effective measurement of 
moisture in the gas phase. 
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Polyimide Membrane: A new substrate for microsensors
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Summary:  Presented here is a rugged polyimide membrane of thickness in the region of 1 – 10 m.  The
area of the membrane is not limited by the fragility of the material.  The elastic modulus of the material

enables it to be used in any number of applications ranging from heated sensor support, to a fluid pump
component capable of withstanding high hydrostatic forces. Membranes of one kind or another have been

especially useful in a range of sensor types. These membranes are often made from silicon nitride on bulk

etched silicon.  This results in a fragile membrane of limited area.  The application described here uses the
thin rugged polyimide membrane to reduce the power consumption of a metal oxide gas sensor.

Keywords: polyimide membrane, bulk etching, and sensor array  

Category: 05(Chemical Sensors)

1 Introduction

For the fabrication of low power, small size gas
sensors, the substrate itself plays an important role.
Typically, silicon, silicon dioxide or silicon nitride
membranes supported on a silicon wafer have been
used as a substrate [1].  We have adopted a new
approach to develop such sensor systems on
polyimide membranes and an effort is being made
(to be reported) to develop thin-film, metal oxide
sensor arrays.  The most popular material for gas
sensing is tin oxide (SnO2).  This material is heated
to an elevated temperature of 200-300 C to activate
its sensing characteristics. 

The polyimide membrane exhibits good
mechanical and thermal properties. Also, it is easy
to control layer thickness (hence strength) as
compared with oxide or nitride. The basic goal is to
achieve a sensor with low power consumption, and
controlled temperature distribution across the
sensing layer on a polyimide membrane.

2 Experimental work

In the fabrication of polyimide membranes, the
basic step is to etch back silicon <100> wafer.
Instead of conventional etch stop techniques,
another method, Gold/Silicon/TMAH galvanic
etching is carried out [2, 3].  The process flow is as
shown in fig.1. Essentially, the process involves
coating both sides of an oxidized silicon wafer with
a Au/Cr etch mask. Apertures, that will define the
membranes, are etched in the Au/Cr, SiO2 on the
backside of the wafer. The silicon is then bulk
etched in a 25% TMAH solution.

Si     SiO2      Cr.     Au.     PR.      PI

Fig. 1. Illustrating process flow.
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The etch rate of this solution is about
1µm/minute at 90 C. The TMAH etchant is not
toxic as compared with KOH and EDP and also it is
more user friendly for MOS or CMOS post-
processing in clean room conditions.

Once etching is complete through to the front-
side SiO2, the PI membrane is applied over the
front-side gold by spin coating. The polyimide used
was PI2575 from HD MicroSystems (DuPont). The
thickness of membrane depends upon the spin
coating speed and viscosity of the material.  The
curing temperature profile for the polyimide
membrane is a critical parameter for proper cure.
The polyimide is cured in a nitrogen atmosphere at
an elevated temperature of 400 C for 30 minutes.
The SiO2 and Au/Cr is then etched away from the
back of the membrane to release the PI.

An array of polyimide membranes is shown in
fig. 2.  The size of membrane is 3.5 x 3.5 mm and
an array of four metal oxide gas sensors is
developed on each membrane.  The membranes so
produced can also be used for developing different
sensors, microwave antenna arrays, ultrasonic
sensors and micro-speakers [4].

The SEM cross-sections in fig3 and fig.4 show
the anisotropic etching of silicon wafer with the
polyimide membrane in place.

In conclusion low power sensor fabrication on
polyimide membrane is attractive because:
1. It is a thermally better insulator than oxide or

nitride membranes.
2. Also, a relatively thick layer as compared to

oxide or nitride can be achieved with this
material. 

3. It is robust and not fragile as oxide or nitride
layers.

4. The surface of spin-on polyimide is smooth.
5. The deposition of platinum (for micro heaters)

on polyimide is straightforward and there is no
need for an adhesion layer as in the case of
oxide or nitride membranes.
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SI<100>

PI membrane

Fig. 3 SEM cross-section of bulk etched
<100> silicon; x100 mag.

Fig. 2. Array of PI membranes on <100> Si
frame

PI membrane

SI<100>

Fig. 4. SEM view of bulk etched Si<100>
window 3.5x3.5mm2, x25 mag
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Summary: Thin film sensors on the basis of evaporated layers of chalcogenide glasses for heavy metal ions are

developed. In spite of the promising results and good electrochemical performance, the long-term stability of

chalcogenide-based thin film sensors is still a problem. In this paper, AES study was made to clarify the problem

with "the aging" of chalcogenide thin film membranes.

Keywords: sensors, chalcogenide glasses

Category: 5 (chemical sensors)

1 Introduction

Electrochemical sensors based upon selective
vitreous membranes were extensively studied in the
last years with an increasing interest for
miniaturized devices. Chalcogenide glasses with
their flexible structure, enormous variations of
properties and almost unlimited ability for doping
and alloying were proven to be very promising
materials for chemical sensors for analysis of
industrial aqueous solutions and the environment
monitoring of pollutant gases [1].

We are developing ion-selective membranes on
the basis thin evaporated layers of pure and doped
chalcogenide glasses. The realized heavy metal
sensors showed high sensitivity towards Ag+, Cu2+

and Pb2+ ions, respectively down to the
concentration range of 10-6 mol/L, short response
time and good selectivity to interfering ions [2-4].
The sensor performance is comparable to those of
conventional non-miniaturized bulk ISEs with the
similar compositions. In this paper, "the aging" of
As2S3/Ag/Cu thin film membranes was studied by
AES analysis.

2 Experimental

Experimental samples were prepared by vacuum
deposition of Cr layer on Si or Si/SiO2/Si3N4

substrates, followed by thermal deposition of As2S3,
Ag and thermal or e-beam deposition of Cu. The
light exposure of the evaporated layers with metal-
halogen lamp assures the homogeneous distribution
of metals in the whole thickness of the layers. The
content of samples in atomic % was determined by
measuring the deposition rate with quartz
microbalance technique.  Riber’s microprobe ASC
2000 and ion gun CI 40 modules from the surface
analyses combine LAS 3000 were used to study the
depth distribution of the dopants in chalcogenide
membranes. A 3 keV Ar ion beam bombarding the

sample at 200 of normal was used for sputter depth
profiling. The primary e-beam energy was 3 keV
and current  - about 7.10-3 µA.  Auger electron
peaks at energies 152 eV, 272 eV, 510 eV, 529 eV,
920 eV, 1228 eV and the doublet 351-356 eV were
chosen for the elements S, C, O, Cr, Cu, As and Ag
respectively  [5]. The peaks were scanned in the
differentiated mode at a modulation voltage 4V
peak-to-peak. A semi-quantitative procedure based
on our own reference profiles and methods of pure
element standard and elemental sensitivity are used
to recalculate the Auger signal data in atomic
percents.

3 Results and discussion

It is known that photodiffusion of Ag and Cu in
As2S3 led to homogeneous amorphous compounds
containing Ag up to 39 - 41 at.% [6] or Cu - 33-37
at. % [7]. Above this concentration the compounds
became heterogeneous. It could be expected  that
membranes with concentration of Cu and Ag up to
38-41 at. % (30 % Cu + 11 % Ag) have amorphous
structure, i.e. nearly all studied membranes.

The results presented in fig. 1a show that Cu
diffuses in As2S3 layers during the deposition time
independent on the sequence of evaporation -
before or after As2S3. AES profile does not depend
on the illumination of layers. At Cu+Ag
concentration higher than the solubility maximum
(41 %), Cu diffuses predominantly, replacing the
Ag previously deposited. The excess Ag stay
undissolved under or above As2S3 depending on the
sequence of deposition (fig.1b). According the
thermochemical model of photodoping [7] the
chemical reaction between As2S3 and Ag is
endothermic (is not beneficial energetically), while
the reaction between As2S3 and Cu is exothermic
and energetically favorable. That's why from
thermodynamically point of view most probably,
one can expect only the diffusion intermixing at
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As2S3/Ag system while at As2S3/Cu fast exothermic
exchange reaction should take place, producing
Cu2S and Cu2-xS.
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 Fig. 1. AES depth profiles of Cu and Ag for samples
with Ag12Cu31 content in different order of evaporation:
on the top of As2S3 (N 2) and under As2S3 (N 1), before
(solid symbols) and after (empty symbols) exposure.

The light exposure influences the distribution of
Ag in As2S3 matrix - the concentration gradient of
Ag moves up to As2S3. The sequence of
evaporation has a significant importance on the
metal distributions. The change of the profiles is
stronger when Ag and Cu are evaporated after
As2S3 ( � 2 in fig 1b).

Electrochemical treatment shifts Cu profile
(fig.2a) towards the lower concentration, while Ag
profile (fig.2b) - to the higher. Besides, the surface
concentration of Cu decreases, while surface
concentration of Ag is the same. It could be
concluded that part of Cu moves away from the
subsurface layer, decreasing its density. Probably
this change in the structure could be the reason for
further faster deterioration of the properties of the
membranes, increasing its "response time".

4 Conclusion

It was established that the concentration of metals
distributed in As2S3 matrix determines the
electrochemical properties of the membranes. The
metals distribution depends on the way of
evaporation and the light exposure. Electrochemical
treatment influences strongly the Cu concentration
in the subsurface region. That's could be the reason
for the increasing of response time with the aging

of the membranes. The e-beam evaporation of Cu
enhances the stability of ion-selective membranes
due to the more stable metal distribution.
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 Fig.2. AES depth profiles of Cu (a) and Ag (b) before
(solid symbols) and after (empty symbols)
electrochemical treatment

It was established that the plasma polymer film
(PHMDSO) deposited on the top of chalcogenide
glass membrane improves the electrochemical
characteristics - increases the sensitivity and long-
term stability and keeps the response time [8]. The
results obtained are promising for the development
of low-cost, highly reliable sensors.
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Summary:  Odor sensor based on the surface plasmon resonance (SPR) is studied for detection of harmful
gases such as ammonia and amine gases. It is found that the SPR sensor with acrylic acid thin film as 

molecular recognition membrane exhibited an excellent selectivity and high sensitivity for ammonia, and

amine gases.
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Category: 5 (chemical sensors)

1 Introduction 

Surface plasmon resonance (SPR) is an optical 
phenomenon in which incident light excites a
charge-density wave at the interface between a
highly conductive metal and a dielectric material.
The conditions for excitation are determined by the
permittivities of the metal and dielectric material.
The SPR transduction principle is widely used as an 
analytical tool for measuring small changes in the
refractive index of a thin region adjacent to the
metal surface.  The optical excitation of surface
plasmon on a thin metallic film has, therefore, been
recognized as a promising technique for sensitive
detection of chemical species [1]. Several methods
have been employing to monitor the excitation of
SPR by measuring the light reflected from the 
sensor interface.  These include analysis of angle
modulation [2], wavelength modulation [3],
intensity modulation [4] and phase modulation [5].

In this paper, we show that harmful gases such as
ammonia, trimethylamine and triethylamine gases
can be detected by measuring the SPR using angle
modulation.

2 Experimental 

Optical SPR sensors are sensitive to change in the
refractive index of a sample near sensor surface.
The SPR was measured using the Kretschmann
configuration (Toa DKK: PR-40), illustrated in
Fig.1, with a prism and a thin highly conductive
gold metal layer deposited on the prism base. The
LED emitting 660 nm light was used as light source
in order to excite the SPR. The SPR reflection
spectrum (reflected light intensity versus angle of
incidence with respect to the normal of the 
metal/dielectrics interface) is measured by coupling
transverse magnetically polarized monochromatic
light into the prism and measuring the reflected

light intensity of the ray exciting the prism versus
the angle of incidence. 

Fig. 1. Kretschmann configuration for generating
the surface plasmon waves.

In order to utilize this system as a novel odor sensor,
a very thin film of acrylic acid as a molecular 
recognition membrane was deposited on the gold
metal thin film using plasma chemical vapor
deposition (CVD) method. The acrylic acid thin
film was deposited under the following conditions:
The total pressure was 100 [Pa]. The pressure of
acrylic acid monomer gas was about 20 [Pa]. The
RF power supplied in the chamber was about 100
[W]. The Ar gas of about 80 [Pa] was used as
carrier gas.
The reflected light was measured using CCD
camera attached to a personal computer. The angle 
at which the minimum reflected intensity occurs, is 
the resonance angle at which coupling of energy
occurs between the incident light and the surface
plasmon waves. The schematic configuration of the
SPR system is shown in Fig.2.
The harmful gases such as ammonia, acetaldehyde,
propion-aldehyde, xylene, toluene, torimethylamine,
triethylamine, dimethyamine, hormaldehyde, were 
used as testing gases.
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Fig. 2. Schematic diagram of SPR sensor system.

3 Results and Discussion 

Figure 3 shows typical response of SPR sensor with
acrylic acid thin film as a molecular recognition
membrane for exposure to each testing gas. The
concentration was 1000 [ppm] for each gas. It can 
be seen that the SPR sensor responded to only
ammonia, trimethylamine and triethylamine gases.
This result suggests that the SPR sensor coated with
acrylic acid thin film exhibits good selectivity for
ammonia and amine gases. 
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Fig. 3. Responces of SPR sensor coated with acrylic 
acid thin film for various gases, where  is 
resonance angle change.

Figure 4 shows the dependence of the SPR sensor
on the concentration of ammonia, which indicating
that the output of the SPR sensor increases with 
increasing the ammonia concentration. At present,
lowest sensitivity of the SPR sensor coated with 
acrylic acid thin film for ammonia and amine gases
can be estimated to be about several ppm, because

the accuracy of the SPR angle change is about
0.001 [degree].
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Fig. 4. Dependence of maximum resonance angle
change max on gas concentration of the
responses of acrylic acid thin film exposure to 
ammonia gases of various concentration .

4 Conclusions 

The odor sensor using SPR phenomenon was
demonstrated in this work. The SPR sensor with
acrylic acid thin film as molecular recognition
membrane exhibited high sensitivity and excellent
selectivity for ammonia, trimethylamine and 
triethylamine gases, which indicating that it is
possible to use for the detection of freshness of
fishes because the ammonia and amine gases are
given out during the deterioration of fishes after
death [6].
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Summary:  A micro Chlorine gas sensor with an inner-circulation diffuser pump was newly developed. The 

sensor based on electro-chemical principle, and only has the size of one-tenth in comparison with the 

conventional one.  The sensor consists of an air-liquid separation membrane, a PZT-driven diffuser pump 

and  micro electrodes, which were manufactured by micro machining. The inner-circulation is generated 

by driving the diffuser pump with a trapped air working as a buffer in order to preserve the condition of 

internal reagent. The properties of the sensor were evaluated by circulation rate of the pump, pressure-

proof of the membrane and responsibility to Chlorine gas. 

Keywords: chemical gas sensor, miniaturization , diffuser pump, inner-circulation, 

Category: 5 (chemical sensor)

1 Introduction 

Application of MEMS (Micro Mechanical Electro 

system) for mechanical sensors and actuators 

attracts attention.  On the other hand, µTAS (Micro 

Total Analysis System) is expected as the new 

technique of performing analysis, such as the field 

of chemistry, medicine, and pharmacy. In such a 

field, as the reaction by liquid in many cases, the 

devices for carrying or/and mixing liquids are 

necessary. Development of micro pump[1] and 

micro mixer became vary important.  In this Study, 

a micro Chlorine gas with internal reagent was 

developed. A micro diffuser pump with a function 

of circulating the internal reagent was developed 

and applied to the sensor. 

2. Development of micro electro-

chemical gas sensor 

The electro-chemical gas sensor consists of two 

internal electrodes, WE (Working Electrode) and 

CE (Counter Electrode), and internal reagent is 

covered by air-liquid separation membrane. Bias 

voltage is impressed between two electrodes. While 

chorine gas reacts the internal reagent, and current 

flows as output of a sensor.  While miniaturization 

of the sensor, leak or evaporation of internal 

reagent and decline in reaction rate due to dullness 

of the reagent could be issues to overcome.   

In this study, we designed a micro sensor with a 

function of inner-circulation for filling and 

refreshing  the internal reagent.  The sensor has 

two-layer structure, which was made of Si and SiO2

with thickness of 100µm and 1mm, respectively.  

The air-liquid separation membrane was 

manufactured by micro machining a slit on Si with 

several micron width by using anisotropic etching 

and coating water-repellent.  The inner circulation 

diffuser pump consists of a diaphragm with PZT 

film bonded on its surface, a closed diffuser 

channel and an air-trapping valve. The developed 

pump and principle of inner-circulation are shown 

in Fig. 1.  The diaphragm was connected to two 

diffusers with different shape on right and left.  In 

this case, it is impossible to pumping the diaphragm 

in closed room filled with liquid due to 

incompressibility of liquid.  Here, we trap air by 

using a value in the closed channel, and use the 

trapped air as the compressive buffer to circulate 

the flow while pumping the diaphragm. The 

generation of inner-circulation is as follows. By 

impressing a bias voltage on the PZT film, the 

diaphragm is bent downward so that the liquid 

under the diaphragm spitted out to the channel 

through the diffusers, and the trapped air is 

compressed.   On the contrary, while the diaphragm 

stretched back, the liquid is drawn back from the 

channel through the diffusers and the trapped air is 

expanded.   Due to the pressure difference between 

the left and right diffusers during pumping and 

drawing, the inner-circulation from right to left is 

then generated. 
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The prototype sensor with valves and electrodes is

then developed, and shown in Fig.2

Fig 1. Principle of the circulation type of diffuser
pump

3. Evaluation of sensor properties 

The following properties of the sensor were

valuated in this study.

-Inner-circulation rate 

-Water pressure proof of air-liquid separation

membrane

-Response to leakage chlorine gas

Using the polystyrene bead with a diameter of 20

µm as a tracer, a flow is visualized, and analyzed.

Fig. 3 shows the relation between the flow velocity

and a drive waveform or frequency. While obtained

volumetric flowrate by the sine wave was

14.lµL/min, the rectangle wave is 39.7µL/min.

When the amount of trapped air was changed, the

maximum volumetric flowrate was changed. As a

result, it is considered that the compressed air is 

playing an auxiliary role of pumping.

Water pressure proof is measured using pressure

sensor. Processed sensor with slit of 1µm 2mm

has water pressure proof of 20kPa.
Fig.2 Prototype chlorine gas sensorExperiment of response to leakage chlorine gas was

performed using chlorine gas of 10ppm. The sensor

responded with a signal of 20nA.

An inner circulation diffuser pump was developed

using the mechanism trapping air. The sensor made

as an experiment has air-liquid separation film with

the water pressure-proof of 20kPa, and has the

refreshment function of internal reagent. Developed

sensor specification and function show Table.1. The

response of the sensor to chlorine gas is under

working. This sensor is applicable to other gas

sensor changing reactive solution and electrodes.
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Fig. 3 shows the relation between the flow velocity
and a drive waveform or frequency.
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Summary: Lots of environmental problems due to the atmospheric pollution have increased the interest for the

development of portable multisensors systems (electronic noses) for gas detection applications. In this way, we
use a metal oxide sensor array dedicated to two industrial and environmental gases, alone or mixed. These

gases have an antagonist influence on the sensor layers, reducing (H2S) or oxidising (NO2). So the sensor time

responses present different behaviours, according to the (low or high) concentrations of the gases. In addition,
humidity presents a notable reducing influence. We present in this work a new method to discriminate

successfully the concentration of the atmosphere components.

Keywords: Gas-sensor, humidity effect, electronic-nose, environmental pollution, Discriminant Factorial

Analysis.

Category: 5 (Chemical sensor), 10 (Applications)

1 Introduction 

The use of the electronic noses is increasing these last 
years for application such as environmental pollution.
In this field of interest, we develop a sensor array
using metal oxide semiconductor gas sensors. These
sensors are highly sensitive but present an undesirable
cross-selectivity. The aim of our work is to study a 
sensor array dedicated to industrial environmental
pollution gases, H2S (1-11ppm) and NO2 (1-5ppm),
alone or mixed, in dry synthetic or wet synthetic air +
CO2. These gases have antagonist effect (reducing-
oxidising) on the sensitive layer. 

2 Experimental 

The array is composed of six Tagushi Gas Sensors
(TGS-800;813;822;825;832;2105) placed in a 
continuous flow controlled measurement system.

We have characterized our sensor array along this
procedure: 50min reference atmosphere, 50min
studied atmosphere, 50mn reference atmosphere to
regenerate the sensors,…. We used two different
reference atmospheres: dry synthetic air, and
(30,50,68%RH) wet synthetic air + 500ppm CO2. The
H2S time response has a reducing behaviour with
notable increasing conductance, while the NO2 time
response presents a weak decreasing conductance,
representing an oxidizing nature. Regarding the
mixtures, the sensor time responses present different
behaviours, according to the (low or high)
concentrations of the gases, whatever the used 
atmosphere (figure 1 and 2). Comparing these figures,

the humidity induces an enhancement of the
conductance. So we have to take into account all these
different behaviours.
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3 Results 

From all the sensor time responses, we have
deduced three non-redundant representative variables:
the steady-state conductance, the conductance
dynamic slope, the reference conductance (drift
correction), grouped in a data-base and analyzed by
Discriminant Factorial Analysis.

The concentration discrimination of the gases
studied alone is satisfactory whatever the used 
reference atmosphere. Concerning the mixtures, the
results are difficult to obtain specially for the NO2

whatever the reference atmosphere (81.1%
classification success in wet atmosphere and 86.0% in
dry atmosphere). This fact can be explained in part
because the sensors present a higher sensitivity to H2S
or humidity than to NO2. To ameliorate these results
we must first discriminate the entire data-base along 
with the atmosphere (dry or wet). Concerning the H2S
concentration discrimination, we must separate along
with the reference atmosphere in four subsets (dry,
30, 50, 68%RH) and then discriminate the H2S
concentration in each subset (100% success) (figure
3). Concerning the NO2 concentration discrimination,
we must first separate in atmosphere subsets, 
secondly in H2S subsets, and then we obtain a good 
discrimination of NO2 (100% success) (figure 4). 
Unknown test samples where 100% identified.
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4 Conclusion

From all these results, we show that the quality of
the carrier atmosphere (dry or wet) and the nature of 
the gases (reducing or oxidising) must be taken into
account to obtain a good identification of the
atmosphere components, and then a successfully
concentration discrimination.
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Microstructure control of thermally stable TiO2 obtained by hydrothermal 
process for gas sensors.
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Summary: Mono-dispersed nanocrystalline titanium dioxide with enhanced thermal stability has been 

prepared by hydrothermal process. The hydrothermal treatment stabilizes the surface in a way that 

prevented thermally caused grain growth and allowed to maintain anatase type structure even after 

calcination at 800
o
C. Hydrothermally treated TiO2 calcined at 600 

o
C consisted of small anatase

nanospheres with average diameter of 13nm and improved gas sensitivity to diluted CO in air at high 

temperatures.

Keywords: TiO2, anatase, hydrothermal, gas sensor

Category: 5 (Chemical sensors)

1 Introduction

Since the observation that the adsorption of gas 
molecules on the surface of a semiconductor
produces a significant change in the electrical
resistance, there has been a sustained effort to use 
this property for purposes of gas detection. To
improve the performances of semiconductor gas 
sensors, important factors to be taken into
consideration are grain size, size distribution,
additives, crystallographic phase, microstructure
and thickness, as well as the intrinsic
semiconductor properties. Regarding structural
forms of TiO2, anatase and brookite metastable
phases irreversibly convert to rutile phase at
temperatures around 600 oC entailing an increase in 
grain size. Usually, to prevent such thermal effects, 
titania has been modified with additives [1].
However, it has been reported that hydrothermal 
treatments can produce thermally stable materials 
with enhanced gas sensitivity [2]. This works aims 
at describing the effects of the hydrothermal
treatment in the TiO2 structural and electrical
properties. For that purpose, TiO2 has been
submitted to hydrothermal process and the
influence of stabilisation processes on the
crystallographic structure (i.e. crystallinity and
grain size) as well as on the electrical behaviour has 
been studied.

2 Sample preparation and

characterization.

Titanium alkoxide, 0.5M diluted in isopropanol, 
was added dropwise to an aqueous solution of
HNO3 and let to be peptized overnight. After
peptization, the precipitate (titanic acid gel) was 
washed with pure water. Some part of the gel

Table 1. Crystallite size from XRD for the precipitated 
TiO2 gel and the hydrothermally treated TiO2 sol after 
calcination at different temperatures (Daindicates anatase 
grain size, and Dr rutile grain size). 

Precipitated Gel Hydrothermally
treated solT (oC)

Da (nm) Dr (nm) Da (nm) Dr (nm)

120 5.48 - 6.20 -

600 29.32 41.42 13.15 -

700 33.93 48.11 22.01 -

800 - 56.03 33.94 -

900 - > 65 42.10 > 65

was suspended in 200ml of an aqueous HNO3

solution at pH = 3 and subjected to a hydrothermal 
process at 150oC for 3 hours. The as -precipitated
and the hydrothermally treated TiO2 were dried and 
calcined at temperatures between 600oC and 900 oC
for structural and electrical analysis.

Fig. 1. SEM image of hydrothermally treated TiO2
after calcination at 600oC.
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The grain sizes of TiO2 determined from XRD for 
the samples calcined at various temperatures are 
summarized in Table 1. After hydrothermal 
treatment, the diameter of the TiO2 particles 
increased slightly, from 5.48nm to 6.20nm. 
However, it is clearly observed that after 
conventional annealing, the hydrothermally treated 
TiO2 presented smaller grain sizes than the 
untreated one. As seen in Fig. 1, rather uniform 
distribution of spherical shape particles were 
synthesized at 600 oC, and the grain size observed 
by SEM was consistent with XRD results. 
Moreover, the phases identified by XRD revealed 
that the hydrothermal process was able to suppress 
the anatase-to-rutile transformation. The rutile 
content calculated from XRD spectra is shown in 
Fig.2. Even at temperatures as high as 800oC, the 
rutile percentage was only 5%. 
In order to study the electrical behaviour of the 
hydrothermally treated TiO2, thick films were 
fabricated and the resistance was monitored under  
concentrations of CO gas at various operating 
temperatures. In particular, sensing behaviour of the 
materials calcined at 600 oC and 800 oC is shown in 
Figs. 3, 4 and 5. It is observed that the 600oC
calcined material (13nm), which consisted of 
smaller crystalllites that the 800oC one (34nm) gave 
larger sensor response to CO, which could be 

attributed to grain size refinement. Both materials 
exhibited a quick response and recovery after CO 
exposure, as illustrated by the response transients in 
Fig. 5. 

3 Conclusions 

The hydrothermal treatment provides a method to 
prepare uniform, mono-dispersed nanocrystalline 
anatase with strong resistance to grain growth in 
later calcination processes. While the as-
precipitated gel exhibited completely rutile phase at 
800 oC, the hydrothermally treated sol preserved 
anatase phase stabilized up to 800 oC and the grain 
size was kept at 34 nm. At 600oC, the titania 
particles exhibited spherical shape with a grain size 
as small as 13 nm. This particular material showed 
a stable and enhanced sensitivity to CO at high 
working temperatures. 
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Fig. 2. Rutile percentage of as-precipitated gel
(Precip.) and hydrothermally treated sol (HT)
determined by XRD. 
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Fig. 4. Sensor response to different concentrations of CO 
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treated TiO2 samples calcined at 600oC (�) and 800oC (�).
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Anomalous behaviour of αα -Fe2O3-based thick film sensors studied by 
conductance and work function change measurements
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Summary: Transition from p- to n- type response, induced by the change in the gas concentration and the 

operating temperature, was observed for α-Fe2O3-based semiconducting sensors. This phenomenon is due 

to the different contribution of surface electrons and holes in the overall conductivity, which leads for the 

predominating either p-type or n-type response. 

Keywords: work function,  indium oxide, iron oxide, carbon monoxide, ethanol, water

Category: 5 (Chemical sensors)

1 Introduction

Semiconductor oxides were classified according to 
the sign of the resistance change due to the exposure 
to reducing (H2O, CO, EtOH) gases as “n”-type
(resistance decreases, e.g. In2O3, ZnO, SnO2) or “p”-
type (resistance increases, e.g. Cr2O3, CuO) [1]. In
some cases, the changing of the behaviour of the
oxides, e.g. from p- to n- or the opposite were
recorded for single (pure or differently doped) oxides 
[2-6] or for mixtures of n- and p- type oxides [7-9].
For the latter case the switching seems to be related to 
the dominating contribution of one of the material in
the overall conductivity [7,9].

The explanation of the switching from one type to 
the other is a matter of debate; some authors attribute 
this phenomenon to different kind of surface reactions 
in different conditions (humidity, temperature,
composition, etc..) [6,7,9], others to the change of
surface type of conduction induced either by special 
ambient conditions (pure oxygen for long periods [3]) 
or additives (Rh clusters at the surface [5]). 

In order to provide an explanation, in the present 
study simultaneous work function changes and
conductance measurements were performed. We
observed p-n switching for α-Fe2O3 based (alone or in 
combination with In2O3) thick film sensors, induced 
by changes in the gas concentration and the operating 
temperature. Choosing of In2O3 and α-Fe2O3 as
sensing materials was basically determined by the 
fact, that for α-Fe2O3 contradicting results can be
found in the literature concerning its conductivity, i.e.
typically n-type conductivity for low temperatures 
and pure oxide and p-type for high temperatures and 
impure oxide are found [10]. In2O3 is a typical n-type
oxide semiconductor.

2 Experimental

The thick film sensors based on the individual
oxides (α-Fe2O3 and In2O3) and on the mixed oxides 
α-Fe2O3-In2O3 (Fe:In=1:9 and 9:1) prepared by screen 
printing of the corresponding oxide paste on alumina 
substrates were investigated by the conductivity

measurements. Simultaneous conductivity (under
constant voltage polarisation) and work function
measurements were performed on the α-Fe2O3-In2O3,
9:1 sensor in a Kelvin probe (Mc Allister KP6500) set
up. In the same ambient atmosphere the resistance of 
a Pd/SnO2 sensor was measured as a reference.

3 Results and Discussion
3.1 Conductivity measurements

The main results can be summarized as follows:
• resistance in air increases in the order In2O3<α-

Fe2O3-In2O3(1:9)< α-Fe2O3-In2O3(9:1)< α-Fe2O3;
• all the compositions show much higher response to 

EtOH and propanal than for CO; 
• In2O3 and α-Fe2O3-In2O3(1:9) show typical n-type

response both in dry and humid air in the tempera-
ture range 250-350°C; the resistance in the humid 
air is lower in comparison with the one in dry air, 

• α-Fe2O3 and α-Fe2O3-In2O3(9:1) show transition 
from p- to n-type response depending on the
operating temperature, humidity and gas concen-
tration (Table 1, Fig. 1); the resistance in the humid
air is higher in comparison with the one in dry air. 

Table 1. Sign of the resistance change induced by the 
exposure of the ethanol vapour (“+” and “–“ mean increase 
and decrease in the resistance of the sensor at 250°C.)

EtOH
Sensor R [MΩ]

20 ppm 250 ppm

RH, % 0 50 0 50 0 50

In2O3 2kΩ 1kΩ – – – –

α-Fe2O3-In2O3,
1:9 

1 0.04 – – – –

α-Fe2O3-In2O3,
9:1 25 45 + – – –

α-Fe2O3 100 650 + – – –

The obtained results clearly show, that for each
analyte (ethanol, propanal, CO) one can find the
conditions (e.g. operating temperature, humidity,
concentration range, materials ) in which the p-n

switching is observed.
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Fig. 2. Change of the relative sensor conductance as a 
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3.2 Simultaneous work function and conductivity 

measurements

In order to clarify the reasons for the p- to n-

switch, work function measurements were also
performed. At this moment the results obtained for the 
mixture α-Fe2O3-In2O3, 9:1, are available and
presented in the abstract (Fig. 3). As one can see,
exposure to two different reducing gases (CO and 
ethanol) are determining a decrease in the work
function of the sensing material and this one increases 
with increasing gas concentration. With decreasing 
band bending the conductivity firstly decreases
(region A to B), then reaches a minimum (point B) 
and afterwards increases (region B to C). Due to the 
fact that there is a monotonous decrease of the work 
function, one can state that there is no change in the 

gas reaction. Accordingly, the reason for the p to n

type switch is electronic; in the absence of the
reducing gases the surface band bending is such high 
that it determines a p-type conductivity at the surface 
of the iron oxide. During the exposure to reducing 
gases the band bending decreases and the same
happens to the concentration of the dominant surface 
free charge carriers, namely the holes. Simultaneously 
the concentration of electrons increases and it
determines a n-type conductivity. The situation is
probably very similar to the ones described in [3, 10].

-250 -200 -150 -100 -50 0 50
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C

B

A

 ethanol

 CO

C
o

n
d

u
c
ta

n
c
e

 [
µS

]
Band bending change [mV]

Fig. 3. The conductance of α-Fe2O3-In2O3(9:1) sensor as a 
function of the band bending change, determined by
simultaneous work function and conductivity measurements 
at ≈300°C.

Conclusions

The obtained results indicate, that basically the
same surface reaction with the gas is accompanied
with different transducing of chemical change on the 
surface into bulk electrical signal. This allows the
possibility to distinguish between these two
contributions into overall sensor signal and describe 
the detection mechanism.
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Summary: The multisensors with sectional membranes based on various lithium, calcium, and potassium 

ionophores with different selectivity have been developed based on laser scanned silicon transducer (LSST), 

where the response of the sensor can be scanned with a laser beam over the sensor surface. It has been 
demonstrated for the first time that by applying these multisensors (Li+/K+ and Ca2+/K+) as a multisensor system, 

the concentration zones for simultaneous determination of lithium, potassium, and calcium ions in complex 

solutions have been enlarged significantly. It has been shown that using such a multisensor system based on 
reversible ion-exchange processes and reproducible membrane potentials at the phase boundary 

membrane/solution, makes it possible to overcome the restricted selectivity in comparison with single sensors. 

The multisensor is suggested as a prototype of a new kind of a mutisensor system for chemical analysis. 

Keywords: multi-sensor, laser scanned silicon transducer, multicomponent analysis  

Category: 5 (Chemical sensors) or 10 (Applications)

1 Introduction 

Multisensors that are capable of measuring 
concentrations of more than one chemical species are 
not only convenient, but are essential in (bio-
)chemical analysis, environmental monitoring and 
medicine. Semiconductor transducers are 
advantageous for the construction of multisensor 
devices, since they offer the benefits of 
miniaturization by the microfabrication processes 
already at hand. 
In this study, we elaborated the multi-sensors for 
simultaneous measurement of concentrations of 
various ions (Li+/K+ and Ca2+/K+) in multicomponent 
solutions. The multisensors developed are based on 
the laser scanned semiconductor transducer (LSST) 
[1,2] functionalized with polymeric membranes 
containing ionophores. For processing 
multidimentional data from multisensors, artificial 
neural network (ANN) was employed. 
The first aim of the present investigation was to create 
a multisensor system (MSS) as a single multisensor  
based on membranes with reversibility with regard to 
the ionic exchange at the interface membrane/solution 
and on the equilibrium and stable electrode potentials 
of MSS in complex solutions. The second aim was to 
demonstrate the possibilities of the elaborated MSSs 
to overcome the selectivity restrictions, which exist 
for individual sensors. 

2 Elaboration of a multisensor based on 

LSST

The cross-section of the multisensor system based on 
the LSST, and the measuring cell with the multisensor 
with a four-sectional membrane are schematically 
presented on Fig. 1. 
For the sensor fabrication, Si/SiO2/Si3N4 (SCHEMTM

sensors, Horiba) plates were used as substrates.
We found that the development of the hybrid multi-
sensor required: 1) hydrophobization of the Si3N4

surface layer by means of chlorosilane, 2) decreasing 
the conventional ratio of PVC-plasticizer by 2 times 
for depressing the intrinsic pH sensitivity of the 
sensor, 3) introducing up to 3 to 5 wt. % of 
ionophores and about 50 mol. % (relative to 
ionophore) of lipophilic additives. 
Specially elaborated ion-sensitive membrane 
compositions based on potassium ionophores 
valinomycin and bis(benzo-15-crown-5), lithium 
ionophores Li-III (N,N-Dicyclohexyl-N’,N’-
diisobutyl-cis-cyclohexane-1,2-dicarbamide) and Li-
VI (6,6-Dibenzyl-14-crown-4), and calcium 
ionophore t-HDOPP-Ca were deposited on a silanized 
surface of a Si/SiO2/Si3N4 transducer. The boundary 
frames (Fig. 1b) were prepared with a mixture of 
PVC-plastisizer (50:50 wt. %).  

3 Characteristics of the individual sensor 

elements

The optimised sensors were characterised in the 
solutions of primary ions (K+, Li+, or Ca2+), when
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Fig. 1. Schematic representation of (a) - the cross-section of the multisensor system based on the laser-scanned 
semiconductor transducer (LSST); (b) - the measuring cell with the multisensor with the four-sectional 
membrane.

addressing the K+-, Li+-, or Ca2+ -sensitive membrane 
sections, respectively, with a laser beam. For example, 
for the K+/Ca2+ double sensor, the sensitivity was 
found to be 57 1 mV/pK and 27 1 mV/pCa in the 
concentration ranges from 10-5 to 10-1 mol l-1.
To define the regions of the concentration ratio of 
primary ions, where the determination of these ions 
by means of a single sensor is inaccurate or not 
possible because of the insufficient selectivity of the 
sensors, we paid special attention to the determination 
of the selectivity coefficients (KK/Li, KLi/K; and KK/Ca,
KCa/K) of each membrane section (each ionophore) in 
a wide range of concentrations of the interfering ion.

4 The concept of the multisensor system 

More than one membrane can be integrated on the 
sensor surface of LSST. Fig. 1b shows an example of 
a four-in-one multisensor, in which four membranes 
are integrated on a  17x17 mm2 surface of  n-
Si/SiO2/Si3N4 transducer. The sections are 
sequentially illuminated with an infrared laser beam 
for measurements. This multisensor has been 
successfully applied for the analysis of 
multicomponent solutions. An ANN was employed to 
compensate for the influence of interfering ion. 
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Fig. 2. The areas of using laser scanned MSS for the 
analysis of mixed Li-K solutions. The curves in figure 
show the Li-K concentration pairs, which equally 
influence the potential of each membrane section (the 
curves were built using the data on the selectivity of 
each membrane section). 

Based on the selectivity data obtained, we selected 
concentration zones, e.g., areas 1 and 2 in Fig. 2, of 
the mixed (Li and K) solutions for testing the 
multisensor as a MSS. It should be emphasized that in 
the shaded zones, determination of the concentrations 
by means of each of the individual sensors is 
inaccurate or fails because of the restricted selectivity. 
The groups of points ( ) mark the zones, where the 
MSS was used for the measurements in two-
component solutions. The data of these measurements 
were used for training ANN and building a calibration 
model. Points ( )  A - E  mark the concentrations of 
the test solutions, which were analysed by means of 
the laser scanned MSS and the calibration model. The 
results of multicomponent analysis will be presented. 
The accuracy of the determination of the 
concentrations of Li+ and K+ with a Li+/K+

multisensor in solutions containing both ions in 
different concentration ratios (K-rich and Li-rich 
solutions) was found to be 10 to 20 %. The elaborated 
multi-sensor is proposed as a prototype of a new sort 
of multi-sensor system for chemical analysis. Using 
this new kind of multisensor based on LSST allows to 
enlarge the concentration ranges for simultaneous 
determination of ions in complex solutions. 
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Summary:  An impedance effect of a membrane on the characteristics of a capacitive EMIS (electrolyte-
membrane-insulator-semiconductor) sensor has been investigated using a K+-sensitive EMIS sensor as a 

model system. The sensor utilises a valinomycin-containing PVC membrane with different contents of 

plasticizer. The developed EMIS sensor has been characterised by impedance spectroscopy, capacitance-
voltage and constant-capacitance method. It is shown, that an improvement of the accuracy of the 

measurements can be achieved by means of correction of the capacitance-voltage curves using preliminary 

defined values of the membrane resistance and capacitance as well as by choosing an  optimal working 
frequency range. The sensors’ behaviour in terms of ion-sensitivity, stability, hysteresis, linear 

concentration range, detection limit and response time have  been investigated. 

Keywords: capacitive (bio-)chemical sensor, K+-sensitive EMIS structure,  impedance spectroscopy, 

capacitance-voltage, constant- capacitance mode 

Category: 5

1 Introduction 

(Bio-)chemical sensors based on the principle of the 
field-effect in semiconductor structures such as an 
ISFET (ion-sensitive field-effect transistor) or 
LAPS (light-addressable potentiometric sensor) 
have been extensively studied in recent years for 
both acidification and extracellular ion-
concentration detection and cell potential 
measurement (see, e.g. recent reviews [1,2]). The 
third type of a semiconductor field-effect sensor – 
an EIS (electrolyte-insulator-semiconductor) 
capacitive sensor combines some advantages of the 
LAPS (a complete flatness, a simple layout, the 
easy and low cost fabrication) and the ISFET (the 
absence of a light source, the possibility of 
miniaturization), and thus, could also be very 
attractive for cellular applications, in particular, for 
the acidification and extracellular ion-concentration 
detection.  

Being in its basic structure as a pH-sensitive sensor, 
the EIS sensors sensitive towards other ions or 
analytes are often constructed by deposition of an 
additional membrane containing subsequent 
chemical or biological recognition elements (so-
called EMIS (electrolyte-membrane-insulator-
semiconductor sensor)). An impedance effect of 
this additional membrane is not always negligible 
resulting to unusual capacitance/voltage curves and 
consequently, to inaccurate measurements.  

In this work, the impedance effect of the membrane 
on the characteristics of the capacitive EMIS sensor 
has been investigated using a K+-sensitive EMIS 

sensor with a valinomycin-containing PVC-based 
membrane as a model system. Therefore, the 
developed EMIS sensor has been characterised by 
impedance spectroscopy, capacitance-voltage (C/V) 
and constant capacitance (ConCap) method. An 
optimal working frequency range has been found 
for the correct C/V and ConCap measurements 
using preliminary evaluated values of the 
membrane resistance and capacitance. With the aim 
of future application for extracellular potassium-ion 
concentration measurements, the sensors’ 
behaviour in terms of ion-sensitivity, stability, 
hysteresis, linear concentration range and detection 
limit have also been tested in a physiological buffer 
solution. The effect of PVC/plasticizer ratio in the 
membrane on the sensor behaviour is discussed, 
too. 

2 Experimental 

The K+-sensitive EMIS sensors have been prepared 
by depositing of the valinomycin-containing PVC 
membranes (with a thickness of ~10 µm) onto the 
Si-SiO2-Si3N4 structures (p-Si, =5-10 cm, 30 nm 
SiO2, 50 nm LPCVD Si3N4). Two membrane 
compositions with PVC/plasticizer ratio of 1:2 (C1) 
and 1:1 (C2) have been tested. In order to improve 
the adhesion of the ion-sensitive membrane as well 
as to suppress the intrinsic pH sensitivity of the 
transducer surface, prior to the membrane 
deposition, the surface of the Si3N4 was silanised by 
means of treatment in 5% solution of 
chlortrimethylsilane in hexane. The sensors have 
been characterised in solutions with different 
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content of KCl from 10-5 M up to 10-1 M by
impedance spectroscopy (in accumulation,
depletion and inversion ranges), C/V and ConCap
method in a frequency range of 0.1 Hz-1 MHz, 20
Hz-1 MHz and 100-180 Hz, respectively.

3 Results and discussion 

Fig. 1(a) shows the impedance spectra in the
accumulation range for the developed K+-sensitive
EMIS sensor with membrane composition C2 in a 
10-3 M KCl solution. For comparison, the
impedance spectra of the EIS sensor without the
ion-sensitive membrane is presented, too. As it
could be expected, the addition of the ion-sensitive
membrane shifts the impedance curve to a low
frequency range. For the EMIS sensor, a linear 
behaviour is observed at frequencies above 2-3
kHz, which bends over to a plateau of constant
impedance at lower frequencies (<1 kHz). Such a
behaviour of the impedance curve can be assigned
to the bulk resistance (RM) and capacitance (CM) of
the ion-sensitive membrane in parallel [3]. At very
low frequencies (<10 Hz) the membrane impedance
is lower, thus making the impedance of the Si3N4-
SiO2-Si structure more significant.
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Fig. 1. Impedance spectra of the EMIS and EIS
sensors (a) and Nyquist plot for EMIS sensor (b).

Fig. 1(b) shows a Nyquist plot for the same EMIS
sensor, from which the characteristic frequency of
the ion-sensitive membrane (fM=2.1 kHz), the 
membrane resistance (RM=300 k ), capacitance
(CM=0.25 nF) and thickness (~9 µm) have been
evaluated.
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Fig. 2. Frequency dependance of the C/V curves for
the EMIS sensor.

Fig. 2 shows the C/V curves of the EMIS sensor as
a function of frequency. A typical C/V response
only results when the frequency is lower than 500-
600 Hz. This frequency range corresponds very
well to the impedance response that lies in the
rapidly rising vertical part of the Nyquist diagram
(Fig. 1b). At high frequencies (>1 kHz) the curves
are strongly deformed yielding to practically flat
curves. Therefore, to avoid any correction in the
measured results, consequently it is necessary to 
choose a sufficiently low frequency range for the
C/V measurements. Nevertheless, at too low
frequencies (<40-60 Hz) unusual C/V curves (a
second plateau at 20 Hz) are observed again that 
can be probably attributed to slow surface states in 
the semiconductor. Thus, by given values of the
membrane resitance and capacitance, the choice of
an optimal working frequency range may be of
critical importance when testing the EMIS sensors.
Therefore, the further C/V and ConCap
characterization of the developed EMIS sensors in
terms of sensitivity, stability, hysteresis, linear
concentration range, detection limit and life time
have been performed at the chosen optimal
frequency range of 100-180 Hz. The better working
characteristics (sensitivity: 53 2 mV/pK; linear
range: 2 10-5-10-1 M; detection limit: 5 10-6 M; 
hysteresis: 2 mV; response time: 5-12 s; lifetime:
>6 months) have been obtained for the sensor with
membrane composition C2. Details of experiments
and results will be presented and discussed at the
conference.
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Summary: Two different types of reference electrodes have been realised by means of thick-film technique

and thin-film technique (pulsed laser deposition (PLD), electron-beam evaporation/chlorination). For

inner electrolyte, KCl-containing membranes have been deposited and different coatings have been used to 

protect the reference electrode from a fast leaching out of KCl. The reference electrodes realised by means 

of thick- and thin-film technique were stable during a period of more than two months. The averaged drift 

during a typical measurement time of 10 hours was less than 0.1 mV/h for the thick-film reference 

electrodes with cellulose nitrate (CN) as protective coating. The averaged drift rate of the thin-film

reference electrodes was about 0.3 mV/h. The thick-film reference electrode was combined with a thin-film 

pH sensor together on one chip. The characteristics of the “one-chip” sensor were investigated in the

capacitance/voltage (C/V) and constant capacitance (ConCap) mode. 

Keywords: reference electrode, pH sensor, one-chip, thick-film technique, thin-film technique

Category: 5 (Chemical sensors)

1 Introduction 

In the last years, a considerable interest has been
taken place in the development of potentiometric
sensors for a variety of chemical and biological
analytes in aqueous solutions [1]. The use of
semiconductor-compatible fabrication techniques
offers features, like low-cost fabrication and
miniaturisation, but up to now the missing integrated
reference electrode formed an obstacle for an early
commercialisation. A lot of  appendages to realise 
reference electrodes in silicon planar technology have
been published [2], but they suffer from the drawback 
of instability of the potential and a high cross-
sensitivity towards anionic ions. Therefore, in this
work two different types of reference electrodes have 
been fabricated and characterised with regard to the
long-term stability and their not desired cross-
sensitivity towards H+- and Cl--ions. The reference
electrodes, fabricated by means of thick-film
technique have shown the best features. Therefore, a 
thick-film reference electrode has been integrated
together with a thin-film pH sensor on one chip.

Characterisation of miniaturised 

reference electrodes

    A schematical view of the structure of the reference 
electrodes is given in Fig. 1.
    To realise the miniaturised reference electrodes, in
a first step the Ag/AgCl layer was brought up onto the
silicon substrate. Three different deposition methods
have been used:

Fig. 1: Cross section of the miniaturised reference
electrode. The table gives an overview of the combinations 
of the Ag/AgCl, the membrane and the protective coating. 

      I)   The Ag/AgCl ink was screen-printed onto the
            silicon substrate (thick-film technique).
      II)  A composition of 35% AgCl and 65% Ag2S
            was deposited by means of PLD.
      III) Ag was deposited by means of electron-beam
            evaporation and then, a part of Ag was 
            chlorinated to AgCl. 
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In a second step, the KCl-containing agar agar 
membrane and a PVC/N or PVC/CN protective layer
were fixed on the Ag/AgCl layer, respectively.
    The reference electrodes were characterised with 
regard to the reproducibility of the start potential and 
the drift of the potential during a measurement time of
10 hours. The potential of the miniaturised reference
electrode was recorded against a conventional
reference electrode in Titrisol buffer, pH 7, without
KCl. In Fig. 2, the drift of the potential of two thick-
film reference electrodes with protective coating of 
PVC/CN is demonstrated over a measuring period of

Fig. 2: Drift of the potential of two thick-film reference
electrodes. Each measurement point corresponds to the 
average drift rate of the reference for 10 hours. CN was
used as protective coating. 

70 days. The averaged drift during a measurement
period of more than two months was less than 0.1
mV/h. The maximum difference in the start potentials
was found to be less than 4 mV.  Thick-film reference 
electrodes with a protective coating or PVC/N had 
drift rates of 0.1 to 0.3 mV/h and the difference in the
start potential was up to 17 mV. In general the drift
rate and the maximum difference in the start potential
of thin-film reference electrodes is larger than the
results of thick-film electrodes. In contrast, for thin-
film reference electrodes with Ag/AgCl, fabricated by
means of evaporation/chlorination and a protective
coating of PVC/CN, the drift rate was about 0.3 
mV/h. To investigate the influence of the
concentration of the chloride ions, the reference
electrodes have been tested in KCl solutions in the
concentration range from 10-4 mol/l to 10-1 mol/l.
Independent of the fabrication method of the
Ag/AgCl layer, using PVC/CN as protective coating,
a potential maximum difference of  about 4 mV was 
observed. Using PVC/N, the shift of the potential was 
about 20 mV.

Thin-film pH sensor and thick-film 

reference electrode on one chip 

    Since the most stable characteristics in terms of 
drift behaviour, cross-sensitivity and long-term
stability have been found for the thick-film reference 
electrode, this type has been used in an integrated
potentiometric sensor system. As result, an “one-
chip” sensor has been fabricated that allows to
miniaturise the reference electrode together with a pH
sensor chip (see Fig. 3). To avoid an influence of a 
parasitic capacitance, the Ag/AgCl ink was deposited
on the additional thick SiO2 layer (1.35 µm), prepared
by means of plasma-enhanced chemical vapour 
deposition.

Fig. 3: Cross section of the “one-chip” sensor consisting of 
a thin-film pH sensor and a thick-film reference electrode. 

     The “one-chip” pH sensor has been characterised
by C/V and ConCap methods in the pH range
between pH 7 and pH 5 (Titrisol buffer). The C/V
curves were comparable to those measured with a 
conventional reference electrode. The ConCap curves
show a clearly dependence of the potential towards
the pH values with a nearly Nernstian sensitivity.
Details of the experiments and measurements will be
presented at the conference. 
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Ozone poisonous effect and regeneration of pseudo Schottky Pd-InP gas 

based sensor �
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Summary:  This article deals with Pseudo Schottky diode based gas sensor made with palladium 

metallization. Such layer permits catalytic dissociation on two powerful oxidizing gas, nitrogen dioxide and 

ozone, constituting main urban atmospheric pollution. After many O3 submissions, degradation of gas 

sensor parameters appears, probably due to ozone poisonous effect on palladium. H2 reduction and ultra 

high vacuum treatment of metallization layer allows us to find again initial response and recovery time and 

to increase sensor sensitivity. Such regeneration will permit to have reproducible measurements of low 
NO2 and O3 concentrations. 

Keywords: gas sensor, Schottky diode, regeneration 

Category:�5 (Chemical sensors)�
�

1 Introduction 

#� �!����������!� ��������	� ���� ��������
�������������`����������������������������������
���������� ����� `��� �!������!� ���� ������ �|�����
�����������������������!���������������������
�������������	� ����������������� �������� �����������
���� ��������� �|�!����� �����}� ������� !��|�!��
���$�� �!� ����� ��\��� ��� �|������ ���������
������������!�`������!��|����������������	������
�����!����������������������������������������������
����������!������������������������������������
�|����������`����������������������	�����������
�����`����!���������������!��������������!����������
��������������������

2 Experiments
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�������������������������������������������!������
���� ��������� ������ `������ ���� ���������� �������
�!� ���� `���� ��`�������� ��������� �������
������������� ��� �������!� ����� �� �`��� ������ ��!���
����!�������������!��`����������������������������
��������� ���� ������� �� #���� `���� ��`������� ����� ��
������� ������� ��������� �� �!�����!�#�����
��������������� ��� \$��
��������� ���!����������
���� #�� ������ ��������� �������� �� ���� � ����� #��
������ ��������� ��� �|�!����� ����� ����� �����
��������������`���!�������������������������!	�����
�� ����	� ���� �����!���`������ ���`�������������������
�������������!�����������������������������������
�����������
�

����!�� ��������� !��!�� ��� �����!� �� ��
������� ��`�������� ������������ ���� !��� `��
�����!���������������������� ���������������!�����
��|�!� `���� �������� ��� ^�!��� ���� ���� ������ ���

��`�����!� ��� !�������� ��$� �!� �\� ������������
�$�	� ��	� ��	� ^��� ��`� !�����!� �� �������!� ����� �����
������� ��������� ������������ �*�	� ?�	� ��	� ^��	�
^$��
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� �����
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���� ���������� ����������� ��� �����!���� ��
��$� �!� �\� ����� `��� ����������!�� ����� ���!����
`���!� �� ������� �!� ���� �������� ��������
��$� �!���������������!���� �������������� �����
����� ��$� ��� ��������`�!� ������������ ��� ^^��� �^���
������������� ���� ��� ���� �!� �� ���� ��� �`�����!�
���� ������� ��� ^���� �!� ����� �� ������������
�������� ������� `������ !������������ �!�
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���� �\	� ������ ��� �� ����� ��������� �|�!���
���� ��$� `������� ��� ���� ����� ����� ���� `�!	�
�����!���� !����������� ���� �������� ���������
���������� ��������� ���������� ���	�������� �$������
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3 Conclusion 
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��������� ������� ���� ���� ��������� ������ `������
����� �\� ������������ ������������� ����
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Integrated optical refractometer based on rib-ARROW waveguide 
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Summary:  The development of a new refractive index sensor using silicon-based integrated waveguide 
intended for sensing applications is presented. The device is based on rib ARROW (AntiResonant 
Reflecting Optical Waveguide) structure that, with a suitable design, shows a strong dependence of the 
attenuation on the analyte refractive index. Practically, the ARROW acts like a vertical interferometer that 
directly responds to an analyte refractive index variation with an intensity modulated signal, simplifying 
fabrication and avoiding ambiguities typical of the conventional interferometers. Experimental results 
obtained for this proposed sensor show a good sensitivity in the range of refractive index of 1.33-1.47. 

Keywords: optical sensors, refractometers, integrated optics 
Category: 5 (Chemical sensor)

1 Introduction 

Over the years, integrated optical devices are 
increasingly being used in chemical and 
biochemical sensing applications [1-3]. The use of 
optical sensors is attractive because of the high 
sensitivity, immunity to electromagnetic 
interference, the robustness in aggressive 
environments offered. In this work, we present a 
new optical integrated refractometer sensor based 
on a rib antiresonant reflecting optical waveguide 
(ARROW). In the next we describe how the sensor 
works and the preliminary experimental results 
obtained.  

2 Working principle of the sensor 

The integrated refractometer sensor is based on an 
ARROW waveguide. Figure 1 shows a schematic 
representation of a typical ARROW structure based 
on silicon technology. The core and the second 
cladding regions are silicon dioxide layers (SiO2)
with the same low refractive index nc=n2=1.470 at a 
wavelength λ=0.612µm and thickness, respectively, 
dc=4µm and d2 whereas the first cladding is a 
silicon nitride layer (Si3N4) with a higher refractive  
index n1=2.010 and thickness d1.

Fig. 1. Transverse section of the rib-ARROW waveguide. 

The substrate is silicon (Si) with a complex 
refractive index ns=3.87-i0.02. The lateral 
confinement is achieved by means of a rib structure 
with a width W=6µm and an etching depth h=1µm. 
The refractive index of the outer material n0 is 
supposed to vary.  
Usually, in order to minimize the optical losses of 
the ARROW waveguide, the thicknesses of the two 
cladding layers are designed to be antiresonant 
(λ/4) at the operating wavelength [4-5]. This means 
that the cladding layers act as an high reflectivity 
Fabry-Perot mirror (R>99.9%).  
However, if the thicknesses of the cladding layers 
are chosen to be near to the resonance (λ/2), the 
waveguide attenuation is strongly influenced by the 
external medium refractive index. This peculiar 
property of the ARROW waveguide can be used in 
order to realize a simple integrated refractometer, 
based on the ARROW waveguide itself acting as a 
vertical interferometer.  
To clarify the sensing mechanism, figure 2 shows 
the modal profile of the TE ARROW fundamental 
mode for two different upper cladding refractive 
indexes, n0=1.46 and n0=1, respectively. As it can 
be seen, as far as the external medium refractive 
index decreases the mode profile is less confined 
inside the core (i.e. the peak in the second cladding 
is increased), resulting in an attenuation decrease. 
The change in the attenuation implies a modulation 
of the light intensity. In the following, this intensity 
modulation mechanism is used as sensing principle 
for the proposed sensor: by monitoring the optical 
output power we can detect the refractive index 
variations of the external medium. 

External medium 
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(a)

(b) 

Fig. 2. Field distribution of the TE fundamental mode for: 
(a) n0=1.46 and (b) n0=1. 

3 Fabrication and experimental results 

The waveguide sensor is realized, starting from 
silicon substrate, as a multilayer structure 
composed by silicon dioxide (d2=3.8µm), silicon 
nitride (d1=0.450µm) and silicon dioxide 
(dc=4.0µm) layers. This multilayer stack was 
deposited by Plasma Enhanced Chemical Vapor 
Deposition (PECVD) at a temperature of 400º C. 
The low deposition temperature and the 
conventional equipment used make this process 
fully compatible with bipolar or CMOS IC 
processes. Figure 3 shows the SEM picture of the 
realized rib-ARROW transverse section.  

Fig. 3. SEM picture of the rib-ARROW structure. 

In order to characterize the sensor, we have used 
a flow cell, with a channel length varing from 
5.5mm to 8.5mm, clamped onto the sample. A 
syringe system is used to deliver the liquid to be 
analyzed. As light source we use a LED diode with 
a wavelength λ=0.612µm. The intensity modulated 
light of the diode was TE -polarized by a Glan-
Thompson polarizer and than end-fire coupled into 
the device by microscope objective. The device 

output collected using an objective lens and focused 
onto a Si photodetector. Output from the detector 
was measured using lock-in amplifier. 

Device characterization has been carried out by 
using seven liquids as external medium with 
different refractive index values ranging from 1.330 
to 1.4746. 
Preliminary measurements have been made on the 
equivalent planar sensor: in figure 4 it is shown the 
output power PT versus the external medium 
refractive index n0, for three sensing length 
L=5.5mm, 6.5mm, 8.5mm.  

Assuming that a change in the normalized output 
power PT equal to ∆PTmin=0.01 can be detected, 
with L=8.5mm and at a measured index of n0=1.46,
we find that the minimum refractive index variation 
appreciable is ∆n=6e-4. 

integrate these in your manuscript using y 

Fig. 4. Measured output power sensor PT versus the 
external medium refractive index for different values of 
the sensing length L. 

Work is now in progress on the characterization 
of the rib-ARROW structure.  
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Summary: Mesoporous materials have received much attention as supporting catalytic elements in the

field of catalysis. In this work we propose the use of these structures to eliminate interfering and poisoning 

gases from semiconductor gas sensor surfaces. Moreover, catalytic sieves are able to increase the response 

to specific gases by decomposition of the molecules surrounding the sensing layer, increasing overall
selectivity of the device. In the present work SBA-15 silica structures are used as a support for Pd, Pt, Ru 

and Au as catalytic elements. This materials are deposited on the top of SnO2 and WO3 layers. Interesting 

influences of the filter layer on the sensor response are analysed.

Keywords: catalytic filter, gas sensor, WO3, SnO2

Category: 5 (Chemical Sensors)

1 Introduction

While semiconductor gas sensors exhibit high
sensitivity, their stability and selectivity are still
unsatisfactry for many applications.

Recently, mesoporous materials have received
much attention due to their excepcional
characteristics. They present a very high specific
surface area, around 1000 m2/gr, and an ordered
channel/pores distribution with size ranging
between 2nm and up to 30nm [1]. These structures
are also excellent candidates as supporting frames
for metal and oxide compounds.

These unique properties has made these materials to
attract much attention in the field of catalysis, due
to its potentially high activity [2,3]. As the
catalytic transformation of the reactants can be very
selective, it also makes these materials promising
candidates as gas sensor catalytic filters.

Furthermore, silica structures are effective electrical 
insulators, therefore changes on the catalytic active
membrane have any or minor electrical influence
on the base sensing material. 

In this sense, these structures may be used to
improve gas sensing device properties by
preconditioning the gas mixtures arriving to the
sensing layer. Influence of interfering and
poisoning gases can be avoided by its
transformation into innocuous species in the
membrane layer. Alternatively, the catalytic layer
could also decompose the target gas into more
active compounds or activate limiting reaction steps
near to the surface of the sensing layer, increasing

in this way the sensitivity and also the overall
selectivity of the device.

In this work, the influence of catalytic
nanostructured embedded in SBA-15 mesoporous
silicas is reported. Different catalytic elements such
as Pd, Pt and Ru have been fixed by impregnation
in the inner walls of the mesoporous structure
channels. These materials are deposited on the top
of tin oxide and tungsten oxide sensors. Measures
of the sensor response to different gas mixtures are
analysed.

2 Experimental

SBA-15 mesoporous silica was synthesized
following the procedure reported by Zhao et al.
using Pluronic P123 triblock copolymer
(EO20PO70EO20) [1]. Thus obtained materials were
calcined in air at 600ºC for 4h. Catalytic additives
were introduced by impregnation of the SBA-15
silica with aqueous solution of the corresponding
chloride compound under primary vacuum,
followed by slow evaporation of water.

For the electrical characterisation, sensors were
fabricated by mixing the powders with an organic
binder and then printing the obtained paste onto
alumina substrates with Pt electrodes and heater.
Similar procedure was used to obtain a SBA-15
silica paste, which was printed on the top of the
SnO2 or WO3 layer. 

Chemical composition of the catalytic elements was
investigated by XPS. Moreover catalytic conversion 
of the gas species was analysed as a function of the
material temperature in a gas reactor equipped with
an IR detector.
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Fig. 1. From left to right and from top to bottom: SBA-15
silica structure; RuO2 nanoparticles inside the
mesoporous structure; Pd sticks inside the channels; and
Pt nanostructures embedded in it.

3 Results and Discussion

SBA-15 structure has a hexagonal array of
mesopores with a lattice constant of 9.18nm and a
narrow pore size distribution. The mesopores are
arranged in structures grouping a few hundred
pores with length up to 2µm (figure 1).

Pd, Pt, Ru and Au were chosen as the catalytic
active particles. These elements were fixed on the
silica walls by means of impregnation of the
chloride components under vacuum. Figure 1
shows different TEM images of the mesoporous
silica containing metallic Pt and Pd nanostructures
and nanoclusters of RuO2. Gold was unable to enter 
inside the pore structure with the method used in
this work, alternatively forming large metallic
agglomerates, which are shown to be poorly
catalytic active. The localisation of the catalytic
element inside the pore walls is basic in order to
take profit from the whole surface area of the
structure and to physically limit, by encapsulation,
the growth of the additive nanostructures, thus
obtaining large distributions of catalytic elements.
Gas molecules are considered to randomly flow
through the whole pore structure owing to the small 
size of the gas molecules object of our study if
compared with the 8 to 10nm of the channel
diameters considered in this work [4].

Catalytically modified mesoporous materials were
deposited over SnO2 and WO3 layers as typical
sensing materials. Thick films sensors, with
different active filter layers, were tested for
different gas mixtures; mainly CH4-CO and CO-
NO2 with different humidity and oxygen
compositions. The experimental data corroborate
that it is easy to separate CH4 from CO and CO
from NO2 (figure 2), using appropriated catalytic
nanoestructures and working temperatures.

In the example exposed on figure 2, the SiO2:Pt
filter is shown to eliminate the response to CO and
NO2 in the whole range of temperature. RuO2

nanocomposites, on the other hand, are able to
eliminate NO2 response keeping that to CO
invariable. Au introduction on the silica has little
influence on the sensing device. Finally Pd
eliminates the response to NO2 and also that to CO
in the high range of temperature of this last gas
detection, but with the presence of water molecules
in the low range of temperatures it greatly increases 
the response of the material to this gas, probably by
reaction of the CO molecules with the hydroxyl
groups producing H2, which has a high influence on 
the base material electrical properties. More
measurements are being carried out in this moment
to elucidate this point.

Fig. 2. Left: Response of tin oxide sensors recovered
with different filter layers to 100ppm of CO in synthetic
air with a 30% relative humidity. Right: Response to
1ppm NO2 and 100 ppm CO of four WO3 sensors
recovered with different filter layers.

A complete morphologic, structural and functional
characterisation of these active filters have been
performed, while involved mechanisms are being
analysed in order to explore the powerful of this
kind of active filter in the field of  gas sensor.
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Summary:  An operational concept was developed and tested for ISFET chemical sensor without readout 

circuitry, based on a phenomenon of threshold voltage drop, which is considered as parasitic event in most 

of the known applications in digital electronics, but appears to be extremely useful in ISFET-based 
applications. The operational concept is followed by measurements of the test-chip and the commercial 

ISFET sensor, and by applicability discussion. 
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1 Introduction 

Although numerous readout techniques were 
developed for ISFET during the years 0, one question 
remains open – is it possible to derive signals from 
ISFET without applying any readout circuitry? 
The benefits of readout-less sensory are obvious: the 
area and power consumption are reduced, less 
limitations exist on bandwidth and stability of the 
sensor, the design complexity is minimized. Sensors 
without readout would be much more suitable for 
array-type monitoring in biotelemetry and 
miniaturized clinical applications.  
The main reason for application of readout circuit 
attached to ISFET, is the fact that the fluctuations of 
pH influence the threshold voltage, which is the 
internal parameter of the FET and does not manifest 
itself as voltage signal at the output, but as a 
fluctuation of the transconductance. The 
transconductance is a passive parameter, and in order 
to derive a voltage or current signal from its 
fluctuations, the sensor has to be attached to 
conditioning and transmitting circuitry.  
In this study an operational concept was developed 
and tested for ISFET sensor without readout circuitry. 
It is based on a phenomenon of threshold voltage 
drop, which is considered as parasitic event in most of 
the known applications in digital and mixed-signal 
electronics, but appears to be extremely useful in 
ISFET-based applications. 
The operational concept is presented in this paper, 
followed by measurements of the test-chip and the 
commercial ISFET sensor. The applicability of the 
sensor is also discussed. 

2 Pass-Transistor Logic

One of the fields of electronics that is “suffering” 
from threshold voltage drop is the Pass-Transistor 
Logic (PTL). This technique was initially developed 
in order to provide a low-power alternative to the 

classic CMOS logic design [2]. Although it triggered 
numerous research efforts in the world of digital 
design, it failed to capture a major role in real logic 
LSI’s. The main reason for this is the voltage drop in 
the output [3], which is caused by and equal to the 
threshold voltage of the pass transistor. 
Basic PTL is based on application of a control signal 
to the gate of n-type transistor. Additional input is 
applied to the diffusion of the MOSFET, and is 
transferred through the transistor according to the 
value of the control signal. PTL circuits are much 
simpler than standard CMOS implementations, but 
have an important drawback in means of logic signals. 
When the signal that is transmitted through the pass 
gate is high, a voltage drop occurs at the output and 
the value of the signal is lower than it was in the 
input. This drop is caused by the fact that in order to 
allow current conduction, the difference of the 
potentials between the gate and the source of the FET 
has to be higher then VT. As soon as the output node 
is charged to high value, and the voltage across the 
FET equalizes to VT, the current flow is stopped, and 
so does the output charging, leaving a VT drop in the 
output. In case of the ISFET, such voltage drop 
becomes a valuable property, eliminating the need in 
conditioning and transmitting circuitry. 

3 ISFET as Pass-Transistor 

In order to perform the pH measurement in ISFET 
sensor without readout, it has to be operated in Pass-
Transistor mode. The basic structure of ISFET as pass 
transistor is presented in Fig. 1. By applying square 
wave to the gate or to the drain, while keeping the 
second input high, we produce sampling of the pH 
fluctuations – each time when the pulse is high, a VT

drop occurs bringing up the changes caused by the 
pH. Note, that the application of a constant high 
voltage to gate and square pulse to drain is preferable, 
due to the requirement of constant potential at the 
reference electrode. 
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Fig. 1. Basic structure of ISFET as Pass-Transistor

The measurements of the test chip were performed
using various forms and frequencies of the pH
fluctuations. Fig. 2. shows the response to sinus signal 
that was measured simultaneously by n-type and p-
type FETs. The operational concept of p-type
Pass-Transistor is similar to n-type, but the drop
occurs at low voltage (VT appears instead of expected 
0V).
In order to assure proper operation in real ISFET
devices, measurements were performed using
commercial ISFET sensors. During the experiment
the ISFET sensor was placed in pH7, pH4 and pH9
solutions. Fig. 3. shows the results of one of the
experiments in which ISFET was operated as pass-
transistor, sampling a triangle signal at higher
frequency.
If needed, the original VT fluctuations in it analog
form can be easily derived from the set of samples by
applying a Lop Pass Filter (LPF) to the output of the
ISFET.
A simple and yet efficient operational concept of
ISFET Pass-Transistor makes it an attractive platform
for various applications and advanced features:

The pulse amplitude modulation that is performed
during ISFET pass transistor operation is identical
to sampling operation in the input of Analog-to-
Digital Converter. Thus, the ISFET pass transistor
can be combined with the ADC, as part of the
Sample & Hold structure.
In case of Pass Transistor ISFET, the sampling is
carried out at relatively high frequencies, which are
above the practical frequency of pH fluctuations in
clinical applications. Higher frequency results in 
more accurate response and in reduced 1/f noise [4].
The modulation of ISFET can be performed using
the digital data from the measurement system that
have to be transmitted to the output, for example:
synchronization series, location data, pixel
counting, etc. In this way, the need in a separate
data line is eliminated.
Symmetric pulse biasing applied to the reference
electrode was experimentally shown as effective for 
ISFET drift compensation [5].
The Pass Transistor ISFET has a potential for 
implementation in array-type sensors, where the
small size and simplified control of the sensor is of 
a great importance.

Fig. 2. Simultaneous response to sinus signal in n-type and

p-type ISFETs 

Fig. 3. Commercial ISFET operating in Pass-Transistor 

mode.

4 Conclusions

A simple but efficient operational concept of ISFET
as Pass Transistor was presented based on the 
threshold voltage drop, which is known as
problematic in logic design, but appears to be useful
in pH sensing. The method was tested in test-chip
measurements and experiments with commercial
ISFET sensors, showing a response fully correlated
with theoretical expectations.
The removal of readout interface at the sensor level
proves to be an important benefit, which can
contribute to simplified and efficient design and
operation of pH sensors in biotelemetry and 
miniaturized clinical equipment.
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Summary: To improve the spatial resolution of the light-addressable potentiometric sensor (LAPS), it is 

necessary to reduce the thickness of the semiconductor layer, which, however, causes a problem of the 
mechanical strength. In this study, a thin-film LAPS was fabricated with amorphous silicon (a-Si) deposited 

on a transparent glass substrate. The current-voltage characteristics and pH sensitivity of a-Si LAPS were 

investigated. 
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1 Introduction 

The light-addressable potentiometric sensor (LAPS) 
[1,2] is a semiconductor-based chemical sensor 
with an electrolyte-insulator-semiconductor (EIS) 
structure as shown in Fig.1. 

The principle of LAPS resembles that of the EIS 
capacitance sensor, in which the variation of the 
width of the depletion layer is detected. In the case 
of the EIS capacitance sensor, a small oscillating 
voltage is applied and the ac current is measured to 
determine the capacitance of the EIS structure. In 
this case, the measurement is averaged over the 
whole sensing surface in contact with the 
electrolytic solution. In the case of LAPS, as is 
suggested by its name, the measured area on the 
sensing surface is defined by illumination, which 
generates the ac photocurrent to be measured. 

Because of this “light-addressability”, LAPS can be 
used as a basis of an integrated multisensor [3], in 
which different regions on the sensing surface are 
individually accessed by the light. The LAPS is 
also the basis of the chemical imaging sensor [4], in 
which a focused laser beam scans the sensing area 
to visualize the two-dimensional distribution of the 
ion concentration. 

In both cases, the spatial resolution of the LAPS is 
an important factor. It limits the density of 
measuring points on the multisensor and the 
smallest size of structures that can be visualized by 
the chemical imaging sensor. 

It has been demonstrated both experimentally and 
theoretically [5,6] that the spatial resolution is 
determined by the beam size and the lateral 
diffusion of photocarriers in the semiconductor 
substrate. With focusing optics, the beam size can 
be reduced down to the scale of the wavelength of 
the light. The lateral diffusion is determined by the 

thickness of the semiconductor layer as well as by 
the material parameters such as the diffusion length 
of minority carries and the absorption coefficient of 
the light. 

Several attempts have been made to improve the 
spatial resolution of the LAPS and the chemical 
imaging sensor by thinning the Si substrate [5], 
using a silicon-on-insulator (SOI) substrate [7] and 
using a GaAs substrate [8]. 

In this study, a thin-film LAPS was prepared with 
amorphous silicon (a-Si) deposited on a transparent 
glass substrate. The a-Si seems to be an ideal 
material for a high-resolution LAPS, for the 
feasibility of large-area thin films and availability 
of the mature technologies. 

analyte
reference
electrode

insulating
layer

Si substrate

modulated 
light

Fig.1 The schematic of the light-addressable 
potentiometric sensor (LAPS). 

2 Preparation of a-Si LAPS 

The a-Si thin films were prepared by the glow 
discharge method on Corning 1737 glass substrates 
with 500 nm of Al grids and 700 nm of ZnO as the 
contact. The substrate temperature, the flow rate of 
monosilane and the working pressure were 280ºC, 
40 sccm and 700 mTorr, respectively. Phosphine 
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was used for n-type doping. The insulating layers of 
SiO2 and Si3N4 were prepared by the plasma-
enhanced chemical vapor deposition (PECVD) 
method. 

Two different structures of a-Si LAPS were 
prepared: 

   glass/ZnO/n-type a-Si/undoped a-Si/SiO2/Si3N4

and

   glass/ZnO/undoped a-Si/SiO2/Si3N4.

For each structure, three samples were prepared 
with different thickness of the undoped layer of 0.4, 
0.7 and 1.2 µm, respectively. 

3 Characteristics of a-Si LAPS 

Figure 2 shows the current-voltage characteristics 
of a-Si LAPS with and without n-type a-Si layer for 
a pH7 buffer solution. Here, the bias voltage is 
defined as the voltage applied to the solution with 
respect to the substrate. 

For a-Si LAPS with n-layer, the obtained curves are 
similar to those of LAPS with n-type 
semiconductor. For a-Si LAPS without n-layer, the 
polarity of the curve is opposite. As the a-Si layer 
becomes thicker, the photocurrent increases due to 
increased absorption of the incident light. 
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Fig.2 Current-voltage characteristics of a-Si LAPS. 

Figure 3 shows the response of a-Si LAPS with 0.4 
µm undoped layer to different pH values. The 
current-voltage curve shifts along the voltage axis 
depending on the pH value from 4 to 10. 
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Fig.3 Current-voltage curves of a-Si LAPS with (left) and 
without (right) n-layer for different pH values. 

Figure 4 shows the calibration plots, in which the 
bias voltage at the inflection point of each curve in 
Fig.3 is plotted versus pH. The pH sensitivity is 
calculated to be 51.9 and 53.6 mV/pH, respectively. 
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Fig.4 Calibration plots of a-Si LAPS with (left) and 
without (right) n-layer. 

These results indicate the possibility of a-Si as a 
semiconductor material for fabrication of thin-film 
LAPS with a high spatial resolution. 
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Summary:  The hydrogen gas sensing performance of Pt/Ga2O3/SiC based Schottky diodes are presented 
in this paper. The metal oxide semiconducting Ga2O3 thin films were prepared by the sol-gel process and 

deposited onto the SiC by the spin coating technique. A Pt layer was deposited on the top of the Ga2O3

forming the Schottky diode. The diodes were biased at a constant current varying from 1 to 2 mA and their 
responses to H2 in different ambients was measured. The sensors had a very stable baseline varying from 

its mean value by only 0.014%. Their responses were repeatable towards H2 at operating temperatures 

between 300 and 600 C. When exposed to 5,000 ppm of hydrogen  at an operating temperature of 600 C, a 

voltage shift of over 250 mV was observed.

Keywords: Gallium Oxide, Hydrogen, RBS, Schottky diode, XPS 

Category: 5 (Chemical sensors)

1 Introduction 

Hydrogen is a major cause of corrosion, 
whereby it weakens metals internally. Due to its 
small size, hydrogen molecules can penetrate into 
metals and affect properties such as strength and 
durability, resulting in embrittlement. This form of 
corrosion greatly impacts on gas pipelines, the 
pressed steel industry and in aircraft applications, 
among many others. Other important applications 
for hydrogen sensors include: fire warning systems, 
leakage detection and monitoring of processes 
control systems, and for hydrogen driven vehicles.  

In 1975 Lundstrom and coworkers [1] first 
reported the sensitivity of a Pd Metal-Oxide-
Semiconductor (MOS) based field effect structure 
towards hydrogen gas. As a result, modifications to 
this device and research into other gas sensitive 
MOSFETS, MOS capacitors and Schottky diodes 
has increased dramatically. With the advent of 
silicon carbide technolgy [2], a new generation of 
field effect devices operating at high temperatures, 
and in harsh environments is being developed. 

Such high temperature sensors can allow for 
the direct monitoring of combustion processes. 
Schottky diodes are advantageous because of the 
simple electrical circuitry required to operate these 
sensors. The simplest silicon carbide Schottky 
diode based gas sensor is one that consists of a 
catalytic metal deposited on silicon carbide. The 
hydrogen and hydrocarbon gases dissociate on the 
catalytic metal surface and diffuse through the 
metal/semiconductor. This results in a dipole layer 

that changes the Schottky diode’s electrical 
properties in proportion to the concentration of gas 
[3]. 

The selectivity, sensitivity and stability of such 
diodes is increased with the addition of metal oxide 
layer between the SiC and catalytic metal. This 
layer is selected for its reactivity to the target gas 
[4]. Un-doped Ga2O3 has been reported for 
monitoring hydrocarbons and hydrogen employing 
conductometric sensors [5]. Coupled with SiC, 
which also has a strong affinity to hydrocarbons, 
these Metal/Reactive Insulator/ Silicon Carbide 
(MRISiC) devices are promising for high 
temperature gas sensing applications. 

In this paper we present the hydrogen gas 
sensing performance of novel Pt/Ga2O3/SiC
Schottky diode based gas sensors. Their response to 
various concentrations at different forward bias 
currents and at different operating temperatures is 
investigated. 

2 Experimental and Results 

The MRISiC based Schottky diode employs 
the n-type 6H polytype of SiC with a titanium layer 
as the ohmic contact. The metal layers were 
deposited by electron beam evaporation and DC 
magnetron sputtering. Gallium isopropoxide was 
used as a precursor solution for the sol-gel prepared 
Ga2O3 thin film and were deposited by the spin-
coating technique. An alumina micro heater was 
placed beneath the structure to control the operating 
temperature of the device. 
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Rutherford Backscattering Spectrometry (RBS) 
and X-ray Photoelectron Spectroscopy (XPS)
techniques were employed to completely reveal the
chemical composition of the investigated films. The
influence of the chemical composition on the gas-
sensitive properties of the films was also
investigated. Fig. 1 shows the measured and 
simulated RBS spectra of the Ga2O3 thin film
annealed in air for 1hr at 700°C. The simulated
RBS data reveals the films have a thickness of 
approximately 110 nm. It was also noted that as the
annealing time increased, the oxide layer thickness
increased, however was limited to around 130nm.
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Fig. 1: Simulated and experimental RBS spectra of Ga2O3

on SiC annealed at 700ºC

For gas sensing measurements, the diodes were 
placed in a multi channel gas calibration system and
exposed to different concentrations of hydrogen.
This results in a change in the carrier concentration 
and in the Schottky barrier height, which results in
a change in the bias voltage. Hence the response of 
the Schottky diodes to hydrogen gas was measured
as the change in voltage when operated in constant
current mode. The response was investigated at
temperatures up to 600 C.

Two baseline gases were used, these being
ultra high purity N2 and 5% O2 in N2. Fig 2 below
shows the response of the diode to 1% and 0.5% H2

balanced in N2 at an operating temperature of 
300 C. The forward bias current was 1mA. At this 
temperature the response time is approximately 28 
seconds whereas the recovery time is larger,
approximately 4 minutes. When the ambient gas 
was changed to 5% O2 in N2, as seen in Fig. 3, the 
response time decreased to around 20 seconds and 
the recovery time also decreased. Additionally from
these two graphs it is observed that with less
oxygen content in the ambient gas, the response 
increases, ie from 145 to 195 mV for 0.5% H2. Such 
results were consistent for all operating
temperatures investigated. 

The results presented suggest the increased
oxygen content of the ambient gas mixture provides
a higher hydrogen gas response due to the increased
number of active oxygen sites. This is in agreement
with Jacobsen et al. [6] who investigated 
Pt/CeO2/SiC Schottky diodes. According to them,
the diffusion of oxygen into the metal oxide surface 
creates more sites for hydrogen atoms.
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Fig 2. Response to H2 gas in N2 at operating temperature 
of 300 C with forward bias current of 1 mA.
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In conclusions, we have successfully
characterized and demonstrated the H2 gas sensing
performance of novel Ga2O3 MRISiC Schottky
diodes. These diodes show responses of around 
190mV at 300 C and over 250 mV at temperatures
up to 600 C. They are promising for industrial H2

gas sensing applications.
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Summary:  An electronic tongue based on the sensor array of ion-selective electrodes combined with 
pattern recognition tools was applied to qualitative analysis of mineral waters and apple juices. The 

method of reducing total number of sensors in the array was described. It was found that before and after 

reducing the number of sensors, this device is capable of reliably discrimination between different brands 
of mineral waters and apple juices. 

Keywords: electronic tongue, sensor array, ion-selective electrodes (ISEs), Principal Components Analysis 
(PCA), qualitative analysis of liquids 

Category: 5 (Chemical sensors)

1 Introduction 

The use of multicomponent measurements together 
with pattern recognition tools for an extraction of 
information from sensor array responses is a new 
direction of qualitative analysis of complex liquid 
media. A few devices of this type, called 
“electronic tongue”, have been presented: 
multichannel electrode with lipid-polymer 
membranes [1], array of non-selective 
potentiometric sensors based on chalcogenide glass 
membranes [2] and system based on voltammetry 
[3].  Various pattern recognition techniques, such as 
PCA [1-3], artificial neural networks [2] and other 
were used.  

A method of reducing number of sensor in an array 
has not been discussed so far. After reducing sensor 
array should perform specific task with the same or 
better capability to discriminate between different 
classes of samples. Quantitative specification of 
discrimination capability of the array before and 
after reducing the number of sensors is 
indispensable to perform further classification 
procedures. 

2 Experimental 

The membranes contained ionophores (Table 1), 65 
wt.% plasticizer, 33 wt.% high-molecular-weight 
PVC and 20-50 mol% versus ionophore lipophilic 
salt. The method of membrane preparation and 
electrode conditioning were the same as for 
standard ISEs. Two electrodes (IS 561, Philips) for 
each membrane composition were prepared. One 
standard pH electrode was also included, giving 17-
sensors array. All measurements were carried out 
with cells of the following type: Ag, AgCl; KCl 1M 
/ CH3COOLi 1M / sample solution // membrane / 
internal filling solution; AgCl, Ag. All 
measurements of eight brands of mineral water, tap 
water, Oligocene water and eight brands of apple 

juices were performed as conventional direct 
potentiommetry, without any sample pretreatment. 
Sensor outputs were autoscaled to assure better 
performance of the following step, which was 
Principal Component Analysis.  

Table 1. Ionophores used for membranes preparation 

An electrode 

number 

An electrode 

type 

Ionophore 

1, 2 Cl- 1 wt.% TPPClMn 
3, 4 F- 1.5 wt.% ionophore VII 
5, 6 NO3

- 3,5 wt.% TDMAC 
7, 8 HCO3

- 1 wt.% ETH 6010 
9, 10 K+ 1 wt.% valinomycin 
11, 12 Na+ 1 wt.% ionophore X 
13, 14 NH4

+ 2 wt.% nonactine 
15, 16 Ca2+ 2 wt.% ETH 1001 

3 Results and discussion 

A sensor array generates data of high 
dimensionality, hard to handle and visualize. PCA 
is a linear feature-extraction technique, finding new 
direction in the pattern space, so that they explain 
the maximum amount of variance in the data set as 
possible. Usually the first two Principal 
Components (PC1, PC2) are sufficient to transfer 
the majority of the variation of the samples. Fig. 1 
presents PCA plot discriminating different brands 
of waters (electrodes 1-16 and pH electrode were 
used). PC1 and PC2 together contain 60.6% of the 
variance of all data set (Table 2). A good separation 
between all kinds of samples is observed. To 
describe the ability of particular electrodes to 
distinguish between different classes of water, ratio 
of variances between classes and the sum of 
internal variance in all classes was calculated 
(factor F) [4]. Electrodes displaying the highest 
values of F were chosen to create reduced sensor 
array (electrodes 3, 4, 7-12 and pH electrode). Fig. 
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2 presents PCA plot for water samples of reduced,
nine-electrode array. PC1 and PC2 together contain
then 92.4% of the variance of all data set, which
can be the result of reducing unsubstantial data and
redundant information. Consequently the ability of
PC1 and PC2 to discriminate between different

brands of water is bigger. Factor F values before
reducing was calculated as 8.8*102 for PC1 and
1.4*103 for PC2 compared to 2.5*103 and 2.0*103

respectively after reducing (Table 2). Analogous
results were obtained also in the case of eight
brands of apple juices.
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Fig. 2. PCA plot of different brands of mineral waters after reducing number of sensors in the sensor array.

Table 2. Parameters of the ISEs array before and after reducing of number of sensors

% variance 

explained by 

PC1

FPC1

% variance 

explained by 

PC2

FPC2

before reducing 43.2 8.8 * 102 17.4 1.4 * 103

after reducing 63.9 2.5 * 103 28.5 2.0 *103
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Summary: Cavitands work as satisfying sensitive organic layers in QCM by the modulation of weak 

interactions, generated into a pre-organized cavity. They have to be equipped with long hydrocarbon chains at
the lower rim, to achieve a fast adsorption-desorption kinetic. On the contrary the absence of these chains 

increases the selectivity because of a larger number of active cavities. Morphological AFM and optical 

microscopy studies allow to explain these diverse performances and correlate them to a complete different 
surface morphology and layer porosity, giving information for the design of effective sensors, which exhibit the

right compromise between permeability-reversibility and sensitivity proprieties.

Keywords: cavitand, QCM, surface morphology, AFM, optical microscopy, kinetic, sorption, recovery 

Category: 5 (Chemical sensors)

1 Introduction 

Chemical sensors require an optimization of 
strength and cooperation of the weak interactions
involved. In this sense we have collected important
evidences of the synergy obtainable by the
introduction of multiple functional groups 
opportunely oriented with respect to a pre-
organized resorcinarene cavity [1]. Furthermore,
morphology and structure of their receptor layer has
to be adapted to amplify the molecular recognition
proprieties and maximize the reversibility:
unfortunately this objective is often in contrast with
the desired selectivity.

2 Abstract

In the course of Quartz Crystal Microbalance
(QCM) measurements, the resulting mass changes

(due to the temporary interaction with the analyte)
and eventual changes in the viscoelastic proprieties
of the organic layer, produce variations in the
fundamental resonance frequency.
Application of the Sauerbrey equation in its linear
range required the presence of a uniform and 
homogeneous layer across the entire active region
of the resonator, but this assumption is reasonable
only for nonpolar polymers [2] and has to be tested
for any new kind of receptor.
In the case of cavitand based organic layers, there
are strong evidences that a adequate sensor
behavior can be reached only if they are equipped
with long hydrocarbon chains at the lower rim.
Figure 1 reports response traces to CH3CN vapors 
obtained by a non-specific polymer (PECH) and 
two cavitands, which differs only for the presence 
(or absence) of these chains.

O

CH2Cl
O

CH2Cl

PECH

O O OO O OOO

CH
3CH

3

CH
3 CH

3

T5

O O OO O OOO

CH
3CH

3

CH
3 CH

3

T6

Fig. 1. Response traces of PECH, cavitand T5, cavitand T6 to CH3CN (1500 ppm in the gas phase) 
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Their main specific interactions, responsible for 
selective complexation are hydrophobicity, CH-
and dipole-dipole interactions [3]: therefore both
furnish significant responses with respect to PECH;
T5 has a microporous structure which determine a 
fast sorption-desorption process, however its chains
increase the number of unspecific dispersive
interactions too.
The histogram reproduced in figure 2 expresses the
normalized responses to CH3CN vapors of T5 and 
T6 with respect to PECH: under the same
conditions T6 is more selective than T5 because it
benefits of a larger number of active cavities.
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Fig. 2. Selectivity patterns normalized to PECH 

On the other hand T6 present a too much slow
kinetic of adsorption and recovery, unsuitable to
applications in chemical sensors, where a right 
sensitivity has to be matched by a satisfying
reversibility [4]. Microscopy studies allow to
explain these diverse performances and correlate 
them to a complete different surface morphology
and layer porosity. In particular, in this field the use
of Atomic Force Microscopy (AFM) as a powerful
technique of surface imaging is currently under
investigations; optical microscopy has been initially
considered because of its low cost and easy 
utilization. Above all it is useful to integrate optical 
images into digital measurements with dedicated
software: en example is reported in figure 3. 
Cavitand morphology on QCM supports is
assimilable to “droplets”, since the lipophilic 
cohesion forces within its molecules are stronger
than adhesion at the gold electrode surface: droplets 
dimension and distribution is completely different
when T5 and T6 are compared together. Defined
the choice of the best cavitand receptor, a second 
objective of these studies is to understand what
happens to the active layer after the first hours of 
exposure to the vapors of the analyte. In fact the
spray coating technique probably leaves little
amounts of solvent (in general CHCl3 or CH2Cl2)
entrapped into the organic material, determining
some morphological reassessment in the first period
of life of the sensor device.

Fig. 3. Layer distribution on QCM surface -
optical microscopy images 700x700 m

3a (top): T6 ; 3b (down): T5 

In conclusion, the comprehension of the correlation
between QCM responses and the morphology of 
their active layers is extremely important to design
an effective sensor which exhibit the right
compromise between permeability-reversibility and
sensitivity proprieties.
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Summary: A Zn(II) optical sensor was developed by incorporating 4-(2-pyridylazo)resorcinol (PAR) in a 
sol-gel thin film. Acid- and base- catalyzed methods to prepare the sol-gel layers have been studied, as well 
as different types of precursors and different PAR concentrations. Sensors based on co-polymerization of 
TEOS with 3-APTES, basic catalysis, water:alkoxyde ratio of 4 and PAR concentration of 1 mg ml-1

showed optimum performance in the proposed working conditions. The sensor was coupled to a 
multicommutated flow system and applied to the direct determination of Zn(II) in pharmaceuticals. Optical 
transduction was based on the use of a dual-color LED and a photodiode. The sensor showed optimum 
response at pH 5.5 and its regeneration was accomplished with a solution of KSCN acidified to pH 3 with 
HCl. 

Keywords: sol-gel films, Zn(II) optical sensor 
Category: 5 (Chemical sensors)

The sol-gel chemistry [1] has been widely used in 
the development of chemical sensors due to its 
simplicity and versatility. By this process glass-like 
materials incorporating different dopants are 
prepared at room temperature, allowing final 
structures with mechanical and thermal stability as 
well as good optical characteristics. The sol-gel 
process comprises the hydrolysis of an alkoxyde 
precursor under acidic or basic conditions, followed 
by polycondensation of the hydroxylated monomers 
to form a porous gel network. Afterwards, gel aging 
and drying can be conducted under controlled 
conditions in order to obtain densified solid 
matrices. During these reaction stages organic and 
biological recognizing elements can be 
incorporated and become entrapped in the matrix, 
yet remaining sterically accessible to small analytes 
that diffuse into the pore network. The properties of 
the final network structure (thickness, pore size and 
pore distribution, etc.) can be manipulated by 
appropriate control of the process chemical 
variables. Although structures with different shapes 
and configurations may be obtained, thin films are 
usually preferred for optical sensing due to their 
short response time and good optical transparency. 
The association between sensors and automated 
flow techniques offers many advantages, such as
simpler manipulation of solutions, simplified 
manifolds, reagent economy and cleaner 
determination procedures. Additionally, there is an 
increase in sensitivity, stability and selectivity. 

In this work Zn(II) optical sensors were prepared by 
incorporating 4-(2-pyridylazo)resorcinol (PAR) in 
sol-gel thin films. PAR is a heterocyclic azo dye 
that forms complexes with the vast majority of 
transition metals. In acetate medium (pH 3-6) PAR 

forms a red-orange 1:2 (metal:ligand) complex with 
zinc (ε = 8.3 X 104) which can be monitored 
spectrophotometrically [2, 3]. Considering the goals 
of high selectivity, reversibility, fast response and 
stability, several sol-gel cocktails (Table 1) were 
produced in order to obtain a sensor with optimized 
characteristics.  

Table 1. Composition of sol-gel cocktails for preparation 
of sensor thin films (all values in mL). 

 F1 F2 F3 F4 

TEOS 4 3.6 - 3 

MTES - 0.4  - 

3-APTES - - 4 1 

Ethanol 16 16 16 16 

HNO3 10-1 M 2 2 - - 

TMAOH - - 2.176 2.176 

PAR was previously dissolved in ethanol in 
increasing concentrations. All solutions were 
allowed to gelate at room temperature and all the 
films were obtained by spin-coating (3000 rpm, 15 
seconds, 80 µl) on glass slides 18 x 18 mm. After 
coating, all films were dried at room temperature 
for several days. Different silicon alkoxydes were 
used as precursors; besides TEOS, MTES and 3-
APTES were also included in this study in order to 
achieve more structurally stable structures in a short 
time. Acid and base catalyzed methods were tested 
and different concentrations of immobilized PAR 
were studied. The different sensor films obtained 
were characterized in terms of spectral 
characteristics, response time and extent of 
indicator leaching. Sensors F4, based on co-
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polymerization of TEOS with 3-APTES, basic 
catalysis, water:alkoxyde ratio (R) of 4 and PAR 
concentration of 1 mg ml-1, were found to be the 
most suitable to be used as Zn(II) sensors in the 
proposed working conditions. In fact, 3-APTES 
was observed to stabilize the structure and also 
seemed to improve the uptake of the dye into the 
sol-gel. The use of a basic catalyst was found to 
offer many advantages when producing optically 
transparent gels with high concentrations of 3-
APTES [4]. Acid catalyst leads to immediate 
precipitation of 3-APTES resulting in cloudy and 
double-phased gels, unsuitable for optical 
applications. Basic catalysis is also favorable for 
the complexation mechanism of PAR. For the acid 
catalyzed films no reaction with zinc occurred, 
probably because of ionization of para-OH group 
in the PAR molecule, which occurs in acidic 
medium. Concentrations of PAR higher than 1 mg 
ml-1 disturbed the optical quality of the films and 
the homogeneous distribution of the dye. The R 
value of 4 was adopted following previous work 
conclusions [5]. Optimum complex formation for 
this film was obtained at pH 5.5, with maximal 
absorption at the wavelength of 500 nm (Fig. 1). 
The regeneration of the sensor was accomplished 
with a KSCN solution (1 mol l-1) with pH adjusted 
to 3 by addition of HCl. 

400 425 450 475 500 525 550 575 600 625 650

B

A

A
b

s

Wavelength (nm)

Fig. 1. Absorbance spectra of (A) PAR in sensor F4 and 
(B) PAR-Zn(II) complex in sensor F4 at pH 5.5.  

In order to study the developed sensors in flow 
conditions, two coated slides were placed in a 
home-made flow cell (Fig. 2) and coupled to a 
multicommutated flow system (Fig. 3). Flow-rate 
was fixed at 0.8 mL min-1 and equal and reduced 
activation cycles of valves V1 and V2 were selected 
in order to provide appropriate injection of sample 
in the carrier (acetate buffer solution, pH 5.5). 
Valve V3 was responsible for the insertion of 
regeneration solution. Valve V4 was included to 
enable sample change. 
The absorbance of the Zn(II)-immobilized PAR 
was monitored using a dual-colour (green/red) LED 
and a photodiode, in order to increase sensitivity 
and overcome Schlieren noise. The procedure

enabled to determine Zn(II) in the concentration 
range between 9 and 22 µg l-1.

Fig. 2. Flow cell configuration, cross sectional view. 

Fig. 3. Diagram of the flow manifold for Zn(II) 
determination. V1, V2, V3 and V4 - three-way solenoid 
valves: (---) corresponds to the activated position and (—
) corresponds to the off position; L - mixing coil, 25 cm 
long; S - sensor; P - peristaltic pump.

Based on the high sensitivity achieved one can 
speculate that the developed sensor can be 
miniaturized in order to be coupled to microfluidic 
devices. 
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Chemical Sensors of the Capacitive type Using Thin Silicon Membranes 

Covered With Chemical Selective layers – Fabrication And Evaluation

S.Chatzandroulis, E.Tegou, D.Goustouridis, S.Polymenakos, D.Tsoukalas
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Summary: Capacitive type chemical sensing devices based on a silicon/polymer bimorph structure have 
been fabricated and evaluated. Upon exposure to analytes the polymer covering the  thin silicon membrane 
swells inducing a deflection on the membrane which is measured as a capacitance change between
membrane and substrate. Five different polymer layers were used. Exposure to water, methanol and

ethanol vapors was used for evaluating performance. Sensitivities ranging from 4.5fF/%RH for PDMS up
to 29fF/%RH for PHEMA covered devices, are reported. Devices covered with PHEMA, PVAc and PMMA 
also exhibit strong response upon exposure to methanol and ethanol atmospheres

Keywords: chemical sensor, bimorph, capacitive
Category: 5(Chemical Sensors)

1 Introduction

    Chemical sensing devices have received great
attention in recent years as new applications in
environmental monitoring and food industry, are
emerging. [1-3]. In these applications
discrimination of simple and complex odors may be 
achieved by either highly selective sensors or by
arrays of sensors combined with appropriate pattern 
recognition algorithms. In this paper a chemical
sensor based on polymer/silicon bilayers in
membrane configuration is reported. The device
utilizes a capacitive pressure sensor covered by a
chemical sensing layer, which forces the sensor
membrane to deflect upon sorption of chemical
substances from the environment. Five different
chemical layers [poly-hydroxy-ethyl-methacrylate
(PHEMA), poly-methyl-methacrylate (PMMA),
poly-vinyl-acetate (PVAc), epoxy-novolac (EPN)
and poly-dimethylsiloxane (PDMS)] are
investigated. Sensitivities to relative humidity of
29fF/%RH for PHEMA covered devices to
4.5fF/%RH for PDMS are reported. Devices
covered with PHEMA, PVAc and PMMA also
exhibit strong response upon exposure to methanol 
and ethanol atmospheres. Differences in
sensitivities between these layers may be exploited 
in constructing an effective chemical discriminating 
array. In order to characterize the devices, and
evaluate the performance of each polymer layer,
exposure to volatile organic compounds (methanol 
and ethanol) and humidity was used.

2 Experimental

Capacitive type silicon pressure sensors
fabricated with an already presented technique [4] 
are used as the basic building module for the
reported device. This type of sensor is characterized 

by the thin silicon diaphragm (typically less than
4um) and small diaphragm to substrate spacing
(<1um). For reason of increasing device sensitivity 
the sensor membrane is designed to operate in a
pre-deflected mode at close proximity to substrate, 
with a touchdown pressure of around 13kPa.
Solutions of PHEMA (4% w/w), PMMA (5% w/w), 
PVAc ( 5% w/w), EPN (41% w/w) and PDMS (3%
w/w) were subsequently applied over the sensor
membrane using a micropipette and post-apply
baked to insure solvent evaporation (figure 1). 

(a)

(b)

Figure 1.
(a) Sensor schematic view, 
(b) Photographic view. The pressure sensor die is
completely covered with polymer (in this case PHEMA).
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A typical capacitance to pressure curve is shown in 
figure 2. On the same plot experimental data of the 
sensor covered with PHEMA as a function of
relative humidity are plotted. The data suggest that
polymer swelling for 1% RH rise corresponds to a 
pressure variation of 236Pa.
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Figure 2 Capacitance change versus pressure curve and
corresponding change as a function of relative humidity
after the sensor has been covered with PHEMA.

    Testing of the devices was performed in a
chamber were relative humidity and temperature
are controlled to within ?0.1% and ?0.1oC,
respectively. The response versus relative humidity 
for the five polymer layers is depicted in figure 3.
On the same plot the pressure necessary to obtain 
same response is also shown. For volatile
compound testing, methanol and ethanol vapors are 
introduced in the test setup via a dry nitrogen flux 
going through a bubbler with the respective
compound. The atmosphere is interchanged
between dry nitrogen and the volatile compound
mix. Figure 4  depicts the maximal capacitance
change between the two states. In all cases the
response to methanol is higher than for ethanol.
This is attributed to the longer chain length of
ethanol molecules. Among all layers, PHEMA
presents the highest response to water vapors. This 
can be explained by the hydrogen bonding between 
the OH group of PHEMA molecule and water
molecules. On the other hand, PDMS, being a
hydrophobic polymer, presents the lowest response 
to humidity. 

In another experiment dry nitrogen flow was split 
in two components: one carrier flow bubbling
through ethanol at a variable rate, and one diluting 
component of 590ml/min. The two components
were subsequently mixed so that controllable lower 
proportions may be achieved. For this test the
sensor consists of four spin coated with PHEMA
membranes which were connected in parallel. The
samples are subjected into variable mixing ratios of 
ethanol vapors. In figure 5 the response of the
sensor for three mixing ratios is depicted. In region 
A dry nitrogen is fed in chamber. Then ethanol is 
added at concentrations of 8700, 19275 and 29000 

ppm before exposing the sensor to dry nitrgen
again.
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Figure 3 Capacitance change versus relative humidity
response for the five polymers used. The right Y-axis
shows the pressure necessary to obtain same response.
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Figure 4 Maximal capacitance change for all chemically 
selective layers used, upon exposure to humidity,
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0 20 40 60 80 100 120 140 160

10.8

11.0

11.2

11.4

11.6

11.8

12.0

12.2

EDC

BA

C
a

p
a

c
it

a
n

c
e

 (
p

F
)

Time (min)

Figure 5 Response of a four membrane sensor covered 
with PHEMA.
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Sensor sensitivity study of the thin and thick WO3 films.
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Summary: In this paper comparison of technical characteristics of thin and thick WO3 films obtained

by two different methods – the thermal sputtering in vacuum and thick film technology are presented.
Resistance-versus-temperature dependences of the films are studied within range 100-450oC.

Behaviour of sensitive layer in different oxygen environments on various temperatures; sensor

characteristics towards H2O, microconcentrations NO2, H2S  is discussed.

Keywords: tungsten oxide, gas sensor, thick film, thin film 

Category: 5 Chemical sensors

1 Introduction 

The oxides of transition metals are used as
sensitive layers of sensors [1-3], owing to their high
electrical and physical characteristics, i.e. good
extrinsic ion conductivity, large forbidden gap,
surface properties prevailing over those of bulk,
widely variable stoichiometry.  Comparative study of
WO3 thick film sensing features obtained by two
different methods, thick film technology and by
thermal sputtering in vacuum, is presented.

2 Experimental 

The films were deposited on   a   sensor presented
on fig. 1. The sensitive element consists of an alumina
substrate measured 2x0.5x0.2 mm. One side of the
substrate is covered with a gas sensitive film,  the
other side of the substrate  platinum film heater is
deposited. The film heater is, at the same time, a
thermal resistor in the sensor. Platinum wires 20 mm
in diameter connect the sensitive element with leads
of a glass panel.

Fig. 1 Construction of semiconductor sensors

WO3 powder with fine particles less than 0.5 µm
was annealed for 1 hour at 600 C. The obtained film 
thickness was 15-25 µm.
The other method was used to obtain thin films of 0.2-
0.5 µm  on the UVN-71 P3 device at evaporation
temperature of 500 C.

The properties of the sensors were examined by
the method of dynamic gas blending utilizing  the
sample gas mixtures, the “Environics”-4000 gas
mixture generator and test ampoules manufactured by
“Dräger”. The investigations were carried out under
the sensor thermal stabilization conditions in the

range 100 – 450 C.  Sensor heating, conductivity and
resistance measurements were maintained by two 16-
channel measurement units (fig. 2) and IBM PC 
program which operates in real time. Up to 32
sensors can be to be placed in the measurement
chamber. The device has function to maintain a stable 
sensor temperature in the range 30-500oC with
accuracy 1oC. The developed measurement unit
allows to conduct simultaneously measurements of
resistance of gas-sensitive layers on 32 channels in
the range 500 Ohm – 1,5 GOhm with accuracy 2,5%. 
Besides that, the measurement unit regulates and
controls sensor heating processes during the
measurements.
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  Fig.2 Sixteen-channel meter of gas sensors
parameters.

The measurements show that resistance of the films
obtained by vacuum thermal sputtering is much
higher than that of the films received by thick film
technology. This fact is bound with film thickness
and, possibly, with higher macro- and bulk defects
concentration of the latter films. However, both films
demonstrated similar resistance-versus-temperature
dependence. It may be explained by a fact that films
of both types feature the same micro-structure. Fig.3
shows resistance-temperature curves.
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Fig.3  Typical curves of resistance versus film
temperatures in the air: 

a- thick film;
b- thin film;

   RT- Resistance at different temperatures;
   R100oC- Resistance at 100oC.

Film behaviour in air containing 15-28 vol.% of
oxygen at temperatures 100-400oC was investigated.
Fig.4 show  that film obtained by different methods
demonstrate the same behaviour type under equal
conditions. Apparently, that the films possess the
same stoichiometry.
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Fig.4 Typical sensor resistance dependence versus
oxygen concentrations in air at 400OC.

Humidity influence on the WO3 films resistance was
studied. The measurement were taken on both type
films in the 3-90% relative humidity at 100-400 OC. It
is shown that at relative  humidity less than 30% the
films are more sensitive to humidity changes.

Maximal resistance changes occur at temperatures
less than 200 OC  and practically negligible at
temperatures higher than 300 OC.

1

Preliminary investigation evidence that the WO3

films feature maximal sensitivity to NO2 at 
temperatures less than 300OC. Films sensitivity to
NO2 micro-concentrations at 150-200 OC was studied.
All the films show maximal sensitivity at 150OC.
Thick films demonstrate the highest sensitivity to 5
ppb of  NO2 at 150 OC and increase resistance by 5
times.

2

WO3 films sensitivity to the H2S micro-
concentrations at 250-350OC was investigated. The
maximal resistance change at 5 ppb of H2S is
observed at 300-350 OC. The resistance of the films
obtained by the two methods drops its value by 3 
times at 350 OC.

3. Conclusions

This paper presents comparative sensor temperature
characteristics the WO3 thin and thick films. It is
shown that the films demonstrate similar temperature
dependence. Varying of oxygen concentration
reversibly change the films characteristics. The films
curves are similar for the both types of films. All
films are mostly sensitive to the relative humidity less
than 30% at temperatures less than 200OC.  The films
show high sensitivity to 5 ppb of NO2 at low 
temperatures. The WO3 thick films display a higher
sensitivity. The films obtained by these two methods
demonstrate high sensitivity to 5ppb of H2S at 300-
350OC. The film sensor characteristics can be
purposely changed by varying conditions of film
formation (temperature, annealing time, sputtering
velocity, activating dopes) and by varying
temperature of films.
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Desorption phenomena of a gas enrichment unit for
using sensors below odor threshold
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Summary. A simple thermal desorption unit (TDU) can enhance the detection limits of chemical sensors
below odor thresholds. However these simple designs can exhibit unwanted side effects that hamper ef-
fectiveness. Potential problems, methods for investigation and a solution are illustrated with an example.

Keywords: Absorber, pre-concentration, odor
Category: 5 (Chemical sensors)

1 Introduction

Chemical sensors often do not have the sensitiv-
ity needed for detecting odors. Pre-concentration
with a thermal desorption unit can solve this prob-
lem [1][2][3]. Most commercial TDU’s are designed
for use with gas chromatography and therefore retain
not enough analyte for a chemical sensor. Development
of a simple TDU for use with sensors is limited to a sin-
gle stage design. Therefore effectiveness of the TDU
can be limited and requires critical evaluation. This
paper discusses potential problems. Methods for inves-
tigation are illustrated with an example.

2 Mass Balance of Absorption

Pre-concentration is based on diminishing the carrier
gas volume of a given analyte mass. During the ab-
sorption phase (Index � ) a given analyte concentration
( � � � 
 � ) is absorbed for a long time ( � � ) at a high
flow rate ( � 
 � � � � � ). In the desorption phase (Index � )
a fast temperature increase is used to release the an-
alyte. Desorption time ( � � ) of the peak is a function
of temperature profile, which mainly depends on heat-
ing power and absorber design. The goal of absorber
design is to achieve a high analyte concentration dur-
ing desorption ( � � � 
 � ). Dilution by carrier gas is
minimized by reducing gas flow ( � 
 � � � � � ), but other
phenomena can require choosing an optimal flow rate.

Enrichment to concentrations above vapor pressure
of the pure analyte is restricted by condensation. De-
sorption can be slowed down by high analyte concen-
tration in the gas phase. Due to a high gradient in con-
centration and long transport time diffusion can lead to
peak broadening. Re-absorption onto improperly cho-
sen surface materials is favored by long transport times.
Finally the dead volume of the sensor dilutes narrow
peaks. The experimental part of this article illustrates
some of these effects. The mass balance of absorption

can be written as:

� � � �
 �
� 
 �

� � � � � � � �
 �
� 
 �

� � �
The enrichment factor � is defined as � � max.

� � �
(Fig. 1). � is the maximum amplification obtainable
with negligible sensor volume.
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Fig. 1: Definition of enrichment factor and peak height

3 Experimental

The setup is described in [2]. 1-Butanol is absorbed
for 300 s at 100 ppmv and 60 ml/min carrier gas flow
rate onto 32 mg Tenax TA (Scientific Instrument Ser-
vices, Ringoes NJ, USA) at room temperature (22 = C).
This is close to the 10% breakthrough point as defined
in [2]. Absorbed analyte mass (default: 300 s), temper-
ature profile (4.7 V) and carrier gas flow (10 ml/min)
are varied. The use of different heating voltages results
in temperature profiles given in Fig. 2. After a 300 s
cool down time the next cycle can start.
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4 Results and Discussion

For desorption peaks a Gaussian shape like in Fig. 1
is expected. The peaks of Fig. 3 are different. Above
120 s absorption time desorption peaks follow an en-
velope curve until the increased analyte mass has been
desorbed. Variations of temperature profile and carrier
gas flow are used to investigate the reason of this effect.
Condensation can be excluded by comparing detector
signal levels of input (without absorber) and signal at
peak maximum.

600 610 620 630 640 650 660

F
ID

S
ig

na
l[

A
U

]

Time [s]

Absorption Time [s]
30
60
90
120
150
180
210
240
270

Fig. 3: Desorption peaks as function of absorption time

Increasing heating voltage does not have a signifi-
cant effect on peak shape (Fig. 4). This can be ex-
plained by the low effect it has on the heating rate at
low temperatures. However an increase of the slope of
the linear part of the peak is visible. So the effect takes
place in the absorber and is temperature dependant.

Increasing carrier gas flow gives shorter and higher
peaks (Fig. 5). The overall peak shape remains.

From these experiments the unusual peak shape can
be explained as a kinetic inhibition. Analyte concentra-
tion in the gas phase reaches a critical level and hinders
diffusion of absorbed analyte. Accelerating kinetics
by increasing temperature has no essential effect. In-
creased carrier gas flow improves the situation by dilut-
ing the analyte. This allows for faster desorption rates
but does not cancel the inhibition.
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Fig. 4: Desorption peaks as function of temperature pro-
file
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A non-pixel image reader for continuous image detection based on tandem

heterostructures
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Summary: Large area n-i-p-n-i-p a-SiC:H heterostructures are used as sensing element in a Double Color Laser

Scanned Photodiode image sensor (D/CLSP).

This work aims to clarify possible improvements, physical limits and performance of CLSP image sensor when

used as non-pixel image reader. Here, the image capture device and the scanning reader are optimized and the

effects of the sensor structure on the output characteristics discussed.

The role of the design of the sensing element, the doped layer composition and thickness, the read-out parameters

(applied voltage and scanner frequency) on the image acquisition and the colour detection process are analysed.

A physical model is presented and supported by a numerical simulation of the output characteristics of the sensor.

Keywords: Tandem pinpin heterostructures, image and colour detection, real time readout.

Category: 4 (non-magnetic physical devices), 10 (Applications)

1 CLSP operation and image

representation

1.1 Single p-i-n structure

Large area p-i-n a-SiC:H heterostructures are used as
Colour Laser Scanned Photodiode image sensor,
CLSP. The CLSP [1, 2] consists on one large single
cell detector (4×4 cm2) and the image is captured by
sequentially detecting scene information at discrete
XY coordinates. The design allows a continuous
sensor without the need for pixel-level patterning
takeing advantage of the amorphous silicon
technology. Advantages to this approach are high
resolution, uniformity of measurement along the
sensor and the low cost/simplicity of the detector. It
can also be integrated vertically, i.e. on top of a read-
out electronic, which facilitates low cost large area
detection systems where the signal processing can be
performed by an ASIC chip underneath.
The CLSP operation and image representation are
based on the analysis of the electrical field profile,
induced across the capture device by a steady-state light
pattern illumination. Low local electrical fields are
ascribed to illuminated regions and high electrical fields
to dark zones. In the dark regions the carriers generated
by the scanner are separated by the electric field and
collected, while those generated inside the illuminated
regions mostly recombine inside the bulk. So, by
mapping the ac component of the photocurrent, iac,

during the scanning of the capture device it is possible
to reconstruct the projected light pattern feature.
In this device the high resistive SiC doped layers
confine the photogenerated carriers at the different
generation regions and, driven by the scanner, extract
information on the image colour and intensity. In short
circuit mode, it can detect a black and white image with
a spatial resolution of 20 µm. For reading out the RGB
colour signals three forward appropriate voltages, close

to the open circuit conditions, have to be successively
applied in order to collect information to yield the
reconstruction of a colour image.

1.2 Double n-i-p-n-i-p structure

When a single p-i-n heterojunction is used as sensing
element, the generated carriers can diffuse away from
the generated point and escape into the direction
paralel to the junction. This effect leads to image
smearing. Significant improvement can be achieved if
the carriers generated by the light pattern and the
emitted light from the scanner can be kept near the
junction active region. This carrier and optical
confinement can be implemented by using a tandem
heterojunction. In the resulting stacked structure
(Fig.1) the front a-Si:H i- layer is thick enough to
absorb all the light incoming from the image; the rear
one is thinner and based on a-SiC:H in order to
enhance light transmission from the scanner.

i-Si:H(6000 Å)

p-Si:H(200 Å)

n-Si:H(200 Å)

i-Si:H(3000 Å)

p-SiC:H(200 Å)

Glass

n-Si:H(200 Å)

Cr(100 Å)

Cr(200 Å)

Scanner

i-Si:H(6000 Å)

p-Si:H(200 Å)

n-Si:H(200 Å)

i-Si:H(3000 Å)

p-SiC:H(200 Å)

Glass

n-Si:H(200 Å)

Cr(100 Å)

Cr(200 Å)

ScannerScanner

Fig.1 D/CLSP reader and the sensing element
structure.

The first p-i-n photodiode, the photodetector, confines
the carriers at the illuminated regions while the second
one, the reader, driven by the optical scanner, gives
information on their location (image shape), density
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(image intensity) and absorbed wavelength (image
colour).
1.3 Light to dark sensitivity

In fig. 2 the spectral sensitivity without optical bias
(dark) and under green illumination (illuminated
regions) is displayed.
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Fig. 2 Spectral response in a tandem structure under
different applied bias without (a) and under green

illumination (b).

The spectral response depends on the optical and
electrical bias. At 650 nm (scanner wavelength) it is
much higher in dark than under illumination
confirming that this tandem structure can be used as
an image sensor sensing element.

1.4 Electrical model

The proposed electrical model is presented in Fig.3.
The current across both diodes is the same and the
potential drop is shared by both diodes and depends
on their photocurrents.

R
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I
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R
i
= k

D1

D2

Vbias

Fig. 3 Electrical model for the D/CLSP.

Circuit analysis simulation show that at low voltages
(V<0.8 V) and under illumination the photodetector is
self forward biased and the reader becomes reverse
biased. The carriers generated at the photodetector
(load, ON state) are injected into the reader
(photodiode, OFF state) where they recombine, are
trapped or collected, depending on its reverse current.
A good fit between experimental and simulated data is
obtained (see Fig.4).
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Fig. 4  Experimental and simulated photocurrent as a
function of the electrical bias.

1.5 Acquired images

Fig. 5 compare the same image acquired using a single
and a double structure showing an improved
resolution. The readout frequency was also optimised
leading to a value of  1kHz, showing that scan speeds
of 1000 lines per second can be achieved without a
significant degradation of the resolution.

a) CLSP b) D/CLSP

Fig. 5  Same image acquired using (a) single n-i-p and (b)
double n-i-p-n-i-p structure.

2 Conclusions

A new design based on a stacked n-i-p-n-i-p structure
is proposed for the Color Laser Scanned Photodiode
sensor, CLSP. Optical and carrier confinement was
achieved. A B/W image was acquired under short
circuit condition with improved resolution when
compared with the single structure.
Readout of 1000 lines per second was achieved
allowing continuous and fast image sensing without the
need of pixel patterning.
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Perspectives on a CMOS quad-cell matrix for fast wavefront sensing  

at low-light levels 
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Summary:  Wavefront sensing techniques are used to estimate optical distortions. These aberrations can 

be present in single components - such as lenses and mirrors -, in optical systems –such as the human eye - 

and in light beams – such as one propagating through a turbulent atmosphere.  In some applications, e.g. 

ophthalmology and astronomy, the  light power available is limited and the need for a highly sensitive 

sensor is inevitable.  In this paper we report on the feasibility to improve a fast Complementary Metal-
Oxide-Semiconductor (CMOS) wavefront sensor, based on an array of quad cells, for low-light level 

applications. 

Keywords: wavefront sensing, Hartmann method, quad cell, CMOS, low-light level 

Category: 4 (Physical sensors)

1 Introduction 

Dynamic detection of optical aberrations is 

necessary in fast changing systems, as in surface 

inspection of industrial parts, or in retinal imaging  

or also in astronomical observation through a 

turbulent atmosphere. In the latter two situations, 

not only real-time detection is needed but also a 

good detector sensitivity to low-light levels.  

A  suitable method for dynamic wavefront sensing 

is the Hartmann technique, in which a light beam, 

whose associated wavefront is imprinted with the 

distorted profile of the optical system,  is sampled 

into a number of sub-beams;  the angular deviations 

of the latter with respect to a reference direction 

enable the calculation of the wavefront profile, as 

indicated in Figure 1.  

imprinted
wavefronts

reference
wavefronts

optical
component

sampling
plane

projection
plane

sub-beam

reference
direction

Fig. 1. Hartmann wavefront sensing technique. 

The Hartmann sensor consists basically of two 

planes: the sampling plane and the projection plane. 

The sampling plane in this case is an opaque mask 

with a grid of sub-apertures. Conventionally a CCD 

camera is positioned at the projection plane, where 

we observe a grid of light spots; by computing the 

centroid position of each spot we are able to 

calculate the angle between the sampled beam and 

the reference direction. Therefore the respective 

wavefront tilt at each sub-aperture is known and an 

approximation to the wavefront profile can be 

directly obtained. 

1.1 A custom CMOS chip x CCD camera 

Although very sensitive for low-light levels, off-

the-shelf CCD cameras feature limited frame rates, 

up to around 75Hz.  Besides, the output of a camera 

is a bitmap that needs to be processed such that the 

spot positions are obtained.  This is usually a 

lengthy process and altogether the repetition rate of 

the wavefront sensor is brought down to around 

25Hz. 

As regards operational frequency a custom CMOS 

chip with a matrix of addressable quad cells offers a 

much higher repetition rate and a simple 

combination of the quad-cell output signals is 

directly related to the spot position.  We need for 

this approach one quad cell per sampled light spot.  

Standard CMOS, however, is not optimized for 

photodetection and a good spot-position accuracy at 

low-light levels (<10nW/spot) a number of issues 

have to be taken into account.  

2 The CMOS wavefront sensor 

We have fabricated a Hartmann sensor with a 64-

sub-aperture mask and a standard CMOS chip with 

256 pixels clustered four-by-four as discrete quad 

cells. Each pixel consists of a 300x300-�m
2
 double-

junction photodiode and is connected to an analog 

switch, in a passive-pixel architecture. An 

integrated demultiplexer selects all pixels from a 
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specific quad cell at a time, depending on the 

external digital address supplied. A detail of the 

implemented chip is shown in Figure 2. 

Fig. 2. Detail of the fabricated CMOS sensor. 

We used a standard 1.6-�m n-well CMOS process 

to fabricate the chip.  Photodetection, especially for 

longer wavelengths, and analog-signal swing are 

favored in this conservative process when 

compared to sub-micron processes. This is mainly 

because the depletion layers are wider, the junctions 

are deeper and the supply voltage is higher. 

2.1 Sensor performance 

This sensor can be readout at a repetition rate of 

about 3kHz, which is much faster than conventional 

wavefront sensors. The signals from the sensor are 

directly translated into spot positions and an 

algorithm approximates the wavefront profile based 

on a set of appropriate polynomials, namely 

Zernike terms.  The software routines altogether do 

not take longer than 150 �s.  

The wavefront accuracy  depends on the optical 

power per spot (indirectly, via the spot-position 

resolution) and on the spatial-frequency spectrum 

of the wavefront. The higher the optical power and 

the lower the spatial frequencies, the better the 

wavefront-measurement accuracy. For instance, if 

the desired accuracy is �/10 (�=633nm) for spatial 

frequencies representing the most common 

aberrations in optical systems (9 Zernike 

polynomials), then with the current sensor we need 

a 10-�m position resolution for each quad cell, 

implying in 2.5-�W spots. 

2.2 Sensor improvement for low-light levels 

For applications in which low optical power levels 

are available, we should be able to decrease the 

amount of light per spot by at least three orders of 

magnitude and keep the signal-to-noise ratio high 

enough to guarantee a reasonable accuracy. To 

accomplish this a number of steps has to be taken in 

the direction of light collection improvement and 

noise reduction.  

�� lenslet array versus perforated mask 

We fabricated inexpensive close-packed microlens 

arrays and when such an array replaces the 

perforated mask at the sensor sampling plane, the 

total light collected by the sensor improves by a 

factor 3. 

��anti-reflective coating

The number of photons effectively penetrating in  

silicon is dramatically affected by any dielectric 

layer left on the top of the photosensitive structure. 

Simply removing all dielectric layers is not a 

practical solution both because the bare Si surface 

reflects nearly half of the light incoming at a 

normal incident angle – for wavelengths in the 

visible spectrum -  and because thermal oxide 

inevitably grows there where the Si surface is 

exposed to air. The sensor features a 40% total 

quantum efficiency. This figure doubles when a 

single well-controlled oxide layer is applied to the 

top of the detector. 

��signal-transfer noise 

kTC noise source is associated with charging a 

capacitance through a resistance. It represents one 

of the chief noise contributions in our sensor, due to 

the huge pixel capacitance (50pF) coupled to the 

signal line through a select switch.  This and 

amplification noise are significantly suppressed 

when an active-pixel architecture is used with a 

well matched amplification stage.  Then the 

photodiode capacitance is isolated from the signal 

line by a buffer transistor, and the replacing noise 

contributions are those of the channel resistance of 

the buffer transistor, which is orders of magnitudes 

lower and the kTC noise associated with the reset 

transistor, which can be reduced by using low-

capacitance photodiode junction (n-well/p-epilayer)

and largely eliminated by double sampling. 

��dark current

The dark current density of the chip is 1800pA/cm
2

@300K.  This becomes detrimental to the signal-to-

noise ratio when the previous noise sources are 

eliminated. It is known that dark current halves for 

every 8-
o
C decrease in temperature.   To diminish 

its contribution without altering a standard process, 

a Peltier element attached to the chip represents a 

way to bring it to levels compared to optimized 

CMOS processes (200pA/cm
2
). 

Conclusions 
We presented the performance parameters of a 

custom CMOS chip for wavefront sensing based on 

a matrix of position-sensitive detectors. It operates 

at a much faster rate than conventional wavefront 

sensors but the wavefront-reconstruction  accuracy 

is not yet sufficient for applications where the 

incoming optical power is scarce, e.g. 

ophthalmology or astronomy.  To achieve a good 

accuracy at low-light levels, we  discussed a 

number of  improvements, both in light-collection 

efficiency and noise reduction, while still keeping 

the standard CMOS process unaltered. These 

upgrade steps encompass both off-chip changes 

(sampling-plane substitution and local cooling) and 

pixel/readout design issues.   
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Susceptibility of Cerium Oxide Thick Film Structures to γγγγ- Radiation
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Summary: Investigations into gamma radiation-induced changes in the electrical properties of CeO2 thick
films of various structures were carried out. Carbon doping was used to control the resistivity of the films.
Screen-printed capacitors, resistors and pn-junctions were exposed to a disc-type 137Cs source with an
activity of 370 kBq. All devices showed an increase in the values of current with the increase in radiation
dose up to a certain level. It was found that devices with pn-junction structure exhibited the most sensitivity
to γ-rays as their leakage current significantly increased with exposure dose.

Keywords: γ-radiation, thick films, CeO2, pn-junction
Category: 4 (Non-magnetic physical devices)

1 Introduction

The measurement of radiation dose is of an ever
increasing importance to the estimation of the risks
and benefits inherent by the use of ionising
radiation in biology, industry, medicine, military
applications and research.

The aim of this paper is to document the use of
Cerium oxide (CeO2) thick films with various
structures in γ- radiation dosimetry. Both pure and
carbon-doped CeO2 films were screen-printed in
form of capacitors, resistors and pn-junctions.
Undoped CeO2 is an n-type material and its
conductivity is directly related to oxygen diffusion
[1]. CeO2 has been used for fast-response gas
sensors due to its high diffusion coefficient for
oxygen [2]. Semiconductor nuclear detectors gene-
rally employ one of a number of device configura-
tions (planar, sandwich, grid, etc.) [3]. The electri-
cal properties of the films are highly dependent on
both type and composition of the materials used [4].
This work investigates the effects of radiation-
induced changes in the electrical properties of CeO2

thick film structures for dosimetry application.

2 Experimental procedure

Polymer pastes were made of 92 wt.% of CeO2 and
8 wt.% of C8H18O3 with Ethylenglycolmonobuty-
lether as a solvent. Devices having capacitor- and
resistor-type structures and pn-junctions were
manufactured using DEK RS 1202 automatic
screen-printer. An impedance analyser (HP 4277A
LCZ-meter) was used to measure the variations in
both the capacitance and the conductance with
frequency. Films of CeO2 doped with 0.2 wt.% of C
were printed on single side polished P�100� silicon
wafers to from a pn-junctions. A disc-type 137Cs
source with an activity of 370 kBq was used for
exposing the samples to γ-radiation at room
temperature.

3 Results and discussion

3.1 Capacitor-type structures

The variations of capacitance (Fig. 1) and
conductance (Fig. 2) versus frequency at different
radiation doses were measured for CeO2 devices
having capacitor configuration.
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Fig. 1. Plots of capacitance C versus frequency F at
different exposure doses for CeO2 thick film capacitors.
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Fig. 2. Dependence of conductance G on frequency F at
different radiation doses for CeO2 thick film capacitors.

It was found that the capacitance decreased, while
conductance increased with the increase in radiation
dose up to 6.12 mSv. Exposure dose of ~12 mSv
resulted in damage of these capacitors.

3.2 Resistor-type structures

Resistor-type devices were having Ag electrodes
and were made with Carbon-doped CeO2.
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Fig. 3 and Fig. 4 show plots of I-V characteristics
of CeO2 thick film resistors doped with 0.2 wt.%
and 0.5 wt.% of carbon respectively.
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Fig. 3. Plots of I-V characteristics for CeO2 thick film
resistors doped with 0.2 wt.% of C.
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Fig. 4. Plots of I-V characteristics for CeO2 thick film
resistors doped with 0.5 wt.% of C.

Since these devices exhibited lower resistance
compared to undoped CeO2 films, radiation-
induced changes in their electrical properties were
more pronounced. Resistors doped with 0.2 wt.% of
C showed gradual increase in the values of current
with the increase in dose up to 4.42 mSv, whereas
resistors with 0.5 wt.% of C sustained a lower dose
of 1.7 mSv and were damaged on further exposure.

3.3 PN-junctions

Fig. 5 shows current-voltage plots of as-deposited
and γ-irradiated CeO2/Si samples that behaved like
backward diodes. Backward diodes are widely used
for very fast switching in HF applications as they
show no appreciable charge-storage effects.
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Fig. 5. Changes in I-V plots of CeO2/Si backward diode
with the increase in γ-radiation doses.

The value of leakage current under the reverse-
biased conditions increased considerably with the
increase in radiation dose up to a level of 570 µSv,
while no consistent changes were observed in the
values of current when the diode was forward-
biased. Fig. 6 illustrates the dependence of
normalized current (I-I0)/I0 with dose under the
applied voltage of -1.5 V for CeO2/Si backward
diode.
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Fig. 6. Dependence of normalized current (I-I0)/I0 with
radiation dose under the applied voltage of –1.5 V for
CeO2/Si backward diode.

Exposure to radiation resulted an increase in the
leakage current, caused by the grain boundaries,
which served as current paths. Another reason for
the worsening of the electrical properties is that the
films were damaged by the creation of radiation
defects in the form of broken Ce-O bonds and
partially due to lowering the barrier height at the
Ag/CeO2 interface.

4 Conclusion

Screen-printed CeO2 thick films devices, such as
capacitors, resistors and pn-junctions were explored
in terms of their susceptibility to the exposure of γ-
radiation. PN-junctions formed with CeO2 doped
with 0.2 wt.% of C were found to be more sensitive
to γ-radiation, as they showed increase in the values
of current with the increase in dose up to 570 µSv,
and are suitable for low-dose dosimetry. Thick film
capacitors with undoped CeO2 have sustained
radiation exposure with a dose of 6.12 mSv and
could be recommended for high-dose applications.
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Summary:

 

 This paper reports novel Piezo-FET stress sensors sensitive to shear stress components with
respect to the <110>-directions. The devices are based on the transverse pseudo-Hall effect. The stress sen-
sitivity coefficients 

 

Π

 

11

 

 and 

 

Π

 

12

 

 for these devices are extracted from measurements. The experimental setup
is characterized using three dimensional (3D) finite element (FE) simulations to analyze the stress state on
the surface of the test chip. Non-mechanical offset contributions, e.g., magnetic share, to the signal of these
devices are reduced by means of fourfold orthogonal switching.

 

Keywords:

 

 stress sensor, piezoresistance, offset reduction

 

Category:

 

 4 (Non-magnetic physical devices)

 

1 Introduction

 

The small size of MOSFETs and the large number of
electrical modes of operation motivate the use of these
devices as stress sensors. Piezo-FETs with high sensi-
tivity to normal stress components with respect to the
<110>-directions have been reported in [1]. For a suc-
cessful application of Piezo-FETs in CMOS-compati-
ble high density stress sensor arrays shear stress
sensitive devices are desirable. Therefore, such
devices are evaluated in this paper.

Furthermore, a method to reduce the non-mechanical
offset, e.g., magnetic contributions, of such devices is
described.

 

2 Experimental

 

The MOSFETs used in this study were fabricated
using the 0.6 µm CMOS process CUP of
Austria

 

micro

 

systems. The test chip contains NMOS
and PMOS devices with various channel lengths and
widths. Figure 1 shows as an example a square
NMOS-device with four source/drain contacts where
two opposite contacts serve as pseudo Hall-contacts.
They are integrated to measure changes of the poten-
tial distribution in the channel region under mechani-

cal loads appearing as a transverse voltage 

 

V

 

trans

 

 

 

. The
mechanical loads are introduced to the test chip die
which is attached to a silicon bar using epoxy resin,
with a four point bending bridge as schematically
shown in Fig. 2. In addition to the Piezo-FET devices,
diffused resistor based Wheatstone bridges were inte-
grated on the test chip to provide independent stress
signals. 

The stress sensitivity of silicon-based MOSFET inver-
sion layers is described by the three coefficients 

 

Π

 

11

 

 

 

,
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12

 

 

 

, and 

 

Π

 

44 

 

corresponding to the piezoresistance
coefficients 

 

π

 

11

 

 

 

, 

 

π

 

12

 

 

 

, and 

 

π

 

44

 

 of diffused resistors. In
a coordinate system referring to the <110>-directions
(see Fig. 1) the transverse voltage 

 

V

 

trans

 

 is

 

 

 

, (1)

with 

 

V

 

DS

 

 the drain-source voltage, 

 

σ

 

xy

 

 the mechanical
shear stress component, and 

 

G

 

 the geometry factor
close to 1. As in the four-point bending setup no shear
stress components can be applied to the test chip, the
chip is rotated by 45° with respect to the silicon strip
and Eq. 1 is transformed to a new coordinate system.
Accordingly, in a coordinate system referring to the
<100>-directions 

 

V

 

trans

 

 is

 

 

 

. (2)
Fig. 1: Optical micrograph of a square NMOS test
structure with active area length of L = 19.2 µm.
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3 Results

 

3.1 Sensitivity Coefficients

 

A typical measurement of 
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 as a function of the
gate voltage 
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 for increasing stress values
 for two values of the drain-source voltage
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 is given in Fig. 3. The stress sensitivity coeffi-
cients (

 

Π

 

11

 

,n

 

 

 

–

 

 

 

Π

 

12

 

,n) and (Π11,p – Π12,p) for NMOS
and PMOS devices with different side lengths L
(4.8 µm, 9.6 µm, 19.2 µm) were extracted from these
measurements. The stress values at the position of the
devices were determined using the diffused resistor
bridges and piezoresistance coefficients found in [2,3].
As an example for the 9.6 µm NMOS device a
(Π11,n – Π12,n) of 0.55 10-9 Pa-1 was obtained. This
result is in good agreement with measurements based
on the longitudinal effect in Piezo-FETs [4].

3.2 Simulations
For a better understanding of the complex stress state
on the test chip surface, 3D FE simulations were pre-
formed using ANSYS 6.1. Figure 4 shows the distribu-
tion of the stress components  on the
surface of the test chip rotated 45° with respect to the
silicon strip.

3.3 Offset Compensation
The voltage Vtrans in the Piezo-FETs at σ = 0 MPa is
two orders below VDS , e.g., about 0.31% of VDS
(1.31 mV) for a 19.2 µm PMOS device at
VDS = 450 mV and VGS = −3V. Non-mechanical con-
tributions to Vtrans can partially be determined using
fourfold orthogonal switching, where the direction of
the current and the measuring direction are changed as
indicated in Fig. 5. The sum of Vtrans for all four

switching modes at σ ≠ 0 MPa, i.e., the residual offset
is illustrated in Fig. 6 for different VGS and VDS . For
compensation this residual offset is then subtracted
from the actual measurement. By using this method
the non-mechanical signal component in Vtrans , e.g.,
caused by the earth magnetic field, is extracted for the
above example to 45 µV per direction of IDS at
VGS = −3 V and VDS = 450 mV. The residual offset is
smallest when the device is operated in the linear
region.
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A Novel Pressure Telemetry via RF Power Transmission 
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Summary: This paper presents the fabrication and test of a telemetry pressure sensor which can be applied 

to the intracranial pressure measurement.  The measuerment system consist of an LC resonance circuit, an 

external antenna and the power meter.  A novel pressure measurement method via RF power transmission is 

proposed and various characteristic test results are presented.

Keywords: Telemetry pressure sensor, LC resonance, Power transmission

Category: 4 (Non-magnetic physical devices)

1 Introduction

Recently, a pressure sensor gets applied to the
diagnosis and treatment of some diseases by
detecting the variation of pressure in a human body 
such as an eyeball, vessel and skull, etc.
Implantable telemetry pressure sensors have been
fabricated by micromaching.[1] In the previous
work, we detected the pressure variation by
measuring the resonance frequency shift. [2]

   We fabricated a telemetry pressure sensor and 
measured the transmitted power with the power 
meter.   And the pressure sensor is tested to obtain 
the various charateristics of the sensor.

2 Structure and Fabrication

Figure 1 shows the structure of the telemetry 
pressure sensor.  The sensor consists of a spiral 
inductor and a variable capacitor.  The inductor is 
fabricated by electroplating on a Pyrex glass
substrate.  The capacitor consists of two Cr/Au 
electrodes.  One electrode is on the Pyrex glass 
substrate and the other is on a p+ diaphragm of a 
silicon substrate.  The sensor has a small size of 
8.05 mm × 7.8 mm so that it can be easily 
implanted into a cerebral ventricle.  The size of the 
p+ diaphragm is 3 mm × 3 mm × 1.5 µm.

Figure 2 shows the fabrication process of the
sensor.  The upper substrate is fabricated by several 
micromachining technologies such as doping,

Fig. 1. The structure of the telemetry pressure sensor.

evaporation and silicon etching.  The lower
substrate is fabricated by evaporation and
electroplating.  The photographs of the sensor and 
the external antenna is shown in Figure 3.  The 
antenna consists of a coil inductor and feed lines for 
impedance matching.

Fig. 2. The fabrication process of the pressure sensor.

Fig. 3. The photographs of the sensor and the external 
antenna.

(a) Sensor        (b) External antenna

Feed line

Coil
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Fig. 4. The measurement setup with a network analyzer.

3 Test and Results

Figure 4 shows the measurement setup including 
the sensor and the antenna.  The sensor is located 
on the bottom of a beaker and the antenna is placed 
beneath the beaker.  Two feed lines are connected 
to the network analyzer.  Figure 5 shows the phase 
of S21 obtained from the network analyzer.  The 
measured resonance frequency is about 160 MHz.
Figure 6 shows the phase of S21 for various
pressures at the frequency of 159 MHz.  As the 
pressure increases, the phase of S21 decreases
linearly in the range of 10 to 110 mmH2O.  The 
sensitivity is -0.08 deg/mmH2O.
   Figure 7 shows the power transmission
measurement setup similar to that of Figure 4
except that the signal generator and the power
meter are used instead of the network analyzer. 
The frequency and magnitude of the input signal 
are 170 MHz and 10 dBm, respectively.
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Fig. 5. The phase of S21 in a frequency domain.
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Fig. 7. The test setup with a powermeter.

Figure 8 shows the transmitted power measured
with a power meter for various pressures with or 
without the pig skin between the sensor and the 
antenna. The result shows the sensitivity decreases 
a little.  Figure 9 shows the transmitted power when 
the sensor is at the center of the antenna and when 
the sensor is 10 mm off the center.  The sensitivity 
is not sensitive to the location of the sensor and is
–0.005 dBm/ mmH2 O in the range between 10 to 
100 mmH2O. These results illustrate that the sensor 
is feasible to measure the intracranial pressure.
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Fig. 8. The transmitted power with or without pig skin.
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Novel structure for large area image sensing 
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Summary: This work presents preliminary results in the study of a novel structure for a Laser Scanned 

Photodiode (LSP) type of image sensor. In order to increase the signal output, a stacked n-i-p-n-i-p 
structure with an intermediate light blocking layer. The image and scanner are absorbed in separated 

junctions; the device photocurrent is dependent on the local illumination conditions on the image side 

junction. The results show that the structure can be successfully used as an image sensor even though some 
optimization is needed to enhance the performance of the device.  

Keywords: large area, image, photodiode 

Category: 4 (Non-magnetic physical devices) 

1 Introduction 

In recent works the suitability of a-SiC:H structures 
to be used as large area image sensors was proven 
[1,2]. The advantages of this approach are quite 
obvious like the feasibility of large area deposition 
and on different substrate materials (e.g. glass, 
polymer foil, etc.), the simplicity of the device and 
associated electronics. Nevertheless, and due to the 
physical process involved, charge collection 
modulation by the local illumination conditions, the 
device exhibits reduced signal amplitude forcing 
the use of lock-in amplification. In order to increase 
the signal level a different structure was 
investigated, which consists on two stacked n-i-p 
structures separated by a reflecting layer. The 
readout process is similar to the previous one [1] 
with the difference that in this structures the image 
and scanner are incident on opposite sides of the 
sensor.

2 Experimental

2.1 Sample preparation 

The proposed structure was fabricated in a three 
chamber load-lock UHV-system by Plasma 
Enhanced Chemical Vapour Deposition (PE-CVD) 
at 13.56 MHz radio frequency on a glass substrate. 
The structure is composed by two stacked n-i-p 
diodes separated by a Cr light screening layer (see 
Fig. 1). The p-doped layer in the second diode was 
fabricated introducing methane during the 
deposition process, in order to decrease the 
conductivity of the material, which is of crucial 
importance for device operation. The light 
screening layer is composed by 290x290 µm2 Cr 
pixels with 40 µm spacing and was formed by 
thermal evaporation of a 90 nm Cr film, followed 
by photolithography and reactive ion etching. This 

layer prevents the light crossing one junction from 
getting to the other one. The patterning is 
performed to decrease the lateral conductivity 
which as a negative effect on the spatial resolution 
of the device. The electrical contacts are formed by 
two semitransparent Cr contacts on each side of the 
structure.
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Fig. 1. Structure of the device 

2.2 Readout 

The image readout process relies on the same 
principle of the LSP sensor [1], with the difference 
that image and scanner are incident on opposite 
sides of the sample, as shown in Fig. 2.  This 
approach simplifies the optical system since image 
and scanner have different optical paths. As scanner 
was used a 633 nm low power solid state laser. The 
beam deflection is controlled by a two axis 
deflection system capable of high speed scan.  
The current from the device is amplified by a 
current to voltage converter with selectable gain 
and converted to digital format by a signal 
acquisition card installed on a computer. Two 
additional photodiodes provide the synchronization 
signals for scanner position information, necessary 
for the image restoration process. 
The data is stored as a matrix of photocurrent 
values which provide information about local 
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illumination conditions on each position of the 
active area of the device. Further processing 
algorithms like fixed pattern noise suppression are 
performed by software.   

Image

Sensor

I/V

Scanning

Glass 
side

Signal conditioning 

Fig. 2. Readout system 

3 Results and discussion 

Fig.3 shows the signal obtained in several fast line 
scans with different image intensities. In this 
experiment the central area of the sensor is 
illuminated while the outer region is kept in dark. 
The scan speed is 10000 lines per second and the 
sensor active area of ~ 1cm. 
When the scan is performed with no image (dark) 
the photocurrent increases when the scanner enters 
the active area of the device with a rise time on the 
order of 10 µs and remains almost constant until the 
scanner exists the sensor, where the same transient 
is observed. The rise and fall time of the signal are 
limiting factors for the scan speed and are 
dependent on the impedance of the signal amplifier 
(10kΩ).
Under these conditions there is no current 
generation in the first junction (glass side), since 
the blocking layer prevents the scanner light from 
reaching it. The fact that the current is not 
completely constant can be ascribed to the variation 
in the Cr film thickness across the sensor. 
When the sensor is illuminated with some light 
pattern the photocurrent remains the same in dark 
zones (for low image intensities) and increases 
(proportionally to the light intensity) in the 
illuminated zones.  
In the last situation the charge generation occurs in 
both junctions at the same position so the charges 
are generated across the whole sensor, which 
justifies the increase in the photocurrent. 
With the scanner out of the illuminated region, an 
increase in the photocurrent is still observed due to 
lateral currents in the doped layers in the first 
sensor. This problem can be avoided if the 
conductivity of the doped layers is decreased by the 
incorporation of carbon as in the second junction. 
The lateral currents are responsible by a smearing 
effect on the image, which increases with the light 
intensity due to the increase of these currents.  
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Fig. 3. Signal obtained on several line scans with 
different image intensities. 

The image signal (Fig. 4) is obtained by the 
subtraction of the dark scan, which also eliminates 
the fixed pattern noise due to thickness or material 
properties variation in the different layers. 
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Fig. 4. Image signal, obtained by dark signal subtraction. 

4 Conclusions 

This work presents the first results obtained with a 
novel structure for an LSP type image sensor. The 
results show that a better signal to noise ratio can be 
achieved with this approach while the same 
functionality is maintained.   
Additionally some enhancements in the structure 
are proposed to optimize the device performance. 
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Using Phase Sensitive Techniques to Improve the Resolution of Optical
Position Sensitive Detectors

M. Hendawy and P. Lee
Department of Electronics, University of Kent, Canterbury, Kent, CT2 7NT, UK.

Email: mfmh1@ukc.ac.uk

Summary: Optical Position Sensitive Detectors (PSDs) based on the lateral photo-effect are popular
because they can detect the light spot position continuously without any dead region. This paper
presents an alternative technique for measuring the position of a light-spot incident on 1-D sensor that
uses phase sensitive detection instead of the commonly used ratio of output currents. Simulated results
using an ideal and non-ideal system and an RC transmission line model for a 1-D PSD are presented
and show that, at least 10 times improvement in the position resolution compared to the amplitude
based position measurements.

Keywords: Sensors, PSD, Opto-electronic sensors.
Category: 4 (Non-magnetic Physical Devices)

1 Introduction

The behaviour of the lateral photo-effect PSD has
been analysed by several models [1-4]. When a PSD
is non-uniformly illuminated by a sinusoidal light
excitation, the different time delay experienced by the
photo-generated currents in travelling different path
lengths from the incident light spot position to the
lateral contacts introduces a position-dependent phase
different between the sinusoidal currents at that
contacts. Detection of the phase difference between
the output currents at the lateral contacts allows the
determination of the position of the incident light
beam.

2 Background

In this section, an RC transmission line model for a 1-
D PSD is assumed and its equivalent circuit is shown
in Fig.1. The circuit elements are defined as follows:
R is the resistance per unit length, RS is the junction
leakage resistance per unit length, C is the junction
capacitance per unit length, I(X, t) is the generated
photo-current at X = X1, ZL is the load impedance at X
= l, and ZS is the load impedance at X = 0.

When the load impedance is small compared to the
sheet resistance of the resistive layer, the load
impedance can be replaced by an electrical short
circuit. In addition, the output of the PSD is normally
connected to a current-to-voltage converter so that the
load impedance seen by the PSD is very small. In this
case: ZL = ZS = 0, and the expressions for the ac
currents through the lateral contacts can be given in
the following form:
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The expressions for the currents given by (1) are
applied to some commercial samples of a 1-D PSD
[5].

IL IR

ZS I II ZL

X = 0 X = X1 X = l

R R

C I (X, t) RS

Fig. 1. The equivalent circuit model for the PSD.

3 Ideal Sinusoidal Incident Light Beam

A model of a 1-D PSD using an ideal sinusoidal light
beam modulated at frequency 20 KHz, 100 KHz and
1 MHz is performed with MATLAB software. The
input current IS and the generated photo currents IL

and IR, at frequency f = 1 MHz and at incident light
spot position X =2.5 mm, are illustrated in Fig. 2.

The simulation results for different samples are
listed in Table 1. The simulations show that the
position average phase difference/mm has improved
with a high-modulated frequency.
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Table 1. The RC transmission line parameters and average
phase difference/mm for 1D-PSD.

Samples number S3979 S3931 S3932 S3270

Active area( 2mm ) 1*3 1*6 1*12 1*37

R ( Ω / 2mm ) 47K 8.3K 4.7K 0.4K

SR ( Ω / 2mm ) 1M 1M 1M 1M

C ( F / 2mm ) 7pF 7pF 7pF 7pF

F=20
kHz

2.18 0.79 0.86 0.09

F=100
kHz

10.86 3.91 4.24 0.47

Average
phase-
diff.
mm

(º/mm) F=1
MHz

84.09 32.70 28.19 4.16

4 Complete Correlation Based Position
Detection System.

A non-ideal system set-up for position measurement
of 1-D PSD using phase detection method is shown in
Fig. 3. The RC transmission line model for the PSD,
expressed by Equation 1, were used. A result for the
measurement system has been obtained using
MATLAB software.

IL

-
⎯

IR

Fig. 3. Basic block diagram of the phase method of position
detection.

Simulation results for the position resolution and
the position sensitivity for the non-ideal system are

listed in Table 2. In addition, the position resolution
by an amplitude detection method for the same
samples, are listed in same table. The simulations
show that, when using phase sensitive methods, the
position resolution is improved by over 100 times
than those for the amplitude position detection
method. It was assumed in these simulation that all
the circuit elements and the laser diodes has linear
characteristics. But even with non-linear elements, it
is expected that around 10 times improvement in
position resolution could be achievable by this
technique.

Table 2. The Position sensitivity and the position resolution
for a non-ideal 1D PSD.

Samples number S3979 S3931 S3932

Position
Sensitivity (º/mm)

0.13 0.07 0.08

Position
Resolution (n m)

F=100
kHz 0.08 0.1 0.5

DC-Position Resolution. (µ m) 0.1 0.2 0.3

5 Conclusion

In this work, the generalised equations derived from
the RC transmission line model for 1-D PSD is used
for calculate the generated photocurrents at its lateral
contacts. The phase detection method for an ideal
sinusoidal incident beam on 1-D PSD is simulated
using MATLAB software. The simulation results
show that the average phase difference/mm has
improved with a higher modulation frequency.

For a non-ideal phase-detector, simulations have
shown that the achievable position resolution using
phase sensitive methods is improved over 100 times
than for the amplitude position detection method.
However these simulations have yet to include the
effects of non-linearities in the light source or noise in
the PSD. But even with these effects it is expected
that a 10 times improvement in position resolution
could be achievable using this technique.
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A Novel Pull-in Accelerometer 
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Summary:  Described in this paper is a novel accelerometer, which measures the pull-in time to obtain the 
acceleration. As the pull-in time is a semi digital signal, the output of the device can be measured with a 
full digital circuit. No analog readout circuit is needed. The sensitivity and nonlinearity are comparable 
with the differential capacitive sensing devices. The accelerometer has been fabricated by surface 
micromachining. Al was used as the mechanical layer while PSG was used as the sacrificial layer. The 
pull-in voltages have been measured. An extensive measurement is under way. 

Keywords: accelerometer, pull-in, surface micromachining 
Category: 4 (Non-magnetic physical sensors)

1 Introduction 

The surface micromachined accelerometers 
usually have low pull-in voltage, which makes the 
capacitive sensing difficult [1]. W. C. Tang 
proposed a novel digital accelerometer in 1994 [2], 
which measured the pull-in voltage to obtain the 
acceleration since the pull-in voltage is the function 
of the acceleration.  

It has been found by the authors that the pull-in 
time is also a function of the acceleration [3]. A 
novel accelerometer, which measures the pull-in 
time, has been designed.  

The principle of the device is shown in Fig.1. 
Pulse voltages φ1 and φ2 are applied to the 
electrodes 1 and 2 alternately to make the mass be 
pull-in at the stoppers 1 and 2 alternately. The pull-
in time from the stopper 1 to 2 is T1, and from the 
stopper 2 to 1 is T2. If there is no acceleration in the 
x direction, T1=T2=T0. If there is an acceleration in 
the x direction, the differential pull-in time, ∆T=T2-
T1, is proportional to the acceleration. ∆T is a pulse-
width-modulated signal and can be measured with a 
digital circuit. The sensitivity and the non-linearity 
are similar to that of the differential capacitive 
sensing. 

The accelerometer has been fabricated by the 
surface micromachining technology. As Al is used 

to make the structure, the pull-in time can be 
obtained by measuring the contact between the 
mass and the stopper. 

2 Principle 

When the mass moves from one stopper to the 
other, the movement is governed by the equation 

( )
ma

xd

AV
kxxcxm +

−
=++

2
0

2
0

2

εε
                           (1) 

To keep the device working in the pull-in mode, the 
driving voltage must be higher than the minimum 
pull-in voltage and the previous pulse voltage 
should be held long enough to make sure that the 
initial condition is 0=x .

When the damping is zero, an analytical 
expression of the differential pull-in time can be 
found to be [3] 

( )33 a~oa~Na~ST ++=∆                                          (2) 

where 0
~ kdmaa = , S and N are the constants 

determined by the resonant frequency, the driving 
voltage and the mass-stopper gap. It can be 
obtained from Eq.(2) that the differential pull-in 
time is proportional to the acceleration. As a~  is 
always smaller than 1 in the full working scale, the 
nonlinearity is small.  

When the damping is not zero and not very large, 
Eq.(1) cannot be solved analytically. Matlab was 
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Fig.1 The principle of the pull-in operation 
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used to analyze the equation numerically. The 
analysis showed that the sensitivity and the 
nonlinearity are comparable to the differential 
capacitive accelerometers. 

3 Design 

A surface micromachined accelerometer has been 
design. The whole structure is made by 3µm Al. 
The mass is supported by four folded beams. The 
mass is 400µm×800µm. Each fold of the beam is 
2.5µm×150µm. Interdigital electrodes are used 
to drive the mass. There are 62 fingers on each 
side of the mass. Each finger is 3µm×100µm. The 
finger-electrode gap is 2µm. The mass-stopper 
gap is 1µm. The mass-substrate gap is 1µm.

The electrical and mechanical properties have 
been calculated. The resonant frequency is 
calculated to be 4kHz. When the displacement is 0, 
the damping ratio is calculated to be 0.057. The 
pull-in voltage is calculated to be 4.86V. The pull-
in voltage of fingers is higher than 10V when the 
mass is at the pull-in position.  

The static and dynamic properties of the 
accelerometer in pull-in mode are analysed 
numerically with Matlab. When the driving voltage 
is 8V, the pull-in time is calculated to be 77µs. Fig. 
2 shows the differential pull-in time with respect to 
the acceleration, which was obtained by simulation. 
The non-linearity is 0.87%FS.  

As the structure is made by Al, the pull-in time 
can be obtained by measuring the contact between 
the mass and the stopper. The pull-in time can be 
measured with the normal TTL circuit. 
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Fig. 2. The output under the 8V driving voltage 

4 Fabrication and Measurement 

The device has been fabricated by the surface 
micromachining technology. Al was chosen as the 
mechanical layer. PECVD PSG was used as the 
sacrificial layer. 73%HF was used to release the 
structure. Fig.3 shows the SEM photo of the device. 

The capacitance-voltage measurement was 
performed before packaging. The result was shown 
in Fig.4. The pull-in voltages were measured to be 
8.1V and 8.7V in the positive and the negative 
directions respectively. The pull-in voltages are 
higher than the theoretical values and slightly 

asymmetric because the structure is slightly bent 
according to the SEM photo in Fig.3. The 
asymmetry of the pull-in voltages can be 
compensated by the driving circuit. An extensive 
measurement is under way. 

Fig. 3 The SEM photo of the pull-in accelerometer 
and the close-ups of the stopper and the fingers. 
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5 Summary 

A pull-in accelerometer, which features a digital 
output, has been designed and fabricated by surface 
micromachining technology. The pull-in voltages 
have been measured. The pull-in voltages are a 
little bit higher than the theoretical results. An 
extensive measurement is under way. The results 
will be presented in the paper. 
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Summary: This paper describes a 64 pixels X-ray imager architecture and fabrication process. The
imager is composed by a 8×8 photodiodes array, fabricated in CMOS process, and an array of wells
£lled with scintillating crystals. A thick-£lm of aluminum is etched in order to achieve square wells with
500 µm depth. The wells are £lled with CsI:Tl scintillating crystals and placed above the photodiodes.
The scintillating crystals convert the X-ray energy into visible light, which is guided into the photodiodes
by the re¤ective aluminum walls, avoiding crosstalk between adjacent detectors. Usually, the spatial
resolution of the scintillating x-rays detectors is identical to the scintillators thickness. By using the light
guides, the scintillator thickness can be adjusted in order to achieve optimal absorption ef£ciency, since
the spatial resolution is established by the pixel size (200 µm side).

Keywords: X-ray, Digital Radiology, Scintillator, Etching
Category: 4 (Non-magnetic physical devices)

1 Introduction

During the last sixty years, the concept of medical
imaging has been associated to X-ray imaging systems
based on silver £lms, which perform image acquisition
and provide physical support for image storage and dis-
play. These systems usually demand very strict expo-
sure requirements, due to the narrow brightness depth
of the traditional radiographic silver £lms. They also
offer very few possibilities of image processing [1].

The advantages of digital radiographic systems may
be divided into four classes:

• Reduction of the radiation dose,

• Less time from image acquisition to image dis-
play,

• Possibility of image manipulation using digital
image processing techniques, and

• Remote storage and retrieval.

The £rst advantage of digital radiology is the pos-
sibility of dose reduction. In conventional radiology,
the dose is determined by the sensitivity of the image
receptor and the £lm brightness depth. In digital radi-
ology, both these constrains can be relaxed. Dose re-
duction can be achieved by adjusting the dose to give
the required signal to noise ratio in the image.

The second advantage is very important in medical
emergency situations. The digital X-ray systems can
provide images in a few seconds while developing a
silver £lm takes several minutes.

The third advantage of digital radiology is the possi-
bility of changing the characteristics of the image dur-
ing the medical evaluation. The way of mapping the
image in levels of brightness on a screen can be com-
pletely controlled by the user.

The fourth advantage of digital radiology is the pos-
sibility of image storing in a computer database and/or
transmission of the images to long distances.

The X-ray imaging systems for dental medicine must
£ll some particular requirements:

• It must be inexpensive, easy to use and easy to
replace, since most of the dental medicine techni-
cians do not have a good knowledge on radiology.

• Reduction of the radiation dose is very important
since the energy and intensity required to cross a
tooth and produce an image are signi£cantly high.

• The sensor active area can be small (about
15 mm × 20 mm), which allows the use of stan-
dard fabrication processes.

Due to the high number of dental medicine facilities,
the development of X-ray imagers for dental radiogra-
phy is very interesting for the market.

2 System design

In dental medicine imaging, the X-rays are produced
with voltages from 50 kV to 70 kV . These volt-
ages produce an intensity peak ranging from 40 keV
to 60 keV , approximately. A standard silicon wafer
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(525 µm thick) only absorbs about 3.38% [1] of the
60 keV X-rays energy, not being suitable for the mak-
ing of X-rays sensors.

Therefore, a x-ray scintillation layer is necessary to
convert X-rays into visible light, which is then con-
verted to an electric signal by means of an array of pho-
todiodes.
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Fig. 1: Absorption of the 500 µm scintillator (CsI:Tl).

Figure 1 shows the percentage of X-rays absorbed by
a 500µm thick CsI:Tl layer (simulated results). From
40 keV to 60 keV the scintillator absorbs more than
80% of the X-rays.

Each scintillator is isolated from its neighbors
by aluminum, which allows multiple re¤ections and
guides all produced light to the photodiode.

Fig. 2: Structure of each pixel.

Moreover, introducing a re¤ective layer above the
scintillator (in the X-rays path) con£nes the light inside
the scintillator for increasing the ef£ciency.

Therefore, the device consists of many microma-
chined aluminum cavities, where the scintillator is de-
posited. This structure is placed above the silicon die,
which contains the photodetectors and readout elec-
tronics. Figure 2 shows the structure of one pixel.

3 Fabrication

The photodiodes are fabricated using a standard CMOS
n-well 1.6 µm process (Fig. 3 (a)). The chosen photo-
diode structure was the n+ substrate due to its highest
quantum ef£ciency and to its spectral response in the
green region of the spectrum. This spectral response

is appropriate because, the scintillating crystal used in
this work yields green light.

(a) (b)

Fig. 3: (a) CMOS photodiodes array. (b) Photo of the
aluminum cavities £lled with the scintillator.

The cavities opened on the thick-£lm of alu-
minum were made using an excimer KrF laser MINex
(Lambda Physik) working in pulsed rating at 248 nm
with pulse energy of 30 mJ and peak power of 2 mW ,
optical mirror and lenses for focusing of the laser beam,
translation table with the sample and controlling sys-
tem. The translation table has an absolute accuracy of
3.6 µm and repeatability of 0.9 µm [1].

The LASER was focused on the surface of the alu-
minum thick-£lm, using a plano-convex lens with a fo-
cal distance of 250 mm. With this setup, the diameter
of the LASER cannot be smaller than 71 µm, due to
the scattering of the LASER photons. However, this is
acceptable for making 160 µm × 160 µm cavities.

The cavities are £lled with the scintillator by a
clamping pressure machine, in a low-temperature vac-
uum chamber. Figure 3(b) shows the aluminum cavi-
ties £lled with the CsI:Tl scintillator.

4 Conclusions

This approach, scintillators encapsulated in aluminum
plus CMOS photodiodes, reveals to be suitable to den-
tal radiography imagers. The aluminum encapsulation
allows to increase the scintillator thickness with low
cross-talk and good spatial resolution. The re¤ectivity
of the aluminum inner-walls of the cavities are poorly
affected by the LAT etching. CMOS technology allows
to implement x-ray detectors which reveals advantages
relatively to the CCD technology. As a future work the
size of the cavities will be reduced, in order to increase
spatial resolution.
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Summary: Responsivities of CMOS/BiCMOS-compatible multiple stacked junction photodiodes and a 

photoMOSFET has been measured. Multiple junction photodiodes can be used to resolve wavelength of a 

narrowband illumination source such as LED or laser beacon in a wavelength division multiplexed sensors 

based on position-sensitive detectors (PSDs), for example. The photoMOSFET provides responsivity in excess of 

100 A/W and could be used as the basic building block of an array type PSD. 
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Category: 4 (Non-magnetic physical devices)

1 Introduction 

Photodetector structures implemented using 
standard BiCMOS process have been characterized. 
The test chip included pn-photodiodes with one, 
two and three stacked junctions, and two PMOS-
phototransistors. The idea of using multiple 
overlapping junctions was that the different spectral 
responses of the junctions could be used to detect 
the ”colour” of narrow band light. The idea with the 
photoMOSFET transistor was to obtaining much 
higher responsivity than with the pn-photodiodes. 
Multiple junction photodiode structure  will be used 
to resolve wavelength of a narrowband illumination 
source such as an LED or laser beacon in a 
wavelength division multiplexed position-sensitive 
detector (PSD). Multiple junctions are inherently 
available in a pinched well CMOS lateral effect 
PSD [1]. The photoMOSFET will be used as the 
basic building block of a new PSD in which an area 
array of small photoMOSFETs are used as 
photdetectors. The high responsivity of the 
photoMOSFET is expected to provide high 
sensitivity similarly to the phototransistor PSD 
proposed in Ref. [1].  

2 Multiple junction photodiodes 

The absorpton of light in silicon generates electron-
hole pairs. The generation rate depends on the 
wavelength of the light and on the depth from the 
silicon surface. The generation rate is 

xexG )(
0 )(),( λαλαλ −Φ= ,  (1) 

where α(λ) is the absorption coefficient and Φ0 the 
flux of the incident light. For a given depth xd by 
changing the wavelength of the light, the carrier 
generation rate varies. It has the maximum at λp

corresponding to α(λp) = 1/xd. If a buried pn 
junction is formed at a depth of xd and under 

reverse bias conditions, photogenerated carriers in 
the depletion region will be separated by the 
electric field, thus leading to a drift current. In the 
neutral regions photo-generated carriers moving to 
the depletion region edges contribute to diffusion 
current. These photo-current components are 
directly related to the carrier generation rate. Thus 
the spectral response of the buried junction gives a 
single peak curve which reaches its maximum near 
wavelength λp. As the junction depth increases the 
peak wavelength increases. By implementing three 
junctions in stacked form, there will be three 
photocurrents passing through the three junctions. 
The spectral responses of each junction has a peak 
at a characteristic wavelength depending on the 
junction depth. Short wavelength light is absorbed 
near the Si surface, while longer wavelength light is 
absorbed deeper in the material [2,3].  

The simple pn-diode utilises a junction between 
p-substrate and n-well as a photosensitive region 
(Fig. 1). In the douple-junction photodiode first 
junction (I) is between p-diffusion and n-well and 
the second one (II) between n-well and p-substrate. 
In the triple-junction photodiode the first junction 
(I) is between n-polysilicon and p-diffusion, second 
junction (II) between p-diffusion and n-well, and 
the third (III) between n-well and p-substrate. 
Responsivities of the different junctions of the 
photodetectors at 630 nm and 850 nm are presented 
in Table 1.  

Fig. 1. Constructions of the single-, douple- and triple-
junction BiCMOS photodiodes. 
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Table 1. Responsivity of the single-, douple- and triple-
junction photodetectors. 

Single 

[A/W] 

Double 

[A/W] 

Triple 

[A/W] 

Wave-
length 

 [nm] I I II I II III 

630 0.3 0.04 0.09 0.035 0.065 0.13

850 0.26 0.005 0.10 0.031 0.038 0.15

Fig. 2. Responsivities of the triple-junction photodiode: * 
denoted first junction, ° second junction and x the third 
junction.

Responsivities of the triple-junction photodiode 
between 400 nm and 900 nm are presented in Fig. 
2. First junction at the surface has lowest 
responsivity and peaks at the “blue” while the third 
junction, whose distance from the chip surface is 
largest provides highest average responsivity of all, 
and peaks at “red”/near infrared region. The 
behaviour of the second junction falls between the 
first and the third. The differences in responsivities 
in case of multiple junction detectors makes narrow 
band light detection possible since the ratio of the 
photocurrents decreases monotonously. Thus it 
should be possible, for example, to identify 
illumination sources such as LED or laser beacons 
in a position sensing system composing of a CMOS 
PSD with at least two stacked junctions. Possible 
implementation in case of  CMOS PSD is depicted 
in Figure 3. 

Fig. 3. Multiple junctions are inherently available in a 
pinched well CMOS lateral effect PSD [1]. 

3 PhotoMOSFET 

The photoMOSFET is a PMOS transistor with a 
floating n-well body. The photons absorbed near 
the n-well/p-substrate junction change the potential 
of the n-well, which then through the back-gate 
transconductance (body effect) modulate the drain 
current. The implemented photoMOSFETs 
measured 200 µm x 200 µm and 16 µm x 16 µm. In 
both cases the gate dimensions were 10 µm x 0.8 
µm. The biasing arrangement of the 
photoMOSFETs is presented in Fig. 4. The 
responsivity of the photo-MOS is heavily 
dependent on biasing as presented in Table 2. The 
result shows that higher than 100 A/W responsivity 
is possible. 

Fig. 4. PhotoMOSFET biasing (W/LM1 = W/LM2).

Table 2. Responsivity of the photoMOSFET. 

Responsivity [A/W] 

(R in MΩ)
Ibias

[µA] 

1 10 

1 30 1.5 

10 75 5 

100 160 11 
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Summary:  Although the advantages of the optical fiber sensors are already established and well known, 

some issues related to appropriate application and characteristics to be developed still remain as study 

object. Namely object of discussion is the method to improve the sensibility of the measurement system 

through using a transducer capable of increasing the measure range In the paper, the performance 

obtained with a Strain Measurement System based on Fiber Bragg Gratings and a Spectrometer with CCD 

technology is shown. On a  development stage, they are shown some results, obtained during the laboratory 

tests of a civil structure, specifically on a step of the benches of the new Futebol Clube do Porto Stadium, 

with a comparison face to conventional methods.

Keywords: Optical Sensors, Fiber Bragg Sensors, Strain Measurement and Displacement Transducer

Category: Physical Sensors and Applications

1 Introduction

The use of Fiber Bragg Gratings (FBGs) has come 
to be spread as sensing elements on structural
monitoring. Characteristics as multi point
operation, achieved by spatial, time or wavelength 
division multiplexing (WDM) techniques,
immunity to electromagnetic interference and good 
measurement accuracy, have impulsed this optical 
method to be improved..

The analysis of FBGs based systems has been 
performed through a spectral frequency analyzer
designed as optical laboratory equipment.

The usage in field measurements becomes a hard 
task as well as it is a very expensive and rigid 
solution.
So for this project the main challenge is to develop 
an interrogation system, which can be compact,
versatile and a low cost measurement instrument, 
regarding to solutions implemented nowadays.
Usage of technology based on CCD allows at
integrating the FBGs method and at getting such 
system.
The work related to was carried out in an
experimental infrastructure allowing effective
comparison with conventional methods.

2 Interrogation System

Looking for Fig. 1, it can be seen that the major 
alteration comparing to the conventional
experimental setup is the change of the OSA
(Optical Spectrum Analyzer) by a CCD
Spectrometer. As a fundamental difference between 
the two instruments, it can be pointed out the
reached resolution. The OSA has a considerably 

better resolution, having the CCD spectrometer the 
economical factor on his side. 
Other considerations can be done about acquisition 
rate. If the number of FBGs is reduced to just one, 
and considering the acquisition time and peak
detection method, the two instruments become very 
similar ones. If the number of FBGs is increased, 
we can take profit of the CCD spectrometer and the 
developed peak detection method, reducing the
time per acquisition.

Optical source

pigtail

(SM fiber)

CCD
spectrometer

optical fiber carrying
the information of the

OFSs

OFS1 OFS2 OFS 3 OFS4 OFS5

Optical Fiber Sensors
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linear
array

λ1

coupler 50:50

entrance slit

λ2

λ3

λ4

λ5

Fig. 1: Model of the developed interrogation unit

3 Strain Measurement Transducer

For the measurement of displacements on concrete 
Civil structures it was developed a transducer that 
converts the displacement into a strain, on a spring 
plate. They were constructed two similar
prototypes: one using a full Wheatstone-bridge with 
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four active Strain Gauges and the other using a 
single OFS (Optical Fiber Sensor).
Using a displacement table (with a position
resolution of 1 µm), the laboratorial validation and 
calibration of these two transducers are performed. 
The results of the calibration are shown on the next 
two figures. It can be seen the agreement between 
the results of Fig. 2 and Fig. 3, confirming the 
expected linearity of the response.

Fig. 2: Optical Transducer Calibration result

Fig. 3: Electrical Transducer Calibration result

4 Laboratorial Application

With the objective of studying the behavior of the 
benches of the new FCP stadium, a set of
laboratorial tests on a pair of steps was conducted 
(Fig. 4). One of these tests was the load/unload test. 
Both transducers were installed on the lower face of 
the middle span section, as a mean to obtain
comparable results. 

Fig. 4: Picture of the simple support bench structure

It should be noticed that the conventional
transducer is a commercial one, naturally producing 
a well-conditioned signal at output. However the 
FBG interrogation system output signal is shown 
just without any conditioning besides conversion 
strain input into electrical output.
Fig. 5 shows the results of the test, presenting 
Strain as output. The results confirm the
expectances resulting from performed theoretical
analysis.

Fig. 5: Graphical results with both Transducers

5. Final Considerations

The results obtained with these tests reveal a good 
response of the Optical Transducer. Nevertheless, 
significant facts and future developments must be 
pointed out: 

• All these results were obtained under
controlled temperature conditions;

• The apparent great accuracy obtained with 
the transducers illustrates the good
performance of the optical sensor in terms 
of sensibility;

• Further developments will include the
temperature compensation and the sensor 
sensibility amplification and resolution.

The results carried out encourage to keep on this
researching line. In fact, since guaranteed good 
measurement characteristics, the proposed system 
seems to solve some of the difficult issues on 
instrumentation of this kind of applications.
Namely it should be remarked those ones related to 
grounding, electromagnetic interference, physical
deterioration of the sensor element, what prejudices 
lifetime of the equipments and repeatability of the 
measurements.
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This paper describes the technique to monitor biomolecular adsorption with a quartz 
based microchip.  The microchip made from quartz crystal is demonstrated which can 
be used as a common platform for both quartz crystal microbalance (QCM), and 
optical detection.  It can provide a multi-parameter bio-detection sensor.  

The microchip consists of a transparent piezoelectric substrate (quartz, lithium 
niobate) with either one or both of the electrodes made from a transparent, conductive 
thin film. Transparent, conductive thin films with high electrical conductivity and 
suitable optical properties (i.e. high transmission rate and low optical loss) include 
transparent semiconductor metal oxides (e.g. Indium tin oxide, Zinc tin oxide) or 
conductive polymers. The advantage of this microchip is that complimentary signals 
(optical film thickness from SPR, acoustic film thickness from QCM, characteristic 
optical spectra for specific bio-molecules, fluorescent images for tagged biological 
markers, etc) can be obtained simultaneously, thereby giving additional information 
on the molecular binding at the sensor surface. Furthermore, the principles and 
concepts listed here are also suitable for multiple arrays of such sensors fabricated on 
the same substrate. Such arrays are potential devices in realistic applications for 
multiple biomedical assay and microchip. 

In this paper, the quartz based sensor were begun from the transparent conductive 
semiconductor oxide, Indium tin oxide, which was prepared by the rf-sputtering 
technique. The conventional photolithography technology was employed to form the 
electrodes on the double sides of quartz crystals. The conventional oscillation circuit 
and the impedance/network analyzer were employed to measure the frequency 
response.  And the UV-vis photospectrometer, with the wavelength ranging from 400 
to 1100nm, was used to measure the optical properties.  

Some combined microgravimetric and optical florescent detection experiments were 
also undertaken and demonstrated. First, one of the ITO surfaces was primed with the 
silane HDMS or made biologically active by coating with an aminosilane (APTES).  
Then, the devices were exposed to antibody targets (Ab) labeled with FITC 
fluorescence probes.

The corresponding frequency shift of the chip as the microgravimetric sensor had 
been observed, as shown in Figure 1. The frequency shift before and after the affinity 
reaction is ~1000Hz, demonstrating that the chip can act as a microbalance. The 
optical detection in the transmission mode in Figure 2 had shown that this chip also 
can be measured by the UV-vis spectrophotometer. Figure 3 showed the visual results 
obtained by the fluorescent microscopy.  
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These results demonstrate that with the ITO electrode transparent electrodes, a
microchip that can simultaneously measure microgravimetric and optical responses 
can be realised.

(a) (b)
Figure 1. Frequency response of Microchip #2 before and after mass loading with antibody.
(a) Before the mass loading, the resonant frequency is f0 ~17,447,000Hz; (b) after the mass 
loading, the resonant frequency is about f0’~17,446,000Hz, i.e. a frequency shift of ~1000Hz
occurs on adsorption of the antibody.

400 450 500 550 600 650 700

60

65

70

75

80

85

3

2
1

Absorbance peak for 
Microchip#2 Modified by HMDS

Absorbance peak for
Microchip#2 Modified by APTES

Bulk solution(FITC-Ab)
Absorbance peak ~ 490nm

T
ra

n
sm

itt
a
n
ce

 (
%

)

Wavelength (nm)

Figure 2. Transmittance spectra for
Microchip under different conditions: (1) 
Exposed to a bulk solution of FITC-Ab, (2) 
After FITC-Ab adsorption onto an ITO 
surface modified with aminosilane APTES, 
(3) After FITC-Ab adsorption onto an ITO 
surface modified with silane HDMS.

Figure 3. Photo of Microchip under the 
fluorescent microscope. The excitation 
UV-light is projected from the backside 
and the observation is proceeded from the 
front-side. Fluorescently tagged antibody 
can be observed adsorbed onto the ITO 
surface.
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Summary: The paper presents the development of a bacterial bioluminescent biosensor (LUMISENS 

I). The system is composed of a bioreactor surrounding by autonomous devices that allow the real-

time control and monitoring of the bioluminescence and bacterial response factors: growth rate, cell 

density, temperature, pH, dissolved oxygen. This survey present the experiments that were conducted 

to chose the optical transducer, the features of the biosensor and the application of LUMISENS I to 

the on line and continuous detection of TBT during a 7 days experiment.

Keywords : LUMISENS I, optical biosensor, tributyltin

Category : 6 (Biosensors)

Introduction
The measurement of compounds constitutes a

major tool for regulatory agencies as well as for the 
control and the monitoring of processes in industrial 
areas. Thus, the development of new detection
methods like biosensors becomes desirable since they 
are fast, reliable, sensitive and easy to use. Biosensors 
couple a biological element (enzyme, antibody, cells, 
nucleic acid) to a physical partner (transducer) that 
can transform a biological signal (redox potential
variation, pH variation, light production,…) in an easy 
detectable electric signal [1]. 

LUMISENS I was developed for the detection of
organotin compounds such as tributyltin (TBT). These 
biocides have been extensively used in antifouling 
paints and are currently present in marine and
terrestrial environments [2]. Because of its high
toxicity, TBT has been well mo nitored and it is 
currently on the list of the 20 prioritary substances 
from the European Parliament since 2002 [3]. 

LUMISENS I is an optical biosensor since the
sensitive part of the device is a highly sensitive
bioluminescent bacteria. We present below the
bioelement, the device itself and the current results

Biosensing element
The bioelement is a recombinant bioluminescent 

bacteria namely Escherichia coli TBT3 (EC::luxAB
TBT3) obtained after random insertions of the luxAB
genes of Vibrio harveyi in the Escherichia coli DH1 
chromosome [4]. The strain specifically detects TBT 
or DBT with a detection limit of 26 µg.L-1 TBT and 
0.03 µg.L-1 DBT (Fig.1) [5].

Fig. 1 Induction of bioluminescence of the EC::luxAB
TBT3 strain with TBT. TBT induces the production of the 
enzyme luciferase that catalyses the oxidation of a reduced 
flavine mononucleotide co-factor and a long chain aldehyde 
(RCHO) leading to an oxidized flavine mononucleotide, a 
fatty acid (RCOOH) and light.

Optical transducer
The optical transducer of LUMISENS I was

developed in order to measure the bioluminescence of 
EC::luxAB TBT3 and other strains with a
photomultiplier tube (PMT) due to its high sensitivity. 
Nevertheless, the choice of the optical equipments, 
like lenses, optical fibers and PMT depends on the 
spectral characteristics of the emitter (i.e. the
bioluminescent strains in our case). Hence, those
equipments should be the same whatever the strains, 
and their growth conditions. Thus, in vivo

bioluminescence spectra of several bioluminescent
strains were recorded with a highly sensitive
spectrometer initially devoted to Raman scattering.
When spectra were compared between all the studied
bacteria, no difference was observed between all the 
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strains tested and whatever the growth conditions
(Fig.2). Hence, the transducer developed here can be 
used in all circumstances [6]

Biosensor LUMISENS I
The biosensor features (i) the mini-bioreactor that 

allows a stable and reproducible environment for the 
bacteria as well as an in situ contact with the toxic 
compound, (ii) the transducer and the analytical light 
device permits the real-time monitoring and analysis 
of the bioluminescence (Fig. 3). The bioreactor is 
hermetically closed by a screw-down stainless-steel
lid. The lid allows the fixation of micro-probes
(oxygen, temperature, pH), the injection of liquid by a 
dedicated hole, the inlet and outlet of the culture
medium and TBT. 

The data are monitored with the
Acquisition/Regulation Device controller which
manages the signals from probes. The
bioluminescence is recorded with the PMT Device. 
Light emitted from bacteria in the bioreactor is
focussed via a convex lens at the entrance of a glass 
bundle fibre optic fixed at the intake of a pipe screwed 
to the lid of the bioreactor. The other part of the optic 
cable was connected to the PMT. Data are transferred 
to a dedicated LabView interface.

First results reported that a synthetic glucose
medium gave a better detection limit than LB
medium. A high growth rate (0.9 h-1) provided
maximum bioluminescence and a simple air bubbling 
was enough to provide oxygen for the growth and the 
light emission. Basically, because of the single luxAB
insertion, decanal must be added for the
bioluminescence reaction leading to a difficulty to use 
the strain as the bioelement. We overcame this with a 
continuous addition of decanal that was not toxic up 
to 300 µM throughout a 7 days experiment (Fig.4).

Although the optimisation of the performances of 
the biosensor is under development, thanks to its 
original design, LUMISENS I already appear as a
warning system for the on-line monitoring of TBT 
[7].

Fig. 2. Spectral emission of the bioluminescente EC::luxAB
ArsR in two different culture conditions. (Results are
similar for EC::luxAB TBT3).

Fig. 3. Schematic representation of LUMISENS I. A:
Agitation, B: Bioluminescent bacteria, C : Photomultiplier

and Acquisition/Regulation Devices, D : Graphical interface

Fig. 4. Application of LUMISENS I to the detection of TBT 
(RLU : relative light unit)
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Summary: Functionalized nuclear receptors of yeast cells (e.g. ordinary brewers yeast) can be used to
detect and determine a great variety of substances very specifically. If a certain substance binds to the
nearly arbitrarily modified receptor it induces cell division under specific conditions and therefore
increases cell mass. This increase can be determined by non-invasive conductometric measurements very
rapidly. Possible applications are hormone-monitoring, doping control, the development of an artificial
nose and HTS (High Throughput Screening).

Keywords: BioMEMS, HT screening, cell based biosensor, biomass monitoring
Category: 6 Biosensors

1 Introduction

Sensor system based on receptors residing directly on
the surface of a substrate suffer from the disadvantage
of ambiguity. The receptor usually binds a class of
substances (growth factors, cytokines, hormones).
Optical, gravimetrical and electrochemical
measurement methods determine the amount of the
bound class of substances. In cooperation with the
Institute of Biology (University of Freiburg) it is now
possible to circumvent these disadvantages by a new
sensor concept. The basis of this system are yeast
cultures (Saccharomyces cerevisiae), which contain
specifically adapted nuclear receptors (or members of
other receptor classes, e.g. RTK, GPCR) [1]. These
genetically modified receptors (according to the
substance to be observed) lead in the case of ligand-
binding to a signal transduction, which then induces
cell division. The resulting increase of biomass is a
measure for analyte concentration. Cell concentration
in suspensions can be determined by conductometric
measurements. In this paper we present the
measurement setup and design concept.

2 Theoretical Aspects

The interior of biological cells is effectively shielded
by the capacitive behavior of the cell membrane at
frequencies substantially below the so-called
characteristic frequency fc (approximately
1MHz for yeast suspensions). Therefore the current
path through the suspension is restricted depending on
the amount of viable cells [2].

The Maxwell-Fricke equation [3] relates the
volume fraction of cells in suspension H to the ratio
of the conductivities of the electrolyte σel and the
suspension σsusp where F is a form factor (= 2 for
spherical cells).

F
H

F
H

el

susp

+
−

=
1

1

σ
σ

The measured resistance Rm depends on medium
conductivity and cell constant, which is determined
by the geometrical arrangement.

iim KR σ/= ; ),( SEi =

Φ∇
Φ=⇔

i
i A

K A: electrode area; : potential

It is intended to measure resistance changes in the
range of 0.1-1Ω over a period of 5h. The
measurement set up includes three electrodes in a ring
structure, which are covered by a membrane layer
establishing a configuration with two different cell
constants Ki [4], [5].

Yeast cells are hindered to penetrate the membrane
whereas the conductivity of the membrane layer is
mainly influenced by the electrolyte itself. The planar
arrangement could be transformed by conformal
transformation into a plane parallel configuration.
Because of the ring configuration the surface areas
have to be taken into account in the calculations. In
the transformed space the electrode for current
injection CI is opposite to the electrodes for
measurement of the electrolyte conductivity CE and
for suspension conductivity CS, respectively. The
transformation allows estimation of cell constants and
optimisation of electrode geometry and membrane
height so that the resulting currents are mainly
flowing through the membrane layer ICE and through
the suspension ICS, respectively (see section
Experimental).

The initial number of cells is 104/µl, the expected
maximum number of cells that could be cultivated is
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approximately 105/µl (=3 cell divisions). The decrease
of conductivity is therefore 3mS/cm.

3 Experimental

One realisation prerequisite was miniaturization to µl-
scale to allow for HT-Screening applications. We
decided to use 1536 well (12µl) microtiter plates
(Greiner Labortechnik), which were supplied without
bottom foil. The conductometric sensor elements were
processed on a glass wafer in thin-film technology.
Electrode material is Pt/Pt-black on a Ti layer. In
order to reduce polarization impedance, the electrodes
are galvanically platinized which results in a double-
layer capacitance of approximately 4mF/cm².

The dimension of the outer ring CI and CE,
respectively, is 150µm width at an electrode distance
of 100µm. The radius of the inner electrode CS was
calculated to 320µm at distance to CE of 50µm.
Membrane height is 150µm. Fig. 1 shows the
resulting field distribution computed by finite element
analysis.

Fig. 1. Field distribution in section of measurement chamber
according to electrode dimensions described in the text.

The measurement frequency was chosen as 150kHz
to reduce the influence of the electrode polarisation
but still to provide blocking of the yeast cells. To
avoid non-linearities the signal amplitude is 10mV. A
Frequency Response Analyzer Solartron 1260 in
combination with a preamplifier was used for current
injection and recording of the currents flowing
through the electrolyte (membrane) and the
suspension, respectively.

First results have been obtained with genetically
engineered yeast strains containing mammalian
nuclear receptors fusion proteins. Fig. 2 shows the
response of the yeast culture within the measurement
time of 4,5h, which corresponds to 3-4 cell division
processes. Up to 1200 seconds the swelling of the
membrane is dominant. Estrogen receptor strains
where used to detect physiological concentrations of
the estrogenic ligand molecules. 1 nM estrogen can
easily be detected with this very sensitive and
selective measuring system.

To measure the cell growth individually in the
different well plates a passive switching matrix is
under development which can read out the
conductivity sequentially without the need of
integrating active elements. It is expected that with

this device an electronic microtiter-plate can be
realized to speed up biological relevant HT screening
and facilitate parallel screening for different types of
receptors.

Fig. 2. Measurement signal

References

[1] Kinoshita et al., “The identification of two novel
ligands of the FGF receptor by a yeast screening
method and their activity in Xenopus development”,
Cell 83 (1995) 621–630
[2] H.P. Schwan, „Electrical Properties of tissue and
cell suspensions”, In: J.H. Lawrence, C.A. Tobias
(Eds.). Advances in Biological and Medical Physics.
5 (1957) 147-209.
[3] H. Fricke, “A mathematical treatment of the
electric conductivity and capacity of disperse
systems”, Physical Review. 24 (1924) 575-587.
[4] A. Varlan, P. Jacobs and W. Sansen, “New design
technique for planar conductometric haematocrit
sensors”, Sensors and Actuators B. 34 (1996) 258-
264.
[5] P. Jacobs, A. Varlan and W. Sansen, “Design
optimisation of planar electrolytic conductivity
sensors”, Medical & Biological Engineering &
Computing. 33 (1995) 802-810.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers BioSensors

131



Simultaneous Detection of Two Polycyclic Aromatic Hydrocarbons

at Sub-ppb Levels Using SPR Immunosensor 
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Summary: A novel surface plasmon resonance (SPR)-based flow immunosensor is fabricated
for simultaneous detection of benzo(a)pyrene (BaP), a potential endocrine disrupter, and
2-hydroxybiphenyl (HBP), a carcinogen. The SPR immunosensor working with indirect
competitive immunoreaction method is demonstrated to detect the low-molecular-weight
antigens simultaneously at sub-ppb levels. Monoclonal antibodies against HBP and BaP are
subjected to undergo competitive immunoreaction with HBP and BaP and the antigen-protein
conjugates immobilized on the SPR sensor chip. The SPR responses of the immunoreaction
are followed to determine the concentration of HBP and BaP in a mixed analyte solution.
The SPR immunosensor is demonstrated to detect HBP and BaP at the same time in the 
concentration range of 0.1 – 1000 ppb with a response time of approximately 20 min. The
SPR immunosensor shows negligible cross-sensitivity to the two analytes and for several other 
polycyclic aromatic hydrocarbons.

Keywords: Endocrine disrupting chemicals, Simultaneous detection, 2-Hydroxybiphenyl,
Benzo(a)pyrene, SPR sensor, Immunoassay
Category: 6 (Biosensors) 

1. Introduction
Remarkable research and development

activities aimed at the realization of biosensors
for the measurement of chemical and biological 
quantities have been witnessed in the last two
decades.  SPR sensors are much desired for
detection and identification of environmental
toxic pollutants and food-borne pathogens
because of short analysis time, real-time
measurement, portable for field analysis,
cost-effective, etc.  Detection of several
antigens at the same time is important in the 
fields of pollution monitoring, health diagnosis
and so on.  Benzo(a)pyrene and
2-hydroxybiphenyl are known to either affect the
endocrine system or cause tumors in animals and
human.  We have already reported the
quantitative analysis of small molecules such as 
morphine, methamphetamine and BaP by using
SPR-based immunosensors [1-4]. We report
here highly sensitive and selective, simultaneous
detection of sub-ppb levels of BaP and HBP
using an SPR-based flow immunosensor. The
cross-sensitivity of the immunosensor to the two 
analytes and the other endocrine disrupting
chemicals will be discussed. 

2. Experimental 
HBP-bovine serum albumin conjugate 

(HBP-BSA), BaP-BSA and monoclonal 
antibodies against HBP and BaP (abbreviated as 
HBP-mAb and BaP-mAb, respectively) were

gifts from Kyoto Electronics Manufacturing. 
HBP-BSA and BaP-BSA were synthesized by
covalently binding the antigens with BSA using 
a short aliphatic chain spacer (-(CH2)3-CO- for
HBP; -CO-(CH2)2-CO- for BaP).  The sensor 
assembly was composed of an SPR angle
analyzer (DKK, SPR-20, Japan), a flow cell and 
a microtube peristaltic pump.  The schematic
diagram of the SPR-sensor setup is shown in Fig. 
1.  A thin gold-layer sputtered microscopic
glass-slide (18 x 18 x 0.2 mm) with a thin 
chromium-film as an adhesion layer was used as
base for sensor chip. The thickness of the gold 
film was ca. 50 nm.  The sensor chip was 
equipped with a flow-cell module consisting two
channels (1 x 10 mm) in parallel. Test
solutions were let to flow at a rate of 0.25 
cm3/min and the running buffer was phosphate
buffered saline (PBS; pH 7.2).  Solutions of 
antibodies, antigens and conjugates were 
prepared with PBS.  All measurements were 
carried out at room temperature of 25 ± 1 .

3. Results and Discussion 
The detection principle of the SPR 

immunosensor is based on an indirect inhibition
method, which has been first introduced to the
biosensor technique for the detection of drug
molecules by us in 1992 [5] for the then 
otherwise impossible detection small molecules
and has been described elsewhere [3].
HBP-BSA and BaP-BSA were immobilized on 
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Fig. 1. Schematic diagram of the SPR sensor setup
for simultaneous detection of BaP and HBP.
Dimensions of flow cell: width = 1 mm, depth =
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the sensor chip by simple physisorption.
HBP-BSA was immobilized on one site of the 
sensor chip by the flow of 75 ppm HBP-BSA in
one of the two channels, and BaP-BSA was 
immobilized on the other site by the flow of 75
ppm BaP-BSA in the other channel. The SPR 
angle of the two sites of the sensor chip 
increased independently due to the adsorption of
HBP-BSA and BaP-BSA on the sensor chip. 
Then, 1000 ppm BSA solution was let to flow 
three times into both channels to block any 
non-specific adsorption sites available on the
sensor chip. The SPR angles of the sensor chip 
did not change further either by the flow of 20
ppm BSA or PBS solution.

The HBP-BSA and BaP-BSA immobilized
SPR chip thus prepared is employed in 
simultaneous detection of HBP and BaP in a 
mixed solution.  A mixture of 20 ppm
HBP-mAb and 10 ppm BaP-mAb was let to 
flow into both the channels in the presence and 
absence of different concentrations of a mixture
of HBP and BaP. Typical SPR angle transients 
observed to the flow of a mixture of the two 
antibodies in the presence and absence of a 
mixture HBP and BaP are shown in Fig. 2.
When the flow of a mixture of the two
antibodies was started, the SPR angles of the 
HBP-BSA and BaP-BSA immobilized chip 
increase due to the immunoreaction with 
HBP-mAb and BaP-mAb, respectively; the SPR
angle shifts are 0.439 deg. and 0.192 deg.,
respectively. In the presence of HBP and BaP,
a part of the antibodies will become inactive due 
to the inhibitive immunoreaction between the 
antibodies and the antigens, HBP and BaP.
Thus, the SPR angle shift for a particular 
concentration of the antibody will decrease by 
the presence of the corresponding antigen. In
the presence of HBP and BaP of 1 ppb each, the 
SPR angle shifts of the HBP-BSA and BaP-BSA
immobilized sensor chip decrease and are 0.343 
deg. and 0.144 deg., respectively. SPR angle 
shifts for analyte solutions containing both HBP

and BaP at different concentrations (0.01 – 1000
ppb) were determined. From the dependence 
of the SPR angle shift on the concentration of 
HBP and BaP, the concentration of HBP and BaP
is demonstrated to be determined simultaneously
in the range of 0.1 – 1000 ppb.  The
regeneration process for multiple-use of the 
sensor chip on treatment with a pepsin solution 
has been established.  The sensor chip was
found to detect each HBP and BaP selectively
and was found to show negligible 
cross-sensitivity against other endocrine
disrupting chemicals, benz(a)anthracene and
2,4-dichlorophenoxyacetic acid, and the details 
will be discussed in our presentation.

Fig. 2. Time transients of SPR angle of the
HBP-BSA and BaP-BSA immobilized sensor chip
to the flow of HBP-mAb and BaP-mAb together in
the presence and absence of a mixture of 1 ppb 
HBP and 1 ppb BaP.
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Summary:  A novel CMOS photodiode structure optimized for detection of biological fluorescent reporters is 
presented. The devices, realized in 1.5µm CMOS technology, have a 40% increased signal-to-noise response for 

green light compared to blue-enhanced CMOS photodiode structures.  The photodiode geometry uses a lightly-

doped striped cathode geometry to maximize the depletion region in areas of highest light absorbance, increasing 

the sensitivity to green light. The light doping of the interdigitated fingers and the Gaussian doping profile further 

increases the sensitivity.  The devices are designed to be integrated in total analysis systems which rely on the 

detection of fluorecent or phosphorescent reporters, and which are compact, low-power, and low-cost. 

Keywords: photodetector, photodiode, stripe-shaped photodiode, CMOS, fluorescence detection. 

Category: 6 (Biosensors)

INTRODUCTION 

A CMOS photodetector optimized for detecting 
biological reporters is presented.  The photodiode 
structure uses interdigitated n-well fingers to increase 
the depletion region in areas of maximal absorption 
of green light.  For a silicon device, photons at 
shorter wavelengths are absorbed near the surface 
(corresponding to blue or ultraviolet light), and 
photons at longer wavelengths are absorbed deeper 
within the substrate (corresponding to red light).  
Green light is absorbed both near the surface and 
deeper within the substrate, and an interdigitated n-
well structure places the depletion region within the 
maximum absorption area for green light.  
Furthermore, an n-well structure is advantageous 
because the doping is light, which increases the 
depletion region width.  The sensitivity is further 
enhanced from the Gaussian doping profile of the n-
well, which creates a near-intrinsic region within the 
junction (analogous to a pin junction).  The CMOS 
photodetector can be integrated in a total analysis 
system that is compact, low-power, and low-cost, 
while the superior reporter detection capabilities of 
this photodiode will enable higher sensitivity for the 
system. This detector is ideal for use in biological 
life-on-a-chip applications that rely on detection of 
green fluorescent or phosphorescent reporters. 

EXPERIMENTAL RESULTS 

The signal-to-noise ratio (SNR) for a photodetector is 
a metric that can be used to determine whether a 
biological reporter can be detected. Experimental 
results demonstrate that the new photodiode structure 
increases the SNR by 40% for green light compared 
to other CMOS photodiode structures. 

Four photodiode structures were fabricated using 
the AMI 1.5µm CMOS process.  To determine the 
best geometry, the photodiode structures had 
different finger width W and finger spacing D (Figure 
1).  Two structures were green-enhanced photodiodes 

with interdigitated n-wells.  The geometries were 
(W=6.4µm, D=4.8µm) and (W=8µm, D=6.4µm).  
The two other structures were blue-enhanced 
photodiodes fabricated as described in [1], except 
with a geometry designed for operation at 5V reverse 
bias.  The geometries for the blue-enhanced 
photodiodes were (W=3.2µm, D=3.2µm) and 
(W=2.4µm, D=3.2µm). Both blue-enhanced structures 
included a planar n-well/p-substrate photodiode deep 
within the substrate, which increased their sensitivity 
to light at longer wavelengths.  This geometry was 
the best possible blue-enhanced structure for 
maximizing sensitivity.  All photodiode structures 
had the same lateral area, and three structures had 
approximately the same active area.  The active area 
of the blue-enhanced (W=2.4µm, D=3.2µm) structure 
was larger due to layout constraints. 

The photodiode structures were simulated using 
the LUMINOUS package in ATLAS (Figure 2).  The 
simulation results indicated that the SNR for the 
green-enhanced (W=8µm, D=6.4µm) structure in-
creased by up to 20% ( =500nm) compared to other 
optimized photodetector structures.  The simulated 
and experimental results differed due to three effects: 
(1) the nonlinear absorption spectrum of the silicon 
nitride passivation layer was not simulated; (2) the 
metal connections to fingers did not reduce the active 
area in the simulations; and (3) the 10nm or greater 
wavelength window for the experimental results 
increased optical intensity and SNR. 

Of the four devices fabricated, the 4.8µm-spaced 
interdigitated n-well device showed a 40% improvement 
in the sensitivity to green light (center wavelength at 
500nm) compared to the blue-enhanced structure.  
Figure 3 shows the SNR for all four devices as a 
function of optical wavelength. 

The detection of fluorescence from a biological 
reporter was also measured.  The photodetectors 
measured the fluorescence from 1µM fluorescein, 
and the signal was integrated using an integrating 
circuit was similar to the gated integrator used by 
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Simpson et al. to measure bioluminescence [2].  The 
results (shown in Table 1) demonstrated that the 
green-enhanced structures could generate a signal 
that is 4.5 times larger than other photodetector 
structures. 
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Figure 1. Photodiode doping profiles.  This figure 
shows the cross-sectional geometry of the blue-enhanced 
structure (left) and the geometry of the green-enhanced 
structure (right). The blue-enhanced structure uses 
interdigitated p+-diffusion fingers to increase the depletion 
region area near the surface of the detector, while the 
green-enhanced structure uses n-well fingers to increase 
the depletion region slightly deeper within the substrate. 

Figure 2.  Photodiode simulation results.  All devices 
were simulated using the LUMINOUS package in 
ATLAS.  The optical intensity was 1mW/cm2, and the 
noise current was extracted from the I-V curves under no-
light conditions. 

Figure 3.  Photodiode Experimental Results. In the top 
figure, the the response is measured every 50nm with a 
10nm optical excitation slit.  The active area of the blue-
enhanced (W=2.4µm,D=3.2µm) structure is larger than 
other photodetectors, increasing its SNR. In the bottom 
figure, the response is measured for two devices with 
similar active areas every 10nm with a 20nm optical 
excitation slit.  The larger slit increases the SNR, and the 
two devices are the green-enhanced (W=6.4µm, D=4.8µm) 
and blue-enhanced (W=3.2µm, D=3.2µm) structures.  
The nonlinear absorption spectrum of silicon nitride is 
apparent in this figure.

CMOS PHOTODIODE IF (pA) SNR

Green (W=6.4µm,D=4.8µm) 0.225 1.10 
Green (W=8µm,D=6.4µm) 0.175 1.07 
Blue (W=3.2µm,D=3.2µm) 0.075 1.05 
Blue (W=2.4µm,D=3.2µm) 0.05 1.02 

Table 1. Photodiode response to 1µM fluorescein. The 
response was measured using an integrating circuit as 
described in [2].  The signal IF was determined by taking 
the difference between the response in the presence and 
absence of the fluorescent signal.  The optical train 
included excitation and emission filters for the biological 
reporter.  Because the optical signal intensity is low, the 
SNR is near threshold for the detectors.
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W
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Summary: The Ah-Immunoassay method in a Bio-MEMS was applied for evaluation of dioxin toxicity in this

study. The aim of the research is to develop a real time sensing system by using a micro instrument with novel

function, which combines the biological field and micro instrumentation, for the analysis of Dioxins
generated at the air flue. The micro instrument was made of Si and glass by photolithograph fabrication.

We established prototype model for the system. Micro beads coated with Avidine was used as a reaction

medium. Reaction chamber was filled with the micro beads and then the receptor immunoassay was carried
out in the micro chamber. Poly-aromatic hydrocarbon with highly flat structure was used as a test sample.

The reactivity was evaluated with fluorometry. The fluorescence was detected by fluorescent microscopy.

Keywords: Bio-MEMS, Immunoassay, Dioxin
Category: 6 (Biosensors)

1. Introduction
Evaluation of Dioxins usually needs individual
measurements of several isomers followed by the
calculation of toxicity factor.  The method needs
very expensive instrumentation and takes much time
to obtain final result.  In order to solve these
problems, we examined immunochemical
measurement. Among several kinds of assays, we
found the use of receptor immunochemical assay was
the most suitable one.  The Ah-Immunoassay
method which is one of the bio-assays using the toxic
discovery mechanism by using the reagent Ah
receptor which is participating in toxic discovery
directly. Although the lab analysis kit for the
Ah-Immunoassay is marketed, it may take about
several hours using 96 hole plate for the analysis. In
this study, we developed a micro device for the
Ah-Immunoassay. By combining the biological field

and micro instrumentation, we aim to realize a real 
time sensing system for evaluation of dioxin toxicity.

2. Development of Micro Bio-Chip for

Ah-Immunoassay

A micro bio-chip was designed and fabricated for the
Ah-Immunoassay. The chip was made of Si and
pyrex-glass by micro machining. The developed
micro bio-chip is shown in Fig.1. Reaction chamber
with a depth of 60 micrometers was filled with the
micro beads and then the receptor immunoassay was
carried out in the micro chamber.  Micro beads
coated with Avidine was used as a reaction medium
in order to increase reaction surface area. In the
reaction chamber, a dam with slits was made by ICP
process to stop the beads, but not reagent flow out of
chamber. Width of slits was 10 micrometers and
diameter of the beads is larger than 18 micrometers.

Inlet of micro bead

Inlet of reagents

Dam

Outlet

10mm10mm

Reaction chamber
filled with micro bead

Fig.1 Micro Bio-chip for Ah-Immunoassay measurement
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Carrier Liquid

Insertion of reagents 
through injector

Micro pump

Washing liquid

Recorder

Fig.2 Configuration of Ah-Immunoassay measurement system

The configuration of the Ah-Immunoassay
measurement system is shown in Fig. 2. The reagents
and the samples are transported into the micro
chamber with carrier liquid by using a syringe pump
sequentially.   The reactivity is evaluated with 
fluorometry. The fluorescence was detected by
fluorescent microscopy.

3. Evaluation of Dioxin Toxicity
Since the rate-determining step for most of the
immunochemical reaction is diffusion of the antibody
and antigen, it takes several hours to complete the
reaction. Application of the reaction to micro scale 
reaction chamber (such as 100 micrometers cubic)
would anticipate the great reduction of the reaction
time.
First, the Ah-Immunoassay measurement was carried
out for evaluation of Toxicity of alternate material,

-napht-flavone. The experiment was performed by
steps shown as follows.
-filling up micro reaction chamber with the micro
beads

-supplying the sample and the reagent according to
the procedure of the Ah-Immunoassay method.
-the sample and the reagent flow through the micro
beads. The complex of Biotinylated DNA, 
hydrocarbon receptor and -napht-flavone is bonded
to the surface of the beads.
-After washing the excessive chemicals and sample
without toxicity in the chamber, fluorescence reagent
(FDP:Fluorescein diphosphate) is Supplied to label
the complex.
-the labeled FDPs are detected by irradiating
fluorescence excitation laser at the micro chamber.
Figure 3 shows the resultant relation between
detected intensity of fluorescence and concentration
of napht-flavone. By the macroscopic observation,
reaction was so efficient that it takes only 2 – 3 
minutes to observe the coloring reaction showing the
size effect of micro chamber and micro beads. The
amount of chemicals used for the micro chamber is
thousand times smaller than those by usual plate.
While the reaction time in the commercial kit of the
Ah-Immunoassay was 1 - 2 hours, total detection was

checked by reaction time for 10 - 30 minutes.
The detection limit at this time was an 
equivalent for dioxin 1pg. Moreover, it was
reducible in 1/40 of a conventional quantity
also about the reagent. This result showed that
this system was useful to continuation
detection of dioxin.  Micro instrumentation
concluded to be essential. This
instrumentation is suggested to have a very
good responsibility and cost performance.
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Fig.3 Resultant relationship between detection strength

and concentration of -napht-flavone by

Ah-Immunoassay measurement in the micro chamber

Eurosensors XVII - The 17th European Conference on Solid-State Transducers BioSensors

137
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Summary: The Acoustic Load Concept is a powerful tool to describe the transduction mechanism of 
Quartz Crystal Microbalance sensors. It especially draws a much more complete picture than the well 
known Sauerbrey equation. In the first part major conclusions of this concept are summarized, which are 
relevant especially for chemical sensor applications. For large biomolecules and molecule clusters the 
validity of the model assumptions must be called into question. In the second part signatures of an 
extended model are presented, which consider separated molecules and molecule clusters, and compared 
with experimental results. This step allows a better insight of signal generation in biosystems.

Keywords: QCM, viscoelastic materials, biomolecules, molecule clusters 
Subject category: 6 Biosensors 

1  Introduction 

Since Sauerbrey has shown the high sensitivity of 
Quartz Crystal Resonators (QCR) to mass loading the 
QCM-principle has entered different application fields 
as physical, chemical and biochemical sensor. Many 
recently published experimental results prove the 
capability of this and other acoustic principles to 
determine far more than a pure mass change. Most 
known is the viscosity of a liquid as analyzed by 
Kanazawa. The sensitivity of acoustic-wave based 
sensors to viscoelastic properties of thin films is one of 
the best analyzed features of those sensors. In the so-
called non-gravimetric regime the QCR responds to 
both mass accumulation AND to material properties of 
an attached film or the adjacent medium. 

The transmission line model (TLM), either in its 
complete physical notation or as Acoustic Load 
Concept (ALC) or as lumped element BVD 
approximation, allow a very exact prediction of the 
sensor behavior. They are especially sufficient for 
almost all chemical acoustic sensor applications. 

Recent experimental findings, mostly in biosystems, 
have been published, which cannot be explained by 
the simple microbalance understanding. Even 
viscoelastic contributions of a tightly bonded biofilm 
hardly cover the reported data. One idea to overcome 
this discrepancy but keeping the advantages of the 
ALC is the generalization of the acoustic load, the 
central value within the electromechanical models. 
This contribution considers biomolecules and 
molecule clusters as single units interacting with the 
acoustic device. The molecules of interest are 
presented by model substances much larger than the 
molecules of the surrounding fluid (usually an aqueous 
buffer) but much smaller than the wavelength of the 
probing acoustic wave. Molecule clusters (e.g. 
liposomes) have a size larger than the penetration 
depth of the acoustic wave in the fluid. 

2  The Acoustic Load Concept

The transmission line model is an electromechanical 
model of acoustic wave generation and one-
dimensional wave propagation in a multilayer 
arrangement of a piezoelectric disc and non-
piezoelectric layers on top [1]. The matrix concept 
often used to solve the set of wave equations 
furthermore requires continuity of particle 
displacement (velocity) and stress at each interface 
between the acoustic device and the films [2]. 
Whereas the TLM is the most accurate model in all 
regimes, the acoustic load concept is an assumption 
sufficiently exact for almost all chemical and 
biochemical applications of quartz crystal sensors. The 
advantage of this concept is a direct link between the 
experimentally easily accessible values resonant 
frequency shift and equivalent resistance (also quality 
factor, dissipation factor e.t.c.) and the real and 
imaginary component of the acoustic load acting at the 
interface to the acoustic device [3]. It therefore avoids 
the elaborate way the quartz crystal transfer function. 
The ALC easily recovers the mass sensitivity of QCRs 
as well as the sensitivity to density and viscosity of a 
contacting liquid. It allows the estimation of 
viscoelastic contributions to the frequency shift if non-
rigid films are deposited onto a QCR surface [4].  

The BVD model is another specific result of the 
TLM model, valid near resonance of the quartz crystal. 
This model summarizes the physical parameters of 
both the quartz crystal and the acoustic load in lumped 
elements of an electrical circuit and provides easy 
access to simulation programs.  

Whereas the acoustic signal transmission from the 
acoustic load to the electrical response is sufficiently 
well covered by the TLM or its approximations, the 
origin of the acoustic load is only well described in the 
case of a uniform and homogeneous film or an 
arrangement of those films.  
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3  Single Element Approach

The challenging task is now the development of a 
method to relate properties of biomolecules or 
molecule clusters to the acoustic load effective for the 
acoustic sensor. One cannot assume a priori that 
biolayers generally fulfill the ALC requirements. 
Signatures of non-uniformities, incomplete surface 
coverage and interfacial sub-layers have been 
calculated with generalized film parameters within the 
generalized acoustic load concept (GALC) [5]. Fig. 1 
shows a GALC analysis of an interfacial water-like 
layer between the driving quartz crystal and a uniform 
layer of biomolecules. It depicts the importance of the 
coupling point density, if the biomolecules do not 
completely displace the buffer. Generalized film 
parameters describe acoustically effective film 
properties different from the intrinsic material 
properties or geometric values of the film. They have 
the potential to incorporate effects not present in a 
one-dimensional approximation. The original physical 
meaning is replaced by (complex) values which must 
be determined with other models. For example, the 
imaginary part of the shear modulus accounts for 
energy dissipation during wave propagation through a 
viscoelastic material and is therefore called loss 
modulus. Other mechanisms dissipating acoustic 
energy act similarly and give rise to an apparently 
increased dissipation value although the material 
parameter has not been changed. This concept keeps 
the simplicity of the one-dimensional TLM 
nonetheless the effective load may be calculated from 
a two- or three-dimensional model. 

We will present a QCR study of model systems both 
theoretically and experimentally. We are interested in 
different states, from separated "particles" to the 
formation of a complete film. We primarily analyze 
the frequency shift and the change of the equivalent 
resistance, however, most of the experiments have 
been performed at fundamental mode and several 
overtones using a network analyzer. From these values 
the effective load generated in the different states can 
be calculated and compared with model predictions. 
The sensor surfaces have been modified with standard 
techniques like self assembled monolayers and LB-
films to vary hydrophobicity/ hydrophilicity, to realize 
specific and non-specific binding, or to change 
bonding strength. Furthermore liposomes of different 
size have been employed to modify bonding density 
and the distribution of liposomes and buffer molecules 
near the interface to the acoustic device. Special care 
must be taken in the experimental design to guarantee 
a high sensor-to-sensor reproducibility to be able to 
determine the small differences in absolute values, 
which is necessary to compare the experiments with 
theoretical predictions. 

References

[1] R. Lucklum, C. Behling, R.W. Cernosek, S.J. 
Martin: Determination of complex shear modulus with 
thickness shear mode resonators, J. Phys. D: Appl. 
Phys. 30 (1997), 346-356. 

[2] R. Lucklum, G. McHale: Treatment of Slip in a 
Generalized Acoustic Load Concept, 2000 IEEE/EIA 
International Frequency Control Symposium, 
Proceedings, 40-46; G. McHale, R. Lucklum, M.I. 
Newton, J.A. Cowen, P. Hauptmann: Influence of 
Viscoelasticity and Interfacial Slip on Acoustic Wave 
Sensors, J. Appl. Phys. 88 (2000), 7304-7312.  

[3] C. Behling, R. Lucklum, P. Hauptmann: The non-
gravimetric quartz crystal resonator response and its 
application for polymer shear moduli determination, 
Meas. Sci. Technol. 9 (1998), 1886-1893.

[4] R. Lucklum, C. Behling, P. Hauptmann: Role of 
Mass Accumulation and Viscoelastic Film Properties 
for the Response of Acoustic-Wave-Based Chemical 
Sensors, Anal. Chem. 71 (1999), 2488-2496. 

[5] R. Lucklum, P. Hauptmann: The Generalized 
Acoustic Load Concept for QCM – Mass Sensitivity, 
Viscoelasticity, and Other Phenomena, The 16th 
European Conference on Solid-State Transducers, 
Proceedings CD pp. 41-44. 

380

400

420

440

460

0 1 2

hint.layer / nm

-
f 

/ H
z

del f 6
del f 5

del f 4

del f 0

Fig. 1: Frequency shift generated from a 20 nm rigid 
film (G'=1 GPa, G''=100 MPa), "bonded" to the 
acoustic device via an interfacial layer, which varies 
from a viscoelastic liquid (full lines) to a viscoelastic 
solid (dotted line). The number in the legend is the 
exponent of the shear storage modulus (unit: Pa) of the 
interfacial layer, the viscosity of the interfacial layer is 
1 cP. 
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One of a biosensor prototype is shown in Fig. 1. 
Its calibration curve shown in Fig. 2 was obtained as 
follows: the known weight of 100 nm particles of 
Fe3O4 was diluted in 0.5 ml of distilled water and 
poured in test tube #24. Then the solution was 
diluted twice, etc. The result shows that the device 
has linear dynamic range of 4-5 orders of magnitude. 
It can detect at least 104 of used particles (tube #9).
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Fig. 5. Multi-analyte automated biosensing system
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Optoelectronic detection of DNA molecules on thin-film DNA microarrays 

using an amorphous silicon photodetector

F. Fixe1,2, D.M.F. Prazeres2, V. Chu1 and J.P. Conde1,3

1INESC Microsistemas e Nanotecnologias, Lisbon, Portugal, Rua Alves Redol, 9, 1000-029 Lisbon, Portugal. 
email: ffixe@inesc-mn.pt   http://www.inesc-mn.pt 

2Biological Engineering Research Group, Instituto Superior Técnico, 1049-001 Lisbon, Portugal 
3Department of Materials Engineering, Instituto Superior Técnico, 1049-001 Lisbon, Portugal 

Summary:  The objective of this work is to demonstrate the use of an amorphous silicon (a-Si:H) photodetector 

to measure the density of covalently-bound, fluorescent-tagged, DNA molecules. This device is based on the 

photoconductivity of a-Si:H in a coplanar electrode configuration. Excitation of a fluorescently tagged 

biomolecule with UV light results in the emission of visible light which is then converted into an electrical signal 
in the photodetector, thus detecting the presence of tagged DNA molecules. The design, fabrication and 

characterization of this integrated a-Si:H bio-detector is described. An array of such detectors can be used for 

optoelectronic data acquisition in DNA chip applications. 

Keywords: a-Si:H photodetector, DNA microarrays, thin-films 

Category: 6 (Biosensors)

1 Introduction 

Current DNA-chip operation is based on the optical 
acquisition of the photoluminescence emission 
from the fluorescent-tagged DNA target molecules 
that hybridize with immobilized DNA probe 
molecules in the array. Although these optical 
systems show high sensitivity, it would be 
advantageous to avoid the need for the complex 
image acquisition system, and to be able to collect 
the hybridization pattern on the DNA-chip 
electronically. This would be particularly important 
for applications such as clinical point of care 
diagnostics. In this paper a detection approach in 
which the presence of fluorescent-tagged DNA 
molecules is optoelectronically detected by an 
integrated thin-film a-Si:H photodetector thin-film 
is described. 

2 Methods and materials 

2.1 Device concept 

The device is based on the photoconductivity of a-
Si:H in a coplanar electrode configuration (Fig. 1). 
The spectral response of this device has a broad 
peak between 550-600 nm (Fig. 2, circles). The dye 
1-(3-(succinimidyloxycarbonyl)benzyl)-4-(5-(4-
methoxyphenyl)oxazol-2-yl) pyridinium bromide 
(PyMPO, SE) was chosen as the fluorescent tag due 
to its large Stoke’s shift (λexcitation=400 nm; 
λemission=560 nm) and because it can be chemically 
attached to the amine termination of the DNA 
molecule. Measurement of the spectral response 
curve of the detector in the presence of PyMPO 
shows an increase in the detector signal in the 400-
450 nm range when PyMPO is present. This occurs 

because the PyMPO, when excited at this 
wavelength, emits in the visible. This emission is 
then absorbed by the a-Si:H and converted into a 
photocurrent signal. To improve the signal to noise 
ratio of the device, it is crucial that the 
photoresponse of the sensor be as low as possible in 
the UV excitation range. 

Fig. 1. Schematic diagram of the integrated bio-
detector with immobilized tagged DNA molecules: 
a-Si:H (photoconductor), SiNx (insulator film), a-
SiC:H (UV light filter) and SiO2 (functional layer 
for the DNA immobilization and hybridization). 

2.2 Methods 

The device (Fig. 1) is fabricated on a glass 
substrate. The length of the bottom aluminum 
parallel metal contacts ranges between 30 µm and 3 
mm and their separation between 5 µm and 500 
µm. The a-Si:H, silicon nitride (SiNx), amorphous 
silicon-carbon (a-SiC:H) and silicon dioxide (SiO2)
thin-films are deposited by RF-PECVD. The single 
strands DNA is marked with PyMPO on the 3´-end 
and purified by gel filtration. To immobilize the 
DNA, the SiO2 is chemically treated by oxidation, 
silanization and cross-linking [1]. 

������
������

������
������

�����
�����

UV light filter (a-SiC:H)

a-Si:H photoconductor

PyMPO

λ
exc

= 400 nm 

λ
em

= 565 nm 

Immobilization layer (SiO2)

SiNx insulator film

DNA

UV light

Aluminum
electrodes

Eurosensors XVII - The 17th European Conference on Solid-State Transducers BioSensors

144



3 Results 

3.1 Incorporation of barrier and filter layers 

Since the a-Si:H layer has a significant 
photosensitivity in the UV, to improve the 
sensitivity of the device a-SiC:H UV filters were 
deposited above the a-Si:H photoconductor to lower 
its absorption of light at the excitation energy 
(figure 2). A thin SiNx layer was used to protect the 
a-Si:H from carrier spill-over from the a-SiC:H. 

Fig. 2. Improvement of the sensitivity of the device at 
400 nm, by adding the two thin films: SiNx (barrier layer) 
and aSiC:H (filter layer).

3.2 Optoelectronic DNA calibration curve 

Different concentrations of DNA marked with 
PyMPO were detected and the detection limit of the 
present device structure shown in Fig. 3 was of the 
order of 100 pmol/cm2. From the literature [2,3], 
the typical density of DNA immobilized and 
hybridized on a functionalized surface is in the 
range of 1-200 pmol/cm2. Improvements of device 
sensitivity and the DNA calibration curve will be 
presented. 

Fig. 3. Different DNA concentrations (tagged with 
PyMPO) detected with the aSi:H bio-detector. 

3.3 Improvement of Device Sensitivity   

To lower the UV sensitivity of the device at 400 
nm, an interference filter composed of a high-
refractive-index quarter wave layer, followed by a 
multilayer of 15 bilayers of (λ/4) of SiOx (n=1.57) / 
SiNx (n=1.89) was fabricated.  This filter reflects 
95% of the light at this wavelength (figure 4).

Fig. 4. Reflectance spectrum of an interference filter on 
glass with 15 bilayers of  SiOx  and SiNx . 

The use of this type of filter above the 
detector/barrier/filter stack decreases the device 
signal at the wavelength where PyMPO absorbs and 
increases the detector sensitivity. 

The detection system described above is suitable 
for rapid, reliable and inexpensive detection of 
nucleic acids in a wide variety of applications [4,5] 
of DNA microarrays.  
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Investigation of electrochemical properties of redox enzymes in organic 

solvents. 

A.Konash, E. Magner  
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Summary: Galactose oxidase was used as a model enzyme study the effect of nonaqueous media on the rate of  

electron transfer between redox enzyme active centers and mediators using cyclic voltammetry. All experiments 

were conducted in carbonate buffer, 1,1’-dimethylformamide, 1,1’-dimethylsulfoxide, 1,1’-dimethylacetamide. 

Different enzyme immobilization procedures are compared. 

Keywords: Galactose oxidase, immobilized, mediated bioelectrocatalysis, solvent effect. 

Category: 6  (Biosensors) 

1. Introduction 

Biocatalysis and biosensing via enzymes in organic 
solvents have recently received considerable attention 
because of the possibility to control the enzyme 
catalytic properties by changing the physical and 
chemical properties of the reaction medium. Although 
work has been conducted toward the application of 
enzymes in organic solvents not much information is 
available about the properties of redox enzymes in 
nonaqueous medium. Knowledge of the influence of 
the solvent/reaction medium on the electron transfer 
process would be very useful for designing biosensors 
and/or biofuel cells [1]. 
One of the useful techniques to study electron transfer 
process in enzymes is cyclic voltammetry. In this work 
some results concerning the electrochemical behavior 
of galactose oxidase in organic solvents are presented. 

2. Experimental  

A conventional three-electrode cell was utilized for 
cyclic voltammetry experiments.  Glassy carbon, 
platinum wire and silver/ silver chloride electrodes 
were used as working, counter and reference 
electrodes, respectively. 
To construct the enzyme electrode galactose oxidase 
(Sigma) was cross-linked with glutaraldehyde (Riedel-
de Haen) on the surface of glassy carbon electrode in 
the presence of Nafion® (Sigma) and bovine serum 
albumin (Sigma). The electrodes were allowed to dry 
and stored in the carbonate buffer in the fridge while 
not in use. Tetrabutylammonium perchloride (Sigma) 
was utilized as the electrolyte for organic solvent 
experiments. 3-methoxybenzyl alcohol (Sigma) was 
used as the substrate for galactose oxidase. Ferrocene 
methanol was used as a mediator throughout the 
experiments. 

3. Results and discussion 

Initially, immobilization of the enzyme was achieved 
by cross-linking with glutaraldehyde on the electrode 
surface. [2] However, the response of such electrodes 
was not stable and the enzyme film was readily lost 
from the electrode surface. In order to retain the 
enzyme Nafion® solution was added to the 
immobilization mixture. This substantially improved 
the stability of the enzyme electrode.  
Nevertheless, a reproducible response for the 
electrode was still not achieved. To increase the 
reproducibility of the catalytic current bovine serum 
albumin was added to the immobilization mixture; this 
stabilized the electrode response as observed by 
repeated scanning (see figure 1).  
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Figure1. Cyclic voltammograms of the enzyme electrode, 
containing Nafion and BSA, in carbonate buffer (50 mM, 
pH=10.8) (a); in presence of 54mM of 3-methoxybenzyl 
alcohol, first scan (b); fourth scan (c). The scan rate was 5 
mV/s and the concentration of ferrocene methanol 0.5 mM. 

The pH dependence of mediated bioelectrocatalysis is 
present in figure 2. From the graph it can clearly be 
seen that the optimal pH for the immobilized 
enzyme/mediator system is about 10.8. Thus, a buffer 
pH of 10.8 was used throughout the experimental 
work. [3] 
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Figure 2. pH dependence of icat/id of the enzyme electrode 
in the presence and absence of 54 mM 3-methoxybenzyl 
alcohol. ([mediator] = 0.5 mM). 

The response of the enzyme electrode was checked in 
dimethylacetamide, dimethylformamide, and 
dimethylsulfoxide. [4] An example of the cyclic 
voltammetry in DMSO is presented in Figure 3.  
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Figure 3. Cyclic voltammograms of the enzyme electrode in 
DMSO (a); in the presence of 54 mM 3-methoxybenzyl 
alcohol (b). Concentration of ferrocene methanol 0.5mM ; 
potential sweep rate 5mV/s.  

Similar voltammetric responses were obtained in all 
solvents tested. Some electrochemical characteristics 
and catalytic current obtained are present in table 1. 
The ratio Icat/Id in all three solvent was less then that 
obtained in buffer. The reasons for such decrease are 
currently under investigation. 

Table 1. Cyclic voltammetric parameters of 0.5 mM 
ferrocene methanol on a glassy carbon electrode (area 0.071 
cm2) modified with 114 U cm-2 galactose oxidase in the 
presence and absence of 54 mM 3-methoxybenzyl alcohol. 
Scan rate was 5mV/s. 

Solvent Ep

mV 
icat*10-6

A
icat/id

Carbonate buffer 256 10.0 3.22 
1,1’dimethylsulfoxide 545 3.26 2.36 
1,1’dimethylacetamide 607 1.25 1.25 
1,1’dimethylformamide 520 3.50 2.92 

4. Conclusion 

The mediated electrochemistry of galactose oxidase 
immobilized on the glassy carbon electrode was 
studied in organic solvents. The dependence of the 
enzyme electrode’s behavior on the enzyme 
immobilization procedure and the pH of the solution 
were studied. Some electrochemical characteristics of 
the mediated bioelectrocatalytic system in organic 
solvents were obtained. 
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Summary: Conductometric measurements are of interest in analytical chemistry. Selectivity can be achieved
with enzyme membranes. In this paper we present a miniaturized urea sensor formed by means of
photolithography, thin film and plasma technologies. The 4-electrode measurement method increases the
sensitivity at high background conductivity. The electrodes are coated with a poly-HEMA membrane wherein
urease is immobilised.

Keywords: urea sensor, conductometric sensor
Kategory: 6 (Biosensors)

1. Introduction

A huge amount of physiological parameters can be
measured, and most of them are still analysed in
clinical chemical analysers. To support the
physicians with facts more quickly, work is being
focused on miniaturized sensors. One of the highly
interesting parameters is the concentration of urea.
Many basic physical and chemical effects to realize
urea sensors are already known [1-4]. In our work
we use the principle of impedance measurement.
One difficulty arising with this measuring method
is the faraday resistance of the electrode-solution
interface. The only way to eliminate this systematic
interference on the results is to apply four-electrode
measurements [2]. The conductometric transducer
is coated with an urease-containing poly-HEMA
membrane, wherein urea is decomposed according
equation (1).

232222 CONH
Urease

OHNHCONH +⎯⎯⎯ →⎯+−− (1)

Additional ions are produced proportional to the
urea concentration due to the dissolution of the
ammonium and the carbon dioxide as shown by the
equation (2) and (3).

−++→+ OHNHOHNH 2422232 (2)

−++

++−→→+

2
32

33222

COH

HHCOCOHOHCO

�

(3)

2. Sensor fabrication

The thin film electrodes were deposited on a 0.3
mm thick glass substrate. Patterning was done by
photolithography and lift-off technique. The
electrodes consist of a 60 nm platinum layer and a
60 nm titanium film as an adhesion layer. Both
films were deposited by electron beam evaporation.

Figure 1: Schematic drawing of the electrodes
for 4-electrode measurements. The dashed lines
indicate the position of the enzyme membrane.

The shape of the total electrode system is shown in
figure 1. There are 66 electrode-fingers present with
5µm width and spacing between electrodes. The
outer part of the electrode system is insulated by a
0.2 µm thick SiNx coating. This layer is deposited
by a PECVD process and patterned by a plasma
etching process. The non-insulated part of the
electrode system is coated with a poly-HEMA
membrane where the enzyme urease was
immobilised (figure 2) [2]. The membrane was
spun on and exposed to UV-light through a mask.
Afterwards the membrane was developed in 1:1
ethyleneglycol:H2O and dried for 1 day at room
temperature. Crosslinking of the enzyme was done
for 3 hours in 1 % glutaraldehyde solution to
enhance the stability of the sensor.
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Figure 2: Schematic cross sectional view of the
electrode system and the membrane.

3. Measurements and results

3.1. Experimental set up

Experiments were carried out with an automated
flow system (figure 3).

a ) b ) c ) d ) e )

f g h i k
Figure 3: Scheme of the flow system: a) urea
solution container, b) electrically controlled fluid
valves, c) flow cell, d) peristaltic pump, e) waste,
f), g) flow cell, upper and lower shell, h) sensor,
i) flow channel, k) sealing

The urea concentration was altered within the
physiological range of 100µmol/l up to 30mmol/l.
A physiological 150mmol/l NaCl solution is used to
generate the background conductivity. The applied
measurement voltage is sinusoid with 10mVeff and
a frequency of 10kHz. The time period between
two subsequent concentration steps was 300
seconds. Measurements were taken every 15
seconds.

3.2. Results

The results of measurements without background
conductivity are shown in curve a), figure 4. The
results fit to the regression xy *0097.00011.0 += .

The result for a measurement with the background
conductivity of a physiological 150mmol/l NaCl
solution and a concentration of 1mmol/l urea up to
10mmol/l urea is printed in figure 4, plot b). The
results fit to the regression line

xy *0127.00068.0 += .
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Figure 4: Measurement result: a) without
background conductivity and b) with the
conductivity of a 150 mmol/l NaCl solution.

4. Conclusions

The results show the feasibility of a conductometric
urea sensor with miniaturized sensor structures.
Applying four-electrode measurement technique
gives a linear measurement result independent of
the background conductivity. The measurement
range covers the physiological range of urea
concentration and background conductivity.
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Summary:  An innovative thermal environment meter, capable of simulating dry and evaporative heat 
losses of the human body was developed. It has an ellipsoid shape and is made of porous ceramic
material. Its inner volume is fulfilled with water heated to a temperature similar to the deep-body
temperature of a person. Evaluation of a given environment is derived after measured values of
electrical power required to keep the water temperature constant and lost of weight due to water
evaporation on the external surface of the sensor.
Sensor was calibrated, in terms of the Standard Effective Temperature index, which becomes it a very 
useful tool for the characterization of thermal environments, especially those where the human
thermal regulation system needs to use sweating mechanism.

Keywords: thermal comfort, seating, SET
Category:  6 (Biosensors)

1 Introduction

Growing comfort demands of people and collective 
conscience about need for efficient management of 
energetic resources explain the importance
nowadays given to the evaluation of thermal
environments.
A practical way to perform this type of evaluation 
is to use a measuring device with a sensor that is
simultaneously sensitive to the influence of most of 
physical parameters characterizing thermal
environment and capable of summarizing the
conjugated effect of all them in only one value.
Madsen [1] developed a thermal comfort meter
with an ellipsoid shape sensor that simulates human 
body sensible heat losses. It determines PMV and
PPD comfort indices, accordingly to the ISO 7730 
Standard and the equivalent and operative
temperatures. Its working principle is based upon
the human thermal regulation model, derived by
Fanger [2], where the relationships between the
comfort sensation felt by a person and his skin
temperature and heat losses are established.
Madsen’s meter simulates only dry heat losses of
the human body. However, there are many
environmental situations, where time evolution of
the relative humidity and its effect on the human
sweating deserve a detailed following, which
justifies the need for sensors capable of simulating 
not only dry, but also evaporative latent heat losses.

2 Sensor and Measuring Chain 

An ellipsoid shape sensor was made of ceramic
porous material. The porosity of its wall was set, in 

the manufacturing process, in such a way that, for 
the environmental conditions foreseen for its future 
use, an uniform continuous humid layer could be
formed on the external surface, but without water
dropping. This is a condition that rarely occurs for 
the human body, where, only for very particular
cases, such a skin humidification rate is reached. 
It should be stated that this sensor, in spite of being 
sensitive to the same environmental variables as a 
human person, has a different thermal regulation
mode. It behaves like somebody who would adjust 
his metabolic rate to the varying environmental
conditions to keep a fixed deep body temperature
The inner of the sensor was filled with normal
water and a small glass bulb lamp (12 V and
maximum power 35 W) of the type commonly
mounted in lights of cars was used as heater. It was 
supplied through an industrial temperature
controller Omron E5 CS, which received the input 
signal from a Pt100 thermal resistance, dived in the 
water inside the sensor. The temperature was set to 
36.5±0.5 ºC, a value close to the typical human
deep body temperature.
Two output variables about the sensor were
collected - the electric power supplied to the
heating lamp and the loss of water by evaporation 
in its surface. To measure the loss of water, along 
the time, the sensor was weighted by a precision
balance A&D 3000, with a resolution of 0.01 g. The 
balance values were digitally sent to a computer
through RS232 serial port. A data acquisition
application was written in the software language
Testpoint to automate the tests. The environmental 
parameters characterizing the thermal conditions
inside the test chamber were also acquired and
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monitored along the tests. A PC computer, through 
a plug-in interface board Keithley DAS 800,
acquired the analogue signals of all transducers.

A/D
Board

956,89

37ºC

12 V

302,78

Pt100

T/HR

Power
Supply

Temp. ControlerBalance

Fig. 2. Measuring chain.

3 Preliminary tests

In figure 3 the time evolution of the sweating rate, 
defined as the mass decay per time unit and per
surface unit [g/(h. m2)], during a test done under
non-uniform environmental conditions, is
presented. Relative humidity was varied and the
other environmental parameters (air temperature,
radiant temperature and air velocity were kept
constant). Analyzing the response to the humidity
variations, a good sensitivity of the sensor is
verified. Also a good repeatability of the response
of the sensor is checked, e.g. when the zones A and 
B, where a repetition of the environmental
conditions occurred, are compared.
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Fig. 4. Time evolution of sweating rate in non-constant
environmental conditions.

4 Calibration for SET measurement

Calibration of the sensor was done, for different
environmental conditions defined by various
combinations of air temperature, air velocity and
relative humidity, inside a small climatic chamber 
developed for this purpose It consisted in building 
an analytical model that establishes relationships
between an environmental evaluation index and
values measured by the sensor (required thermal
power (QT) and sweating rate (Sw)).

Standard Effective Temperature (SET) [3] was
selected as the most appropriate index for this
sensor, because it considers the combined effects of 
air temperature, radiant temperature, air velocity,
humidity and clothing wearied by people inside the 
space under evaluation. It is defined as the uniform 
temperature of an imaginary enclosure, with null air 
velocity and a relative humidity of 50 %, where an 
occupant would lose the same heat amount as in the 
actual environment.
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Fig . 7. Response of the sensor in terms of SET

To build the calibration model, the sensor was
subjected to different environmental conditions,
corresponding to different SET values, and its
output values (QT and Sw) were collected. A two-
variable fourth order polynomial function was used 
to fit the experimental points of SET values
expressed as a function of QT and Sw.  The 15
numeric coefficients of the polynomial were
obtained through a regression process, by the least 
squares method.
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Summary: The development and characterisation of an immunosensor for Bacillus subtilis var. niger (BG
spores) is described. The glass reflector of an ultrasonic standing wave chamber of acoustic pathlength of the
order of ¼ wavelength was coated with immobilised anti-BG spore antibodies. The spores were driven by
radiation force towards a pressure node at the glass surface. Significant ultrasound enhancement of spore capture 
was detected by a fluorescence microscopy technique at concentrations of 105 per ml.
Keywords: Ultrasonic standing wave, immunosensor, BG spore
Category: 6

1. Introduction 

Procedures that enhance molecular [1] or bacterial
approach towards and interaction with a defined
immobilised matrix on solid surfaces are of particular
relevance in optimising biosensor performance.  An
approach has recently been described in which a 
quarter wavelength ultrasonic standing wave chamber
has been employed to deposit spores from flow onto a 
solid surface [2].  A 200 fold increase in capture was 
obtained at 6.6 x 106 spores/ml. In the present work 
spore capture has been examined as a function of
acoustic pressure amplitude and flow rate through the
chamber. The consequences for spore capture are
reported.

2. Methods 

2.1 Ultrasonic technique. The frequency at which 
the voltage across the transducer was a maximum,
was employed in the spore capture experiment.  The
chamber was connected to the amplifier output, which
was controlled by a PC.

2.2 Preparation of slides.  The slides were cleaned,
the surfaces were modified using APTS in acetone,
then glutaraldehyde, and Protein A in that order,
before the immobilisation of the anti-BG spore Ab.
The slides were stored in a dry state at 4 °C, until use.

The immobilised antibody remained active for at least 
3 days.

2.3 Assay method. The slide was installed into the
chamber. A BG spore solution was pumped through
the chamber at a constant flow rate, while an 
ultrasonic standing wave was produced at the
predetermined frequency.  The spore suspension was
exposed for the periods described, allowing the
capture of the spores by the immobilised antibody on
the reflector surface. The chamber was then emptied.
A solution of the fluorescent dye, Auramine O at 2 % 
(in PBS) was added for 2 min. The chamber was then
washed for 2 min with distilled water at a flow rate of 
6 ml/min. Images (area = 0.148 mm2) of the
fluorescently labelled captured spores were taken in

situ using an Olympus BX41M microscope with a F-
view camera, and analysed using Analysis® software
(Soft Imaging System, Münster, Germany).

3.  Results & Discussion

3.1 Optimisation of flow rate through the chamber.

A range of flow rates from 0 to 0.4 ml/min was used,
with the BG spores concentration at 1 x107 /ml,and an
exposure time of 5 min. At this concentration of 
spores, the maximum capture was at 0.2 ml/min (see
fig. 1), where 7460 spores were observed per mm2.
The capture was 1900 spores per mm2 at the lower
flow rate of 0.1 ml/min.  The difference is even more

1
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significant in the absence of flow through the
chamber, where only 223 spores per mm2 were 
captured.  The observation that a low flow rate will 
lead to lower capture is attributed to the lower number
of spores passing through the chamber in a given
time. The spores also tended to form clumps at the
lower flow rate.  At flow rates above the optimal, the 
residence time in the field is reduced and the yield
falls. In all further experiments, the flow rate of 0.2
ml/min was used.
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Fig 1. The effect of flow rate through the chamber upon the 
capture of BG spore (at 1 x107 spores/ml) at the reflector
surface.

3.2 Optimisation of the acoustic pressure. The
acoustic pressure amplitude in the standing wave is
linearly proportional to the driving voltage applied to
the chamber and can be controlled by varying that
voltage. The radiation force driving the spores to the
node is proportional to the pressure amplitude
squared. If the pressure is too low, then the BG
spores will not reach the node before they are carried 
away by the flow through the chamber.  If the
pressure is too high, the spores will form aggregates
or clumps, which reduce the possibility of spore
capture at the reflector surface.  In our experiments,
we found that the optimal pressure was 470 kPa (950
spores captured). At pressures below the maximum
(304 kPa 27 spores captured) many spores were not
reaching the reflector and at greater pressures (e.g.
630 kPa 201 spores captured), the spores were
forming clumps (see fig 2).  In all further
experiments, an acoustic pressure of 470 kPa was
used.
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Fig 2. The influence of acoustic pressure upon the capture
of BG spores (at 1 x 106 /ml and an exposure time of 1 min)
at the reflector surface.

3.3 Capture of BG spores at different

concentrations. The concentrations studied ranged
from 1 x 106 to 1 x 104 spores/ml.  At all
concentrations, BG spores were captured at the 
reflector surface (see fig 3).  The capture of BG
spores between the concentration of 1 x 106 (2024
spores per mm2) and 1 x 105 (496 spores per mm2)
was significantly greater than the background
(approx. 105 spores/mm2 at both concentrations).
At lower concentrations (less than 1 x 105 spores/ml),
it was observed that the spores tended to clump
together, and move in a stream to another clump at a
diagonal to the flow direction.  The clumps formed at 
a distance of approximately 40 µm below the
reflector. This clumping may explain the poor capture
levels at these concentrations.
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Fig 3. The capture of BG spores over the range of 1 x 106 to 
1 x 104 /ml (1 min exposure time), using the optimised flow
rate and acoustic pressure. 

4. Conclusions 

In the present work, the flow rate through the 
chamber and the acoustic pressure were optimised at 
0.2 ml/min and 470 kPa, respectively, to maximise
capture. Ultrasound enhanced the capture of BG
spores between the concentrations of 1 x 106  and 1 x 
105 spores /ml, ranging from a 20 and 4.5 fold
increase respectively, using the present method. It is
expected that resolution of the problem of clump
formation away from the surface will lead to further 
significant improvement in the lower detection limit.
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Summary: A portable immunosensor based on the measurement of ultrasonic velocity and absorption has

been developed. 14 enzymes were tested as labels for acoustometric immunoassays. High-sensitive
detection of polymeric substrates hydrolysis was demonstrated; amylases and proteases can be revealed in

nanogram range. Bacillary -amylase was used as the label for enzyme-modulated immunoassay of the

pesticide atrazine. The reached assay sensitivity, 0.1 ng/ml, is acceptable for ecological monitoring.
Acoustic measurements were combined also with a liposomal immunoassay based on the detection of

sedimentation after the formation of immune complexes and their aggregation by water-soluble

polyelectrolytes.

Keywords: portable immunosensor, ultrasonics, pesticides, enzyme immunoassay

Category: 6 (Biosensors)

1 Introduction 

Acoustic detection of biomolecules and their
rearrangements in solution, based on precise
measurements of ultrasound absorption and
velocity, is a very effective analytical approach.
However, application of the acoustic approach is 
limited nowadays by the absence of portable
measuring devices.

The important field of potential use of such
devices is control of pollutants in the environment
and food. Widespread monitoring of pollution
should be based on suitable analytical techniques
that can be used for on-site measurements.

Basing on the given above reasons, in the current
work new acoustometer has been proposed and
tested in the immunodetection of pesticides.

2 Design of the acoustometer 

The created device is based on employing of
cylindrical standing acoustical waves, in contrast to
conventional devices using plane acoustic waves. The
measuring cell is just a metal tube (10 mm long)
excited at natural frequencies of radial oscillations
of the liquid column filling the tube. The frequency
of this resonator is proportional to ultrasound
velocity, and the width of the resonance peak is
proportional to ultrasound absorption.

This approach enables one to make rapid
analyses in little volumes of samples (0.05-0.2 ml). 
About 30 sec are required for quantitative
characterization of acoustic changes in solution.

The device (Fig. 1) is realized as a differential
two-channel block with programmed control of

temperature in the range 10-90°C and possibility of
measurements at fixed or scanning temperature.
Sensitivity of the acoustometer to changes of
ultrasound velocity is 10-4%, and to changes of 
ultrasound absorption – 0.1%. Dynamic range of
the acoustometer for ultrasound velocity is 900-
1700 m/sec, and for ultrasound absorption – 10-150
dB/m. Reproducibility of baseline – ±10-3%.

Computer control and analysis

ReceiverTransducer

Tempe-
rature
control
system

Detection and
amplification

of acoustic signals

Fig. 1. Principal block scheme of the acoustometer.

The presented approach is far superior over known
techniques of ultrasonic measurements in respect to
high precision, possibility to analyze small volume
samples and simple handling.

3 Screening of enzyme labels 

Catalytic activities of 14 enzymes including -
amylase, -amylase, glucoamylase, -galactosidase,
alkaline protease, alkaline phosphatase, peroxidase,
ribonuclease and urease were characterized by the
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created acoustometer. All calibration curves have
extremely wide range of quantitative concentration
measurements (3-4 orders). The obtained results for
sensitivities of some enzymes revealing are 
presented in Table 1. 

Table 1. Acoustic determination of enzyme activities
(duration – 15 min). 

Enzyme Turnover
number

Limit of detection,
ng/ml

-Amylase 60,000 0.4

Urease 9,000,000 4

Alkaline protease 2,100 5

-Chymotrypsin 1,500 10

Creatine kinase 25,000 15

Sensitivity of acoustic detection of enzymatic
reactions is determined by their rate and acoustic
effect. In the case of low-molecular weight
substrates the acoustic effect is mainly determined
by changes of hydration. For high-molecular weight
substrates one more effect influences a change in
intrinsic compressibility: the loss of a compact
structure of biopolymers results in an increase of
the acoustic effect by several orders of magnitude.
This effect occurs to a great degree in the
hydrolysis of starch, globular proteins (casein,
ovalbumin), and lipids (egg phosphatidylcholine
liposomes), when intraglobular interactions are 
replaced for hydrational ones.

4 Enzyme-modulated immunoassay 

According to the data obtained, bacillary -amylase
was proposed as the label for acoustometric
enzyme-modulated immunotechnique (EMIT) of
pesticides detection. This assay is based on activity
modulation of an amylase-pesticide conjugate as a 
result of conformational changes in the catalytic
site caused by interaction with anti-pesticide
antibodies. The enzymatic activity is restored after 
adding the sample to be tested if it contains
pesticide molecules.

Conjugates of -amylase with two widely used
triazine herbicides, namely atrazine and simazine,
were synthesized. For both systems the assay 
conditions were optimized, including duration of
the stages, concentrations of the reactants, and 
protocol of acoustic measurements. Relationship
between acoustic signal and enzymatic activity of
the conjugates was studied. Antibody influence on
the activity confirmed the possibility of the 
competitive assay. 

Calibration curves for atrazine were obtained;
working range of its quantitative detection was 0.1-
10 ng/ml (Fig. 2). The named characteristics satisfy

modern requirements of ecological monitoring and
allow recommending the proposed system as a 
prospective analytical method.
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Fig. 2. Calibration curve of atrazine detection by enzyme-
modulated immunoassay.

5 Liposomal immunoassay 

The proposed acoustic sensor was combined also 
with a liposomal immunoassay using
polyelectrolyte carriers. The assay includes three
steps: (1) interactions in solution of pesticide-
containing sample, pesticide-liposome conjugate,
anti-pesticide antibodies, and polyanion-protein A 
conjugate, (2) binding of the formed polyanion-
containing complexes with polycation and (3)
acoustical measurement of the liposomes
sedimentation caused by the interpolymeric
reaction. Unilamellar 100 nm liposomes were 
formed from lipid-atrazine conjugate and native
lipid. During the assay anti-pesticide antibodies
interact competitively with the liposomal antigen
and antigen molecules in the sample to be tested.
Polyanion polymethacrylate and polycation poly(N-
ethyl-4-vinylpyridinium) were used as the
separation system. The liposomes were stabilized
by the insertion of polyethylene glycol covalently
attached to lipid compound to prevent their non-
specific interactions.

The described approach was applied for atrazine
detection. Due to exclusion of the enzymatic stage 
the assay duration is reduced from 30-40 min to 15
min with the same sensitivity.

At whole, the proposed approach can be used for
different analytical tasks. Hydrolytic enzymes were
found to be effective enhancers of the detected 
signals in this kind of the sensoric systems. The
developed immunoassay protocols have perspective
of application for detection of different practically
important compounds.

This work was made possible by Award 99-1461
of the INTAS Foundation.
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Oxidoreductase-based  biosensors as analytical tools for use in 

bioremediation monitoring 
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Summary: In-situ bioremediation processes should be accompanied with suitable analytical tools  for 
a fast, reliable and especially economic real-time monitoring of bioremediation efficiency. Here we 

present a panel of enzyme-based biosensor for monitoring  the biodegradation performances of 

oxidoreductases, a class of enzymes  whose importance as bioremediation tools has been described 
[1]. Using the enzyme Toluene/o-xylene monooxygenase as experimental model, we developed a 

number of different biosensors for the detection of the main substrates/intermediates/products of the 

enzyme.     

Keywords: oxidoreductase, bioremediation, BTEX, catechol, phenol
Category:6 (Biosensors) 

1 Introduction 

Oxidoreductases belong to a large class of enzymes 
that catalyze biological oxidation/reduction reactions. 
Since many chemical and biochemical 
transformations involve oxidation/reduction 
processes, the potential biocatalytic applications of 
such enzymes are very attractive.   These applications 
span from the synthesis of commercial value 
compounds (pharmaceuticals in particular) to the 
oxidative degradation of pollutants and the 
construction of biosensors for a variety of analytical 
and clinical applications [1]. 
Biodegradation of toxic chemicals such as aromatic 
compounds (BTEX, PCBs, PAHs and others) is an 
important priority in technologically advanced 
societies. Several bioremediation strategies are based 
on the improvement of  degradative properties of soil 
bacteria, both native and genetically engineered [2]. 
Novel approaches use fungi as bioremediation tools, 
preferably  in conjunction with a host plant [3-4].  
The enzyme Toluene/o-xylene monooxygenase 
(ToMO) from Pseudomonas stutzery OX1 [5] is 
active on a broad spectrum of substrates and is able to 
hydroxylate aromatic rings at different positions 
through two consecutive monooxygenation reactions 
(Fig. 1). ToMO oxidizes toluene, benzene, 
ethylbenzene, xylenes, phenols, cresols, naphtalene, 
styrene and probably other aromatic and non-aromatic 
pollutants. The potential application of ToMO in 
bioremediation strategies has been suggested [6]. 
Here we present a panel of biosensors for the 
detection of the main substrates/ 
intermediates/products of ToMO activity. 

Fig.1. Biochemical pathway of the enzyme 
Toluene/o-xylene monooxygenase from P.stutzery
OX1 

2 Experimental 
The following oxidoreductase-based biosensors  have 
been developed: 
- a whole-cell sensor for BTEX, based on a 
recombinant Escherichia coli strain expressing the 
ToMO enzyme; the detection is carried out by the 
electrochemical oxidation of the catechols at +600 
mV;   
- an enzyme electrode for phenols, based on the 
enzyme tyrosinase (polyphenol oxidase, PPO) 
immobilized on a nylon membrane; the detection is 
carried out by electrochemical reduction of quinones 
at –200 mV; 
- a colorimetric test for catechols based on the 
purified enzyme catechol 2,3-dioxygenase (C23O). 
The enzyme converts the substrate (catechols) into a 
intensely coloured product (hydroxymuconic 
semialdehyde). The detection is also possible through  
the  electrochemical monitoring of oxygen consumed 
by the C23O. 
The analytical performances of biosensor were tested. 
In particular, the detection limit  and linearity range 
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for  each class of pollutants were estimated (Fig. 2,3 
and 4) .  

Fig. 2. Calibration curve for Toluene. 

Fig.3. Calibration curve for phenol 

Fig. 4. Calibration curve for catechol 

3 Conclusions and discussion 
Our results show the possibility to evaluate the ToMO 
performances  by monitoring  both substrates than  
products of the enzyme.  Using a strategy based on 
oxidoreductase enzymes it would be possible to build 
miniaturized, portable biosensors based on screen 

printed electrodes (SPE) technology for in-field 
applications.

Abbreviations 
BTEX: Benzene, Toluene, Ethylbenzene, Xylene; 
C23O: Catechol 2,3-dioxygenase;  
PAHs: Polyaromatic hydrocarbons;  
PCBs: Polychlorobiphenyls;  
PPO: Polyphenol oxidase;  
ToMO: Toluene/o-xylene monooxygenase  
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Summary: With the growing trend in miniaturization of microsystems, high energy density (small size, low 

weight) power generators are required.  In this paper, MEMS-based micro catalytic combustors were fabricated

to study the feasibility and performance of microscale combustion. The micro catalytic combustion chamber, 

1mm wide with 1mm deep, 20mm long and coated with platinum (Pt) catalyst and micro temperature sensors on 

the wall, were fabricated by using MEMS technology.  Experimental results show the wall temperature increases 

substantially indicating that a large amount of energy is released during catalytic hydrogen oxidation.  Gas 

phase combustion occurs even the diameter of the micro combustor is less then the quench diameter of gas-

phase hydrogen-air combustion. Temperatures above 1000
o
K are achieved in the current micro catalytic

combustor.

Keywords: micro catalytic combustor; power MEMS

Category: 7 (Fluidic devices)

1 Introduction

The development of MEMS technology has
spurred the needs for the high energy density (small 
size, low weight) power generators [1].
Microsystems such as micro air vehicles and micro 
robots are limited by the weight of the available 
power system.  Currently, most of the power
systems used in microsystems  are battery.  Top 
battery available (Lithium) has an energy density 
about 1.2 MJ/kg.  However, typical liquid
hydrocarbon fuels have an energy density about 45 
MJ/kg.  It means a micro combustor with a only 3% 
system efficiency can compete with top batteries
[2]. Therefore, the primary incentive in this
research is to use combustion of hydrogen/air for 
MEMS power generation. Micro catalytic
combustors were designed, fabricated and studied
experimentally to examine the feasibility and
performance of microscale combustion.

Fig. 1. Sketch of the micro catalytic combustor design

2 Combustor design and fabrication
Figure 1 shows the design of the micro catalytic

combustor. The micro catalytic combustion
chambers, 1mm wide with 1mm deep, 20mm long 
and integrated with platinum (Pt) catalytic walls
and micro temperature sensors, were fabricated by 

using MEMS technology. There are total 8
temperature sensors located from the inlet to the 
outlet of the micro catalytic combustor. The 1.0
mm height H of the micro catalytic combustion
chambers was chosen because this size is smaller 
than the quenching diameter of gas-phase
hydrogen-air combustion [3] and because it is
comparable to sizes proposed in many microscale
combustor designs. Figure 2 shows the size of the 
micro catalytic combustor compared with a coin.

Fig. 2. Photograph of MEMS-fabricated micro catalytic
combustor

3 Experimental results
During testing, the catalyst wall temperature is 

preheated to either 176oC or 260oC, while the inlet 
composition and mass flow rates of H2 and air were 
kept constant. Equivalence ratios vary from fuel 
lean to fuel rich were investigated in the micro 
catalytic combustor. Microscale reaction was
studied as function of preheated wall temperature, 
total mass flow rate (resident time) and inlet
compositions in the micro catalytic combustor.
Figure 3 shows the wall temperature distributions
as the wall temperature To is preheated at 176oC and
260oC, while the inlet composition and mass flow 
rate of H2 and air were kept at. 75 SCCM and 188 
SCCM (stoichiometric) conditions.  The wall
temperature increases indicating that a huge amount 

inlet

microchannel with Pt-coated walls 

outlettemperature sensors 
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of heat is generated during catalytic reaction.  The 
maximum wall temperature can reaches above
1000oK.  Figure 4 shows the luminescent micro
catalytic combustor when wall temperature is fixed 
at 260oC and the mass of flow rates of H2/Air are 
75/188 SCCM (stoichiometric condition).

Micro catalytic combustion was further
investigated as a function of the mass flow rates, 
while the preheated wall temperature, and inlet 
compositions in the micro catalytic combustor are 
kept constant.  Figure 5 shows the wall temperature 
distributions as the total mass flow rates (sum of the 
mass flow rate of H2 and Air) are increased from 
105 SCCM to 263 SCCM, while the preheated wall 
temperature and inlet air/H2 equivalence ratio are 
fixed at 260oC and 2.5 respectively.  As the total
mass flow rate increased (resident time decreased), 
the average wall temperature distributions of micro 
catalytic combustor increase, indicating that the
reaction time is much shorter than the resident time
of the current experimental conditions.  The
reactants react and generate energy in a very short 
time (<resident time ~ 4.8ms ec at total mass flow 
rate 263 SCCM).

Figure 6 shows the wall temperature distributions 
as the H2 mass flow rates are increased from 37.6 
SCCM to 94 SCCM, while the preheated wall
temperature and mass flow rate of air are fixed at 
260oC and 188 SCCM respectively.  In Figure 6,
the wall temperature distributions make no
difference between fuel rich (H2 mass flow rate 94 
SCCM) and stoichiometric (H2 mass flow rate 75 
SCCM) conditions, but decreases at fuel lean (H2

mass flow rate 37.6 SCCM) situation. It is
suspected that a fixed or total amount of hydrogen
fuel completes the reaction and release the same 
amount of energy disregarding fuel rich or
stoichiometric conditions.  In the current
experimental results, a larger fraction of heat loss 
relative to heat generation resulting in the decrease 
of wall temperature from the inlet to the outlet
within  the micro catalytic combustor is also noticed.
The heat loss problems become significant as micro
combustors are scaled down [3].  Therefore,
combustion in microscale is possible only if
optimal thermal and chemical managements are
achieved.

References

[1] Kaoru Maruta and Koichi Takeda, Lars Sitzki, 
Kevin Borer and Paul D. Ronney, Steffen Wussow,
Olaf Deutschmann, ”Catalytic Combustion in
Microchannel for MEMS Power Generation”, The
Third Asia-Pacific Conference on Combustion,
June 24-27, 2001, Seoul, Korea.
[2] A. Carlos Fernandez-Pello, “Micro-Power
Generation Using Combustion: Issues and
Approaches ”, the 29th International Symposium on 
Combustion, July 21-26, 2002, Sapporo, Japan

[3] Kaoru Maruta, Koichi Takeda, Jeongmin Ahn, 
Kevin Borer, Lars Sitzki, Paul Ronney, Olaf
Deutschmann,”Extinction Limits of Catalytic
Combustion in Microchannels ”, Webpage at
http://carambola.usc.edu/Research/MicroFIRE/ISC
29MarutaCatCombModel.pdf

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

0 5 10 15 20

To=176 degree C

To=260 degree C

T/To

X/H

Fig. 3 Wall temperature distribution at wall temperatures 
To = 176oC and 260oC, while the inlet composition of H2

and air were kept at. 75 SCCM and 188 SCCM 
(stoichiometric) conditions. (H=1.0 mm)

Fig. 4 Photograph shows Pt-catalyzed H2 oxidation 
reaction generates huge amounts of energy and
illumines the micro catalytic combustor.
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Summary:  We report on a new masking method that uses multilayered metals combined with thick 

SPRT200 photoresist, for wet etching glass up to 300 µm deep. This was successfully utilized in the 

process for fabricating the components of a micro peristaltic pump. Various mask materials, which 

can be patterned by standard photolithography and metal etching processes, were investigated to 

eliminate pinholes when an etching depth of 300 µm in the Pyrex wafer was required for fabrication of 

the micro pump.  The fabrication process of the micro peristaltic pump is briefly described. 

Keywords: deep glass etching, masking technology, micro peristaltic pump 
Category: 7 (Fluidic devices) 

1 Introduction 

Wet etching of glass in concentrated hydrofluoric acid 
(HF) is widely used because of its fast etching rate. 
But the formation of pinholes during wet etching in 
HF is a notorious problem, especially when Cr/Au is 
used as the etching mask and deep etching is required. 
Other masks such as polysilicon [1], amorphous 
silicon [1], SU-8 [1-2] and anodically bonded silicon 
[3] have been used to solve the problem. However, 
most of them require special facilities, which are not 
feasible in most standard micro fabrication 
laboratories.  
    A novel mask, which can be patterned by standard 
photolithography and a metal etching process, was 
investigated in this work to eliminate pinholes formed 
in the glass during wet etching in HF.  

2 Investigation of Masking Methods for 

Deep Glass Etching 

To eliminate the pinholes when an etch depth of 300 
µm on a 500 µm thick Pyrex wafer is required, 4 
types of mask with different thickness were 
investigated. These are Cr/Au (60/500nm) covered 
with Shipley S1818 photoresist (2.2µm), 
Cr/Au/Cr/Au (60/400/60/400nm) covered by S1818 
(2.2µm), and Cr/Au/Cr/Au (60/400/60/400nm) 
covered by Shipley SPRT220 photoresist (10µm and 
20µm). The etching results in Fig. 1 (a, b and c) show 
that pinholes of various densities and diameters 
appeared in the Pyrex, when the first three kinds of 
mask were used. Only the mask with Cr/Au/Cr/Au 
(60/400/60/400nm) and 20 µm thick SPRT220 were 
used successfully to etch the Pyrex up to 300 µm deep 
without pinholes appearing. 

(a)   (b)   (c) 
Fig. 1: Pinholes with various densities and diameters were 
formed in the Pyrex after 38 minutes of etching in 48% HF 
when different masks were used. (a) With a mask of Cr/Au 
(60nm/500nm) covered with Shipley S1818 (2.2µm). (b) 
With a mask of Cr/Au/Cr/Au (60/400/60/400nm) covered 
with S1818 (2.2µm). (c) With a mask of Cr/Au/Cr/Au 
(60/400/60/400nm) covered by SPRT220 (10µm). 

      Fig. 2 shows an etched Pyrex chip using a mask of 
Cr/Au/Cr/Au (60/400/60/400nm) with 20 µm thick 
SPRT220 for a micro pump PCR chip [4]. The pump 
membrane is larger than 6 cm2 and 200 µm thick and 
there are no pinholes visible under the microscope. 
The results indicate that this new masking technology 
for deep etching of glass is able to prevent pinholes 
forming using standard photolithography processes. 

Fig. 2. A Pyrex chip etched in 48% HF for a micro 
peristaltic pump using a mask of Cr/Au/Cr/Au 
(60/400/60/400nm) with 20 µm thick SPRT220. The etch 
depth is 300 µm. 

Pump Membrane 

Inlet 
Outlet 

Pinholes
Pyrex Etched hole 

Pinholes

Pinholes 
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3 Fabrication Process for the Micro Pump 

The fabrication process for the micro peristaltic pump 
includes two parts: the process on the Pyrex wafer and 
the process on the silicon wafer. Then the two wafers 
were bonded together by anodic bonding technology. 
    The fabrication process on a 500 µm thick Pyrex 
wafer is illustrated in Fig. 3. The process starts with 
the etching of alignment marks (1 µm deep) in 7:1 
buffered hydrofluoric acid (BHF), on both sides at the 
same time, using 2.2 µm thick S1818 photoresist as 
the mask (a). After stripping off the S1818, a multi-
layer of Cr/Au/Cr/Au (60/400/60/400nm) was 
evaporated on both sides (b). Then 20 µm thick  
SPRT220 was spun and patterned on the upper side of 
the Pyrex to define the pump membrane and 
inlet/outlet holes (c). The SPRT220 was hard baked at 
115°C for 10 minutes. Another SPRT220 layer of 20 
µm thickness was spun and patterned on the bottom 
of the Pyrex to allow etching from both sides (d). 
Another hard bake at 115°C was done for 50 minutes.  
After that, the Cr/Au/Cr/Au multi-layer was etched 
sequentially in Au and Cr etchants (e). Finally, the 
wafer was immersed in 48% HF for 38 minutes to 
achieve an etch depth of 300 µm and a 200 µm thick 
pump membrane (f). When the etching was complete, 
the SPRT220 was stripped off (g). The Cr/Au/Cr/Au 
multi-layer was stripped off sequentially by Au and 
Cr etchants. Finally, another layer of Cr (20 nm) was 
evaporated on the bottom of the Pyrex wafer and then 
patterned by photolithography and wet etching in Cr 
etchant (h). 

SPRT220(20µm)

300µm

Cr(20nm)

Pump membrane

SPRT220(20µm)

(h)

(g)

(f)

Inlet

(e)

(d)

(c)

200µm

Outlet

Cr/Au/Cr/Au (60/400/60/400 nm)

Alignment marks

Pyrex

S1818(2.2µm)

(b)

(a)

Fig. 3. Fabrication process on the Pyrex wafer

    The fabrication process on a 500 µm thick silicon 
wafer begins by growing a layer of silicon dioxide 
(100 nm) and depositing a layer of LPCVD silicon 
nitride (160 nm) on the silicon substrate. SPR510 
photoresist was patterned on the wafer, and then the 
Si3N4/SiO2 layers were etched by reactive ion etching 
(RIE). The photoresist was stripped off before 
anisotropic etching of silicon was carried out in 30% 
KOH solution at 70°C to fabricate 250 µm deep 

connection channels. The process on the silicon ended 
with the stripping of Si3N4 and SiO2.
    Anodic bonding was carried out when the silicon 
wafer and the Pyrex wafer were put together on top of 
a hotplate at a temperature of 400 °C. A voltage of 
400 Volts was applied to the Pyrex and silicon via 
anodic and cathodic electrodes connected to the 
silicon and Pyrex, respectively. The bonding was 
prevented in the areas where there was Cr patterned 
on the bottom of the Pyrex. The Newton rings shown 
in Fig. 4 indicate that three pump chambers were 
formed. Three PZT discs were glued on the top of 
these three pump membranes by conductive glue (not 
shown in Fig. 4).  

Fig. 4. A micro machined peristaltic pump (before gluing 
the PZT discs on the pump membranes). 

4 Conclusion 

A novel masking technology for deep etching of glass 
employing standard photolithography and metal 
etching processes was investigated to prevent the 
formation of pinholes in the glass. This technology 
was successfully used to fabricate the components of 
a micro peristaltic pump using Pyrex substrates.  
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Influence of Wall Wettability on Bio-Fluid for Bio-MEMS Chip 
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Summary: Micro Bio-assay chips consisted of Si and Pyrex glass are on developing. To understand 

bio-fluid characteristics in a micro-chip, we investigated relationships between pressure drop and 
volumetric flowrate in surface treated micro-tubes to hydrophilic and hydrophobic. Results for hydrophilic 

tubes with scales over 20 m for diameter show the relationships agree with fluid dynamics theory 
accurately. On the other hand, results for hydrophobic tubes show volumetric flowrates are larger than 

theoretical value and increase ratio of volumetric flowrates of bio-fluid is less than that of pure water .The 

effects of interaction between bio-molecules and wall surface are indispensable to design of TAS or 
Bio-MEMS chips. 

Keywords: Micro-Fluidics, Bio-Fluid, Wettability 

Category: 7 (Fluidic devices)

1 Introduction 

In Bio-MEMS or TAS chips attracting attention 
in late years, reagents or samples are generally 
driven and controlled as fluid. Thus researches and 
developments of micro fluidic devices (e.g. micro 
pump, micro valve, micro mixer and so on) have 
been carried out [1]. Though correct understanding 
on influences of size effects, wall properties and 
fluidic characteristics on flow is important issues in 
fluidic device design, much of those remain 
unknown. Also, it becomes crucial issues in micro 
scales that bio-molecules are agglutinated to the 
wall or clustered. 

Bio-Assay chips which consist of Si and Pyrex 
glass for detection of dioxin and have thin slits for 
damming micro-sphere coated by reaction reagent 
have already developed by the authors (shown in 
Figure 1). Actually, when we handle these 
bio-chips including bio-fluid, above issues lead to 
blockages or damages of channels. In this study, we 
aim to evaluate influences of size effects and wall 
wettability on bio-fluid flow. These evaluations 
lead to establishment of design logic for 
micro-fluidic devices, TAS chips and Bio-MEMS 
chips. 

2 Experimental apparatus and condition 

To investigate influences of wall wettability on 
flow, relationships between pressure drop and 
volumetric flowrate of bio-fluid in micro-tubes 
were evaluated. Pressure drop and volumetric flow 
were measured by apparatus shown in Figure 2. 
The volumetric flow rates are controlled 
simultaneously by a Harvard Apparatus PHD2000 
syringe pump. Flowrates produced by this syringe 
pump are slightly unsteady. Root-mean-square 

pressure fluctuations of 6.2% were observed in a 
micro-tube at Reynold’s number of 0.75. Fluid 
driven by syringe pump is branched right before 
micro-tube, static pressure of fluid at there is 
measured by resonated pressure sensor. Pressure at 
micro-tube outlet is atmosphere pressure. Thus, 
output of pressure sensor is pressure drop. 

Silica tubes were used as micro-tubes. Silica 
tubes were surface-treated to hydrophilic by 
5%NaOH aqueous solution or hydrophobic by 
PTFE series coating agent. Approximately 2.5 m
thickness hydrophobic layer was produced in silica 
tubes with 100 m and 150 m diameter. 

BSA(bovine serum albumin) aqueous solution 
was used as bio-fluid because BSA is most essential 
in bio-application.  

3 Results and Discussion 

Experimental volumetric flowrates ratio for 
theoretical value of pure water and BSA aqueous 
solution in hydrophilic and hydrophobic silica tubes 
plotted by pressure drop is shown in Figure 3. In 
hydrophilic silica tubes, the relationships between 
pressure drop and volumetric flowrate agree with  
Poiseuille equation for both pure water and BSA 
aqueous solution over 20 m diameter. In 
hydrophobic tubes, results show increasing ratio of 
volumetric flowrates become larger than theoretical 
value with diameter decreasing. Furthermore, 
increasing ratio of volumetric flowrates for BSA 
aqueous solution in hydrophobic tube was smaller 
than those for pure water.  

Increasing of volumetric flowrates for theoretical 
value may be caused by flow slip at hydrophobic 
boundary. Results show that flow slip over 
hydrophobic boundary occurs with bio-fluid, too. 
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That increasing ratio of volumetric flowrates for
BSA aqueous solution was smaller than those for
pure water may indicates hydrophobic effect was
weakened by agglutination of bio-molecles to the
wall. These results support hypothesis that cause of
flow slip is existence of air on hydrophobic wall. 
By applying flow slip on hydrophobic surface to
mTAS or Bio-MEMS chips, drag reduction or
resolution of blockage are expected.

4 Conclusion 

In this study, influences of wall wettability and
size effects on bio-fluid were evaluated as essential
evaluations for Bio-MEMS applications. Results
show fluid slip of bio-fluid over hydrophobic wall
is smaller than that of pure water. Applying these
results, surface treated Bio-chips to resolve issues
such as blockages or damages of channels are on
developing.
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Summary: A planar bi-directional valve-less peristaltic micropump for controlling bio samples fluids was 

designed with a very simple structure and fabricated employing MEMS technologies, including DRIE 

process in silicon, chemomechanical polishing, and silicon-glass anodic bonding techniques. The proposed 

micropump was able to control bi-directionally the flow rate of test water at  ~ 12 /min (20 n /stroke) 

and test air at  ~ 60 /min (100 n /stroke) based on a frequency of 10 Hz at a voltage of 120 Vpp.

Actuation modeling of the PZT-glass actuator was performed using the CoventorWare, and the simulation 
results agreed well with the experimental measurements. 

Keywords: Micropump, bi-directional pumping, valveless, biocompatible, piezoelectric 

Category: 7 (Fluidic devices)

1 Introduction 

Recently, there has been an increased interest in 
research on microfluidic systems, like micro total 
analysis systems (µ-TAS) and microdosage systems, 
which use MEMS technologies to create certain 
advantages, such as, a smaller dead volume, 
reduction in samples and reagents, high throughput, 
and rapid response [1-3]. One of the main 
components in a microfluidic system is a 
micropump. Due to the increasing need in the 
biochemical and biomedical industries, various 
efforts to manipulate down to nanoliter or picoliter 
samples have already been attempted [1,4]. 
However, for these applications, a micropump is 
needed that can reliably control liquids with a 
simple structure in a micro liter range. Accordingly, 
the current study designed and fabricated a bi-
directional valveless silicon-glass peristaltic 
micropump for the transportation of biological 
samples in a micro total analysis systems with a 
water flow rate of 0.1 ~ 10 /min, with the merits 
of bio-compatibility, absolute reduction in the 
conventional fabrication steps, and simplification of 
the assembling procedures. 

2 Experiments  

The proposed micropump consists of an inlet, three 
pump chambers, three PZT actuators, flow 
microchannels, and an outlet, as shown in Fig. 1. A 
three-dimensional model was employed to perform 
a mechanical simulation for the micro-actuation of 
the proposed micropump. As regards the fabrication 
process, the pump chambers were formed using 
DRIE or KOH wet etching on the front side of a 
polished silicon wafer, with a depth of 10-20 . A 

200 -thick flat glass plate (Pyrex 7740) was used 
as the upper cover plate. The liquid inlet and outlet 
holes were made with a sand blaster (20  sand 
particles). The fabrication process of the proposed 
micropump is summarized in Fig. 2. The 
fabrication of the proposed pump only involved two 
masks with a simple structure. The implemented 
micropump is shown in Fig. 1(b). Deionized (DI) 
water and air were used as the test fluids. The pump 
performance was measured as a function of the 
signal voltage and operation frequency received by 
the three PZT disks generated from the function 
generator and the overlapping duty was set as one 
third.  

(a)

(b) 

Fig. 1. Schematic diagram (a) and the photograph (b) 

of the proposed peristaltic piezo micropump.
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Fig. 2. Process chart of the proposed micropump. 

3 Results and Discussions  

The maximum deflection at the center of the 
pumping membrane with two kinds of fluids, i.e. 
water and air(density (kg/m3) of air and water is 12 
and 998, and coefficient of viscosity (kg/(m⋅s) is 
1E-5 and 1.8E-3, respectively, at 1 atm. and 20 ),
in the pump chamber at the applying frequency of 
10 Hz as a function of an applying voltage, is 
shown in Fig. 3 as the result when using both the 
laser displacement meter and the CoventorWare 
simulator. Micro-actuation in both simulation and 
measurement values results were similar with only 
a slight variation within a range of 80 ~ 120 Vpp.
The deflection of membrane with air mass in pump 
chamber was larger than that with water mass in the 
chamber. It is caused by that air has smaller density 
and viscosity than water. 
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Fig. 3. Maximum membrane deflection result as a 

function of the membrane thickness for both water 

and air at the frequency of 10 Hz. 

The measured air flow rates of the micropump at an 
applied frequency of 10 Hz with a voltage range of 
60 ~ 120 Vpp are shown in Fig. 4. The pumping rate 
of the micropump with an operating voltage of 120 
Vpp exhibited about 60 /min. From Fig. 4, a 
stroke volume within an applying voltage range of 
60 ~ 120 Vpp and at an applying frequency of 10 Hz, 
was 30 ~ 100 n , with a stroke of 1.2 ~ 4.2 .
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Fig. 4. Measured air flow rate as a function of the 

applying voltage. 

The measured water flow rates of the micropump at 
an applied frequency range of 1~10 Hz with a 
voltage range of 80 ~ 120 Vpp are shown in Fig. 5. 
The water pumping rate of the micropump at 10 Hz 
with an operating voltage of 120 Vpp was about 12 

/min. From Fig. 5, a stroke volume within an 
applying voltage range of 80 ~ 120 Vpp, and at an 
applying frequency of 10 Hz was 10 ~ 20 n , with a 
stroke in the range of 0.4~0.8 . As for both water 
and air, we could see the pumping bi-directionally 
in the nearly same flow rates, and it would be 
caused by that the three chambers were arranged in 
symmetric position on a chip.
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Summary:  In this paper three particle sorters based on negative dielectrophoresis are compared using a 
novel analysis method. By equating the formulas for dielectrophoresis, drag and buoyancy, the velocity 

vectors for the particles with respect to the liquid can be obtained. When this information is combined with 
the liquid velocity vectors 3-dimensional particle trajectories can be calculated. The maximum allowed 

flow speed for which the sorters still work is the performance criterion applied here. The configuration 

with electrodes on both sides of the channel proved to have the best performance. 

Keywords: dielectrophoresis, particle sorter, simulation 

Category: 7 (Fluidic devices), 1 (General, theoretical and modelling)

1 Introduction 

In this paper flow-through particle sorters with 
negative dielectrophoresis actuation are analysed. 
By calculating 3-dimensional particle trajectories 
the performance of three different electrode 
configurations is compared. The sorters consist of a 
gradually sloped dielectrophoretic actuator that is 
used to divert the particle from its straight trajectory 
to one side of the flow-channel so that it can be 
sorted out with a simple y-junction configuration 
(see figure 1). The sorters studied here are designed 
to be used in combination with a sheath flow that 
assures that the particles will enter the sorting area 
in the middle of the channel.  

Currently the biosensor field is rapidly growing 
in importance and numerous lab-on-a-chip based 
systems are emerging. Many of them are equipped 
with some kind of integrated sensors. The 
functionality of such systems can be greatly 
extended by adding a flow sorter to sort out rare 
bio-particles (e.g. cells) based on the readings of the 
sensors. The sorter configurations studied here are 
to be applied in an integrated cytometer equipped 
with a near-field optical particle shape sensor [1]. 

2 Theory 

Dielectrophoresis is the phenomenon that when a 
particle is placed in an inhomogeneous electrical 
field it will experience a force when its permittivity 
differs from the surrounding medium. Frequently 
the formula for dielectrophoresis [2] is combined 
with that of the buoyancy force for static analyses 
such as the levitation height of a particle. However, 
here we also add the formula for the drag force to 
obtain the equation for the motion of a particle in an 
inhomogeneous electric field. When the forces are 
constant a steady state will be reached (after an 
initial transient period) where the settling speed of 
the particle with respect to the liquid is given by: 

η
ρρ

η
ε
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0

2 grEKr
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plCMl
settle

−
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where l is the permittivity of the liquid, r is the 
radius of the particle, KCM is the Clausius-Mossotti 
function,  is the viscosity of the liquid, l and p

are the densities of the liquid and the particle 
respectively and g is the gravitational constant. The 
first part of this equation is caused by 
dielectrophoresis and the second part is determined 
by buoyancy. The time constant for this process is: 

η
ρ

τ
9

2 2rp=  (2) 

For the situation studied here: polystyrene particles 
with a radius of 10 µm in purified water, the time 
constant is only 22.4 µs. Because of this short time-
constant the particles can be considered to travel at 
settling-speed constantly, as long a there are no 
sudden changes in the electric field. With a 
gradually sloping sorter configuration as analysed 
here this seems justified. 

What is not considered here is the influence of 
Joule heating, which could slightly reduce the 
force. However in [3] it is demonstrated that this 
effect is only of importance in well conductive 

Fig. 1, without actuation the particle ends up in the left 
branch of the sorter (left) and when the sorter is actuated 
it is forced into the right branch of the channel
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media (> 1 S/m) or at very low flow-speeds. Since 
distilled water is considered and the flow speed is 
significant, Joule heating can be neglected.  

3 Comparing electrode configurations 

Three different electrode configurations were 
analysed. A configuration (I) with two equally sized 
electrodes on the bottom of the channel, a similar 
configuration (II) but now with the left electrode 
extending up to the channel wall and a third 
configuration (III) with one electrode on the bottom 
of the channel and one at the top (see figure 2). 

Using finite element simulations the electric field 
distribution for each electrode configuration was 
calculated in a 2D plane (see figure 2 left). By 
applying formula 1 the velocity vectors for a 
particle with respect to the liquid can be calculated. 
The streamlines for this velocity-vector field are 
plotted in the right part of figure 2 for a polystyrene 
particle with a radius of 10 µm in water and with 
AC-voltages of ± 3V. When combined with the 
velocity distribution of the liquid itself (also 
obtained using finite element simulation) the 3-
dimensional vectors are obtained that describe the 
complete particle motion. By repeating the 
procedure with a slight horizontal off-set for the 
electric field, the 3D particle velocity vector field 
for the sloped sorter layout is obtained. This can be 
used to calculate particle trajectories (see figure 3). 

The maximum (average) flow-speed of the liquid 
for which the particle trajectories could follow the 
sorter was determined for each electrode 
configuration. The situation depicted in figure 3 
shows a particle sorter operated just over the 
maximum flow-speed: one of the particle 

trajectories can no longer follow the slope of the 
electrodes. The slope of the sorter was 1:20 in this 
simulation and the particle trajectories start in an 
area of 30 µm x 30 µm on the bottom of the 
channel, located 15 µm right of the sorter (see 
figure 3). Under these conditions maximum 
allowed flow-speeds were obtained of 0.9, 2.6 and 
6.8 mm/s for configurations I, II and III 
respectively.

The results can be explained as follows. Besides 
pushing the particle sideways, configurations I and 
II also lift the particle up into a region where their 
field intensities are much weaker and therefore the 
maximum force is reduced. Configuration III in 
contrast hardly causes any lift of the particles and 
on top of that its electrical field extends over the 
full height of the channel. Configuration II 
performs better than I, because it has a larger 
gradient in the electric field due to its asymmetry. 

4 Conclusions 

In this paper the performance of dielectrophoretic 
particle sorters was studied using a novel analysis 
method. The configuration with electrodes on both 
sides of the channel (III) performed best. If 
electrodes on only one side of the channel are 
allowed than the asymmetrical configuration (II) 
has the better performance. 
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Fig. 2, the distributions of the electric field (left) and the 
stream-lines for vsettle (right) in a cross-section of the 
channel for the three electrode configurations analysed

Fig. 3, 3D particle trajectories (black lines) in 3D-view 
(top) and top-view (bottom) for sorter configuration I 

Critical particle trajectory
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Summary: Design, realisation and testing results of an integrated air flow sensor based on micromachined 
technology are reported. The mass airflow sensor architecture is based on a dedicated microelectronic thermal 

(hot-wire) anemometer design. Two different layouts for the two different splittings projected one for a 

polysilicon resistor and the other one for a gold resistor has been implemented. This device has a very small 
sensor size, with a low power consumption, a good accuracy, a very low signal to-noise ratio, an excellent 

frequency response, a simultaneous fluid temperature measurement and a low fabrication cost. 

We realised a micro air flow sensor prototype, fabricated with MEMS technologies. Electro-mechanical tests 
have been carried out thus demonstrating the high performance of the device. 

Keywords: air flow, MEMS 
Category: 07 (Fluidic devices)

1 Introduction 

Fluid flow measurement plays an important role in 
many industrial processes. Flow sensors are used to 
measure the mass, average velocity, differential 
pressure, temperature, or volumetric flow of a gas 
or liquid [1]. The working mode of the system is 
very simple: when there is no flow, the temperature 
profile around a hot resistor on the membrane is 
symmetrical. When gas flows, the symmetry is 
perturbed and we can measure this by controlling 
the difference in the resistance of the heaters. A 
flow rate can then be correlated to this differential 
change in temperature. 
Silicon micromachining tools, semiconductor and 
MEMS fabrication technologies are used to 
fabricate the hot-wire system with polysilicon or 
gold resistors easily integrated onto a silicon 
substrate. Integrated silicon flow sensors offer 
advantages in terms of fast response times, lower 
cost (batch fabrication), and integration with on-
chip signal conditioning CMOS circuitry to 
enhance the performance.  

2 Layout 

All the devices are designed with the L-Edit Tanner 
tool software. We designed 4 resistors for every die, 
2 on the membrane acting as the heating elements 
and other 2 on the silicon rim. In the process run we 
splitted the fabrication of the resistors. The first 
process develops 4 polysilicon resistors with high 
resistance, the second one had 4 resistors fabricated 
with gold metal. The silicon die dimensions are 2,2 
x 2,7 mm2. The hot square area of the 2 central 
heaters is 250 x 250 µm2. The membrane has a 
rectangular shape of 1,0 x 1,5 mm2. The dimension 

of the back opening correspond to of 1744 x 2244 
µm2.

3 Fabrication process 

The starting material is a 4-inch, 500 µm thick, 16-
24 Ωcm, p-type, (100) oriented double side 
polished silicon wafer. After an initial cleaning, we 
grew a field oxide of 250 nm at 975oC for 1 hour. 
Onto this oxide we deposited 200 nm of Silicon 
Nitride with a LPCVD deposition at 795 oC. On the 
backside we deposited a low thermal oxide used as 
a masking layer, the thickness is 300 nm of LPCVD 
undoped LTO at 430 oC [2]. The following 
deposition is an LPCVD undoped polysilicon of 
450 nm with a temperature of 620 oC; four different 
implantations are performed in order to obtain 4 
different resistivities. All wafers are implanted with 
BF2 with energy of 80 KeV. A Boron drive-in was 
carried on at 975 oC for 30 minutes. A multilayer 
doped oxide LPCVD BPSG deposition 400 nm 
(reflow process at 925 oC) was performed in order 
to obtain a surface uniformity. After the contact 
openings we deposited a multilayer metal to contact 
the polysilicon resistors. Four metal layers are 
required in order to avoid the possible 
interdiffusion between the gold and the polysilicon 
layers. A first Titanium (30 nm) sputter deposition 
is used as an adhesion layer, then 200 nm of 
Titanium Nitride used as a diffusion barrier with the 
Cr/Au metal evaporated by ULVAC, with 20/150 
nm respectively. The last 2 lithographic masks were 
used to define the 2 different layout splittings, the 
first one for the Poly metal define sequence and the 
second one for the Gold sequence. Silicon is then 
anisotropically removed from the backside by 
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TMAH etching in order to obtain a multilayer
dielectric membrane [3].

Fig. 1. Microscope photos of the poly and gold devices. 

The packaging of the Silicon die is a very important
step to reach an optimised set up system. We
designed a prototype of the package in which the
silicon die is glued on a plastic SMD. The package
is placed inside a dedicated pipe so that the fluid 
flows on the surface of the sensor. The
encapsulation and protection of microelectronic
device is made with a two component resin with a
low viscosity.

Fluid flow

Fig. 2. Device SMD package and fluid flow scheme.

4 Experimental results

Preliminary tests were performed in order to 
electrically and thermally characterize the device.
The I-V characteristic response and TCR 
(temperature coefficient resistance) of both poly
and gold air flow sensors were carried on obtaining
a value of 316 ppm/oC for the poly resistors and
293 ppm/oC for the gold.
We preliminary tested our packaged samples with a 
dedicated set up system; as a fluid we used standard
air controlled by a MKS mass flow controller
operating in a range from 0 to 250 SCCM. In table
1 the measured flow rates as well as the Reynolds 
number are reported. The test were conducted in a 
laminar flow by using a 6 mm tube diameter. The

graph in Fig. 3 shows the response of our sensor to
different air flows.
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Fig. 3. Sensitivity of the air flow sensor versus different
flow rates for 2 different bridge bias voltages.

Table 1. Flow rates and Reynolds number for different
SCCM in a tube with 4 cm diameter

Flow  [SCCM]
Flow Rate

[m/s]
Reynolds Number

10 5.90E-03 2.35

50 2.95E-02 11.73

100 5.90E-02 23.46

150 8.85E-02 35.19

200 1.18E-01 46.92

250 1.47E-01 58.65

5 Conclusion 

We designed, fabricated, packaged and preliminary
tested a silicon integrated flow sensor based on the
hot wire anemometer basic principle. We managed
to obtain a small size MEMS device with a robust
dielectric membrane, with a very high frequency
response and high sensitivity to low fluid flows. 
Further work will be required to obtain a more
stable packaging in order to avoid the losses and
turbulences due to this prototype device
configuration.
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Summary: The epoxy-based photoresist SU-8 is, due to its superior mechanical and chemical properties, a
very convenient material for the fabrication of miniaturised fluidic devices. In this paper we present a
technology for the batch-fabrication of fluidic devices that combines polymer and metal layers. Together
with a novel polymer-based wafer bonding technique it is possible to build "2 ½ dimensional" fluidic
devices. Devices that have been realized are a micromixer for time resolved FTIR-spectroscopy and a flow-
through-cell for the combination of capillary-electrophoresis with IR-spectroscopy.

Keywords: SU-8, micromixer, IR-spectroscopy, fluidic devices, wafer bonding
Category: 7 (Fluidic devices)

1 Introduction

During the last years SU-8 has become a widely
used material for MEMS and miniaturized fluidic
devices. It can be deposited by spin- or spray
coating in a wide range of layer thickness. Because
of the low UV absorption of the resist a standard
UV mask aligner can be used for exposure, even for
thick layers. Processing of SU-8 includes the
following steps:

a. Deposition of the resist by spray- or spin
coating

b. Softbake
c. Exposure
d. Post exposure bake: Crosslinking of exposed

resist
e. Development: unexposed resist is dissolved
f. Hardbake: The remaining structures are

completely crosslinked. The resist gets its final
mechanical strenght and chemical stability.

2 Flow cell for infrared detection in
capillary electrophoresis systems

To use FTIR-spectroscopy as a powerful detection
method in capillary electrophoresis [1] an infrared
transparent flow cell had to be designed because the
fused silica capillaries normally used in CE are not
transparent to IR. An appropriate material for
infrared transparent devices is CaF2 because of its
excellent optical properties. The cell consists of two
plates of CaF2, each 1 mm thick (see Fig. 1). On
one of these plates there is a Titanium layer which
acts as an optical aperture. The 200 nm thick
titanium layer is deposited by evaporation and
patterned by conventional lift-off technique. This
metal structure must be completely isolated from
the liquid to prevent the formation of gas bubbles.

Fig. 1 Schematic drawing of the CE-cell

The channel is formed by two lines of SU-8 on each
CaF2 plate, each of them 100 µm wide. The
distance between these two lines is 150 µm. Their
height is 7.5 µm, half of the desired height of the
cell. The CaF2 wafers are spin-coated with SU-8
and softbaked. After UV-exposure the resist is post-
exposure-baked (10 min at 90°C) and developed.
Two wafers (one with metal structure and one
without) are superimposed, aligned and pressed
against each other during the hardbake process.
Consequently the corresponding SU-8 structures
are bonded together because the temperature of
200 °C induces complete crosslinking of the SU-8.
Finally the area outside the SU-8 lines is filled with
epoxy adhesive and the waferstack is diced. The
final dimension of each cell is 2 x 5 x 2 mm3. The
capillaries (I.D. 50 µm) are coupled to the cell by
means of a metal support and an elastic gasket that
is applied to the tip of each capillary [1].
Results obtained with the help of this setup are
discussed elsewhere [1,4].

3 Micromixer for FTIR-Spectroscopy

This mixing device is used for the investigation of
chemical reactions by FTIR-spectroscopy com-
bined with in-situ mixing of two reactants. The IR-
beam directly passes the mixing chamber with an
optical pathlenght of 10 µm (see Fig. 2).
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Fig. 2 Principle of the Micromixer (drawing not to scale)

The mixing device is Y-shaped. Two sheets of
liquid are superimposed inside the mixing chamber
and mixed by diffusion. Because of the cross-
section of the outlet channel (1 mm wide, 10 µm
high) the mixing time is approx. 50 ms. The mixer
is used in the "stopped-flow-mode", i.e. the two
liquids are injected by means of a double syringe
pump. Then the flow is stopped, the reactants are
mixed by diffusion and the chemical reaction takes
place. This reaction is investigated by time resolved
FTIR-spectroscopy [2,3].

Fabrication of the micromixer is performed by
means of a 2-layer lithography, combined with a
polymer-based wafer bonding technique.

Preparation of the Micromixer:
Calcium Fluoride is used as substrate material. A
4 µm thick layer of SU-8 is deposited by spin-
coating, softbaked, exposed, post-exposure-baked,
but not developed. On top of this layer a 2 µm thick
layer of Ag is deposited by evaporation. This metal
layer is covered by positive photoresist
AZ 1512 HS. The photoresist is patterned as usual
and the Ag-layer is wet etched to obtain the
structure of the "separation membrane" (see Fig. 2).
As an etchant a 45 % (WT) solution of Fe(NO3)3 in
water is used. This solution does not attack the
SU-8. Finally the SU-8 is developed with PGMEA.
To dissolve unexposed SU-8 under the metal
structure takes quite some time (approx. 2 hours for
channels of 1 mm lenght). Wafer #1 now carrys the
structures of Inlet 1 and the Separation Membrane
(see Fig. 2). On wafer #2 the structure of Inlet 2 is
fabricated as usual from a 4 µm thick layer of SU-8.
This wafer contains the holes for 2 inlets and
1 outlet per mixer. So far the SU-8 on both wafers
is not hardbaked and therefore the polymer is not
completely crosslinked. Both wafers are super-
imposed to form a sandwich, and aligned.
Hardbaking is done in an EVG 501 wafer bonder.
The wafers are pressed against each other with a
force of 1700 N and heated to 200°C for 1 hour.
Because of this high temperature the polymer is
completely crosslinked and a bond is established
between SU-8 and the Ag-structure (see Fig. 3).

Fig. 3 SEM-Micrograph of Mixer (without Wafer #2)

The SU-8-"lines" above and under the metal
membrane are necessary to maintain the position of
the membrane halfway between both wafers.

However, with this simple wafer bonding method
the bonding yield is not very high, especially if the
height of the SU-8-structures is relatively low
(below 20 µm). It is virtually impossible to achieve
100% uniform layer thickness of the SU-8 layers.
Consequently gaps remain between the structures.
To overcome this drawback an improved wafer
bonding technique has been developed.

4 Wafer Bonding with SU-8

To avoid gaps between bonded SU-8 structures or
between SU-8 structures and bonded wafer we
combine exposed and unexposed SU-8. The
unexposed SU-8 is thermoplastic. Nevertheless it is
crosslinked at temperatures above 150 °C.
Consequently it "flows" during the bonding process
and no gaps remain. Areas of unexposed SU-8 have
to be surrounded by narrow lines of exposed SU-8
and covered by a metal layer during development of
the SU-8. This metal layer (Ag) is etched away
prior to the bonding process.
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Summary: A calorimetric flow sensor for detection of gas flow and direction was constructed by sacrificial

porous silicon micromachining technique. The sensor structure contains four sensing resistors formed

symmetrically around a central heater element. Predictions of flow and thermal simulations aimed at the

optimum geometric design were compared with the results of functional tests measured by the realised structure.

Keywords: calorimetric gas  flow meter, direction dependence, thermal simulation, characterisation

Category: Fluidic devices (7) 

1. Introduction 

Calorimetric type gas-flow sensors analyse the
temperature distribution around a central heater
element built up by conduction and convection of
the ambient. In a properly designed calorimetric
sensor structure these phenomena must play 
determining role in heat transfer. In a single
channel two sensing elements formed at the two 
side of a central heater detect flow rate and 
distinguish the two possible directions. A two 
dimensional direction dependent flow sensor
requires additional sensing elements for appropriate
temperature profiling.

2. Sensor design 

A central heater element in the point of intersection
of two perpendicular channels and four platinum
resistors in symmetric positions were suspended as
shown in Figure 1. The size of the four beam
suspended heater and the sensing elements is
100 100 1 m3. Due to the small dimensions and
the effective thermal isolation the power
consumption of the heater was reduced to  2-20mW
for the operation temperature of 100-500 C.

The heater and the sensing platinum resistors are
encapsulated by two non-stoichiometric silicon-
nitride layers forming the suspension bridges over
the channels. The 80 m deep channels were formed
by sacrificial porous silicon technique. Higher
sensitivity and quick response can be obtained by
minimising thermal loss via suspension beams.

3. Thermal characterisation 

FVM (Finite Volume Method) was used for
modelling flow and thermal conditions of the
sensor to predict functional characteristics of the
device. CFX-5.5, a high performance CFD
(Computational Fluid Dynamics) code, is capable
to simulate flow and heat transfer processes in

complex structures by solving the Navier-Stokes
and the energy equations in combined tetrahedral-
hexahedral volume mesh.

Figure 1. SEM view of the sensor structure

Temperature and flow-vector distribution over
the surface of the structure were analysed in order
to determine adequate geometry and dimensions of
the structure. Temperature distributions presented
in Figure 2 were calculated for a selected heater
power of 18mW (heater temperature of cc. 480 C)
and average nitrogen flow rate of 150cm/s. From
the shape of temperature maps predicted by the
model for different flow directions one may
conclude that combined flow rate – flow direction
values can be determined by the five element sensor
structure.
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Figure 2. Temperature distribution modelled at different
flow directions (a180  top, and 150  bottom) and average
flow rate of 150cm/s. Arrows and isoterms (from 21 C to 
41 C) represent the local flow direction and temperature
values respectively.

To investigate the direction dependence of the
realised sensor the temperature of single sensing
resistors were measured as the function of flow
direction. Flow is presented by the angle between
the flow direction and one of the etched channels
(180  represents the flow pointing from the heater 
to the sensing resistor). Graphs in Figure 3
correspond to the simulated temperature
distribution shown in Figure 2.

Out of balance voltages of two Wheatstone
bridges formed by the opposite sensing resistors in
the same channel were used for measuring  flow 
directions at various flow rates. Preliminary
investigations resulted in nice correlation between
the sensor signal and the flow angle, however,
further investigations are essential for
determination of combined flow rate and direction
detection.

22

24

26

28

30

32

34

36

0

15

30

60

75

90

105

120

150

165
180195

210

240

255

270

285

300

330

345

360
50cm/s flow rate

150cm/s flow rate

250cm/s flow rate

Figure 3. Measured temperatures (from 22 C to 38 C) of 
a sensing resistor as the function of flow direction with
heater temperature of 480 C and different flow rates of
N2.

4. Conclusions 

A low power flow direction dependent micro-
calorimetric thermal flow sensor was designed and
manufactured by using porous silicon sacrificial
layer.

Flow and thermal conditions of the operating
structure were investigated by FVM simulation
using the CFX-5.5 code. Flow conditions and 
developing temperature distribution around the
heater element were modelled and verified by
measuring the temperatures of the sensing resistors.

According to the preliminary investigations the
sensor  is capable for simultaneous determination of
flow-rate and direction.
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Summary: A new concept of micromachined “quasi digital” magnetic microvalve for integrated

microfluidic systems [1] have been developed. Two external magnets, with on/off mode of operation

principle, control the microvalve elements. The idea is to obtain a low cost, small size and low consumption
prototype that allows to automatically controlled the dispensed doses.

Keywords: Microfluidics, microvalve, Magnetic microactuators

Category: Fluidic devices

1 Introduction

Microfluidics is one of the major application areas
in Microsystems technology. Microfluidics systems
include miniaturized devices able to sense,
microvalves and micropumps, to mix and control
small volumes of fluids (gas or liquid). The main
actuating principles that have been used in
microvalves and micropumps are piezoelectric,
thermopneumatic, electrostatic, electrochemical,
bimetallic, shape memory alloy and
electromagnetic [2]. In this paper, we present a new
concept of “quasi-digital” magnetic microvalve
based on an array of magnetic microactuators.
Advantages of developed microvalves are
simplicity, robustness, low power consumption and
non-electrical contacts. Therefore, the proposed
device is very suitable for low cost and disposable
applications as flow regulator for drug delivery
systems.

2 Fabrication Process

The fabrication process combines the silicon
micromachined technology and the
electrodeposition process of the Co-Ni alloys. The
magnetic properties of this alloy [3] allow
controlling the valves by applying and external
magnetic field.

The magnetic microvalves consist of two silicon
wafers, which are held together as shown in Figure
1. The valve cap is made of a silicon layer cover by
a Co-Ni alloy. The fabrication is carried out by
means of two steps of micromachining of the
silicon 3D structure. The first step is to fabricate the
valve caps, in this process the anisotropic wet
etching of the silicon to obtain the silicon
membranes is combined with the electrodeposition
of a soft magnetic material as Co-Ni.

Si

Co-Ni
Si

(a)

Si

Si

(b)
Fig. 1. Schematic cross-section of the magnetic

microvalve made of Co-Ni capped Si. (a) no Field
applied, (b) With Field applied.

An 8µm thick silicon membrane, a Ti/Ni seed layer
(1000Å Ti/500Å Ni) deposited by sputtering and a
2µm thick electrodeposited Co-Ni film (60% Co-
40% Ni) formed the body of the valve caps.
Different shapes of the caps have been tested in
order to optimize the behavior of the device. Some
of these designs are shown in Figure2.

(a) (b)
Fig. 2. Photographs of two different series of valves. (a)
square design valves and (b) round design valves.
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The miromachinig of the second wafer combines
the anisotropic wet etching of silicon with the dry
etching by RIE to obtain the body of the valve.
Different dimensions of the holes have been
included in the design in order to characterizise the
microvalve system for a wide range of flows.

Once the two wafers were processed they were
glued together to obtain the complete “quasi-
digital” magnetic microvalve.

3 A “Quasi-Digital” Magnetic

Microvalve

The “Quasi-digital” magnetic microvalve consists
of an array of magnetic elements as shown in
Figure 3. Each valve element is controlled by
means of two external magnets. When the magnet
is up, the valve opens up. On the other hand, the
microvalve closes when the second magnet is
underneath.

Fig. 3. A schematic illustration of the actuation principle
of a quasi-digital magnetic microvalve

The flow is regulated by the number of valves
elements open and closed, which depends on the
magnets position. Therefore, an external magnetic
field is always applied to the valves. This valves
array was designed as a flow regulator and it is very
suitable for low cost and single use applications,
due to its simplicity. The magnet control can work
either in a battery mode or connected to an external
power supply.

dz=-5.6µm

No external magnetic field

(a)

dz=-88.5µm

(b)
Fig. 4. Images obtained by a confocal microscope
showing (a) the Co-Ni cap without external magnetic
field and (b) the displacement of the Co-Ni cap when an
external magnetic field is applied.

Some test devices were previously developed to
study the magnetic response [3-4] of the Co-Ni caps
in front of an external magnetic field. During the
experiments, the external magnetic field was
generated by a NbFeB magnet (Ms= 1.2, Hc= 890
kA/m), as is shown in Figure 4 a high response of
the Co-Ni structure was observed. Figure 4 (a)
presents the structure when no external magnetic
field was applied, in this case, the structure was a
little bended downwards. In figure 4 (b) a high
displacement (around 80µm) of the structure was
observed when an external magnetic field was
applied. Furthermore, these structures present high
robustness and flexibility. All these results confirm
the suitability of the system.

4 Conclusion

A new concept of “quasi-digital” magnetic
microvalve was developed in this work. The
capability of controlling different flows by using an
only one design gives to this system a high
versatility and a low cost. Low power consumption,
high robustness and high simplicity are other
advantages of this new concept of microvalve.

Good results have been obtained in the
characterization of a single valve. Last results
concerning the characterization of a novel “quasi-
digital” magnetic microvalve will be presented in
the extended paper.
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Summary: In this paper a disposable microfluidic device intended to use for erythrocyte membrane 

deformability measurement is demonstrated. The prototype device is constructed from photosensitive 

benzocyclobutene (BCB), which was found an attractive material for constructing microchannels. The main 

advantage of using BCB is that after the photopatterning process step it can still be used as an adhesive 

material for the subsequent wafer to wafer bonding. Designs with different layer thicknesses were created 

and compared. 

Keywords: adhesive bonding, BCB, Microchannel 

Category: 7 (Fluidic devices)

1 Introduction 

Erythrocytes having diameter of 8µm at rest can pass 

through much smaller capillaries due to the high 

deformability of their cell membrane. A number of 

diseases [1] affect this property causing serious 

circulatory problems. This, however, gives one way to 

detect these diseases by mimicking capillaries with 

microchannels on chip. Microdevices which measure cell 

membrane deformability using microchannels were 

successfully fabricated and reported [2]. Deformation of 

the cells was observed via a high speed camera in a 

laboratory. 

In this paper a device is demonstrated which does not 

require laboratory conditions for the measurement. The 

prototype device was fabricated from photosensitive 

benzocyclobutene (BCB). Channels with different layer 

thicknesses were fabricated and channel design rules 

were deduced. 

2 Design 

The microfilter structure intended to measure the 

percentage of the stiffened cells is described below. The 

operation of the device can be seen in Fig 1.  

Fig.1. Schematic view of the microfilter 

The instrument is centered around a flow device, which 

consists of a microchannel with rows of micropillars 

across it, forming a one dimensional filter array. The 

spacing in between the pillars decreases gradually row by 

row. A diluted blood sample is pumped into the device 

through the inlet hole. In the channel the pillars obstruct 

the movement of the cells, and as the spacing between 

them is decreasing the cells have to deform more each 

time they move to the next stage. Healthy blood cells are 

flexible enough to travel through the whole device, 

however the stiff erythrocytes get blocked at a certain 

stage. Deformability distribution of the blood sample can 

be determined by counting the cells at different stages. 

Fabrication 

Photosensitive BCB was used to create 4mm long, 

1mm wide and 4µm deep microchannels on a silicon 

wafer capped with a glass cover plate. In the channel 15 

rows of micropillars were also formed from this material. 

In the first row the spacing between the pillars is 15µm, 

the subsequent rows have a gradually decreasing spacing 

down to 5µm in the last row. 

The process flow for fabrication of the device can be 

seen in Fig.2. In the first step the BCB was spun. 

Exposure

Silicon

BCB

Glass
Fig.4. Schematic view of the process flow for fabrication of a 

microfilter.
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In the next step the BCB was exposed on an Electronic 

Visions Group EV-420 manual mask and bonding 

aligner. After development, the BCB film can be still 

used as an adhesive material for the subsequent bonding 

process. A Logitech Wafer Substrate Bonding Unit was 

used to bond an AF45 glass wafer to the BCB coated 

silicon wafer. Inlet and outlet holes were drilled after 

bonding with a Proxxon MICROMOT 40/E precision 

drilling machine. Drilling did not cause any difficulties, 

the abraded particles could be removed from the holes 

without blocking the channels. 

Test channels were also included in the design to be 

able to investigate BCB layer properties. 

Results

Cross section SEM pictures of the wafers before and 

after bonding are shown in Fig. 3 left and right 

respectively. 

Fig.3. SEM photograph of the test structure before (left) and 

after (right) bonding 

The effect of the bonding process on the structure can 

be determined by comparing the cross section of the 

structures before and after bonding. No significant 

change in BCB thickness can be observed. The slope of 

the sidewall of the channel is due to the lithography 

process and some deformation during bonding. This has 

to be taking into account during the design. To determine 

the design criteria channels with decreasing width were 

implemented (see Fig 5.). On the left side the BCB layer 

thickness is 4µm. 20, 10, 5 and 3µm channels are clearly 

visible, while the 2µm channel partially obscured and the 

1µm wide channel completely disappeared. On the right 

side using 7µm thick BCB the 3µm wide channel has 

also disappeared. 

Fig. 5 Test structures for determining the minimum channel 

width. BCB thickness 4µm (left), 7µm (right)

Fig. 6 Line deformation due to stress (middle) in 7µm 

thick BCB; wider (left) or thinner (right) structures have 

no such problems 

Another limitation on using thick layer BCB is the 

minimum applicable line width. Figure 6 shows that the 

5µm wide structures constructed from 7µm thick BCB 

(in the middle) have wavy lines. The same line width 

constructed from 4µm thick BCB has no such 

deformation (right). A thicker line width also solves the 

problem as can be seen in the left side. Figure 7 and 8 

shows five rows from the devices constructed from 4µm 

and 7µm thick BCB respectively. The pillars in the 

thicker BCB bend due to the stress generated in the 

material. This would cause malfunction of the device, 

however the device constructed from 4µm thick BCB 

have no such deformation and are usable for testing with 

real blood samples. 

Fig. 7 Photograph of the device (BCB thickness 4µm) 

Fig. 8 Photograph of the device (BCB thickness 7µm); 

the pillars are bended due to stress in the photoresist 
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Summary: a new type of hot wire anemometer was developed by using surface micro machining
techniques. The reduction of the microprobes section and the development of a cavity below the hot

polycrystalline silicon film reduced considerably the thermal exchanges and dynamic response time of

these probes. This will make possible to measure fast fluctuations and turbulent phenomena in fluid

mechanics.

Keywords: wall shear stress sensors, MEMS
Category: 7 ( fluidic devices)

1 Introduction

The control of turbulence in mechanics of fluids is
a subject which interests several industrial fields,
the economic stakes are enormous, mainly in the
civil and military aviation. The use of the
conventional anemometer (with Platinum wire)
cannot quantify any swirling structure responsible
for parietal friction. These structures are a few
hundred microns of width and a few millimetres
length [1] and have a very short lifespan, about the
millisecond.
Microsystems, thanks to their integration capability
and the optimization of geometrical structure, are of
a great interest in this field and seem adapted to
these needs. Several microsensors of various
geometries were produced by surface micro
machining, by using thermally sensitive material
like polycrystalline silicon.
In this article, we present the first results of electric
characterization obtained from the first prototypes.

2 Realization of a simple shear stress

sensor

Figure 1 shows the technological process adopted
for the realization of the sensors. PECVD (Plasma
Enhanced Chemical Vapor Deposition) silicon
nitride was first deposited on 4” wafers to a
thickness of 0.3 µm. Then the silicon nitride film
was patterned, and wet thermal oxidation of silicon
made through the nitride window. Oxidation time
was adjusted to achieve flat surface. A 0.3 µm
depth silica cavity was obtained. Polycrystalline
silicon was deposited (LPCVD – thickness 0,5 µm)
and doped by boron ion implantation. After the
thermal annealing, polycrystalline silicon was

patterned into variable section wire, (in this
abstract, the hot wire dimensions are: 50 µm x 2
µm2). Electrical contacts were finally taken with
chromium pads. Releasing of the wire was
performed by wet-etching of the silica cavity after
dicing the sensors.

Figure 1 Technological realization of the hot-wire
probe suspended on a micro-cavity.

3 Static and electric sensitivity of the

sensors

The sensors were first characterized under 2 points
prober, in order to determine their behavior with
temperature and to estimate the polarization current
needed. Two types of measurements were done for
each type of sensors: the resistance measurement in
function of the temperature for determining the
TCR (Temperature Coefficient Resistance =

C
T

R

R
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temperature resistance ; and the voltage
measurement in function of the polarization current.
The variation of the resistance in function of the
temperature was linear and in order to have an 70°C
overheating, the polarization current has to be about
235µA.

4 Dynamic sensitivity

Although static measurement is founded on a
simple principle, it is now accepted that the
frequency response of such sensors is in general
complex because of convective and conductive heat
exchanges. An electric circuit based on the internal
heating method was designed and carried out for
the dynamic response time determination of the
sensors (Fig.2)

�������������
�������������
�������������

Constant voltage
circuit

Comparator

  Multiplior

Heating
signal

Vref

sinusoidal signal

Time response
measurement of
the probe

Microprobe

Figure 2 Time response measurement circuit

The circuit makes possible to simulate, on the
sensor level, the fluctuations of temperature by
carrying out an internal modulation of heating of
the probe created by a D.C. current (rated current of
the probe). To this current, a AC current of 1 MHz
frequency modulated by a square signal of 1 KHz
frequency is superimposed.
Figure 3 shows the time response of the sensor,
which is about 150µs.

Figure 3 Time response measurement of a
50x2x0.5µm3 wall shear stress sensor

5 Static speed calibration

The sensor was also characterized in a wind tunnel
in order to calibrate it in static speed. This
calibration was done from 7m/s up to 15m/s.
With this constant temperature configuration, we
can find the various parameters α β and n of the
electrical calibration of the sensor described by a

law as: βα τ += nuE 22 ).( , where E is the output

voltage and 22/∞≈ uuτ  the friction speed.

According to Levêque solution, n coefficient has to
be close to 1/3.
In the figure 4, one can see that the above
mentioned law fits perfectly the experimental
values when n is taken equal to 1/3.
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Figure 4 Static speed calibration in wind tunnel : E2

in function of (uτ)
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Conclusion

We have characterized a wall shear stress sensor
with several methods, and we expect to provide
comparisons between various hot wire geometry by
the venue of Eurosensors XVII.
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Development of an microfluidic system for integration with an optical 
detection chip
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Summary: This paper looks at the issues encountered in developing a microfluidic module for integration with a 

silicon based optical detection system. The output from a micro-HPLC system is integrated with the fluidic 

module for peak detection on a chip based detection system. The design, fabrication and test of an integrated 

micro-fluidic and the key area of packaging are addressed. Wafer and chip integration startegies using anodic 

and polymer bonding for the fluidic module and the optical transducer were investigated. The impact of the 

micro-fluidic module on the performance of the micro-HPLC system is also addressed 

Keywords: Micro-fluidics, Micro-HPLC, Packaging.

Category: Fluidic Devices

1 Introduction
HPLC is a chemical analysis method widely used 
for separation in the chemical, pharmaceutical and 
food industries. A number of systems exist for peak 
detection depending on the characteristics of the 
analytes, with electro-chemical or optical detection 
being the most common.  A number of optical 
detection methods exist from absorption to 
refractive index. In recent years there has been 
increased research in the area  of Surface Plasmon 
Resonance (SPR) and Resonance Mirror (RM) 
detection systems and others, these detection 
methods are suitable for R.I detection in 
chromatography units. 

Figure 1. Integrated fluidic system with optical 

detection chip.

Such systems use silicon fabrication based 
techniques and lend themselves to integration with 
microfluidic platforms  using similar 
microelectronic fabrication technologies. Thus 
there exists the possibility of using low cost 
microfabrication technology to integrate a fluidic 
component directly with sensor component.The 
issues involved in design, fabrication and 
integration of such a system is addressed poses 
issues in processing and performance. Standard 
CMOS may be modified to get optimised  to 
minimise the effect on sensor surfaces  and to 
performance from these integrated devices. The 

performance of the HPLC system with integrated 
fluidics is investigated for peak broadening and 
tailing effects. The fluidic sytem was integrated 
with the output of a C18 micro-HPLC separation 
capillary, of 5cm length and 300? m internal bore. 
Thecapillary column packing was 5? m diameter
silica beads coated with C18 chemistry.  Standard 
HPLC tests were used to determine the 
performance of the integrated system.

2 Fluidics Design

The fluidics system was simulated with Coventor, a 
software package used to model MEMS and 
microfluidic systems. This is a finite element 
package that uses the full Navier-Stokes equations 
[1]. The system modelled consisted of an inlet
silica capillary of diameter of 75? m and the 
microfluidics channel which formed the interface to 
the optical detection chip, this had two corners on 
the inlet and outlet, as illustrated in figure 2. Four 
channel sizes were designed to investigate the 
effect of dead volume on the HPLC peaks. 

Figure 2. Simulation of a plug injection into the 

micro-fluidic module, is investigated. Peak

distortion and diffusion effects are evident over 

plug injection lifetime.

3.Fluidics Fabrication techniques

Photo definable polymers were investigated as 
adhesion layers between the optical sensor chip and 
the fluidic chip. This approach is a chip level 
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bonding technique with thin layers of polymer 
(3? m) deposited on the sensor wafer as an ahhesion 
layer. The polyamide underwent a Pre-bake to 
120?C. A photoresist was  spun on and  patterned 
with UV exposure. The mask pattern defined 
windows on the sensor surface, from which the 
polymer was removed. A HF etch was used to 
remove the exposed polymer.The remaining 
polyamide formed a gasket type structure to seal to 
the sensor wafer. A number of pre-bake
temperatures and 60, 85,100 and 120?C were tested
to investigate the adhesion properties of the 
polymer layer. The fluidic channels were defined 
on a glass wafer in SU8. After the polymer 
processing each wafer was diced, the fluidic and 
sensor device were thermally bonded, for 4 hours at 
90?C. Devices were found to fail at 400 –500 psi 
with trials on a HPLC pump. The fluidics systems 
is located on the outlet of a micro-HPLC column 
and pressures greater that above are not 
encountered. Silica fused capillary of 75? m internal 
bore and 200? m outer diameter was integrated to 
the inlet and outlet port of fluidic chip. Standard 
Peek fittings were used to connect the micro-HPLC
column to the inlet capillary and onto the chip, as 
outlined in figure 3. 

Figure 3. Polymer bonded flui dics component to 

a device with integrated fluidics.

4. Integrated system performance

The output from a micro -hplc system was 
integrated with the integrated device to determine 
the impact on HPLC peak separation performance. 
A standard test solution with a UV detector was 
used to determine performance. 

Figure 4. Outlined is the chromatogram from 

the three component test sample, obtained on the 

set-up with integrated flow-cell.

Six Repeated injections were carried out with the 
test solution giving a  variation of 3% in the peak 
elution time. The test components were Benzamide, 
Benzaphenone and Biphenyl in a 60: 40, MeOH : 
D.I, buffer solution. The back-pressure on the 
micro -HPLC column varied over the repeated 
injections, this was due to the test setup. Absorption 
data was obtained at 254nm on a Shimadzu U.V 
detection system. The flow-rate of buffer solution 
was 5? l/minute. Test data outlined in figure 4 as 
was obtained with this HPLC  setup.

    Test   Peak1 
  (Min)

Peak 2
(Min)

 Peak 3 
(Min)

Pressure
PSI

 Test 1
N/A N/A N/A 1100

 Test 2
4.05 6.23 10.76 1100

 Test 3
3.89 5.95 10.26 1070

 Test 4
3.77 5.86 10.37 1100

 Test 5
3.82 5.86 10.36 1050

 Test 6
4.07 5.74 9.98 1000

Table 1. Six repeated tests of the same test 

mixture was carried out on the fluidic system, 

the peak retention times are outlined and the 

pressure at which the HPLC column operated.

5. Conclusion
The design and fabrication of an integrated 
microfluidic platform has been demonsratted using 
microelectronics technology. The impact of dead 
volume on HPLC performance has been shown to 
be minimal and tailing of fluidic plugs due to 
corner effects has also had minimal impact of the 
HPLC performance. 

6.References

[1] Coventor CAD software, Microcosm
Technologies

[2] Kruger J, O’Brien P, Morrissey A, Alderman J, 
O’Neill A:  Materials, Processing ,Component
Integration, Assembly and Packaging Issues,
Microtech IMAPS, 2001. 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Fluidic Devices

183



Direct Numerical Inversion of Ellipsometric Data to Determine 

Refractive index and Thickness for Real-time Sensing Applications 
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Summary: A direct numerical inversion for the determination of the refractive index and the thickness of

the outermost layer of a thin transparent film on top of a multilayer was developed for real-time sensing

applications. The algorism is based on the 2 × 2 matrix method without any approximation nor any a
priori assumption. It  is effective for both external and internal reflection geometries. The method is fast,

takes less than 0.3 ms per one calculation for a new layer in typical cases, and is capable of single- and

multiple-wavelength inversion of continuous as well as discontinuous-index profiles.

Keywords: ellipsometry, real-time sensing, direct numerical inversion, refractive index, thickness

Category: 2 (Materials and technology)

1 Introduction 

Ellipsometry is a powerful tool for real-time
sensing of the refractive index and the thickness of
films preexisting or being newly deposited.
Recently simultaneous determination of both the
refractive index and the thickness of the outermost
layer has been attempted by direct numerical
inversions [1–3] and fitting procedures [4,5] of
ellipsometric data. Especially the 2 × 2 matrix
method is useful because it is so flexible to hold
good both for reflection and transmission
configuration and also to be easily extended to 
optically anisotropic systems in some simple cases
[6,7]. However, algorisms reported so far using this 
technique rely on complicated approximations and
a high order (eighth) polynomial to be solved [3], or 
need a fitting procedure [5], leading to insufficient
calculation speed to allow simultaneous data
acquisition.

2 Theory 

The optical response of the isotropic stratified
planar structures was analyzed by the 2 × 2 matrix

method according to the formalism developed by
Azzam and Bashara [8].

The scattering matrix is written as Eq. (1). In the
case of external reflection configuration a new layer 
is formed at the interface of the first layer and light-
incident (0) media. For direct numerical inversion
of the refractive index and the thickness of the new
layer, it is convenient to define a pseudo scattering
matrix S’ for representation of the effect of the
existing layers as Eq. (2) and to multiply it by a 
factor Lj Ij(j+1) for representation of an additional
layer as Eq. (3). There, Ij(j+1) represents a matrix
characteristics of the jth interface, Lj represents a
matrix characteristics of the jth layer. In Eq. (3), rj

and tj are the Fresnel reflection and transmission
coefficients, respectively. The film phase thickness

j also in Eq. (3) is represented by Eq. (4) for the jth
layer in terms of the wavelength , the layer 
thickness dj, the layer complex index of refraction
Nj, and the layer complex angle of refraction j.
Therefore, the scattering matrix for the whole
structure including the additional layer is given by
Eq. (5).

The overall reflection coefficient R, which is
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related to the elements of the matrix S, is given for
s and p polarization by Eq. (6), where the
coefficients Ai and Bi (i = 1 or 2) are written by Eqs. 
(7). These coefficients only include the refractive
index (n) of the additional layer in question as an 
unknown variable. Thus it becomes possible to
decouple the thickness (d) from the unknown value
of n as an exponential function of the phase
thickness , as is true for the case of a single
nonabsorbing layer [9–11].
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In the internal reflection configuration, a new
layer is formed at the interface of mth layer and 
light-transmiting (m+1) media. Similar formulas are
derived also in this case (not shown).

Ellipsometry is based on the determination of the
ratio  of the complex Fresnel coefficients Rs and 
Rp for s and p polarization respectively as a function
of the ellipsometric measures  and .

j

s

p
e

R

R
tan

 (8)
Using a substitution as 

12jeX (9)
from Eqs. (6) and (8) a polynomial in X is obtained.

02 cbXaX (10)
The coefficients of the polynomial are all complex
functions of n of the additional layer in question as 
a sole unknown variable. When the light-incident
phase and the additional layer are transparent, the
film phase thickness 1 becomes real so that the
complex exponential function X satisfies the
condition

0ln X (11)

Now n can be numerically determined as a root
of Eq. (11). Then, d is obtained by Eq. (9).
Otherwise a fifth-degree polynomial in the
dielectric constant can be derived and directly 
solved as has been reported for a single layer [11]. 

3. Numerical Results 

The Newton-Raphson method was used for the root
finding with the initial value of 2.0 for n. The
function, ln |X| [see Eq. (11)], was adapted as a
function to be solved, which worked much better
than the function, G, used by Charlot and Maruani
[10]. For multi-wavelength data d was determined
as an average of values having converged not too
late and larger than zero. The d value thus obtained
was used to determine n for the wavelengths where
the root finding failed. The inversion algorism was 
implemented with Visual C++®.

Results of the numerical inversion are shown in
Fig. 1 for abruptly changing and linear gradient
index profiles at three wavelengths. The accuracy is
better than ±0.001 for n and better than ±0.01% for
d. For the unoptimized code the inversion for a
layer took 0.26 ms on the average on a 800-MHz

Pentium® processor, which is more than 100 times
faster than the other methods [3,5].

In conclusion, a method for the direct numerical
inversion of the ellipsometric values for the real-
time sensing of the refractive index and the
thickness. It is proven effective for not only the
ordinary external reflection ellipsometry but also 
the internal reflection ellipsometry (IRE), which is 
very attractive for in situ characterization of  the
film in solutions or special gas since the optical 
system is completely separated from the analyte
phase by the prism [12].
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Fig.1 Inversion of simulated refractive index profiles
at a thickness step of 2nm. Refractive index: 3.876–
j0.02124 (substrate). Ambient: air. Incident angle: 70°.
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Summary: Molecules has been immobilized on the inside surface of a Photonic Crystal Fiber (PCF), 

and molecular interactions such as DNA hybridization and protein binding has been performed. The 

interactions were detected by fluorescence labeling. The experiments indicate that PCF’s are suitable 

for biosensor applications.  

Keywords: Molecular immobilization, DNA hybridization, protein binding 
Category: 6 (Biosensors) 

Introduction.

Photonic Crystal Fibers (PCF’s) are silica 
based optical fibers with air holes running 
along the length of the fiber. These fibers 
allows for a close proximity of the light 
guided in the fiber and molecules 
positioned in the air holes. The penetration 
of the optical field into the air holes can be 
significant [1], making PCF’s suitable for 
sensor applications. In the present work we 
have used a hollow-core fiber from Crystal 
Fibre A/S, which has a large center hole of 
approximately 17µm in diameter, and a 
cladding with smaller holes, each of 
approximately 3µm in diameter. 

Figure 1. A hollow core Photonic Crystal Fiber 
seen from the end. 

Here we report on the coating and 
immobilization of the biotin binding 
protein, streptavidin, to the inner surfaces 
of a PCF, by pumping the appropriate 
liquids through the fiber. The immobilized 
streptavidin was subsequently used for: 
1) DNA hybridization between an 
immobilized biotin-labeled DNA-oligo 
and a mismatch- and a match Cy3-labeled 
DNA-oligo, respectively. 
2) Protein-Antibody interaction between 
the immobilized streptavidin and a Cy3-
labeled nonspecific antibody and a specific 
anti-streptavidin antibody, respectively.  
The molecular interactions were detected 
in a microscope obtaining a fluorescence 
micrograph.

DNA hybridization 

Since DNA hybridization is a well-
characterized molecular process, it was 
chosen as the experimental setup inside the 
fiber. A fiber was coated with streptavidin 
and the hybridization was performed as 
illustrated in Figure 2. The experiment 
confirmed that a true hybridization took 
place inside the fiber, as only the perfect 
match probe hybridized to the immobilized 
biotin-DNA-oligo. 

1 2

43
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Binding 1

• Unspecific Cy3-antibody. 
• Stringency wash 
• Empty fiber for fluid 
• Microscope (exp.time 500ms) 

Figure 2. Mismatch- and match DNA hybridization inside a PCF. 

Protein binding 

Another well-characterized biological 
process is protein-antibody interaction. 
Figure 3 illustrates the experiment as it 
was carried out. As seen on the 
micrographs the unspecific antibody does 
not bind to the immobilized streptavidin, 
whereas the streptavidin specific antibody 
does.

These experiments show that it is possible 
to perform well-known biological 
interaction experiments inside the air holes 
of a PCF, extending its possibilities in 
sensor applications. 
References: 
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Figure 3. Unspecific- and specific protein binding inside a PCF. 

Hybridization 1

• Mismatch Cy3-DNA-oligo. 
• Stringency wash 
• Empty fiber for fluid 
• Microscope (exp.time 500ms) 

Hybridization 2

• Match Cy3-DNA-oligo. 
• Stringency wash 
• Empty fiber for fluid 
• Microscope (exp.time 500ms) 

Binding 2

• Specific Cy3-antibody. 
• Stringency wash 
• Empty fiber for fluid 
• Microscope (exp.time 500ms) 
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Summary: A miniature gas turbine is under development with the aim to generate electrical energy from
fuel. This system consists of a compressor, combustion chamber, turbine, and generator. The turbine is a
single-stage axial impulse turbine with a rotor diameter of 10 mm, made of stainless steel using die-sinking
electro-discharge machining (EDM). It has been tested with compressed air to speeds up to 160,000 rpm
and air supply temperatures up to 360°C. When coupled to a small generator, it generates up to 44 W of
electrical power with a total efficiency of 16 %. A 20 mm diameter centrifugal compressor matching the
pressure and flow characteristics of the turbine has been designed and is currently under construction.

Keywords: microturbine, microcompressor, microgenerator, powerMEMS
Category: 10 (Applications)

1 Introduction

Portable devices like laptops and cellular phones
have a limited autonomy because of the limited
energy density of their batteries which is about 0.5
MJ/kg for Li-ion batteries. As fuel has an almost
100 times higher energy density (about 45 MJ/kg),
it would be interesting to power these devices with
fuel. However, this requires miniaturised energy
conversion devices based on fuel cells, thermo-
electric devices, Stirling engines, internal
combustion motors, or gas turbines [1]. To take
advantage of the high energy density, these
generators should be as compact as possible.
K.U.Leuven is developing a micro power generator
based on a micro gas turbine as this is expected to
offer the highest power density [2]. This paper
reports about improvements in turbine performance
and efficiency, high-temperature tests, and the
design of the compressor.

2 Turbine design

Figure 1 shows an exploded view of the
microturbine design. A single-stage axial impulse
turbine (Laval turbine) was chosen because of its
simple construction. The nozzles are designed for
subsonic flow and therefore have a converging
cross-section. Sonic speed is reached for a supply
pressure of 1 baro.

The compressed air enters via a standard
pneumatic connector (1) and expands over the

stationary nozzles (3) where it is deflected in a
direction tangential to the turbine rotor (5). The air
is deflected again by the rotor blades where no
expansion takes place. Finally, the air leaves the
device through the openings in the outlet disc (6).
The rotor has a diameter of 10 mm and is supported
by two ball bearings (4). The nozzle disc and rotor
are monolithic stainless steel parts, produced by
turning and die-sinking EDM [2]. Figure 2 shows a
subassembly of nozzle disc, rotor, and bearings.

The turbine has been coupled to a small brushless
DC motor that is used as a 3-phase generator [2].
The generator is connected to a variable 3-phase
load consisting of 3 potentiometers.

Fig. 2. Subassembly of nozzle disc, turbine rotor, and
bearings. The rotor has a diameter of 10 mm.

3 Turbine performance

Previously, the turbine has been tested with
compressed air at room temperature, for pressures
up to 1 baro and speeds up to 160,000 rpm [2]. The
turbine consumed 8 Nm3/h and the maximal torque,
power and efficiency were respectively 3.7 Nmm,
28 W, and 18 %. When coupled to the generator, 16
W of electrical power was generated, corresponding

1 2 3 4 5 4 6 7 8

Fig. 1. Microturbine design.

Turbine rotor

Bearing

Stationary
nozzles
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to a maximal total efficiency (compressed air to
electricity) of 10.5 %.

The performance of the turbine has been
improved by using better ball bearings and
adjusting the gap between the nozzle disc and rotor.
This distance is very critical. For a too small
distance, the rotor blades repeatedly block the exit
of the nozzles causing an increased flow resistance
and pulsed flow. For a too large distance, the losses
increase due to turbulence at the nozzle exits.

This improved turbine has been tested in
combination with the generator at different
temperatures of the supplied air, ranging from 23°C
to 360°C. Figure 3 shows that the electrical power
varies with temperature between 30 and 44 W for a
supply pressure of 0.8 baro. The volumetric flow is
inversely proportional to the square root of the
temperature and decreases from 11 Nm3/h at 23°C
to 7.4 Nm3/h at 360°C. Figure 4 shows the total
efficiency (from air to electricity) of the turbine-
generator combination, not taking into account the
heating of the compressed air. The maximum lies
around 16 % and varies slightly with temperature.
The improved turbine clearly shows lower flow
resistance and higher efficiency.

4 Compressor design

A single-stage radial compressor design was
chosen because radial compressors can generate
high pressure ratios in a single stage and are
relatively easy to realise. Axial compressors on the
other hand need several stages to reach the required
pressure ratio, and the geometry of the blades is
more critical.

A stainless steel prototype of the 20 mm diameter
rotor disc is shown on the right half of figure 5. The
blades are created by die-sinking EDM using the
copper electrode shown of the left side of figure 5.
The electrode, which has the negative shape of the
rotor, is produced by wire-EDM.

The flow in centrifugal compressors is limited to
subsonic speeds due to compressibility effects.
Therefore, the compressor has been designed to
operate at 80 % of the sonic speed, resulting in a
pressure ratio of 1.8. The dimensions are chosen
such that it can realise a flow rate of 6 Nm3/h at 0.8
baro, corresponding to the expected working
characteristics of the turbine at 600°C. To attain the
required pressure, the rotor has to rotate at 250,000
rpm. Therefore it will be mounted on special high-
speed ball bearings allowing speeds up to 400,000
rpm.

Fig. 5. Compressor disc prototype (right) and copper
EDM-electrode (left) used to produce it.
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Dynamics of CMOS-based Thermally Actuated Cantilever Arrays for

Force Microscopy
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Summary: Arrays of CMOS-fabricated cantilevers with integrated thermal actuators and piezoresistive

stress sensors have been fabricated and characterized. The performance variations within an array, and

between different arrays, were measured in order to quantify the influence of the process variations.

The sensor-actuator crosstalk (SAC) was studied. A model for the frequency response of the cantilever

actuation is proposed, which corresponds well to the measured behaviour. The model has been used

to design a compact controller for constant-force imaging. Initial images obtained with this controller

are shown.

Keywords: thermal actuation, CMOS, AFM

Category: 4 (Non-magnetic physical devices)

1 Sensor Design

The CMOS chip comprises an array of 10 identical
cantilevers designed for force microscopy together
with signal conditioning circuitry (see Fig. 1). An
industrial CMOS process is followed by
micromachining in order to release the cantilevers
with dimensions 500 µm x 60 µm x 4 µm [1].

Fig. 1. Photograph of the 10-cantilever array.

The thermal actuator consists of a p-diffusion
resistor heating a bimorph structure [2, 3] made
from the silicon n-well and the aluminium layer
(see Fig. 2).

Fig. 2. Schematic of the cantilever with the bimorph
actuation structure in the centre, and the
piezoresistive Wheatstone bridge close to the
clamped edge.

The piezoresistive stress sensors for deflection
detection are located near the clamped edge of the
cantilever. Three different sensor designs were
studied: on the first two the piezoresistors are made
from a p-well, with connecting leads made in p-
diffusion or metal, the third type uses p-diffusion
resistors and metal interconnections.

2 Measurements

The mechanical frequency response measured with
an optical vibrometer and the signal from the
integrated sensor were simultaneously recorded. A
large number of cantilevers were tested and
statistics on the parameter spread could be
established. The cantilevers show a resonance
frequency of around 20 kHz. The superposition of
the resonance peaks from all cantilevers in an array
is shown in Figure 3.

Fig. 3. Vibration amplitude as a function of
frequency, around the fundamental resonance
frequency for 10 cantilevers of one array.

Amplitude
[a.u.]

f [Hz]
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The variations between arrays are larger and can be
attributed to a spread in the thickness of the
fabricated silicon membrane from which the
cantilevers are released. A typical amplitude
transfer characteristic of the thermally excited
cantilever is shown in Figure 4. Beyond a corner
frequency of around 100 Hz the vibration amplitude
decreases with 1/f. This distinct low pass
characteristic stems from the thermal actuation.

Fig. 4. Vibration amplitude per heating power as
a function of frequency. Measured data (dots) and
fit model (solid line).

3 Crosstalk

The heater is confined to the middle part of the
cantilever and creates a bending moment over the
length of the bimorph. Bending or stress caused by
heating should be minimal outside this area. Still, a
sensor signal is observed during actuation. This
sensor-actuator coupling can be explained in terms
of the thermal gradient that extends outside the
heater and affects the piezoresistors. Comparing the
sensor signal with the mechanical amplitude we see
this crosstalk is constant up to a frequency of about
1 kHz (see Fig. 5).

Fig. 5. The stress sensor signal (crosstalk) divided
by the mechanical amplitude as a function of
frequency.

4 Model

A precise model of the cantilever response to a
thermal excitation is desirable for designing the
control circuitry. The model combines the low pass
characteristic of the thermal actuator with the
mechanical response of the vibrating cantilever,

which can be treated as a harmonic oscillator. The
parameters of the model were fit to the measured
data. Figure 4 shows the measured vibrating
amplitude from one cantilever together with the
fitted model. The proposed model agrees well with
the measured data and allows the precise extraction
of key parameters for a controller for constant-force
imaging. The collected specifications have been
successfully implemented in a stand-alone analogue
controller and evaluated. An example constant
force image taken is shown in Figure 6.

Fig. 6. Constant-force image (30µm by 30µm)
showing a row of vias on a 0.8µm CMOS chip.
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A low volume electrostatic inchworm microactuator with high-resolution 

and large force 
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Summary:  A novel electrostatic inchworm microactuator, which employs a built-in mechanical 

transformation and a large number of contraction units to generate large force and sub-micrometer 

resolution step, is presented. The actuator is fabricated in a single polysilicon device layer using a trench 

isolation technology. The entire actuator, including the clamps and the contraction element, fits in an area 
of 440 x 286  µm. Tests on the first prototype show an effective step size of 13 nm and a generated force of 

0.55 mN. A driving voltage of 55 V has been used both for clamping and contraction. 

Keywords: electrostatic microactuator, inchworm motion, vertical trench isolation 

Category: 4 (Non-magnetic physical devices)

1 Introduction 

Diverse MEMS applications require low volume, 
low power, large stroke, large force and high-
resolution microactuators.  

This paper presents a novel electrostatic 
microactuator with a potential to satisfy all these 
requirements. The actuator employs a built-in 
mechanical transformation [1] and a number of 
contraction units operating in parallel [2] to 
generate large force and sub-micrometer step within 
a small volume. A large stroke is achieved by 
adding small steps in sequence using the inchworm 
principle.  

2 Working principle 

A schematic view of the novel inchworm 
microactuator with the operation sequence is 
depicted in Fig. 1. The actuator consists of two 
electrostatic clamps and an electrostatic contraction 
element [2], which are electrically separated 
allowing individual biasing. A basic unit of the 
contraction element is composed of two parallel, 
mutually insulated, conducting beams. The number 
of basic contraction units operating in parallel can 
be chosen freely by design to increase generated 
force. 

To create a single motion step the front clamp is 
first activated. On application of a potential 
difference on the contraction element a deflection 
of the beams occurs. This lateral deflection induces, 
due to a built-in mechanical transformation, a small 
but powerful longitudinal contraction moving the 
clamps closer together. Next, the back clamp is 
activated and the front clamp and the beams are 
released. The stretching of the beams pushes the 
front clamp forward.  A large stroke motion can be 
achieved by adding the small single steps by 
repeating the operational sequence. 

Front Clamp Back Clamp
Contraction beams

Fig. 1. Actuation sequence 

3 Fabrication process 

A vertical trench isolation technology [3,4] is 
used to successfully fabricate the inchworm 
microactuator. The technology employs trenches 
refilled with dielectric material to create, in a single 
device layer, electrical insulation and mechanical 
interconnection between released components 
(clamps and contraction beams). Hollow isolating 
bumps [4] are employed to reduce stiction during 
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release and operation, to prevent the short-
circuiting between the clamps and the grounded 
substrate, to limit the charge accumulation and to 
serve as etch holes at the same time. The three-
mask fabrication process is illustrated in Fig. 2. 

(a)

(b)

(c)

(d)

(e)

(f)

 Silicon oxide                    Silicon nitride                    Polysilicon

Front Clamp Back clampContraction beamsIsolating bump Refilled trench

Fig. 2. Fabrication sequence. 

4 Results 

A SEM photograph of a fabricated actuator is 
shown in Fig. 3. A doped 4.8 µm thick polysilicon 
layer was used. The contraction element contains 
16 parallel beams, 212 µm long, 2 µm wide with a 
2 µm distance in between. Isolation trenches, 2 µm 
wide, were refilled with a low-stress silicon nitride 
layer to create distinct electrical domains, clamps 
and contraction beams. The gap between an 
activated clamp and the grounded substrate is 
determined by 150 nm high isolating bumps evenly 
spaced on the clamp surface. The actuator is 
supported by springs, which also provide driving 
signals to the clamps and the contraction element. 
The whole actuator including the clamps and the 
contraction element fits in an area of 440x286 µm. 

The inchworm motion of the actuator is 
successfully performed. The driving voltage of 55 
V was used both for clamping and contraction. The 
tests are performed at a maximum stepping 
frequency of 200 cycles/s due to the limitation of 
the driving electronics. The maximum obtained 
stroke of 11 µm, limited by physical constraints, 
corresponds to a force of 0.55 mN. An effective 
average step size of 13 nm was calculated. 

Front clamp

Back clamp

Contraction beams

Isolating bump

Refilled trench

100 µm

Fig. 3. SEM photograph of the inchworm 
microactuator. 

4 Conclusion & Outlook 

Design, fabrication and characterization of a low 
volume electrostatic inchworm microactuator with 
sub-micrometer stepping resolution and large force 
have been presented. Through successful generation 
of a large stroke motion a great potential of the 
microactuator is demonstrated.  

Even better performance of the actuator, in terms 
of larger force (>1 mN), larger stroke (100 µm) and 
higher speed (>1 mm/s), is expected but have not 
yet been achieved due to encountered fabrication 
inaccuracies and limitations of the driving 
electronics. The current effort is focused on solving 
these issues.  
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Self-Aligned Vertical Electrostatic Comb-Drive Actuators

E. T. Carlen, K.-H. Heng, S. Bakshi, and C. H. Mastrangelo
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Summary. We report a novel self-aligned vertical electrostatic comb-drive actuator. Key to the actuator
design is the self-aligned, offset comb-drive fingers, which are fabricated with very narrow gaps using
a single lithography step. The offset comb-fingers are fabricated using two thick conducting layers
separated by a thin dielectric layer. The lower fingers are formed with the device layer of the SOI
substrate, while a thick, doped polysilicon layer is used for the upper comb-fingers. The actuator has
been implemented in a compact actuator-flexure design combined with a staggered micromirror array
arrangement with a high optical fill-factor (

�
90%) for optical scanning applications. Large continuous

scan angles ( � 10 � ) with actuation voltages � 60 Volts have been measured with no pull-in phenomena
observed.

Keywords: electrostatic vertical comb-drive, self-aligned process, Epipoly
Category: 4 (Non-magnetic physical devices)

1 Introduction
Vertical comb-drive actuators are attractive devices for ap-
plications requiring large out-of-plane (vertical) displace-
ments due to their high force density [1]. In this paper, the
design, fabrication and testing of a novel, self-aligned ver-
tical electrostatic comb-drive actuator structure is reported.
The novel aspect of this device is the self-aligned fabri-
cation process where the comb-drive gaps are formed
in one fabrication step; thus minimizing the pull-in ef-
fect due to gap asymmetries. This process allows for
the fabrication of self-aligned vertical comb-drive actua-
tors with very narrow gaps defined by a single lithogra-
phy step in contrast to other vertical comb devices [2, 3]
which use more than one lithography. The vertical comb-
drive actuator has been implemented as the drive for a one-
dimensional torsional element for a 1xN micromirror ar-
ray.

2 Design
The compact comb-drive actuator structure, which sur-
rounds the restoring spring, combined with a staggered
mirror arrangement is shown in Fig. 1(a). An electro-
static potential applied between the upper and lower comb-
fingers on one side of the devices results in torsional rota-
tion due to the attractive force, shown in Fig. 1(b). Fig-
ure 2 shows the capacitance � � and change in capacitance� � � /

�
t, where t is the rotation angle, between the upper

and lower comb-fingers. When the upper and lower fin-
gers are not engaged (A) the capacitance is due entirely
to fringing fields. As the fingers are partially engaged (B)
the capacitance changes approximately linearly with angle.
When the fingers are fully engaged (C), the capacitance is
maximum and thus

� � � /
�

t = 0. Therefore the maximum
rotation angle is located at position (C). The electrostatic
torque is � � 	 
 � �  � � � 
 � �

, where 	 is the number
of comb fingers and � is the applied voltage. The corre-
sponding torsional spring constant is � � � � 
 �

. For the

Rotation
axis

Fig. 1: Schematics (a) portion of staggered mirror array (b)
cross-section of single device showing rotation about the
central flexure.

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� �� �� �� �� �� �� �� �� �� �� �

(C)

� �� �� �� �� �� �� �� �� �� �� �

� �� �� �� �� �� �� �� �� �� �� �
+

� �� �� �� �� �� �� �� �� �� �� �� �

� �� �� �� �� �� �� �� �� �� �� �� �

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �� � �

� �� �� �� �� �� �� �� �� �� �� �

� �� �� �� �� �� �� �� �� �� �� �

+

Fe Fe

(A)

Lower
fingers

fingers
Upper

Fig. 2: �  and ! �  / ! " as a function of rotation " for a single
comb-finger pair with g = 2 # m and l $ = 87.5 # m.

design presented here 	 � % , gap spacing & � � ' ( , and
comb-finger overlap ) * � + , - % ' ( . For � � % . Volts,
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� � � � � � � � � � Nm corresponding to � � � � � � � � � � �
Nm/rad at

� � � 	 . A typical resonant frequency for these
devices is 150 Hz.

3 Fabrication
The comb-drive actuators are fabricated using a new fab-
rication process, shown in Fig. 3. The device layer of
the SOI substrate is used as the optically-flat platform for
the reflective element. Conventional LPCVD low-stress

comb−finger
gaps

Si (device layer)

Epipoly

thin oxide

Si substrate

oxide XeF2
isotropic
etch

thin oxide etch

backside etch

(a)

(b)

(c)

(d)

(e)

(f)

+
−

upper finger

lower finger

displacement
vertical

Fig. 3: Simplified process flow for self-aligned gaps. A sin-
gle lithography step defines the gap between the upper and
lower fingers.

polysilicon is used for the mirror flexures and electrode
interconnections. The upper electrodes are constructed
from a thick, doped polysilicon layer deposited in an at-
mospheric pressure epitaxial reactor (Epipoly). Following
the Epipoly deposition, a thin (3000 ˚

�
) silicon nitride etch

fingers
Upper (a)Springs

(flexures)

Anchor

(b)

Fig. 4: SEM micrographs of array and device with straight
flexures and 150 
 m wide mirror platforms.

mask is formed with a single lithography step. The sym-
metric comb-finger gaps are etched through the Epipoly

and device layers using a conventional ICP etching sys-
tem; thus forming the self-aligned fingers. The remaining
Epipoly is removed using a XeF � isotropic etch. A 1000
˚

�
-thick thermally grown silicon dioxide mask is used to

protect other silicon areas from the dry silicon etch. The
reflectors and contact pads are formed (Cr/Au) using a lift-
off process. The bulk silicon is then removed from the
backside of the mirror array using an ICP etch. Finally, a
protective polymer coating is removed from the front side
of the sample using an oxygen plasma; thus releasing the
devices. Figure 4 shows SEM micrographs of the fabri-
cated devices. The devices shown have 20 � m thick upper
and lower electrodes.

4 Results
Static rotation angle as a function of applied voltage has
been measured on several devices. Figure 5 (Left) shows
the static rotation of two different size devices, both with
straight flexures. A rotation angle of 10  is achieved with
60 Volts or less. Figure 5 (Right) shows the static rota-
tion for a 150 � m wide mirror device with folded flexures,
shown in inset. A rotation angle of 10  is reached with 50
Volts.

Fig. 5: (Left) Measured rotation angle as a function of ap-
plied voltage (DC) for different size devices (150 and 200

 m wide) with straight flexures (L=85 
 m and W=5 
 m)
(Right) Measured rotation angle as a function of applied
voltage (DC) for a 200 
 m wide device with folded style
flexures.

References
[1] A. Selvakumar et al. High density vertical comb

array microactuators fabricated using a novel
bulk/polysilicon trench refill technology. Proc.. IEEE
Solid-State Sens. Actuator Workshop pp. 138–141,
Hilton Head, SC, June 1994, IEEE.

[2] S. Kim et al. Vertical microlens scanner for 3D imag-
ing. Proc. IEEE Solid-State Sens. Actuator Workshop
pp. 227–230, Hilton Head, SC, June 2-6 2002. IEEE.

[3] D. Hah et al. A low voltage, large scan angle MEMS
micromirror array with hidden vertical comb-drive ac-
tuators for WDM routers. Proc. IEEE Solid-State Sens.
Actuator Workshop pp. 11–14, Hilton Head, SC, June
2-6 2002. IEEE.

[4] M. Kirstena et al. Deposition of thick doped polysil-
icon films with low stress in an epitaxial reactor for
surface micromachining applications. Thin Solid Films
259 (1995) 181–187.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Mechanical Actuators

197



Advanced Thermal Vertical Bimorph Actuators for Lateral Displacement

H. Sehr, A. G. R. Evans, A. Brunnschweiler, G. J. Ensell, C. G. J. Schabmueller

Dept. of Electronics and Computer Science, University of Southampton, UK
Highfield Southampton SO17 1BJ

email: h.sehr@ecs.soton.ac.uk http://www.micro.ecs.soton.ac.uk/mems

Summary: Vertical bimorph actuators perform lateral displacement using the bimetal effect. They consist
of silicon beams side-coated with aluminium, which bend when heated. In this paper, we present an
advanced design of the actuator based on a meander geometry, which enables higher displacements
compared to prototype actuators presented previously. The design, fabrication and the characterisation are
presented including static displacement, thermal time constant and lateral resonant frequencies.

Keywords: thermal actuation, vertical bimorphs.
Category: 10 (Applications)

1 Introduction

Prototype actuators based on thermally excited
vertical bimorphs have been fabricated and
characterised at the University of Southampton [1, 2].
They use a clamped-clamped geometry for the silicon
beam. In this paper, the design, fabrication and
characterisation of an advanced thermal vertical
bimorph actuator are described. The advanced design
has a higher actuation range than the prototype at a
comparable input power.

Thermal vertical bimorph actuators consist of silicon
beams side-coated with aluminium (figure 1). When
heated they bend due to the different thermal
expansion coefficients of silicon and aluminium,
performing movement in the wafer plane. Obtaining
lateral displacement using the bimetal effect [3] is a
new concept for micro-actuators, which makes
vertical bimorphs an interesting alternative for micro-
positioning applications. Compared to electrostatic
actuators [4], they only need small voltages (in the
range of a few volts) and compared to thermally
actuated compliant structures [5], only a small
temperature change (up to 100 ˚C) is required.

2 Working Principle

The advanced bimorph actuator consists of a meander
shaped silicon beam with sidewalls partly covered by
aluminium as shown in figure 1. The silicon beams
are 8 µm wide and 30 µm tall. The bimorphs are 1000
µm long. The aluminium fillets on the sidewall are 1.5
µm thick.

To heat up the actuator, a voltage is applied between
the contact pads, which causes an electrical current
through the silicon beam and hence heat dissipation.
The bimorphs bend causing a linear movement of the
front plate in the direction of the contact pads. A 200
nm oxide layer provides the electrical insulation
between the silicon and the aluminium layer. The
resistance of the silicon beam is 6.1 k�.

gold contact pad

aluminium

vertical bimorph:
silicon part

aluminium part

silicon (covered with oxide
layer)

insulation trench

movement
upon heating

gold conductor
front plate

Fig. 1. Meander shaped thermal vertical bimorph actuator.

3 Static Deflection

In an SEM, static deflection of the front plate was
measured as a function of the electrical input power,
as shown in figure 2. With an input power of 6 mW
(input voltage: 6.1 V), a deflection of 13.2 µm was
obtained. The graph is linear with a small hysteresis
for the increasing and decreasing power branches. The
measurement is compared with an ANSYS simulation
based on constant material parameters (figure 2).
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Fig. 2. Static deflection of the front plate as a function of
input power, measurement compared with ANSYS
simulation based on different thermal coefficients of
expansion for aluminium TCE(Al).

4 Thermal Time Constant and Lateral
Resonant Frequency

Using a pulsed input power, the thermal time constant
of the actuator was measured to be 49 ms, which is in
good agreement with the Ansys simulation predicting
48 ms. Lateral resonances were excited thermally and
were found to be at 3576 Hz for the first harmonic
and at 7148 Hz for the second harmonic. Figure 3
shows a plot of vibration amplitude versus frequency.
The simulation predicts 3899 Hz for the first
harmonic.
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Fig. 3. Vibration amplitude versus frequency plot.

5 Fabrication

The fabrication process is based on the use of SOI
substrates with a device silicon thickness of 30 µm.
The patterns of the silicon beams are defined by
DRIE. For the contact pads, gold evaporation is used.
To deposit aluminium fillets on the sidewalls of the
silicon beams, a specially developed process based on
angled evaporation and wet-etching is carried out [6].
The bimorphs are released by dry-etching the handle
silicon and the buried oxide layer from the back.
Figure 4 shows an SEM image of the actuator.

Fig. 4. SEM image of the actuator.

6 Conclusion

An advanced design of a thermal vertical bimorph
actuator has been presented. It allows larger
displacement compared to prototype actuators based
on a clamped-clamped beam geometry. To
characterise the actuator, static deflection, thermal
time constant and lateral resonances were measured.
The fabrication process is based on SOI substrates,
DRIE and aluminium sidewall evaporation.
Applications in micro-positioning and micro-robotics
are envisaged.
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Exploitation of a pH-sensitive hydrogel for CO2 detection 
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Summary: In this paper is described how hydrogel is exploited as sensor material for the 

detection of carbon dioxide (CO2). A pH-sensitive hydrogel disc, which swells and deswells in 
response to pH changes, was clamped between a  pressure sensor membrane and a porous metal 

screen together with a bicarbonate solution. Bicarbonate reacts with CO2 resulting in a pH 

change. The enclosed hydrogel will generate pressure as a response to the pH change. This 

pressure is a measure for the partial pressure of CO2. The main advantage of this sensor principle 

is the lack of a reference electrode as required for potentiometric sensors. 

Keywords: hydrogel, Pco2 sensor, Severinghaus 
Subject category: 5 (Chemical sensors) & 6 (Biosensors) 

1. Introduction 

Stimulus-sensitive hydrogels are cross-linked 
hydrophilic polymers which undergo a volume change 
in response to changes in stimuli, such as pH, 
temperature, electric field, ion concentration or light 
[1]. This research project aims at exploring the 
possibilities of detecting the pressure built-up 
generated by a hydrogel contained under isometric 
conditions for sensor applications.  

2. Sensor design 

The first goal is to develop a gastric Pco2 sensor for 
measuring the partial pressure of CO2 in the stomach 
to determine whether a person has Gastrointestinal 
Ischemia [2]. To realize this, a pH-sensitive hydrogel 
disc is used. This type of hydrogel will swell with a 
decrease in pH and deswell with  an increase in pH. A 
miniature pressure sensor is used to observe hydrogel 
swelling. In figure 1 a schematic representation of the 
hydrogel-based Pco2 sensor is shown. 

Fig. 1. Schematic representation of the hydrogel-based Pco2

sensor. 

CO2 will diffuse through the membrane and react with 
the bicarbonate solution resulting in a pH decrease 

(Severinghaus principle [3]). In response to the pH 
decrease the hydrogel would like to swell, but since 
its volume is fixed by the porous cover (isometric 
conditions), a pressure will be generated. This 
pressure is measured by the pressure sensor and is 
thus a measure for the partial pressure of CO2.

3. Experimental 

The hydrogel disc was prepared from 2-hydroxyethyl 
methacrylate (HEMA, Acros) and 2-(dimethylamino)-
ethylmethacylate (DMAEMA, Acros) by UV-
polymerization. A monomer mixture of HEMA and 
DMAEMA was made with a mole ratio of 95:5 and to 
the total mole amount, 1.5% cross-linker 
tetraethyleneglycol diacrylate (TEGDA, Fluka) and 
3% photoinitiator 2,2-dimethoxy-2-phenylaceto-
phenone (DMPAP, Aldrich) was added. The solution 
was pipetted on a silicon mould with a cavity of 50 
µm and covered with Mylar foil. On top a mask was 
placed with an aperture (diameter = 750 µm) through 
which the UV light can pass. The hydrogel was 
polymerized by 366 nm UV for 90 seconds. The 
principle is shown in figure 2. By using this method a 
hydrogel with a thickness of 50 µm can be made. 

Fig. 2. Schematic representation of the setup that is used to 
obtain hydrogel discs with a diameter of 750 µm and a 

thickness of 50 µm. 
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The hydrogel disc was placed on the pressure sensor 
membrane of a bare Honeywell pressure sensor.  The 
pressure sensor was glued on a PCB stick and 
wirebonded.  On top of the sensor a porous metal 
screen was glued (for the initial experiments a metal 
screen was used instead of a silicon cover). 

4. Results 

For the initial experiments the sensor was first placed 
in different 100 mM pH buffers to measure the 
pressure the hydrogel generates as a function of pH. 
The result is shown in figure 3. As expected the 
pressure increases with decreasing pH. 
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Fig. 3. Plot of the measured pressure versus pH. 

Next, a CO2 measurement was performed. The sensor 
was placed in a 100 mM NaHCO3 solution together 
with a pH electrode. Gas was bubbled through the 
solution starting with 100% N2, then 100% CO2 and 
again 100% N2. During the experiment the pH and 
pressure were measured versus the time. The result is 
shown in figure 4. 
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Fig. 4. Plot of  the pH change of a 100 mM sodium 
bicarbonate solution and the pressure change of the 
hydrogel based sensor as result of a gasflow change  
from 100% N2 to 100% CO2 and back to 100% N2.

As can be seen in the plot, the pH decreases first by 
the CO2 and then increases again by the N2 removing 
the CO2. The pressure at start is 0.68 bar caused by 
the clamping of the hydrogel. At t = 800 seconds the 
pH is decreased to 6.7 by the CO2. Due to this pH 
decrease, the hydrogel wanted to swell, but since it’s 
volume is fixed it generates an additional pressure of  
0.29 bar resulting in a pressure of 0.97 bar. By 

interpolating the plot from figure 3 the pressure at pH 
6.7 can be found which is around 0.95 bar. This 
agrees reasonable well with the pressure measured 
during the CO2 experiment. 

Compared to the previous experiments with a Pco2

sensor holding hydrogel microspheres, the use of a 
very thin layer of hydrogel gave a faster response [4]. 

5. Conclusions 

A sensor concept is demonstrated where the swelling 
of a thin pH-sensitive hydrogel layer is measured with 
a miniature pressure sensor. With the addition of 
bicarbonate it is shown to be possible to measure CO2.
The principle showed in this article could also be used 
for other stimulus-sensitive hydrogels, such as a 
glucose-sensitive hydrogel to construct a glucose 
sensor. 
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1. Introduction

 

Tin oxide SnO

 

2

 

 is an interesting material for chem-
ical gas sensors, because of the existence in air of an
electron depleted layer due to oxygen adsorption. Mod-
ulation of this depleted layer by foreign gas adsorption
gives rise to large changes in SnO

 

2

 

 resistance.

The Raman spectrum of nanocrystalline tin oxide
is also rather unique, with very intense specific bands,
which have been anayzed in terms of phonon confin-
ment and amorphous layer around nanocrystals [1], but
also in terms of free surface vibrational states [2].

Despite similar grain size, nanocrystalline SnO

 

2

 

prepared by different routes may display different gas
sensor abilities. We therefore intended to study the
structure and sensing characteristics of SnO

 

2

 

 prepared
by different routes. X-ray  diffraction was used to
measure the crystallite size of the powder. BET adsorp-
tion-desorption allowed us to measure the specific sur-
face area of tin oxide powders. Raman spectra were
collected to better understand the origin of the new
bands due to nanocrystalline state.

 

2. Sample preparation

 

Four kind of samples were prepared by variations
of a wet chemical method. Starting from an SnCl

 

4

 

*
5H

 

2

 

O solution, gels were obtained by precipitation
with NH

 

4

 

OH (samples g and k), N

 

2

 

H

 

4

 

*H

 

2

 

O (samples
h), or NH

 

4

 

OH+cetyltrimethylammonium bromide
(CTAB) (samples s). For samples g, drying was con-
ventional (100°C), while final powders of samples k
were obtained by cryo drying.

After drying, the resulting powders were calcinat-
ed at 300, 500 700 and 1000°C for 24 hours in air. For
electrical measurements and sensing characterizations,
thick (0.5 mm) films were deposited  by screen printing

onto alumina substrates where gold electrodes had
been pre-deposited. Films were dried at 100°C for 24
hours and calcinated at 500°C for 6 hours.

 

3. Results

 

Fig 1 shows the electrical conductance sensitivity
towards CO at  380 °C for samples g, h and k. S(CO) is
defined by

where G

 

0

 

 is the sample conductance in dry air and G
the conductance in the 900 ppm CO in N

 

2

 

 atmosphere.

 The general trend is the sensitivity growth with
specific area as measured by BET. 

On the contrary, the sensitivity towards NO

 

2

 

 at

S CO( ) G G0–( ) G0⁄=
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Summary: 

 

Nanocrystalline tin oxide powders have been prepared by different routes and characterized
by X-ray diffraction, Raman spectroscopy and BET nitrogen absorption-desorption. The electrical re-
sponse to CO (900 ppm in N

 

2

 

) or NO

 

2

 

 (90 ppm in N

 

2

 

). was measured on thick films prepared from the
corresponding powders. Structural characteristics and sensitivity are discussed as a function of thermal
treatment of the samples.
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Category: 5 (chemical sensors)

 

Fig. 1. Sensitivity towards CO S(CO) as a function of
BET surface area for samples g(circles), h(stars) and k(filled
squares). Measurements performed at 380°C
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200°C, defined by :

where R

 

0

 

 is the sample resistance in dry air and R the
resistance in 90 ppm NO

 

2

 

 in N

 

2

 

, decreases when sur-
face area increases (Figure 2). This behaviour cannot
be understood if one takes only into account the ad-
sorption of NO

 

2

 

. Moreover, very different values are
observed depending upon the sample preparation: the
sensitivity of samples k is much higher, and the sensi-
tivity of sample h  much lower than that of samples g
and s.

This high sensitivity to sample k for samples heat-
treated at 300 and 500°C could be due to a large
amount of residual OH groups at the surface of the

grains. Thermogravimetric analysis has shown that
powder k had a much more important weight loss be-
low 600°C, indicating that many water molecules re-
main in the sample up to 600°C. 

A typical Raman spectrum is shown in Figure 3.
The two major features are the A

 

1g

 

 band and the very
broad «surface states» band. An indication of the rela-
tive strength of this «surface states» band is obtained
by dividing its (integrated) intensity by the (integrated)
intensity of the A

 

1g

 

 band. Figure 4 shows this ratio vs
surface area measured by BET, showing a good corre-
lation between these two results. This is an indication
that the «surface states» band is strongly correlated to
the free surface, i.e. that which can be in contact with
the atmosphere, and to a lesser extent to the nanocrystal
size, as one would expect if this band was due to pho-
non confinement or to the presence of an amorphous
layer around each nanograin.
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Fig.2. Sensistivity towards NO
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) as a function of
BET surface area for samples g(circles), h(stars), k(filled
squares) and s (triangles). Measurements performed at 200°C
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Novel Carbon Dioxide Gas Sensors based on Field Effect Transistors
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Summary:  In the present work a new gas sensor technology used for the detection of CO2 gas will be 

described. The new sensor technology is based on the signal read out of the work function change on 

sensitive layers. The sensor device consists of a field effect transistor (FET)with suspended gate electrode 
prepared in hybrid flip chip technology (HFC-FET). For the detection of CO2 we present improved sensor 

layers based on BaTiO3. In comparison to BaCO3 layers these materials showed better response times 

(lower than one minute) and a good sensitivity (20-45 mV/decade). Especially the stability and adhesion of 
the layer could be improved. The results of the Kelvin probes can be transferred to the CO2 HFC-FET 

measurements concerning sensitivity and response time. Further characterizations will follow.

Keywords: carbon dioxide, field effect transistor, work function type gas sensor  

Category: 5 (Chemical sensor)

1 Introduction 

In the present work we describe a new carbon 
dioxide sensor based on work function type gas 
sensors. The detection of CO2 gas is normally 
performed using optical devices or electrochemical 
cells. Now, we use a novel sensor principle - the 
change of the work function on the sensor layer 
surfaces. This gas signal can be read out using a 
field effect transistor with air gap (GasFET or HFC-
FET) (see figure1) [1].  

GAS

VG

sensitive layer

passivation

layer

GASFET with air gap

Field effect transistor

VG: gate voltage 

Fig 1: Scheme of a work function type gas sensor 
based on field effect transistors 

Therewith, a low power and low cost gas sensor for 
CO2 detection will be established. The development 
of CO2 sensors is of great interest as for some 
applications especially in the low power and low 
cost area are great needs. For example the detection 
of fire can be improved due to the use of CO2

sensors. Also, the control of the air quality or the 
detection of CO2 leakages can be important 
applications. 

In previous work it was found out that the CO2

reaction with BaCO3 as sensitive layer will lead to a 
change of the work function [2] [3]. The sensor 
reaction already occurs at room temperature or 

slightly increased temperatures (~50°C) but is 
dependent on the presence of humidity [4]. 
In the flollowing investigations we present another 
CO2-sensitive layers based on BaTiO3. BaTiO3 can 
exists with a low excess quantity of Ba. The excess 
of Ba is not compensated by Ti – or O – vacancies 
or by forming of low amounts of a new barium 
titanate phase with a higher stoichiometry of Ba. 
Also a mixture of BaTiO3 with CuO is reported as a 
high sensitive material for CO2 sensing using the 
capacitance change in a temperature range of 200 – 
1000 °C.  

2 Experimental 

The sensor layers were prepared using screen 
printing technique on a gold or platinum metalized 
alumina substrate. These substrates serve as the 
layer carrier for the Kelvin probe measurements 
and they represent the suspended gate electrode of 
the GasFET. On the backside of the alumina wafers 
there is a heater which is prepared by Pt thick film 
technique . 
On the one hand the changes of the work function 
signal were detected by the use of the Kelvin 
probes made by Besocke [11] with a gold grid of 3 
mm diameter as reference electrode. On the other 
hand HFC-FETs were used. The GasFET sensor set 
up was prepared by using polymer flip chip bond 
techniques. With conductive polymer bumps and a 
bond pressure of 15N, a HFC-FET with a small air 
gap (between 3-5µm) can be established. The Fet 
device was then wire bonded on a PCB board and 
connected to a circuit board (see figure 2). Gas 
measurements were carried out with a constant gas 
flow of 1l/min or 500 ml/min. The different gas 
concentrations were controlled by a mass flow 
controller.
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Fig 2. Picture of the HFC-FET sensor device(left) 
and on a PCB board (right). 

3 Results 

Using Kelvin probes the sensitivity of the BaTiO3

thick films with excess of BaO to CO2 gas are 
measured in the temperature ramge of 30 – 300 °C. 
Both types of electrodes, platinum and gold are 
used for the measurements. The humidity was 
normally set to 65 – 70 %rh. 
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Fig 3. Work function signal of a Ba1.05TiO3.05 thick 
film at 100°C with gold electrode.  

The gas measurements in synthetic/wet air in figure 
3 showed that the Ba1.05TiO3.05 layer has a fast 
response time and a sufficient sensitivity to CO2

(20 mV/decade). In comparison to BaCO3 layers - 
the response time is lower than one minute whereas 
for BaCO3 several minutes have been detected [4].  
Analogue to the BaCO3 Kelvin probe measure-
ments, the sensitivity to CO2 is dependent on the 
presence of humidity. First tests concerning the 
reaction of the Ba1.05TiO3.05 layer to other gases 
seems to be promising low. Only the reaction with 
NO2 gas showed a significant cross sensitivity and 
additionally drift effects tend to increase (see figure 
3). The sensitivity of a BaTiO3/CuO thick film on a 
platinum electrode is higher (45mV/decade) than 
the CO2 signal of the pure BaTiO3 thick film with 
BaO excess. However the response time is 
increasing (3 min. for t90 at 40°C). Also the cross 
sensitivity against NO2 is much higher than in the 
case of the pure Ba1.05TiO3.05 films. Further steps to 
eliminate this unwanted reaction will follow. 

First tests has been carried out with a thick film 
Ba1.05TiO3.05 -layer used in a HFC-FET set up. 
Using gold as gate electrode metalization the 
sensitivity of the CO2 GasFET is comparable to the 

results of the Kelvin probe measurements with 
Ba1.05TiO3.05.
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Fig 4. Signal read out of a CO2 GasFET with 
BaTiO3 as sensor layer at room temperature. 

The change of the work function is in the range of 
28 mV per decade for room temperature measure-
ments (see figure 4).   
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Fig 5. Signal read out of a CO2 GasFET with 
BaTiO3 as sensor layer at 70°C. 

At 71°C the sensitivity is about 30 mV per decade 
(see figure 5). The response times, in both 
temperature ranges, are fast and lower than one 
minute. Unfortunately in both cases, the drift of the 
sensor is high.  
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Preparation of grain size-controlled tin oxide sols for gas sensor application  
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Summary: Sols of SnO2 with a mean grain size controlled between 6 and 10 nm were prepared from SnO2

gel by a hydrothermal treatment in ammonia or TMAH solution. Thin films of SnO2 were prepared on an 
alumina substrate by spin-coating from the sol dispersions. The thin films showed different sensing behavior 
to H2 gas depending on the grain sizes of the starting sols. Remarkably large sensor response to H2 was 
observed with the grains of 8.5 or 10 nm in size, reaching a maximum at 400oC or 350oC, respectively.   

Keywords: hydrothermal treatment, SnO2, gas sensor 
Category: 5 (Chemical sensors) 

Introduction 

Oxide semiconductor gas sensors have been 
extensively studied in order to understand or improve 
their sensing properties to inflammable and toxic 
gases. Recently, the importance of micro-structural 
control for semiconductor gas sensors has been 
disccussed [1]. The gas in problem (target gas) 
diffuses in the sensing body while it reacts with the 
surface oxygen of oxide grains included.  Knudsen 
diffusion coefficient DK is given by DK= 4r/3 
(2RT/ /M)1/2, where r is pore radius, M molecular 
weight of target gas, R gas constant and T  
temperature [2]. It follows that DK is proportional to 
r, which would increase with increasing grain size. It 
is thus of interest to investigate how the grain size 
affects the gas sensing properties of thin film devices. 
On this background, we tried to grow SnO2 grains in 
sol dispersion under controlled hydrothermal 
conditions. The SnO2 grains thus grown were tested 
for H2 sensing properties. This paper aimed at 
reporting the results of these studies.

Experimental

Stannic acid gel was synthesized by hydrolyzing 
0.2 M solution of tin chloride (SnCl4) with ammonia. 
The resulting precipitate was washed thoroughly with 
deionized water to remove Cl-. The obtained gel was 
suspended in water and, after adjusting the pH of the 
suspension with ammonia or tetra methyl ammonium 
hydroxide (TMAH) solution, hydrothermal treatments 
were carried out in an autoclave under various 
conditions. Each sol dispersion thus obtained was 
subjected to measurement of particle size by a laser 
particle distribution analyzer (LPA). Part of it was 
dried at 120oC for 24h to determine the crystallite size 
based on the x-ray diffraction (XRD) method. To 
obtain SnO2 thin films, the above sols were spin 

coated (1000 rpm) on an alumina substrate attached 
with a pair of comb-type Au electrodes, and sintered 
at 600oC for 3h.  

Results and discussions 

Figure 1 shows the distribution of particle size for 
7wt.% SnO2 sol dispersion after a hydrothermal 
treatment at 250oC for 3h under pH=12. The average 
particle size of this sol was 13 nm in diameter while 
the crystallite size based on XRD was 10 nm. The 
LPA particle size and XRD crystallite size changed 
significantly depending on the conditions of 
hydrothermal treatment. For example, Figure 2 shows 
the growth of crystallite size with a lapse of time 
under milder conditions, i.e, 200oC and pH=10.5. 
Under these conditions, the crystallite size of SnO2

could not exceed 9 nm. Anyway it was possible so far 

Fig. 1. Particle size distribution of 7wt.% SnO2 sol  
after hydrothermal treatment at 250oC and pH=12 

for 3h  
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Fig. 2. Growth of SnO2 crystallite size with time at 200oC and pH=10.5  
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to control the grain (crystallite) size between 6 and 10 
nm by changing the conditions of hydrothermal 
treatment. We are still trying to extend the upper limit 
of the range of controlled grain size. 

 Figure 3 shows the response transients of thin 
film devices to switching-on and off 200 ppm H2 at 
500oC.  The response and recovery were very sharp.
Figure 4 shows sensor response (Ra/Rg) to 200 ppm 
H2 for the thin films devices derived from three 
different sols as a function of operating temperature.
The sensor response exhibited a volcano-shaped 
relation with the operating temperature, giving a 
maximum at 350 or 400oC. The device derived from 
the SnO2 sol with 8.5 or 10 nm in grain size exhibited 
remarkably large sensor response, as compared with 
the device derived from the sol with 6 nm. The origin 
of such a difference in sensing properties is under 
investigation and will be discussed in the presentation 

Conclusion

The sol dispersions containing nanometer sized 
SnO2 particles were prepared by a hydrothermal 
treatment. The crystallite size of SnO2 included could 
be controlled in the range of 6-10 nm. Thin films of 
SnO2 derived from these sols showed largely different 
sensing properties to H2 in air, depending on the 
crystallites size of SnO2 in the sols. 
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Summary: The portable gas chromatograph with integrated micromachined flushed injector and thermal

mass  detector (TCD) has been developed. The silicon/glass  injector operates in fixed volume (2 x 7 L) or 
electronically operated mode. In the injector, an integrated,  pneumatically operated, fast cross-valve is

applied. TCD detector consists of two Pt microspirals packaged in silicon/glass micromachined chip.
Temperature of  two capillary molecular sieve separation columns  is controlled  by thick film heater made 

on polyimide foil. The chromatograph is equipped in two 16-bits microprocessors communicating to

external controlling-steering portable PC. The chromatograph operates in on-line continues analyses
mode.

Keywords: portable gas chromatograph, integrated injectors, silicon micromechanics 
Category: 5 (Chemical sensors)

1 Introduction 

The first integrated gas chromatograph was 
developed at late 70’s of XX century by Angell,
Terry and Jerman [1]. After several years of 
redesigning, the portable gas chromatograph has 
been introduced to the production by MTI Inc.
(USA) in the period of late 80’s and beginning of
90’s, followed after, by wide expansion of the
instrument under Hewlett Packard (Agilent USA)
name [2]. The most important parts of the gas 
chromatograph being actually produced by Agilent
Inc. are gas injectors and mass detector made by
use of micromechanical engineering.
At the moment, there are few existing projects in
Europe [3, 4] on integrated gas chromatograph
development, although many companies have been 
developing theirs own custom-designed gas meters
based on solutions of Agilent. Among them, natural
gas meter of Actaris/SRA (F) seems to be the most
advanced [5]. The lack of independent market of
key components and/or of assembled portable gas 
chromatographs is the most important barrier
blocking wider application of miniature gas
chromatographs for on-line analysis in environment
protection, gas systems electroengineering systems
etc.
In our work results of a long-lasting research
program carried out under auspices of Polish
Research and Science Committee on portable gas
chromatograph will be shown. The main goal of the
work is to obtain miniature gas chromatograph with
flushed gas injector and nano-dead-volume fast
TCD, equipped in software and analog/digital
circuits, able to provide continuous detection of
combustible atmosphere in deep coal mining
industry.

2 Experiment 

The portable gas chromatograph developed by us
(Fig. 1) consists of two micromachined parts: fixed
or electronically adjusted gas injector and thermal-
mass-detectors (TCD). Capillary columns ID 0.32
mm Rt-Msieve 5A of Restek (USA) each 10 m long 
are positioned in the thermally isolated chamber.
Thick-film heater made on elastic polyimid foil
surrounds columns and ensures proper temperature
adjusting and stabilization (50oC – 120oC).

Fig. 1. The portable gas chromatograph: left - the
instrument,  carrier gas bottle, and PC, right -  inside parts.

Injector assembled in the specially designed
metallic case, is connected to pressure/flow 
regulators, filters and pumps. Four TCD sensors are
located inside of the thermally isolated chamber
(Fig. 2). 

Fig. 2.The scheme of the gas chromatograph with 
integrated micromachined components – gas injector and 
TCD sensor.
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The injector (Fig. 3) consists of two Borofloat 3.3 
glass substrates, silicon (100) double side polished 
deep-micromachined substrate and polyimide,
Teflon  coated foil. 

a) b) c)

Fig. 3. The injector chip: a) the gas circuit of the injector, 
b) upper side of the chip, c) back  side: micromachined 
fixed volume chambers,  gas lines and cross-valve may
be seen.

The gas circuit of the injector includes one
integrated  pneumatically operated fast cross-valve
(1 ms), two fixed-volume chambers (7 l each) and 
two narrow channels for active and reference gas 
column supplying. Some of injector characteristics
are shown in the figure 4. 

a)

0

1

2

3

4

5

6

0 50 100 150

Pster [kPa]

A
rb

it
a

ry
 u

n
it
s

Pin 50kPa Pin 100 kPa

b)

0

1

2

3

4

5

6

200 300 400

Time [ms]

A
rb

it
a
ry

 u
n
it
s

Fig. 4. The main injector characteristics: a) shut-down of
the cross valve, b) injection of a gas sample.

The TCD applied in the gas chromatograph is based 
on a previously reported by us (Eurosensors XIV,
Copenhagen, 2000) solution in which two
microspirals 1000 x 400 m2, 15 m Pt wire are 
located in channels and vias micromachined in a 
silicon substrate. After assembling of spirals, glass
cap with machined channels are bonded to the
substrate. In the reported here solution, four double-
spiral sensors (Fig. 5a) are fabricated in single chip, 
double Wheastone’s bridge configuration in a self-
compensating mode is used. Main TCD
characteristics are shown in figure 5b. 
In the chromatograph the printed board circuit with
two 16-bits processors with specialized software is 
used.
Tests have shown very good immunity of TCD
detectors against carrier gas stop-flows. The typical
result of the gas mixture analysis is shown in the
figure 6. 
Technical parameters of the gas chromatograph are 
similar to the well known Agilent/HP instruments.
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Fig. 5. The TCD detector: a) the scheme, b) dynamic
characteristic – transit time below 7 ms, c) main
characteristics – output signal vs. flow of N2 for different 
current of heater Iz,  and output signal vs. flow of N2 and He 
for Iz=60 mA. 
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3 Results and discussion 

We have obtained portable gas chromatograph
weighting aprox. 3.5 kg for continuous analysis of a 
gas mixture. The lowest detection level obtained is
about 1 ppm, average analysis time is below 6
minutes (depending on a column applied),
repetition time is 10 seconds. All parameters of set
up of GC may be electronically adjusted, the results 
of analysis may be visualized immediately.
At the moment it seems that our gas chromatograph
is the only one European complex solution
comparable to Agilent/HP standards.

The works have been financed by Polish Research 
and Science Committee PBZ 01915 and
9T11A03710. We would like to thank to K.
Malecki, PhD, for TCD tests. 
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Enhancement of the Hydrogen Peroxide Quartz

Crystal Biosensor using proteins
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Summary: The development and optimisation of a quartz crystal acoustic wave sensor for hydrogen peroxide is
described.  Dimethoxybenzidine was used in the presence of horseradish peroxidase to detect hydrogen peroxide.
This reaction produces an insoluble precipitate, the production of which was monitored using a quartz crystal.
The presence of GOx and β-amylase in the reaction mixture increased impedance responses by about 10-fold
and 2 fold, respectively at the concentrations used.  The inclusion of either of the enzymes used was found to
reduce the response time to 15 minutes from 68 minutes. Rapid and sensitive peroxide detection has implications
for metabolite determination via peroxide-producing oxidase-based enzymatic processes.

Keywords: quartz crystal, biosensor, hydrogen peroxide
Category: Biosensors

1. Introduction

An approach has recently been described in which the
surfactants, Triton X-100 and Tween 80 were used to
enhance the detection of hydrogen peroxide, using the
quartz crystal acoustic wave sensor (Martin et al.,
2002). The technique uses 3,3’-dimethoxybenzidine
(DMOB) and 3,3’-diaminobenzidine (DAB), with
horseradish peroxidase, which in the presence of
hydrogen peroxide produces an insoluble product (see
the reaction sequence below).  The product
precipitates out and attaches to the quartz crystal
surface resulting in a corresponding frequency (fs) and
impedance (Zs) change.

The proteins used during this study are listed in table
1, along with a number of their key characteristics.
Most of the proteins are enzymes, which have a FAD

active centre (GOx, ChOx, β-amylase, and SO), while
pepsin has a number of amino acids which form its
active centre.  BSA is a protein with no enzymatic
activity.

Protein MW (Da) PI

GOX 160 4.2

BSA 65 4.7

ChOx 56 4.6-5.2

Pepsin 35 <1.0

β-Amylase 152 4.58-4.83

Sarcosine

oxidase

42 7.8

Table 1. The proteins and their major characteristics.

2. Methods

2.1 Crystal preparation. Gold-on-chromium
electrodes (100 nm and 5 nm respectively) were
vapour-deposited onto either side of a blank AT-cut
quartz crystal (IQD, Crewkerne, UK).  The crystals
had a fundamental resonance frequency of 10 MHz,
and diameter of 8.2 mm.  The crystals were cleaned
with acetone and isopropanol, and dried with vacuum
suction, prior to electrode deposition.  The crystal was
then sealed in the sample chamber as previously
described (Reddy, 2000).  A HP4194A impedance
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analyser coupled to a PC was used to record resonant
frequency and impedance changes.

Measurement procedure.  For all experiments, a 300
µM DMOB solution was added to the test cell, to
which was added a 360 U/ml HRP solution, giving a
final concentration of 0.2 U/ml, and an appropriate
concentration of protein to give a concentration
between 0 and 0.14 % (w/v).  A concentration of 300
µM hydrogen peroxide was used throughout all
experiments.   The test solution was stirred, during all
experiments.  After each experiment, the crystal was
cleaned thoroughly with N, N dimethylformamide and
deionised water.  The use of the organic solvent
removed the film adsorbed to the crystal during the
experiment, and this was confirmed by the crystal
frequency returning to its original value.  All
experiments were performed at room temperature.

3.  Results & Discussion

A variety of proteins and enzymes were studied with
the DMOB-HRP-H2O2 reaction. Some were tried with
DAB reagent, but it was found that they had no
enhancing effect upon this benzidine reaction.  This is
believed to be due to the additional amino groups,
which could bind to any exposed carboxyl groups on
the proteins, leading to solubilisation of the oxidised
DAB.

Fig. 1. Effect of β-amylase on the DMOB-HRP-
DAB. H2O2 reaction, with H2O2 at 300 µM.

In the absence of any additional proteins, DMOB
gave an impedance response of 14.75 ± 0.6 Ω  at 300
µM hydrogen peroxide, in the presence of horseradish
peroxidase.  The response time was 68 mins. When
the same experiment was performed with the proteins,
a different response was seen.  All the enzymes gave a
reduced response time of 15 minutes, while BSA had
no beneficial effect.   Only β-amylase (Fig. 1) and
Gox (Fig. 2) had an effect upon the response size, as
well as the response time.  GOx gave an improved
response of 138.4 ± 26.3 Ω  at 0.056 % (w/v), and β-
amylase a response of 26.7 ± 2.7 Ω  at 0.005 % (w/v).

Fig 2. Effect of GOx on the DMOB-HRP-H2O2

reaction with H2O2 at 300 µM.

Both of these enzymes have a similar pI and
molecular weight.  A further experiment was
performed to study the effect of pure FAD with this
reaction, and it was found that this decreased the
response time, but not the response size, as was the
case with SO, ChOx and pepsin.  So, it would appear
the response time was reduced due to the FAD
component of the enzymes, and the response size due
to the pI and molecular weight. It is also likely that
that the protein is adding to a mass/viscoelastic effect
by surface-entrapment within the adsorbed precipitate.

4. Conclusions

In the present work, it was found that the presence of
GOx and β-amylase had a beneficial effect upon the
impedance response, and the time taken to reach the
end of this response.  The decreased response time is
due to the presence of the FAD or amino acids of the
enzymes, which are behaving as cofactors to HRP.
The increased response size is due to either the pI or
MW of the enzyme, which leads to increased
deposition of oxidised DMOB at the crystal surface.
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Contact problems such as, e. g. the touch-down of
an electrode to its counterelectrode, are encountered
in almost every electromechanical microdevice.
Very often, the contact is a functional part of the
device structure, e.g. in microrelays of rolling
wedge type [1] or in micromembrane drives [2].
For these devices, the simulation of closing and
opening the contact is indispensable for design and
optimization. Even in devices, where making a
contact is not a desired integral part of the device
function, as it is the case in micromirrors, comb
actuators or gyrators [3] it is necessary to know the
exact landing voltages and energies with a view to
to extracting macromodels which realistically cover
the full range of operation.

�
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Getting neighbouring structural parts in mechanical
contact is an inherent feature of rigid-body devices
such as micromirrors (fig. 1), characterized by one
or a few degrees of freedom (DOFs), as well as of
flexible devices like microrelays (fig. 2), charac-
terized by an infinite number of DOFs. As it will be
shown below, these two classes of devices can be
treated within the same theoretical framework used
for setting up efficient algorithms for numerical
simulation.
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Fig. 1. Example of a rigid device : micromirror
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Fig. 2. Example of a flexible device : microrelay
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Electromechanical microdevices exhibit an inherent
instability in operation regions far from the zero
position. As a consequence we observe touch-
down, contact and sticking in nearly all cases of
practical interest, which has a strong impact on
simulation. Unstable operating areas can be treated
in a robust and efficient way by the use of homo-
topy methods, as long as no contact is attained [4].
Making contact, however, constitutes a difficulty
for homotopy methods for the following reason :
A static operating point, albeit stable or unstable, is
calculated comprising a modified relaxation scheme
between a Finite Element solver for the mechanical
energy domain and a Boundary Element solver for
the electrical energy domain. These solvers are
treated as black boxes; neither a system matrix is
extracted nor is the internal solving process control-
led by the homotopy algorithm. The Finite Element
solver is already equipped with a built-in contact
algorithm, capable of detecting and treating contact
correctly, but due to the unstable electromechanical
equilibrium a straightforward solution cannot be
achieved. In order to obtain convergence also in the
unstable operating area, we apply a homotopy
algorithm.
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The part of the homotopy algorithm, which brings
the relaxation scheme to convergence, assumes that
the problem is smooth in a vicinity of the solution
point. This implies that a well-defined relation
between force and position F(x) exists and is a

smooth function in the vicinity of 0� .

After having attained contact, this assumption is
violated. A unique force/position relation exists

only for 0�� < but is not defined for 0�� ≥ .

As a consequence, the homotopy algorithm
described in [4] may produce artifacts by con-
verging to wrong solutions as displayed in fig. 3.
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Fig. 3. Simulated characteristics of a microrelay (voltage
vs. device charge). Under contact conditions, artifacts are
produced in branch 3. The dotted line shows the true
contact branch without artifacts.
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We developed a modification of our homotopy
algorithm, which is able to converge under contact
conditions and thus allows for a uniform treatment
the whole operating area of an electromechanical
microdevice, including contact, unstable and stable
areas, for both rigid and flexible device structures.
The essential modification has been made in that
algorithmic part which ensures convergence of the
FEM/BEM relaxation scheme. In the new algorithm
smooth behavior is required only in a half-space
adjacent to the solution point. Figure 4 shows a part
of the force/position relation F(x) with some
selected equilibrium points. The circle indicates an
omnidirectional vicinity of a solution point before
contact is attained, while the half-circle denotes a
half-sided vicinity of a solution point after contact
is made.

As the above-mentioned continuity restrictions are
dynamically detected, the convergence rate for
operating points without contact is equal to that of
the original algorithm. The modified algorithm can

be used for both single-parameter homotopy (using,
e.g., the device charge or the geometrical
displacement as control variables), as well as for
multi-parameter homotopy [4], which adaptively
selects the locally best suited parameter.

contact

F

x

ε

Fig. 4. Omnidirectional and half-sided vicinities of
solution points with and without contact condition,
respectively.

$
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For the robust and accurate numerical analysis of
electromechanical microdevices subject to contact
constraints, we combined a contact algorithm as
implemented in a FEM solver with a modified
homotopy algorithm. This enables the efficient and
stable simulation over the whole operating area,
including contact, unstable and stable solution
branches and multiple snap-points, for rigid as well
as for flexible devices structures. The modified
homotopy algorithm can be used in combination
with single-parameter and multi-parameter
homotopy methods, and allows for nearly arbitrary
resolution of the device characteristics.
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In plane intrinsic stress of the deposited layers
induces strain of the structures and subsequent
movement of their released parts. This movement
can be amplified so to produce an indication of the
internal stress of the film. Several different layouts
are available for in situ direct measurement of the
stress of deposited layers 1,2,3: the aim of these test
structures is to provide a quick and reliable
information which can become vital for micro-
mechanical devices fabrication.

Traditional array structures such as buckling beams
offer a discrete means of measuring stress, but with
some limitations:

- different structures are needed to measure tensile
and compressive stress.

- measurement is discrete, with poor resolution.

- wide test area is needed, with chains of structures.

The lancet layout offers a solution to all these
limitations, providing a single structure for both
tensile and compressive stress, with continuous
readout and small wafer area encumbrance. The
main effort in lancet layout concerns the possibility
to magnify the lancet displacement: this work
presents a novel layout for the lancet test structure
based on geometrical amplification.
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The lancet conceptual and effective layout is
reported in fig. 1:
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The lancet is fixed at point (a), with length & and a
distance � between the anchor (a) and the junction
(d). The tilted arms are fixed at points (b) and (c),
with length ', inclination � and they are connected
with the lancet by an horizontal arm of length '� .
The analytical equation that governs the movement
of the lancet ( deriving from a strain �' in the arms
can be calculated by simple geometrical relations as
follows:

� � � �
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L

Lcos
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�
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�
h
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X B
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This equation considers small displacements only,
since it does not take into account the non ideality
of the junctions involved in the lancet’s movement.
The layout of the structure to be fabricated was
drawn using Tanner Tools L-EditTM software: a
double arm set was implemented to grant a higher
momentum to the horizontal beam and the lancet.
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A complete set of finite element simulations was
performed using AnsysTM simulation software,
assuming the following gold characteristics:
E = 78 GPa, � = 0.42
An image of the grid and the displaced lancet is
reported in figure 2.
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Different � tilt angles were analyzed, obtaining an
optimal tradeoff between potential movement
(deriving from eq.1) and real movement which is
reduced by non-ideality of the junctions: the
maximum movement is obtained with � = 6º.
Linearity of the displacement as a function of
internal stress was verified both for compressive
and tensile regime, as shown in figure 3.
�����&��'��
�������	���(��������������
	�����	

���!��"#�	�����������

&��������)	������

A set of prototype lancets with 10º tilt angle was
realized using surface micromachining techniques,
on 4” diameter (100) oriented silicon wafer
substrates. Oxide was initially thermally grown on
the substrate, then conventional positive tone
photoresist was deposited and patterned as a
sacrificial layer. After that, wafers were deposited
with a chromium adhesion layer (10nm) and gold
seedlayer (150nm) by PVD technique. Then a
second photoresist was deposited and patterned, to
work as a mould for the electroplating. The
structural layer, consisting of gold, was plated by
using a commercial sulfite bath solution (AURUNA

591 TM ammoniumsulfite-gold(I)). After the second
photoresist removal, the seedlayer was wet etched.
The final release of the structure was performed by
removing sacrificial photoresist with dry etching in
oxygen plasma, at a temperature of about 190 ºC
for 20 min. A photograph of the released structure
is reported in figure 4.

�����*��%�����	�������	���������	
��
	�����!��"#�
$�����������������	�����	�������)�
���*"� %�

*�+��
���

A novel lancet for in situ stress measurement was
designed and fabricated with surface
micromachining techniques. Optimization of the
geometry was performed by a series of simulations,
determining the optimal angle for the tilted arms at
6º. A correction factor of about 0.5 between the
theoretical model equation and the simulated values
of displacement was obtained, in a range of stress
from 10MPa to 200MPa. Linear relation between
stress and lancet displacement was confirmed by
simulation in a range from highly tensile to highly
compressive internal stress. A good agreement
between classical lancet and amplified lancet was
experimentally verified for stresses about 240 MPa.
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Summary: Imperfection of the packaging of an integrated wind sensor causes disturbance of the thermal

conditions around the sensor. As a result an offset is added to the measured thermal signals. The offset
could be compensated for by adjustment of the heating powers of the sensor. In order to find an efficient

way to calculate the compensating powers, using the electro-thermal analogy, a set of models was built. A 

regulation circuit for automatic compensation was built-in in the models. With its help an analytical
expression was found that helps the calculation of the compensating powers.  The accuracy and stability of

the models was investigated in order to prove the adequateness of the obtained analytical expression.

Keywords: automatic compensation, wind sensor, DC bridge

Category: 1 (General, theoretical and modeling)

1 Introduction 

An integrated wind sensor works on the hot wire
principle. The integrated wind sensor consists of 
four integrated heaters, four thermopiles and a 
diode [1] (see figure 1). The four heaters ensure the 
heating of the device above the ambient
temperature. Next to the heaters, at the sides of the 
chip, are positioned the thermopiles. They are 
connected serially two-by-two. In this manner they
measure temperature differences between two
opposite sides of the chip and perpendicularly to
each other. An airflow passing above the 
measurement structure would cause temperature
difference in the structure. This temperature
difference is measured by the thermopiles. The
magnitude of the temperature difference gives
information about the flow speed. Since two
orthogonal components of the temperature
difference are measured, the direction of the flow 
can be easily obtained.

Fig. 1. Schematic view of the sensor. 

The chip is turned upside-down and glued to a 
circular ceramic disc. The disc is placed in the
middle of an aluminum pedestal in such a way that
the disc and the pedestal form a flat plane. Hence, 
the chip stays under the ceramic disc shielded from

the environment, and the ceramic disc provides the
interface with the airflow. 

In a perfectly performed packaging the chip is 
placed exactly in the middle of the ceramic disc.
Thus, the thermal conditions around the chip are
equal and in the absence of an airflow there is no 
temperature difference between any points of the
structure, which are symmetrically positioned from
the center of the structure. The device measures no 
flow. Because of imperfection of the packaging
accomplishment the symmetry in positioning could 
be disturbed, which in turn causes an asymmetry in
the thermal conditions around the sensor (change in
the thermal resistances). This means that because of 
the uneven thermal dissipation, in the device would
be temperature differences even in absence of 
airflow. This offset temperature difference would
cause disturbance of the measured flow-thermal
signal. Practically the offset signal can be
compensated for by adjustment of the power
dissipated in the four heaters.

2 Models of the wind sensor 

flow
vector

  pe

E

N

S

0
flow angle

O

heater
thermopile

ceramic carrie
r

We have developed a robust method for fast
calculation of the proper amount of the dissipated in
each heater power that compensates for an 
asymmetry [2]. Firstly, a numerical model was built
using CoventorWare and used for the investigation
of the thermal asymmetry. It appeared that the 
numerical investigation is rather time consuming
and cumbersome. For speeding up of the process,
we used the electro-thermal analogy to built
simplified electrical DC models (figure 2.a.). 
Further, in order to automate the derivation of the
heating powers, a negative feedback control circuit
was built-in in the PSpice models (figure 2.c.).

An unexpected behaviour of the PSpice models
appeared. In theory, the gain and the sign of the
feedback determines the accuracy and stability of a 

aluminum destal
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loop. Never the less, these models appeared to
produce accurate results even when the feedback 
coefficient k was altered from +1E6 to -1E6 (the 
gains of E1, E2, E3 and E4 were +1 while those of 
E5, E6, E7 and E8 were altered from +1E6 to -
1E6). An additional theoretical investigation was
carried out and a system of 8 Kirhoff equations was
made up for the electrical bridge from figure 2.b.
The numerical solution of this system of equations
showed that the DC bridge is not always balanced
and this will result in at least two values of k at 
which the compensation is impossible or fails close

to the poles of the transfer function. These values
appeared to be quite different compared to the 
above-mentioned ±1E6.  Hence, the proposed 
PSpice electrical models are always adequate
regardless the sign of the feedback coefficient, 
except for some particular values for which the
compensation was found impossible.

3 Conclusions

Using the results, obtained from the electrical 
models for different displacements, an analytical 
expression was found for a fast calculation of the
required compensating powers [2]. With the help of 
this expression in the numerical model a
compensation of displacements was achieved with 
inaccuracy |6.4|% in the flow speed and |1.6|° in the
flow angle. For comparison, in the real device the
amplitude inaccuracy is |4|% and the angle
inaccuracy if |3|° after a manual trimming of the
compensating powers. Also, measurements with the 
real device showed that the required compensating
powers obey the derived analytical dependency.
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Fig. 2. DC model of the wind sensor. 
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Analytical and Finite Element Modelling of a
Capacitive Accelerometer
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Summary. A three-degree of freedom accelerometer is presented which employs differential capacitance
sensing and electrostatic force feedback. Empirical models for the capacitance and the electrostatic
force are derived and compared with finite element results. Both conventional and MEMS dedicated
finite element software are employed and comparisons between the two are made. The damping force
due to the squeeze film effect has been extracted from the simulations and is to be incorporated into a
system level model of the accelerometer. The accelerometer has been designed and fabricated and initial
test results will be included in the final paper.

Keywords: acclerometer, force-feedback, electrostatic levitation, finite element modelling
Category: 1 (General, theoretical and modeling)

1 Introduction
An accelerometer is presented which employs as its
proof mass an electrostatically levitated micro-disc.
Above and beneath the disc are arrays of pie-shaped
electrodes with which the differential capacitance is
measured and the electrostatic feedback force gener-
ated. Figure 1 shows the disc in its nominal position
between the electrodes i.e. with the three actively con-
trolled degrees of freedom, z, φ and θ, equal to zero.
The pick-off and feedback signals are time-multiplexed
and the figure illustrates both scenarios.

+V1t

-V1t

Ro

Ri

�

�

C1t

in feedback mode

in sensing mode

C1b

a

z

y

(b)(a)

Fig. 1: (a) Disc and electrode configuration showing
both feedback and sensing modes of operation and (b)
assembled device comprising a sandwich of three wafer
layers.

2 Modelling of the Accelerometer
Determination of the capacitances between the disc and
the electrodes and of the electrostatic force applied to
the disc by energising the electrodes is non-trivial. An-

alytical expressions have been derived [1] and are given
by Equations 1 and 2 respectively.

C1t = ε0

(π(Ro2 − Ri2)
4zt

+
(Ro3 − Ri3)(θ − φ)

3z2
t

+
(Ro4 − Ri4)(πθ2 + πφ2 − 4φθ)

16z3
t

+ ...
)

(1)

Fz1t =
ε0V

2
1t

2

(π(Ro2 − Ri2)
4zt

2
+

2(Ro3 − Ri3)(θ − φ)
3z3

t

+
3(Ro4 − Ri4)(πθ2 + πφ2 − 4φθ)

16z4
t

+ ...
)

(2)

The use of a Taylor’s expansion and corresponding ap-
proximations in deriving the equations were validated
using finite element simulations. To this end, two fi-
nite element tools were considered: ANSYS, a generic
simulation software package which, in recent releases,
has included elements and analysis methods to facil-
itate modelling of MEMS devices [2] and Coventor-
ware, a specific MEMS-dedicated simulation tool [3].
The model for the former is shown in Figure 2. A sim-
ple quarter model of the airgap between the electrodes
and the disc is considered. The gap is modelled with
a tetrahedral electrostatic solid element and by apply-
ing voltages to the electrode surfaces, an electric field
is generated. The Coventorware model, shown in Fig-
ure 3 is more involved. By defining masks and per-
forming a series of deposition and etch steps, a full
model of the accelerometer is achieved.

A comparison between the capacitance results of the
two finite element models and the empirical model is
shown in Figure 4. The disc modelled has a radius of
500µm and the capacitive gap between the electrodes
and the disc is 5µm. It can be seen that the only sig-
nificant variation between the analytical and ANSYS
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Fig. 2: The ANSYS quarter model of the accelerometer
in which only the airgap between the electrodes is mod-
elled

Fig. 3: The Coventorware model of the accelerometer
which is built based on a series of deposition and etch
steps

models occurs for large angles of rotation. This is a
consequence of assumptions made in the derivation of
the analytical model [1] and of taking expanding the
Taylor series to a finite number of terms. The dis-
crepancies between the ANSYS and the Coventorware
results are thought to be attributable to the fact that
the latter accounts for fringe capacitances whereas its
generic counterpart does not. That the greatest devi-
ation between the two occurs when the disc is at its
maximum tilt towards the electrode provides evidence
for this. From Figure 5(b), it can be seen that disagree-
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Fig. 4: Comparison between capacitance results as de-
termined by ANSYS, Coventorware and the analytical
model given by Equation 1.

ment between ANSYS and Coventorware results for
the electrostatic force acting on the disc when all of the
upper electrodes are energised, is approximately 10%.
The feedback signal to the disc is a high frequency sig-
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Fig. 5: Comparison between the electrostatic force, Fz
on the disc when all of the upper electrodes are ener-
gised. ANSYS, Coventorware and the analytical model
given by Equation 2 are compared.

nal (∼ 100kHz) which will cause the disc to fluctu-
ate very rapidly about its nominal position. Squeeze
film damping must be included therefore in any sys-
tem level model of the accelerometer. Figure 6 shows
the variation in the spring and dashpot contributions to
the overall squeeze film damping force with increasing
frequency. In the final paper, a system level Simulink
model will be used to establish the effect of the damp-
ing on the device performance.
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Fig. 6: Variation of spring and damping components of
squeeze film damping force with frequency and at atmo-
spheric pressure
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Summary:  High frequency ultrasonic imaging from blood is difficult due to its tenuous backscattering
backscattered pressure. To increase the sensitivity focused transducer has to be used, thus raising the

complexity of interpreting the received signals. A numerical simulation of the ultrasonic scattering

property from erythrocyte and rouleau based on boundary element method was performed with
experimental results based on a modified substitution method. The results (proportional relationship

between backscattered pressure and frequency and the frequency limit for Rayleigh scattering) closely 

coincide with experimental data for erythrocyte. Rouleaux model results also show the dependence of
degree of red cell aggregation on backscattering properties.

Keywords: focused ultrasonic transducer, red blood cells, boundary element method.
Category: 1 (general, theoretical and modeling)

1 Introduction 

Nowadays, the application of high frequency
medical ultrasound imaging has gained wide
popularity in recent years for its superiority in 
resolving tissue structure. Ultrasonic microscope
for biological tissues has also been proposed in
numerous different clinical applications from
intracascular imaging, Doppler flowmeter to
ophthalmological and dermatological diagnostics
since it can detect superficial blood flow down to 
capillary vessels [1,2].

The ultrasonic backscattering coefficient from
blood is proportional to the fourth power of
frequency. When the ultrasound frequency
increases the ultrasonic backscattered signal from
blood may increase dramatically and interfere with
the backscattered signal from surrounding tissues.
In high frequency intravascular imaging this can
cause the blurring of vessel images and make it
difficult to distinguish the tissue-blood boundary.
Better understanding of high frequency scattering
property of blood is necessary for designing the
imaging system. However, experimental
measurement of scattering coefficient of blood at
frequency higher than 30 MHz is difficult to
perform because of the increased attenuation. It’s 
imperative to use focused transducer. This raises
the problem of how to define and measure the
backscattering coefficient since the incoming wave
was assumed to be planar in the well known
substitution method [3].

2 Methodology 

Simple analytical solution of scattering from
blood or other tissue cells has been obtained by
Born approximation assuming spherical shape and

uniform acoustical properties of scatterers. In this
paper a three dimensional boundary element
method [4,5] based on integral Helmholtz equations
is used to calculate the scattering field from
erythrocyte and rouleaux along with T-matrix
method from planar and spherically focused wave.
The simulation results were compared with
experimental data by modified substitution method.

A single red blood cell is modeled as a fluid filled
region enclosed by a surface S (as illustrated in 
Figure1).

Figure 1 Erythrocyte and rouleaux models used in BEM. 

The effect of the cell membrane is assumed to be
negligible. Consider the region outside of the cell, 
the Integral Helmholtz Equation governing the
pressure p and velocity v [5] distribution for the 
points on the surface can be expressed as
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2

1
)()},()(
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)({ xPxpdsxGvi

n
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s

where  is the density of the fluid media, Pinc(x) is
the incident pressure and p(x) is pressure
distribution on surface S at point x. G(x,x’) is the
Green’s function at x with respect to x’. C is the
speed of sound in exterior region, k is the wave
number. On the other hand, if the region inside the
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cell is considered, the equation governing the
surface pressure distribution in a source free region
is

),(
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1
)()},()(
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n
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p ii

i

s

and the surface is divided into many small area 
elements. From these two equations the pressure
and velocity distribution on each element can be
solved. The scattered pressure field Ps(x) at any
field point can then be obtained as

).()},()(
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)({)()()( dsxGvi
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xG
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s
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With this approach the scattered pressure from
arbitrary scatterer and incident pressure can be
obtained.

Backscattering coefficient is a measure of the
scattereing capability of certain object and it 
requires the assumption of planar incident waves.
We used a modified substitution method[6] to
obtain the backscattering coefficient from focused
transducer experimentally and Figure 2 is the
schematic of the spherically focused transducer.

Figure 2 Schematic of the spherically focused
transducer.

2 Results and Discussion 

Figure3 shows the results of planar incident
waves from single cell. The data shows linearity at
frequency lower than 100MHz and good match
with experimental data performed with red cell
solution.

Figure 3 BEM backscattering results at 0 and 90  incident
planar wave compared with experimental data.
Figure 4 is the comparison of measurements and
computational results from two different focused
transducers. The linearity is slightly skewed from
planar wave cases but generally the numerical and
experiment data matched well. Figure 5 shows the
results from rouleaux and effect of the angle of

incidence is more significant for longer aggregation. This
information could potentially be used to estimate degree
of cell aggregation.

Figure 4 Experimental and theoretical backscattering
results from porcine erythrocytes by focused transducers.

Figure 5 BEM backscattering results from rouleaux at 0

and 90  incident planar wave compared with
experimental data. 
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Summary: A combination of a silicon thermal flow and two capacitive pressure sensors on the same substrate, 
in a specially designed housing, is proposed for high sensitivity flow measurements in both laminar and 
turbulent flows. The system of the 3 sensors can determine the transition point between laminar and turbulent 
region with sufficient accuracy. Good agreement between experimental results and theory was found.

Keywords: flow sensor, pressure sensor, laminar flow, turbulent flow, transition point 
Category: 8 (Packaging, chip handling, test and reliability) 

1. Introduction 

Exact determination of gas flow is a critical 
parameter in many applications. Various gas flow 
sensors have been presented in the literature, most of 
them being of the thermal type. With these sensors 
one can measure with high accuracy laminar or 
turbulent flows, but there is limitation in measuring 
with the same sensor the flow in both laminar and 
turbulent regions. These limitations are intrinsic to the 
sensors principal of operation. In the present work we 
propose to combine a gas flow and a pressure sensor 
on the same substrate for sensitive flow measurement 
in both laminar and turbulent region. 

2. Experimental set-up 

 The gas flow sensor [1] is of the thermal type 
and it is based on the differential temperature 
measurement principal. It consists of two thermopiles, 
situated symmetrically on both sides of a heating 
resistor. The thermal isolation from the silicon 
substrate is assured by a thick porous silicon layer [2]. 
A constant power is applied to the heater and the 
sensor signal is measured as the voltage difference 
between the two thermopiles. The sensor is described 
in detail elsewhere [1]. With zero flow the 
temperature distribution around the heater is 

homogenous, so the two thermopiles indicate the 
same value. When flow is applied the upstream 
thermopile is cooled down and the downstream 
thermopile is heated up. Flow is determined by 
measuring the differential output from the two 
thermopiles. 
 The pressure sensor is of capacitive type and it is 
fabricated by bulk micromachining, using silicon 
fusion bonding and anisotropic wet etching 
techniques. It consists of an array of 6 membranes 
with diameter and thickness 250 µm and 3.5 µm
respectively. The sensitivity of the sensor is 
1.2fF/mbar, and its response in the range 0 – 200mbar 
is linear with accuracy better than 2%. The sensor is 
described in detail elsewhere [3]. 

The two types of sensors were mounted and 
bonded on the same printed circuit board (PCB), as in 
fig. 1. Two pressure sensors (A, C) and one flow 
sensor (B) were used. The flow sensor was situated in 
the middle of the two pressure sensors, in 1 cm 
distance from each of them. The PCB was 
hermetically sealed with a specially designed semi-
cylindrical housing. The sensors were wall mounted 
in the bottom of the flow tube. The effective diameter 
and the length of the tube were 1.71 mm and 6 cm 
respectively. With this configuration we can measure 
flow and pressure difference simultaneously. The 
PCB is designed to hold another two sensors (fig. 1), 
for more precise determination of the flow profiles 
and parameters. 

The flow measurement set-up is described in 
detail elsewhere [1]. It consists of the gases, a set of 
mass flow controllers (MFCs) and a network of pipes 
and valves. Three different flow ranges can be used, 
0-1, 0-10 and 0-200 SLPM, depending on the selected 
MFC. The reference flow can be set with an accuracy 
of ±1% for each region. Pure nitrogen was used in all 
the experiments. 

3. Results Figure 1: Sensors configuration and packaging.
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 The flow sensor response is shown in fig. 2. 
The sensor signal increases with flow, up to a value of 
about 3 SLPM, due to the increase of the heat transfer 
between the fluid and the sensor and then decreases 
for higher flows. This effect is due to the change from 
laminar to turbulent flow. Indeed, with the current 
experimental set-up the value of 3 SLPM corresponds 
to a Reynolds number (Re) of 1750, which is 
according to theory, close to the maximum number 
for laminar flow (Re=2000). From this behavior it is 
clear that the flow sensor can be used for the 
determination of the transition point between laminar 
and turbulent flow region, which is critical in many 
application and especially in aeronautics. The exact 
determination of the transition point, in combination 
with flow control, can contribute to the reduction of 
the flight cost. 

 The responses of the two pressure sensors 
are illustrated in fig. 3. The flow direction is from A 
to C. We can observe that the signal from sensor A is 
higher than that of C, as expected, since the pressure 
drops along the flow direction. The Bernoulli’s 
equation predicts that the pressure difference should 
be given by the following formula: 

P =  hL,
where  is the fluid specific weight and hL represents 
the energy losses due to friction in pipes. The energy 
losses are expressed through Darcy’s equation [4]: 

g2

u

D

L
fh

2

L
,

where f is the friction factor (dimensionless), L and D 
are the length and the diameter of the tube 
respectively and u is the flow velocity. The friction 
factor is determined experimentally and it can be 
extracted from Moody’s diagram [4]. Generally it 
depends on the Reynolds number and on the 
roughness of the pipes. 
 Fig. 3 illustrates the pressure sensors signal 
as a function of the square root of flow velocity. An 
almost linear relation is extracted for pressure 
difference, as well as for each sensor for the region 
above Re=9000, which is in agreement with the 

Bernoulli’s equation. For the specific flow region the 
friction factor changes from 0.032 (Re=9000) to 0.023 
(Re=29000), assuming that we use smooth pipes. 
 In the case of pressure sensor we can observe 
that the sensitivity is low in the laminar region but it 
increases as the flow passes in turbulent region. It is 
clear that using a combination of thermal flow and 
pressure sensors, we can obtain high sensitivity 
through the whole flow region with the same flow 
tube. The thermal flow sensor assures high sensitivity 
in the laminar flow region and the pressure sensor 
assures high sensitivity in the turbulent flow region. 
Obviously, with the present configuration there is no 
need to measure pressure difference, since the 
pressure sensor structure involves a differential 
pressure measurement between the fluid and the 
reference cavity. So, only one thermal flow and one 
pressure sensor are enough in the whole flow range. 

4. Conclusions 

 A combination of a thermal flow sensor and 
two pressure sensors was used in order to obtain high 
sensitivity in both laminar and flow regions. The 
sensors were mounted on the same PCB and packed 
with a specially designed housing. Flow 
measurements were performed with pure nitrogen for 
Re up to 29000. The transition point can be also 
determined from the thermal flow sensor response. 
The results were in exact agreement with theory. 
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Figure 2: Flow sensor response.
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Figure 3: Pressure sensor response.
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Summary : The study presented in this article is conducted within a European EUREKA project with
industrial partners specialized in polymer processing and academic partners. The part of the project

studied in the LR2P deals with the development of new theoretical models to determine the properties

of material (glass fibre filled or not) when coming out of an injection barrel/screw unit before being

injected into a mould. Developing theoretical 3D models requires experimental validation capabilities.

The experimental set-up presented here is constituted of a fluorescent particle detected with cameras

coupled to a data processing algorithm to monitor the particle 3D-displacement and flow-speed  inside
the screw device.

Keywords : 3D vision, flow speed, platicising stage, injection molding, polymer processing application

Subject category : mechanical sensors

1 Introduction
In polymer processing industry, one of the most
interesting aspects is the low weight of the material
and the possibility to manufacture complex objects.
In addition to the gain in weight, there is also a
possibility to produce low-cost objects. Those
objects can as well be toys or air injectors in car
engines. Applications of interest for the industrial
pool concerned by the project are external parts of
car (bumpers, wings). Therefore constraints applied
on those objects can be very different from one to
another. Hence raw material used shall be finely
selected (fibres filled or not). The injection
moulding process [1] consists in manufacturing a
part from polymer pellets, after a passage in a
molten state. During plastication, the polymer is
subjected to the combined action of the screw in
rotation and to an external heating by electric heater
bands. At the present moment there exists no
theoretical model to design a screw/barrel system
given the material chosen. So we propose a
dedicated set-up able to monitor in 3D the flow
velocity during industrial production.

2 Industrial production concerns
The raw material to be used in the production step
is chosen depending on objects to be manufactured
(for example, whether it is necessary or not to
reinforce the polymer with any kind of fibres to
gain in robustness).  Once the choice on raw
material is done, engineers have to determine the
shape of the screw unit. This device is an important
part in the material transformation process, because
it is supposed to guarantee the conversion of the
feedstock of plastic pellets into a molten polymer
ready to be injected into a mould. At the present

moment to determine the shape of the injection
screw engineers have an empirical approach
because there exist no theoretical model able to
connect the shape of the injection screw and the
final properties of the polymer, [2]. Actually, one
concern deals with fibre filled polymers and the
physical effect of the screw on those fibres (if
broken, the polymer loses its expected properties).
Another aspect of concern is the homogeneity of
the polymer depending on the time spent inside the
screw/barrel unit and the shape of the screw.
Homogeneity of the melt polymer with fillers is
important for final objects’ mechanical property.
Time spent by the material inside the barrel coupled
with temperature (>200°C), [3], are major
parameters in the perspective of chemical
degradation of the polymer.

3 The experimental set-up proposed
To try to solve the problem, once usually uses some
extruder with transparent window and a single
camera to monitor the displacement of a particle,
[4], in this given window. This kind of systems
presents the inconvenient of a partial 2D-estimation
of the flow speed. In our laboratory we are
developing a new system able to give the 3D
displacement and velocity of a particle in a fluid
even during industrial production (cf figure 1).
It is constituted of an extruder (cf figure 2) fixed on
a rigid structure and of a displacing system of 4
digital cameras (BASLER® A301f at 80 fps each)
along the structure.
Having 4 cameras guarantees the fact that the
particle is always seen by 2 cameras and allows to
estimate the 3D-displacement of a fluorescent
particle. The particle is injected in the fluid and
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illuminated by UV light sources. Data acquired by
cameras (cf figure 3) are transferred in real time to
PC to be processed.
Post signal processing extracts displacement and
estimates velocity of the particle (cf figure 4). Each
circle in the figure represents the barycentre of the
particle detected and located by image processing.
We notice two speed states : the first one
corresponding to a high speed state (short distance
between two consecutive points) due to a
displacement of the particle along the bottom of the
flight of the screw and a low speed state due to a
displacement of the particle near to the inside
surface of the barrel.
This first interesting result highlights the necessity
to monitor in 3D the displacement of the particle.

4 Conclusions & Perspectives
The system presented in this abstract proposes a
new possibility to estimate polymer’s properties
while being molten and verifying models for screw
design. The ability to monitor in 3D the
displacement and velocity of a particle in the
polymer without any information or manipulation
on the screw/barrel unit allows to run this
estimation in industrial units.

We can already imagine that the difference in
refraction indexes of polymer and extruder’s
plexiglass® will have to be taken into account
during the image processing to calculate the 3D-
position of the particle.
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Effect of photoresponse non-uniformity on light spot centroid detection 
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Summary: Experimental results of the effect of CMOS photodetector photoresponse non-uniformity (PRNU) on 

light spot centroid detection are presented. The results show, that for spot sizes below 0.1 mm the effect of PRNU 

remains clearly below 1 µm (standard deviation). This means that although CMOS photodetectors typically have 

quite high PRNU it is possible to implement accurate position-sensitive devices (PSDs) using standard CMOS 
technology.

Keywords: CMOS photodetector, photoresponse non-uniformity, position-sensitive detector 
Category: 4 (Non-magnetic physical devices)

1 Introduction 

An optical position-sensitive photodetector (PSD) 

identifies light spot position by detecting its 

centroid position. Good accuracy presupposes 

among other things that the spatial photoresponse 

of the PSD must be fairly uniform. Uniform 

photoresponses (non-uniformity << 1 %) are 

achieved using technology tailored for 

photodetector production. In case PSDs are 

implemented using non-tailored technologies such 

as CMOS, the large photoresponse non-uniformity 

(PRNU), which is characteristic for CMOS 

photodetectors, may lead in serious deterioration of 

the position sensing accuracy. This paper deals with 

the quantity of position sensing error caused by the 

PRNU of a typical CMOS photodiode. 

2 CMOS PSD 

Implementing PSDs using standard CMOS 

technology instead of dedicated photodetector 

processes has two potential advantages: first, the 

compactness of the sensor can be improved by 

implementing all the electronics and the detector on 

a single chip, and secondly, the sensor’s overall 

performance may be improved using special PSD 

structures not probably realizable in conventional 

photodetector processes [1]. The obvious drawback 

of CMOS technology is that it is not designed for 

light detection and thus does not provide best 

possible performance in that sense. 

CMOS photodetectors, such as well-substrate 

photodiodes, are suitable for optical sensing 

applications where a responsivity ranging from 0.1 

to 0.4 A/W (quantum efficiency <50 %) is 

sufficient, and a relatively large spatial and spectral 

non-uniformity in responsivity can be tolerated, and 

where high speed and low crosstalk are not of 

importance [2]. The fairly large PRNU of CMOS 

photodetectors, which directly alters the sensed 

centroid position of the light spot, may be 

detrimental to PSD linearity. However, 

experimental studies have shown that the linearity 

offered by CMOS PSDs are equal to the best 

quality commercial (non-CMOS) PSDs the 

nonlinearity error being only a few micrometers 

(standard deviation) at most [1,3].

This paper reports experimental results of the 

CMOS photodetector PRNU and its effect on light 

spot centroid detection. The contribution of the 

PRNU on centroid error as a function on spot size, 

wavelength and wavelength bandwidth is calculated 

from the measured spatial responsivity data of a 

BiCMOS compatible diffusion-well photodiode.  

3 PRNU of CMOS photodetector 

The simplified cross-sectional construction of a 

BiCMOS compatible diffusion-well photodiode and 

its typical spectral and spatial responsivities are 

depicted in Fig. 1.  The quantum efficiency of the 

detector is relatively low especially at longer 

wavelengths due to the narrow depletion region 

located near the surface. The distances of the upper 

and lower edges are approximately 0.3 µm and 0.8 

µm from the Si/SiO2 surface, respectively. The 

maximum quantum efficiency (~50 %) is typically 

achieved at the center of the visible range. Light 

interference within the protection layers cause 

fluctuations in both spectral and spatial 

photoresponses. The magnitude and spatial shape of 

the fluctuations depend on the wavelength 

bandwidth and spot size used. 

The PRNU scanning of a 200 µm x 200 µm

diffusion-well photodiode was performed with 2 

µm steps using 2.5 µm spot size (FWHM) and 

wavelength bandwidths of 5 nm and 32 nm 

(FWHM) and center wavelengths of 630 nm and 

850 nm. The average values of responsivity 
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corresponded to those measured with spectral 

scanning (0.052 A/W at 850 nm and 0.155 A/W at 

630 nm). The relative standard deviations of the 

measured PRNU varied from 1 to 5.3 % (Table 1.) 

within the central region of the photodiode (side 

length 80 % of the total side length of the active 

area). Narrowband illumination and shorter 

wavelengths seem to result in higher PRNU than 

broader and longer ones. The above suggests that 

near infrared LEDs should be used as the light 

source instead of visible laser diodes in order to get 

small PRNU. 
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Fig. 1. Cross-section of a diffusion-well photodiode 

in a 0.8 µm BiCMOS process. Light interference 

within the protection layers cause fluctuations in 

spectral and spatial responses. 

4 Centroiding error 

The spatial responsivity results were used to 

calculate the error in the centroid position of a 

uniform round light spot of 10, 20, 30, 50, 100 µm

in diameter by moving the spot vertically and 

horizontally around the detector active surface in 2 

µm steps. The portions used for the spot movement 

were 30 % of the active area side length in case of 

50 µm and 100 µm spots, and 65 % of the length in 

case of the smaller spots. The results are presented 

in Table 1. Centroid error depends on spot size, 

PRNU and bandwidth of illumination. A large spot 

size, high PRNU and narrowband illumination 

increases the error. According to the results, 

however, the error (<< µm) due to the PRNU is 

clearly less than what is typically measured for high 

quality PSDs (> µm). This means that it should be 

possible to implement highly accurate PSDs 

(position sensing error < µm) using standard CMOS 

technology. Note, however, that this presumes 

relatively small spot size (<< mm) and that 

optimum performance is achieved using relatively 

wideband illumination source such as an LED. Note 

also that centroid detection accuracy does not 

depend on wavelength (although PRNU seems to 

increase towards shorter wavelengths). This means 

that visible illumination providing the best quantum 

efficiency and hence best precision can be used 

without deterioration in accuracy. Results presented 

in Ref. [1] support the above conclusions. 

Table 1. Standard deviations of the photoresponse non-

uniformity (PRNU) and the centroid error for a round 

uniform spot of diameters 10, 20, 30, 50 and 100 µm.

Standard deviation [nm]  

(Spot diameters in µm) 

Wavelength / 

bandwidth 

PRNU 

[%] 10 20 30 50 100 

630 / 5 nm 5.3 11 34 88 140 300 

630 / 32 nm 2.5 4 9 22 37 110 

850 / 5 nm 1.9 4 13 31 59 160 

850 / 32 nm 1.0 3 8 20 38 105 
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Summary. For the first time the widely used photo definable polymer SU-8 has been functionalized with
optical gain. This is achieved by doping the polymer with a commercially available laser dye, Rhodamine
6G. We demonstrate this by realizing and characterizing two types of optically pumped micron-sized solid
polymer dye lasers. The lasers are designed with lateral emission and have furthermore been integrated
with SU-8 polymer waveguides, demonstrating the potential for applications within e.g. lab-on-a-chip
microsystems.

Keywords: SU-8, micro laser, Rhodamine 6G
Category: 4. Non-magnetic physical devices

1 Introduction
The functionality of microsystems, e.g. ”lab-on-a-
chip” systems, can be enhanced by integration of op-
tical transducers on the chip. Polymer based solid state
lasers are attractive devices for such applications, since
polymer based micro-chips are widely used for lab-
on-a-chip microsystems. Hu et al. [1] demonstrated a
millimeter-sized solid state dye laser already in 1976,
by casting a commercially available laser dye into a
matrix of polyurethane. Li et al. [2] has more recently
used modern microfabrication techniques for making
similar devices in poly-methymethacrylate (PMMA)
by casting and peel-off.

In this paper we present a new type of optically
pumped solid polymer dye lasers, which can easily be
integrated with polymer based microsystems. The solid
state lasers are realized by doping a photo-definable
polymer, SU-8, with a commercially available laser
dye, Rhodamine 6G. This approach allows for fabricat-
ing miniaturized solid polymer dye lasers on any suit-
able substrate, by applying standard UV lithography
to the dye doped photo definable polymer. By using
photolithography, a large degree of freedom in design
is achieved. Another attractive feature is the simple
design, where total internal reflections on the vertical
polymer cavity walls are exploited.

The laser dye Rhodamine 6G has optical gain in the
wavelength range from app. 550 nm to 620 nm, when
it is optically pumped by a pulsed, frequency doubled
Nd:YAG laser at a wavelength of 532 nm.

2 Design
We have made two different lateral designs of the micro
laser. One is trapezoid shaped, Fig. 1(a), the other is tri-
angular shaped, Fig. 2 - both designs have been scaled

to different sizes. The idea is to make a dye doped cav-
ity of SU-8, supporting a mode by total internal reflec-
tion at points on all but one side. The point with partial
reflectance is used for the output coupling. The crit-
ical angle for the SU-8/air interface is θc = 38.97◦

(nSU−8 = 1.59). In the triangular design the desired
cavity mode is reflected three times per round trip. The
geometry allows for an angle of incidence above the
critical angle, θc, at two of the reflection points. The
angle of incidence at the third reflection point, where
the output coupling takes place, is then restricted to
be less than 10 degrees, resulting in a reflectance of
app. 5 percent in this point. The desired cavity mode
in the trapezoid shaped cavity is reflected four times
per round trip. This design allows for an angle of inci-
dence, α = 47.29◦, above θc at three reflection points,
and an angle, β = 38.14◦, close to but below the θc

at the fourth reflection point. This allows for a design
with a reflectance of 37 percent at the output coupling.
It is difficult to obtain much higher values of reflectance
at the output coupling, without exceeding the critical
angle due to the steep increase in reflectance as the crit-
ical angle is approached.

3 Fabrication

The Rhodamine 6G (Sigma-Aldric, R4127) is dis-
solved into SU-8 thinner, which is mixed into the SU-8
10µm photo-resist, both from MicroChem. The SU-
8 based micro laser cavities can then be defined on any
suitable substrate using the standard photo-lithographic
process steps: spin-coating, soft-baking, i-line UV ex-
posure, post-exposure baking, and development. The
structures presented in this paper are fabricated on a
glass Pyrex substrate and the height is 4.2µm.
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Fig. 1: (a) SEM photo showing the geometry of the
trapezoid laser. There is total internal reflection on three
of the sides and a reflectance of 37 % at the fourth side
where the output coupling is placed. The critical angle
of the SU-8/air interface is θc = 38.97◦. (b) Measured
angular distribution of laser emission from the trapezoid
laser.

4 Characterization

The lasers are optically pumped by a pulsed, frequency
doubled Nd:YAG laser, and the emitted light is col-
lected by an optical fiber connected to a spectrometer.
Fig. 3 shows a series of emission spectra from the tri-
angular devices, measured at different levels of pump-
ing power. A lasing peak appears at a wavelength of
562 nm. Fig. 4 shows a similar set of spectra from
the trapezoid shaped device, where the peak appears
at a wavelength of 598 nm. According to the design,
the triangle and trapezoid lasers should emit at an an-
gle of 17 degrees and 79 degrees, respectively. This
has been verified in the trapezoid design, where it was
possible to measure the output from a single cavity, see
Fig. 1(b).

Fig. 2: SEM photo showing the triangular laser design.
The round trip is superimposed and is 190 µm long. The
reflectance at the output interface is approximately 5 %.

5 Conclusion

We have demonstrated a new type of optically pumped
solid polymer dye lasers, by doping the commonly used
photo-resist SU-8 with Rhodamine 6G laser dye. Laser
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Fig. 3: Spectra measured from an array of laterally emit-
ting triangular shaped lasers. The laser peak is estab-
lished at 562 nm and the peak at 532 nm is scattered
light from the Nd:YAG pump laser.
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Fig. 4: Emission spectra from the laterally emitting
trapezoid laser, see Fig. 1(a). The peak wavelength is
598 nm and is measured in the plane of the laser at an
angle γ = 79◦.

cavities of triangular and trapezoid shape with lateral
emission were fabricated on a Pyrex glass substrate
by standard photolithography, and lasing was demon-
strated. As illustrated by the two emission spectra,Fig.
3 and Fig. 4, it is possible to vary the peak wavelength
more than 30 nm by change of the lateral design only.
Furthermore, by utilizing the good planarization prop-
erties of SU-8 we have integrated a laterally emitting
dye laser with a SU-8 waveguide. The integrated opti-
cal system is realized by two successive UV lithogra-
phy steps, defining the laser in dye doped SU-8 and the
waveguide in normal SU-8. The latter two facts makes
the polymer laser very attractive for the development of
lab-on-a-chip micro systems.
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Summary: This paper compares two x-ray detectors fabricated using two different technologies: one
is based on a bulk micromachined silicon photodetector and the other is based on a standard CMOS
photodetector. The working principle of the two detectors is similar: a scintillating layer of CsI:Tl is
placed above the photodetector, so the x-rays are first converted into visible light ( 
 � � � � ) which is then
converted into an electrical signal by the photodetector. The different aspects of the fabrication and the
experimental results of both x-ray detectors are presented and discussed.

Keywords: x-rays, scintillator
Category: 4 (Non-magnetic physical sensors)

1 Introduction

The two detectors reported and compared in this article
are based on the same working principle: a scintilla-
tor material is placed above a photodetector. When the
x-ray photons reach the scintillator, they are absorbed
and converted into visible light. This visible light is
then transformed into an electrical signal by the pho-
todetector. One of the photodetectors is based on a sn-
sub junction placed inside a bulk micromachined cav-
ity [1]. The other one is based on a CMOS standard
sn-sub junction [2].

2 Bulk micromachined x-ray detector

A cavity with � � � � � � � square size and � � � � �
depth is fabricated in a p-type silicon substrate using
KOH etching. Inside the cavity, arsenic is implanted
in order to form the sn-p junction of the photodiode.
After that, the cavity is filled with a scintillating ma-
terial (CsI:Tl) and finally, a reflective layer is placed
above the scintillating material [1]. Figure 1 shows a
schematic cross section of the device. Figure 2 shows a
picture of the device before the placement of the scin-
tillating material and the reflective layer.

3 CMOS x-ray detector

The second device that is described here consists in
four � � � � � � � � � � � photodiodes fabricated in a

X−rays
SiO n+

p−substrate

Scintillating

Reflective layer
2

material

2 mm

Fig. 1: Cross-section of the BMM x-ray detector.

Fig. 2: Picture of the BMM x-ray detector before the
placement of the CsI:Tl.

standard CMOS process. In this case, an aluminum
dye is used, where some cavities were opened. The
cavities were then filled with a scintillator material and
the set was placed above the CMOS photodetectors [2]
as is shown in figure 3. Figure 4 shows a picture of the
CMOS device before the placement of the aluminum
dye with the scintillating material.
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Fig. 3: Structure of a 2 4 2 CMOS x-ray detector array.

Fig. 4: Picture of the 2 4 2 CMOS photodetector array
before the placement of the CsI:Tl layer.

4 Experimental results

The experiments on the two devices were performed
using a didactic x-ray tube with a molybdenum anode
from Leybold. In both cases, the tube was powered
with a voltage of 8 : ; = and a current ranging to > @ B .
This tube produces x-rays whose energy peak is near

C D ; F = . The results of these measurements are shown
in figure 5 for the BMM detector and in figure 6 for the
CMOS detector.
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Fig. 5: Output current of the BMM x-ray detector with a
x-ray tube input voltage of L M O Q .
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Fig. 6: Output current of the CMOS x-ray detector with
a x-ray tube input voltage of L M O Q .

5 Comparison between the two x-ray de-
tectors

R The BMM detector do not use a standard fabri-
cation process in the photodetector construction.
This fact permits the optimization of the junction
depth in order to obtain a spectral response that
matches the emission peak of the scintillator. Nev-
ertheless the fabrication of the CMOS detector is
cheaper as it make use of a standard fabrication
process.

R The fabrication of the cavities in the BMM detec-
tor is easier due to the use of anisotropic chemi-
cal etching of the silicon instead of the mechanical
methods used for the CMOS detector.

R The dimensions of the pixels in the CMOS detec-
tors can be smaller than in the BMM one due to
the fact that the side walls of the cavities fabri-
cated with KOH etching in the BMM detector are
not vertical (figure 1).

R Due to the standard fabrication of the CMOS pro-
totype it is possible to integrate the electronics
with the photodetectors without additional fabri-
cation steps. This integration is more difficult in
the BMM one.

R Both detector prototypes show a linear response
up to > @ B of x-ray tube input current (fig-
ures 5 and 6).

R The CMOS detector has a higher sensibility, but a
larger offset (figure 6).

6 Conclusion

Two x-ray detector prototypes were fabricated using
two different technologies, one is based on a bulk mi-
cromachined silicon photodetector and other is based
on a standard CMOS photodetector. The fabrication
process and the performance of the two prototypes
were presented and discussed comparatively. Whereas
the CMOS detector has advantages in the integration of
the photodetectors with the electronics and the detec-
tion sensibility, the BMM detector shows advantages
in the fabrication of the cavities and the lower offset.
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Towards a 1mm3 Camera -- The Field Stitching Micromirror 
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Summary: The concept of a movable mirror that can be used to extend the field of view and effective 
resolution of any camera is introduced.  For millimeter-scale and smaller cameras, this is especially 
important since the number of pixels in the imaging array is severely limited.  MEMS micromirrors are 
well suited for this application. Proof of concept using a 1-axis SOI micromirror is presented.  Scaling laws 
for small cameras are discussed.   

Keywords: post objective scan, field stitching, micromirror, MEMS, SOI, gimbal, electrostatic, camera 
Category: 4 (Non-magnetic Physical Devices)

1 Introduction 

1.1 Field Stitching Camera 

CMOS imaging arrays have shrunk the size of 
commercially available cameras to just a few cubic 
centimeters.  While small by most metrics, this is 
still much too large for envisioned microrobotic 
applications.  Eventually, these cameras will shrink 
to just a single chip with an imaging lens with a 
minimal amount of packaging holding the system 
together [2].  The volume of this type of device is 
limited by the number of pixels, the pixel size, and 
the diameter of the imaging lens.  Increasing 
resolution (# pixels), field of view (pixel size), or 
light sensitivity (lens diameter) will be attainable 
only by increasing the total volume of the system.  
We propose building a hybrid camera consisting of 
a very small imaging array and lens coupled with a 
movable mirror used to choose the field of view of 
the camera, similar to [1].  The mirror therefore 
multiplies the effective number of pixels in the 
array.  The cost of this approach is a reduction in 
the effective sensitivity of the camera since each 
pixel is time multiplexed across multiple fields of 
view.  However, this tradeoff might be required for 
extremely small cameras.  For instance, using 10µm
pixels, a 0.5mm x 0.5mm imaging array would 
have only 50x50 pixel resolution.  In order to 
achieve high resolution for a camera this small, 
either the pixel pitch must be reduced substantially 
or field stitching must be used.  This paper 
describes the optical setup and system design 
considerations for a field stitching camera.  Proof of 
concept using a custom MEMS micromirror is 
demonstrated.   

1.2 MEMS Micromirror 

MEMS micromirrors have several features that 
make them uniquely suited for this application.  
Due to their small mass, they can be moved from 

field to field in milliseconds, enabling camera full-
scene frame rates limited only by the sensitivity of 
the photodiode pixels.  The extreme flatness 
(<30nm max deviation from mean) of the SOI 
(Silicon-on-Insulator) micromirrors developed in 
our lab (fig. 1) add negligible amounts of aberration 
to the optical system.  Electrostatic actuation 
requires only microwatts; this is critical for power-
limited applications such as sensor networks and 
microrobotics.  Ongoing research in our lab focuses 
on reducing the mirror step response time and 
power consumption while increasing accuracy and 
range of motion.   

2 Proof of Concept 

Fig. 2 shows the concept of the field stitching 
camera.  A small camera consisting of an objective 
lens and an imaging array has a limited field of 
view and resolution.  A mirror, placed closer to the 
camera than the focus is used to steer the camera’s 
field of view.  The original field of view of the 
camera becomes one of several sub-fields that 

Fig. 1: A 2 axis scanner realized by a SOI/SOI bonding 
process. The central mirror is suspended by a double-
axis gimbal structure that rotates about the two in-plane 
axes using orthogonally oriented torsion springs.  A 
single-axis version was used for proof of concept 
experiment. 

6 µm-thick pushing arm 

Lateral comb
drives 

2 µm-thick 
mirror 
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selected with the mirror and stitched together to 
form a complete image.   

This concept was tested using a long working 
distance inspection microscope coupled to a digital 
still camera.  A mask constructed using a laser 
printed transparency was used to block rays 
bouncing off of the shiny substrate surrounding the 
mirror.  Imperfect blocking of these alternate paths 
creates superimposed “ghost images” that do not 
move when the field stitching mirror rotates.  The 
image in fig. 3 was acquired using this system and 
the final image consisting of three mirror positions 
was stitched together in photoshop. 

Fig. 3: Image formed using a 3x1 field-stitching camera.  
Field of view extended using MEMS field stitching 
mirror.  Top row of text is reflection off substrate (note 
only “BER” visible), bottom row is reflection through 
mirror (“BERKELE” visible).  Blurring is caused by field 
curvature and camera autofocus.    

Field curvature is an issue with this type of camera.  
Because the mirror rotates the field of view instead 
of translating it, the field of view is spherical 
instead of flat.  A variable focus lens can be used to 
flatten the field if necessary.   

3 Scaling Considerations

The ideal way to shrink a camera is to scale every 
dimension down by the same factor until the either 
the diffraction-limited resolution is the same as the 
pixel resolution, or technology-imposed limits on 

pixel size preclude shrinking each pixel any further.  
Once this scaling limit has been reached, a ray-
optics analysis shows any further reduction in the 
imager-lens distance results in a reduction angular 
resolution of each pixel.  However, from a 
diffraction perspective, the increase in NA as the 
imager gets closer to the lens increases the angular 
resolution of the system.  Setting the size of the 
pixels equal to the diffraction limited spot formed 
by the lens, the optimal location for the back focal 
length of the camera is found to be 

=

2
tan2

61.0

fovNA

f
θ
λ

, where λ is the wavelength of 

light, θfov is the angular field of view of a pixel, and 
NA is the numerical aperture of the lens.  In this 
way, an upper bound on resolution sets the lower 
bound on the length of the camera. 

While diffraction and pixel size limit the resolution 
and length of the camera, the lens aperture limits 
the light collecting ability of the camera.  Operating 
the imager at a constant signal-to-noise ratio (SNR), 
linear downward scaling of the aperture diameter 
results in a quadratic increase in exposure time.  
The field stitching mirror compounds this low-light 
problem, since each pixel is time-shared amongst 
the subfields of the camera.  For an NxN field 
stitching camera, there is an N2 increase in exposure 
time when SNR is kept constant. 

4 Conclusion and Future Work

As we scale cameras to smaller sizes, diffraction 
and pixel pitch issues limit the resolution available 
in a standard camera.  By adding a field stitching 
micromirror, this resolution can be recovered at the 
expense of increased exposure time.  Our current 
work focuses on building an integrated system 
consisting of an 8x8 photodiode array and 
microlens.   
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Fig. 2: Diagram of field stitching camera.  A static 
camera field of view (“sub-field”) is scanned in a 3x3 
grid, increasing the field of view and effective 
resolution of the camera by a factor of 9. 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Optical Sensors

233



Vertical Comb Driven 1D and 2D Optical Scanning Mirrors 

Using Epi-Si Micromachining Process 
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Summary:  A new process concept and experimental results of making optical scanning mirrors with large 
mirror size and deflection angle are presented in this paper. Stepped vertical comb drive actuators and 

thinned torsion springs are used to enlarge the deflection angle under moderate voltage load. The 

electrochemical etching technology is applied to release the epitaxial Si layer to serve as the micromirror 

plate. Preliminary results of both one dimensional (1D) and two dimensional (2D) optical scanning epi-Si 

mirrors are presented. For devices with a 1500x1500x27µm3 mirror plate and 400x10x22.5µm3 torsion 

spring, the dynamic optical  scanning angle is measured as large as ± 16° under 40 Volts pulse load for 
electrostatic excitation. 

Keywords: Epitaxial Si, Micromirror, Comb Drive 
Category: 4 (Non-magnetic physical devices)

Introduction 

Recently combining the SOI, DRIE and wafer 
bonding processes with the design of vertical comb 
drive actuators has been reported to be very 
attractive to the applications need large mirror size 
and tilting angle [1-2]. However, such processes 
and techniques are either very expensive approach, 
need of precise double side alignment, or need of 
precise wafer bonding alignment. In this paper, we 
report a new method to design and prepare a flat 
mirror with large size and deflection angle by using 
vertical comb drive actuators and electrochemical 
etching derived epi-Si structure. The mirror devices 
derived by this new approach seem to be promising 
to the above mentioned applications. 

Design & Fabrication 

Without using SOI based process, we apply the 
epitaxial silicon wafer as starting materials, and the 
well-known electrochemical etching technique is 
used to release large mirror and to precisely control 
the thickness of released mirror plate. 
Vertical comb drive actuators of angular tilted 
structure, and  comb drive configuration composing 
upper and lower comb-teeth have been 
demonstrated [1-3], while H. Schenk et al reported 
that mirror with in-plane comb finger structure still 
can be excited by periodically applying rectangular 
pulse load [4]. To gain in simpler process design 
and precisely comb alignment control, we propose a 
4-mask process to fabricate our devices. As shown 
in Fig.1, the process starts with patterning thermal 
oxide and Al electrode layer to form the comb 
finger pattern. The backside LPCVD SiN hard 
mask is defined for KOH electrochemical wet 
etching. After the underneath bulk Si is removed 
away, the mirror and comb fingers are defined from 
the front-side by Si deep reactive ion etching (DRIE) 
to etch through the epi-Si layer, and thereby the 

mirror structure is released. At the initial stage of 
DRIE process, the torsion spring is only covered by 
photo resist (PR). We may divide the DRIE process 
into two major steps, the PR pattern can be 
removed between these two steps, and the torsion 
spring will be etched and thinned in the second step. 
We can also use the above method to make vertical 
comb drive with step height between inside and 
outside comb fingers for static displacement 
actuation.  

Fig. 1. Schematic drawing of (a) 1D epi-Si mirror; (b) 

2D epi-Si mirror; and (c) cross sections of 1D epi-Si 

mirror process flow

The fabricated epi-Si mirror devices have a 
1500x1500x27µm3 mirror plate, and the 
400x10x22.5µm3 torsion spring. The thickness of 
torsion spring has been etched to become 4.55µm

(a) (b)

(c)
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thinner than mirror plate. The SEM photos of 
fabricated epi-Si mirror device are shown in Fig.2.  
With similar process, 2-D epi-Si optical scanning 
mirror can also be accomplished.  

Fig. 2. SEM photos of (a)fabricated epi-Si mirror; 

(b)cross section view of epi-Si mirror plate; (c)thinned 

torsion spring; (d) stepped com fingers 

Characteristics & Measurement Results 

If we apply rectangular pulse load periodically to 
vertical comb drive actuators as steps shown in 
Fig.3, the mirror structure can be excited by this 
way. As the excitation frequency of the periodical 
pulse load reaches twice value of mechanical 
resonance frequency, the deflection angle jumps up. 

Fig. 3. Schematic drawing of steps of operation 

scheme for electrostatic excitation

Fig. 4. Curve of mechanical deflection angle versus 

excitation frequency of applied voltage 40 Volts

Fig.4 shows the curve of mechanical deflection 
angle versus the excitation frequency. The dynamic 
optical scanning angle and mechanical deflection 
angle are measured as large as ±16° and ±8° under 

40 Volts pulse load by using the present designed 
comb drive for electrostatic excitation. The 
behavior observed of vibration curve is similar to 
the results of Ref. [5]. By using the present design, 
the thinned torsion spring can result larger 
deflection angle under the lower electrical load. 
Fig.5 shows the schematic drawing of epi-Si 
scanning mirror optical measurement system and 
the scanning pattern of 1-D epi-Si mirror, and Fig. 
6 shows the scanning patterns of 2-D epi-Si mirror 
with rectangular pulse voltage load at various 
frequencies.  

Fig. 5. Schematic drawing of epi-Si scanning mirror 

optical measurement system and the scanning pattern 

of 1D epi-Si mirror

Fig. 6. Scanning patterns of 2D epi-Si mirror at 

various excitation frequencies (Outside frame 

Vpp=40V, Freq.=2985Hz; Inner frame Vpp=60V, and 

(a)Freq.=1650Hz; (b)Freq.=2247Hz; (c)Freq.=2250Hz; 

(d)Freq.=2328Hz; (e)Freq.=2375Hz; (f)Freq.=2385Hz; 

(g)Freq.=2500Hz) 

Conclusions

Basically this process shows good yield of mirrors 
and perfect thickness control of mirror plate by 
means of KOH electrochemical etching stop 
mechanism. The thickness control of thinned 
torsion spring is determined by the etching rate 
selectivity during final DRIE process step. The 
preliminary 1D and 2D scanning pattern results of 
epi-Si mirror with large size are presented. 
Comparing with SOI and surface micromachining 
Poly-Si based processes, this process is promising 
for making micromirror devices to meet application 
markets where the extreme cost budget is crucial.  
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Unsupervised scanning light pulse technique
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Summary:  A scanning light pulse technique (SLPT) operating in a totally unsupervised way suitable with
screening purposes is demonstrated. The procedure automatically determine inflexion points (optimum

biasing condition) and photocurrent amplitudes from locally acquired i-V characteristics that enables to

display optimum biased measurements properly re-scaled to avoid spurious amplifying effects.
Additionally, the procedure allows composing flat band voltage shift patterns within the same experiment,

and avoiding feedback mode measurements. Optimum bias patterns when used to modulate subsequent

measurements allow fast recording mode.

Keywords: scanning light pulse technique, chemical sensors, field effect sensors, MOS capacitors.

Category: 5 (Chemical sensors)

1 Introduction

The scanning light pulse technique for chemical
sensing purposes allows both: the generation of
spatially distributed chemical images for practical
applications [1,2] as electronic noses or functional
materials screening, and fundamental research of
chemical sensing mechanisms in field effect
devices.

The generation of chemical images demands the
use of extended gates with spatial modulation of the
chemical properties induced by gradients in
thickness, composition, temperature or geometry
[3].

A common problem with this technology is the
acquisition of partially fragmented and incomplete
information due to the differences in the amplitudes
of the local photocurrents and the pristine flat band
voltages. Typically the measurements are
performed at constant bias voltage or constant
photocurrent (feedback mode [1]), which demand
expert inspection of local responses to determine
the conditions that retrieve the most substantial
information for the experiment, that in any case is
partial. Consequently, the screening of sensing
materials may become unpractical with this
technique.

In the present work, we demonstrate an enhanced
approach for SLPT that enables to acquire all the
relevant information and display normalized
chemical images operating totally unsupervised.

Additionally, the technique allows composing
optimum photocurrent or flat band voltage response
indistinctly within the same experiment, but
avoiding time consuming and electrically disturbing
feedback mode measurements.

2 Experimental

Fig.1a shows the structure of the MOS sensor
capacitor used for the SLPT measurement. A first
SiO2 layer (100 nm) was grown by thermal
oxidation of the p type Si wafer (500 µm, 10

.cm), followed by a second SiO2 layer (90 nm)
electron beam evaporated. Under the Al contact pad
and central tip additional 300 nm of SiO2 were
deposited. Pd (70 nm) and Pt films (35 nm) were
thermally evaporated to conform the layout
depicted in Fig. 1a. The Si backside was coated
with 200 nm of Al.
The SLPT measurement was made with the device
placed in a tight gas cell, where a chopped laser
beam (650 nm wave length, Melles Griot DLD203,
LD in Fig.1b) illuminates the sensor though a glass
window. A current preamplifier (Stanford Research
Systems SR570) and a phase lock-in amplifier
(Stanford Research Systems SR830) complete the
setup.
The sensor was fixed in the gas flow cell and heated
by a halogen lamp to 110°C. The laser beam was
modulated by a reference sinusoidal wave from the
lock-in amplifier (and reduced by an aperture
plate), locally exciting the MOS structure at a
frequency of 1 KHz.

a)b)

Fig. 1a. MOS capacitor layout, b) SLPT

measuremt setup.
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3 Results and discussion

Fig. 2a illustrates two different photocurrent vs.
bias voltage characteristics and their shift upon
hydrogen exposure. If the bias voltage in the
inflexion point of signal 1 is chosen as constant (v)
for the whole measurement, regions with the
characteristics of signal 2 will be underrepresented
in the final chemical image. Equivalently, when
measuring in feedback mode, e.g. at the indicated
constant photocurrent (i), the responses form signal
2 regions would be ignored.
Additionally to the proper choice of the monitoring
bias voltage for each position, a local re-
normalization of the photocurrent response (  i) is
required to avoid displaying spurious amplifying
effects specially close to the metal edges (Fig. 2b).
In practice, counteractions demand exploratory
measurements and expert inspection before to run
the SLPT experiment, which in the best case
determines which partial part of the response is
observed in the final experiment. For screening
purposes, an unsupervised procedure able to display
all the available information in a common scale
would be a great advantage.
In the present contribution, a 21 x 21 steps scanning
is performed, for 31 different bias voltages between
–5 and +5 volts in atmospheres of synthetic air,
hydrogen and ammonia. With the measurement in
air the inflexion point of each local photocurrent
characteristic is detected, and the optimum bias
voltage for each step of the laser beam is
determined. Simultaneously the local photocurrent
amplitudes are recorded and used later to re-scale
the corresponding chemical responses.
Fig. 2b, depicts the photocurrent response to
hydrogen and ammonia (calculated by the
subtraction of the target gas photocurrent profile
minus the air pattern) for a measurement at constant
bias voltage and the corresponding enhancement
using optimum and re-normalized responses (Fig.
2c).
Proceeding similarly, with the local photocurrent
characteristics for hydrogen and ammonia, the
optimum bias voltages for these can be calculated
and consequently a truly flat band voltage shift
map, avoiding feedback measurements, can also be
computed.
Naturally the technique is more time consuming
than the regular SLPT, but since the information
provided is not partial and also completely
unsupervised the trade off is fair and for screening
purposes becomes key.
Additionally, faster alternatives, still retaining the
enhancements are possible. Just one complete
scanning in bias voltage for air is required to
construct a map of optimum bias voltages for each
position (Fig. 2d), which is then used for
subsequent environments in regular SLPT
measurements but at locally modulated biases. This

alternative also allows re-scaling in the same way
discussed above, only loosing the flat band voltage
mapping.
In this way the unsupervised SLPT also becomes
more friendly to the user and allows non-expert
users to exploit its benefits, e.g. home tests, which
is particularly attractive considering that the
technique can be dramatically simplified replacing
the micro-positioned laser beam by and standard
computer screen [2].
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Fig 2a) Photocurrent vs. bias voltages shift characteristics
in two different parts of the sensor and their
corresponding shift with hydrogen. b) Photocurrent
response patterns measured at a constant bias voltage of
+1.6 V. c) Unsupervised renormalized maps for the same
gases. d) Optimum locally modulated bias voltage pattern
measured in air.
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 As a result, the application of fundamental 
transport models to these devices is possible due to 
the achievement of uniform Schottky contacts 
between the particles, the homogeneity and 
symmetry of the grains. 
 Eventually, a complete understanding of the 
sensing mechanism requires an extensive 
characterization from a structural and electrical point 
of view. Scanning tunnelling microscopy (STM) and 
spectroscopy (STS) proved an essential tool in 
fulfilling this goal [2]. As an example of the 
described approach, we report the case of SnO2, i.e., 
the most investigated material for chemo-resistive 
sensors. 
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Interferometric Porous Silicon Vapor Sensor

with Fiber Optic Control 
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Summary:  We show an experimental study for an optical vapor sensor based on the change of reflectivity
of a thin porous silicon layer. In presence of  vapors the reflectivity spectrum, which shows interference 

fringes, is modified, owing to the variation of the effective refractive index. We enlighten the PS layer with

a monochromatic laser light and detect the reflected light intensity with a photodiode, using optical fibers
to transmit the light. In this way we avoid the presence of electrical contacts, which could be dangerous in

the presence of flammable vapors. We show a characterization of sensor response with ethanol and relative

humidity.

Keywords: porous silicon, vapor sensor, fiber optic 

Category: 5 (Chemical sensors)

1 Introduction 

It has been demonstrated that many electrical and 
optical properties of Porous Silicon (PS) are 
sensitive to the presence of different gases and
vapors due to the large specific surface of this 
material [1]. As PS is not stable, it needs to be
stabilized to be reliably operated as a sensor.
Different thermal and electrochemical oxidation 
treatments have been proposed to stabilize porous 
silicon.

Porous silicon films can be grown with a good 
control of thickness and porosity [2], so it is a 
suitable material to form well characterized thin 
films that can act as interference filters. The
effective refractive index of porous silicon is
related to its porosity and changes if a vapor is
adsorbed on its internal surface or condenses into 
the pores. 

Gao et al. [3] demonstrated that a porous silicon
thin film can be used in a simple system to monitor
the concentration of vapors in the environment. On 
the base of this principle, we realized an optical
vapor sensor which employs fiber optics for the
readout.

2 Experiment 

Porous silicon samples were produced with an
anodization treatment in a hydrofluoric acid
solution. The thickness of porous silicon layers was
measured with SEM micrographs and the index of
refraction was estimated from the reflectance 
spectrum. We performed a thermal oxidation in
order to stabilize the samples.

We characterized the variation of the refractive
index in the presence of different concentrations of
ethanol and relative humidity levels by measuring
the fringe shift in the reflectivity spectrum of the
samples.

Fig. 1. Scheme of the system.

We designed a system which employs the variation
of reflectance with vapor concentration at a single 
wavelength. The scheme of the system is shown in
Figure 1. The light source is a semiconductor laser
operated at a constant power, which emits infrared
monochromatic light at 780 nm. The sample is put
into a sealed chamber in which gas mixtures were 
flown, and enlightened by an optical fiber. Another
fiber collects the reflected light and delivers it to a 
photodiode. The variation of the reflected light
intensity in the presence of vapors causes a
variation in the photodiode current.
We characterized the sensor response in the
presence of ethanol vapor and humidity. As can be 
seen in Figure 2, with this system we could measure
ethanol concentrations spanning three orders of
magnitude and as low as 25 ppm in dry air.
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The sensor showed a response time of about 10 
seconds and a good reversibility and repeatability. 

Fig. 2. Sensor response under different ethanol 
concentrations.

We evaluated how the presence of humidity affects
sensor response. The sensor signal varies reversibly
with humidity, but the response time is slower,
especially at high relative humidity levels.
However, the sensitivity to ethanol vapor is at least
partially retained in the presence of humidity, as
can be seen in Figure 3. The oscillations in the
signal are due to the laser. 

Fig. 3. Sensor response to ethanol in the presence of 25% 
relative humidity.

Preliminary tests show that the sensor is sensitive
also to other organic vapors like acetone, hexane 
and trietilamine.

3 Conclusions 

The sensor realized shows a good sensitivity, fast 
response and good reversibility to ethanol. It is also 
sensitive to humidity and other vapors, but it lacks
selectivity.
This sensor could be used together with a humidity
sensor to monitor the concentration of solvent
vapors in industrial environments. The system
realized has the advantage to be free of electric 
contacts, so it can be safely used to control the 
concentration of highly flammable vapors. 
Other things to characterize are the long term
stability of the sensor and the effect of temperature,
which will be the object of future work.
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Organic Solvent Vapors Sensor Based on Diode Structures with Porous 
Silicon Layer
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Summary:  The porous silicon layers were formed in the outer part of n
+
 emitter of n

+
-p junction by 

the electrochemical anodization technique under different technological regimes. The sensitivity of the 

porous silicon layers to different chemical gases in the environment was investigated on the basis of 

analysis of the current-voltage characteristics. Certain correlation was observed between gas

sensitivity and the dipole moment of the gas molecule.

Keywords: Sensor, porous silicon, diode.

Category: Chemical sensors

1 Introduction

The discovery by Canham of the intensive
photoluminescence of porous silicon (PS) in the
visible range of spectrum at room temperature has 
attracted attention of many research and development 
groups. There are number of works devoted as to the 
study of the physicochemical properties of this new 
material, so and to the investigation of regularities of 
its formation [1-3].

Despite the considerable number of papers devoted 
to the study of the electro- and photo-luminescent
properties of this material, the physical properties PS 
have not been determined so far. First of all, it refers 
to the localization mechanism of the charge carriers
and the adsorptive sensitivity of the material.

The search for technological methods and regimes 
of the creation of gas sensors based on porous silicon 
is highly topical, which is stipulated by the following 
advantages of this material: simple and inexpensive
technique of the porous layer formation; compatibility 
with common microelectronic techniques, and very 
large specific surface of contact with the gas
environment [1-5].

The possibility of creation of the PS based gas 
sensors, operating on the basis of the phenomenon of 
changes in the photoluminescence intensity as a result 
of the adsorption of gas molecules on the PS surface 
was reported in [3,4]. However, the cost of such
sensors is very high and they are not practical.

It is known, that the electro-physical properties of 
the PS, strongly depend on the features of its porous 
structure and technological conditions of its
formation.

The results of investigation of the sensitivity n+-p
silicon diode structures with upper PS layer, to the
mixtures of various organic vapors with air as well as 
the influence of the technological regimes of the PS 
formation on sensitivity are presented in this paper.

2 Results and discussion

The formation of the porous layer on the n+ top 
layer of initial silicon diode n+-p structures of 15 × 7
× 0,8 mm size was carried out by the electrochemical 
anodization method in the solution of fluoric acid 
(HF- 49%), pure ethyl alcohol and distilled water at a 
ratio of 1: 2: 1 (samples of group I) or with the
addition to this mi xture 5% methanol (samples of
group II).

Depending on the anodization regimes (the current 
density varied in 10-50 mA/cm2 range, duration: 2 - 6 
minutes, with or without illumination from
fundamental absorption range) the samples of both 
groups with the formed PS layer could either possess 
or lack photoluminescence at excitation by an
intensive line 365 nm from a mercury lamp.

It is known [3,5], that the current-voltage
characteristics of diode structures are the sensitive 
tool for the detection of adsorbed gases. Therefore, 
for the sensitivity study of both groups samples, the 
current-voltage characteristics of these structures were 
investigated. It is noteworthy, that after forming the 
PS layer under identical conditions, the dark and light 
current-voltage characteristics of the samples of either 
group did not display any observable differences.

It was shown, that after the anodization the dark 
current-voltage characteristics almost do not change, 
while the light performances change noticeably. At 
the same time a considerable increase of the short-
circuit current and an insignificant change of the
open-circuit voltage was observed. The invariability 
of the dark current-voltage characteristics means that 
under the conditions of anodization described above,
the thickness of the porous layers does not exceed the 
depth of the n+-p junction (d ~ 1,2 µm).

For the study of the sensitivity of group I and II 
samples to the mixture of vapors of organic
substances (ethanol, acetone, benzene, toluene) with 
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air, the dark current-voltage characteristics of the
structures in pure and gas containing atmospheres
were measured at room temperature and at
atmospheric pressure. The necessary concentration of 
the gas in a darkened hermetic camera was created by 
the thermal vaporization of the above-mentioned
liquid substances. 
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Fig. 1: I(V) characteristics of diode structures under
saturation concentration of various organic solvent vapors.

These studies revealed considerable differences in 
sensitivity to the organic solvent vapors between the 
samples of both groups. If the current-voltage
characteristics of group I samples in pure air and in 
the atmosphere of the vapors almost did not change, 
the current-voltage characteristics of group II samples 
underwent considerable changes as a result of organic
solvent vapors adsorption. As distinct from the results 
observed in paper [3] the detected sensitivity of our 
samples to the vapors of the reducing gases under
investigation, is manifested in the considerable
increase of currents at reverse bias of the diode
structures, whereas at forward biases the currents
almost do not change. The results of this investigation 
at saturation concentrations of adsorbing vapors are 
depicted in Fig. 1, where the reverse branches of
current-voltage characteristics before (curve 1) and 
after (curve 2-5) the adsorption of different vapors  are 
presented.

The observable changes in the reverse branch of the 
current-voltage characteristics are connected with the 
adsorption process on the surface of the PS layer, 
because such changes were not observed on the
reference samples (without PS).

It is known, that at room temperature
chemisorption of the investigated vapors practically 
does not happen because of the high adsorption heat. 
This means that the reason of the change of electrical 
parameters of the structures is the physical adsorption 
of dipole molecules of the gases.

It is worth mentioning, that the last statement is 
well conformed to the observable correlation of the 
sensitivity of structures to vapors  with different
electrical dipole moments of molecules (Table 1).
However, the electrical dipole moment is not the only 
physical factor affecting the change of conductance of 
structures with the PS layers at the adsorption of
gases.

Table 1. The values of dipole moment and saturated vapor
pressure of different solvents.

Electrical dipole 
moment,  (Debye)

Pressure of saturated 
vapors,  (Torr)

acetone 2,88 233

ethanol 1.69 59

toluene 0.36 29

benzene 0 110

For example, it is well manifested in the adsorption 
of benzene or water vapors. Factually at the
adsorption of benzene vapors, insignificant changes of 
the current-voltage characteristics of the structures are 
observed (Fig. 1, curve 5), though the electrical dipole 
moment of benzene molecules equals zero, and in the 
case of adsorption of water vapors no changes in the 
current-voltage characteristics are observed, in spite 
of the great value of the electrical dipole moment of 
water molecules.

The above-presented data clearly demonstrate that 
PS is a promising material for the creation of
chemical sensors. To understand the mechanism of 
change of conductance fully, it is necessary to have 
an understanding of both charge transfer and the
responses at conversion, which occur at the
adsorption of gases on the surface of porous silicon.

This work was carried out in the framework of the 
ISTC A-322 grant.
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Summary: AT-cut thickness-shear mode quartz crystal microbalance (QCM) sensors and resonant piezo-
layer (RPL) sensors made by lead zirconate titanate (PZT) thick films on alumina were sensitized with
cavitand coatings (Qx-Cav and Me-Cav) and exposed to organic vapors of environmental interest.
Responses at different temperature are compared. Effects due to the temperature dependence of the
partition coefficient and the porosity of RPL sensors are also considered.

Keywords: QCM, resonant piezo-layer, acoustic-wave sensor, partition coefficient, cavitand, temperature
Category: 5 Chemical sensors

1 Introduction
AT-cut thickness-shear mode quartz crystal
microbalance (QCM) sensors are commonly used
as gravimetric elements due to their good mass
resolution at comparatively low operation
frequency. Recently, bulk acoustic-wave resonant
piezo-layers (RPL) sensors made by lead zirconate
titanate (PZT) thick films screen-printed on alumina
substrate have been proposed as gravimetric sensors
for chemical detection in air [1,2]. Comparative
experiments on cavitand-coated RPLs and QCMs
are here firstly reported on the response to some
organic analytes of environmental interest. The
capability of variable-temperature operation of the
RPL arrays easily allows evidencing the
temperature dependence of the partition coefficient
and exploiting it to modulate the sensitivity. Film
porosity also seems to play a role in the response.

2 RPL sensors
RPLs offer similar mass sensitivity at parity of
frequency with respect to QCMs and can easily and
cost-effectively manufactured as multisensor arrays
on the same substrate. The RPL structure is made
by the superposition of nonpiezoelectric substrate,
specifically alumina, a bottom-electrode layer, a
screen-printed PZT layer poled along its thickness,
and a top-electrode layer (Fig.1).
The RPL substrate also includes a resistive element
that can be used as a thermostating heater to
modulate temperature effects by adjusting the
sensor temperature to different values (Fig.2).

TOP VIEW

SIDE VIEW

alumina

PZT

electrode

Fig. 1: Structural view of a RPL. Fig. 2: RPL array.

3 Receptors
Cavitands used in this study exhibit supramolecular
host proprieties which permit to incorporate guests
with a suitable polarity and shape (Fig.3).

Fig. 3: Qx-Cav (left) Me-Cav (right)

Me-Cav has a more accessible and electron-rich
cavity and can interact preferentially with analytes
having “acidic” methyl groups. Qx-Cav presents a
larger and deeper cavity formed by four
quinoxalines; it is more adapted to interact with
liphophilic organic guests, especially of aromatic
origin [3]. Differently from QCMs (where
cavitands are deposited onto the Au electrode
surface), RPLs, due to their porosity, tend to let the
coating receptors penetrate in the bulk, which fact,
somewhat unexpectedly, produces an increase in
sensitivity.

4 Experimental set-up
10-MHz QCM sensors and 7-MHz RPLs were
sensitized with Me-Cav and Qx-Cav (starting from
a 1% solution in methylene dichloride) either by
spray coating technique with an air-brush or by
dropping with a micro-syringe. Four QCMs and
four RPLs were arranged into a stainless steel
chamber with a volume of 175 ml, equipped with
inlet and outlet for vapors (Fig.4).
The test vapors were generated from a bubbler at
ambient temperature using nitrogen as the carrier
gas and then diluted to known concentrations by
computer-driven mass flow controllers. The sensors

NN

OOO OOO O O

N NN NN N

RPL

Heater
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were connected to dedicated oscillator circuits
whose output frequencies were taken as the sensor
signals. The sequential acquisition of the sensor
signals and the vapor flow were controlled by a PC.

Fig. 4: Stainless steel sensor chamber.

5 Results
Typical experiments consisted of repeated exposure
to the organic analytes with an exposure time of 20
min, followed by 10 min purging with nitrogen.
The frequency outputs of all the sensors were
recorded every 2 s. The temperature of the RPL
arrays was set to selected values by properly
adjusting the driving of the built-in heater by a
dedicated thermostating circuit. For both types of
sensors, baseline compensation was applied to the
raw data to correct for residual thermal drift.
Fig.5 shows a typical response of a RPL (Me-Cav)
sensor to 4000 ppm of toluene at different
temperatures. As expected, it can be noticed that the
amount of sorption decreases with increasing
temperature. The temperature dependence of the
partition coefficient shows an exponential trend in
the case of nonspecific polymeric layers [4]. On the
other hand, in our case it is necessary to take into
account specific interactions (CH-π and
hydrophobicity) with analytes and potential
swelling-induced modulus changes of the cavitand
receptor layer on the RPL device.
Fig.6 reports the frequency shifts of a RPL (Me-
Cav) sensor versus toluene concentrations
measured at different temperatures. It can be
noticed that the ratio of the frequency shifts at the
two temperatures, which is related to the partition
coefficient of the cavitand-analyte pair, is
independent from analyte concentration.
Fig.7 shows the response of a QCM (Me-Cav)
sensor to 2000 ppm of toluene. In this case, a small
increase of the chamber temperature (2-3°C),
caused by the heating of the nearby RPL array,
determined an unexpected and favourable
improvement of the sorption kinetic without any
significant modification of the frequency shift.
Both RPL and QCM sensors have shown suitable
sensitivity to detect organic vapors down to
concentrations in the order of 100 ppm. The RPL
sensors can easily vary the array temperature to
modulate the sensitivity and obtain higher-order
sensing [5], and also to promote analyte desorption.
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Fig.5: Response of a RPL (Me-Cav) sensor to 4000 ppm
of toluene at different temperatures.
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Planar LiSICON-based potentiometric CO2 sensor
F. Ménil, B. Ould Daddah, P. Tardy, H. Debéda, C. Lucat 

Laboratoire IXL, Université de Bordeaux I, 33405 Talence, France 
email: menil@ixl.u-bordeaux.fr http://www.ixl.u.-bordeaux.fr

Summary:  A better ventilation control of buildings could lead to  a substantial reduction of the 

greenhouse effect. Planar CO2 potentiometric sensors based on lithium conductor LiSICON and made by 

use of thick films  microelectronics technologies have been developed for this application.  The 
imperfections of the original sensors, with regard to the instability of the baseline,  the influence of 

humidity and the long recovery times were strongly improved by optimizing both physico-chemical and 
geometrical parameters, in the design and in the fabrication process.  

Keywords: thick films, carbon dioxide sensor, lithium conductor, ventilation control 
Category: 5 (Chemical Sensors)

Introduction

The reduction of the greenhouse effect will 
certainly be one of the major priorities of the next 
years. A better ventilation control of dwellings and 
industrial buildings should in theory make it 
possible to reduce of about 10% the production of 
carbon dioxide. Two contradictory factors have to 
be taken into account :  

- minimize the air renewing, which saves 
energy  and concomitantly decreases the 
CO2 emission, 

- bring fresh air for obvious health reasons. 

Such an optimization requires the use of CO2

sensors. Thick film sensors made by hybrid 
microtechnologies well respond to this application.   

Sensor principle and design 

The principle selected is that of a potentiometric 
sensor of type IIIa, according to the classifications 
defined by Weppner [1] and  Miura et al.[2]. The 
basic elements of the sensor are the layer of lithium 
ion conductor LiSICON (Li+ Supra Ionic 
CONductor), the pseudo-reference electrode, only 
sensitive to O2 and the working electrode, sensitive 
to both CO2 and O2 thanks to the presence of the 
auxiliary phase based on lithium carbonate.   

Fig. 1. Design of a thick-film CO2 sensor 

Assuming the formation of a thin layer of lithium 
oxide at the interface between the LiSICON and the 
pseudo-reference electrode, enables to derive a 
theoretical e.m.f. between both electrodes following 
the Nernst law with the CO2 partial pressure. The 
sensor is normally selective to CO2.

The design of the present sensor is inspired from 
the original proposal of a thick-film planar sensor 
based on NaSICON by Leonhard et al. [3]. The 
advantages of  using LiSICON are a better 
resistance to humidity at the operating temperature 
of 500-550°C as well as better sintering properties 
during the fabrication process. Moreover, in order 
to ensure the continuity of the electrochemical 
chain, the use of LiSICON as ionic conductor 
implies that of lithium carbonate instead of sodium 
carbonate as auxiliary phase. Again, lithium 
carbonate offers a better resistance to humidity.  

Results and discussion 

The feasibility of such a sensor was first 
demonstrated. Fig 2 shows the variation of the 
e.m.f. with the logarithm of the CO2 concentration, 
which follows the Nernst law with a slope of 73mV 
per decade at 500°C.  This slope corresponds to an 
experimental value of 2.1 electrons per CO2

molecule implied in the electrochemical reaction, in 
good agreement with the theoretical value of 2.   
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Fig. 2. E.m.f. provided by the sensor at 500°C, as a 
function of CO2 concentration in dry air 

However, the first sensors suffered many 
imperfections : 

- instability of the baseline 

- influence of the humidity on the e.m.f. 

- very long recovery times  

The following steps consisted in attempting to solve 
the above problems, by modifying the physico-
chemical parameters on one hand and the 
geometrical ones on the other. 

The replacement of platinum originally used as 
electrode metal by gold permitted to stabilize the 
baseline. The adjunction of calcium or barium 
carbonate to the auxiliary lithium carbonate phase, 
practically suppressed the influence of humidity. 
The fabrication of a composite working electrode 
by mixing the gold ink with that of the auxiliary 
carbonate phase, apart from simplifying the sensor 
fabrication process, also improved its 
performances, especially regarding the recovery 
times after exposures to CO2.

As for the geometrical parameters, the most 
unexpected result was certainly the very strong 
effect of the asymmetry of the electrodes on the 
response of the sensor. As soon as the surface of the 
pseudo-reference electrode becomes smaller than 
that of the working electrode, the sensor does not 
operate properly (baseline instability, decrease and 
even inversion of the sign of the e.m.f.). A possible 
simple explanation based on lithium carbonate 
diffusion from the working electrode to the pseudo-
reference electrode, was ruled out by various 
spectroscopic methods (EDX, PIXE).  A tentative 
explanation based on asymmetrical accumulations  
of charges at the interfaces will be proposed. 

All previous improvements of both physico-
chemical and geometrical parameters led to a 
satisfactory operating CO2 sensor for the ventilation 
control, especially with regard to the reliability and 
the recovery times, as shown in Fig. 3. 

Fig. 3. Response of a CO2 sensor freshly prepared and 
after being stocked 3 months in ambient air. 
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With the emergence of micro-propulsion systems
integrating MEMS technology, micro-thrusters based
on the ignition and combustion of solid-state
propellant has appeared [1,2]. Due to the major role
played by the igniter in the device functioning, special
attention should be paid to its design and to its
characteristics in order to achieve successful ignition
of the propellant. Current technology uses polysilicon
micro-heaters as igniters, which are thermally
insulated from the substrate by means of a thin
dielectric membrane and fabricated by bulk
micromachining [1,3].

Both bulk and surface micromachining of
polysilicon have been used as fabrication technology
for various applications. On one hand, polysilicon
micro-heaters fabricated by bulk micromachining are
already commonly used for gas sensors, gas flow
sensors and igniter applications. On the other hand,
the investigation and exploitation of polysilicon
surface micromachining has been performed for
mechanical, electrostatic or piezoelectric micro-
actuators and -sensors. However, the surface
micromachining of polysilicon used for heating
applications is still under development and has been
reported lately. Thermal simulation of a surface
micromachined micro-hotplate has been performed
and has shown that temperatures up to 400°C could be
reached with an input power of 100 mW [4].
Polysilicon micro-igniters fabricated by surface
micromachining have been integrated in a gas turbine
microengine [5]; it presented a consumption power
between 3 and 6 W for a bias voltage of 90 to 260 V.

In this paper, we report on the use of surface
micromachining to fabricate freestanding polysilicon
micro-igniters on silicon with the aim of reducing the
ignition power consumption and the bias voltage. The
electrical resistors, heated up by Joule effect, were
thermally insulated from the substrate by being
suspended above the bulk with an air gap. This was
performed by using surface micromachining
technology. The electrical power that could be
delivered by the micro-igniters was measured.
Infrared measurement was done to investigate the
temperature reached by the devices. The instability of
polysilicon electrical properties operated at high
temperature was also examined.

�	������	���	�����������	

The micro-igniters were composed of 2 to 16
parallel polysilicon heating bridges, fabricated on a
silicon substrate. The beams width was set to 20 ���

������ 	�
���� ��
��� ����� ���� �� ��� ���� ��� � ����

design as well as the fabrication process of the
igniters allowed the integration of a divergent nozzle
through which the combustion gas can be evacuated
(Fig. 1).

Si

nozzle igniters

polySi resistors
Al contacts

Si3N4

SiO2 Si substrate

Fig. 1. Schematic cross-section view of suspended micro-
igniters surrounding the nozzle throat.
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���� ��
������ ����� ���������� �
� ���� �-thick
silicon wafers, polished on the topside. The
fabrication process started with the passivation of the
substrate by a thermally grown SiO2 and a LPCVD
Si3N4�����������������	�	�������
�����
���
����� �-thick
layer of partially doped APCVD SiO2 was then
deposited, densified and patterned. On top of it was
deposited a double layer of 200 nm of LPCVD Si3N4

and 700 nm of LPCVD polysilicon. Polysilicon was
doped by the phosphorous diffusion from a layer of
doped APCVD SiO2. The next step consisted in
patterning the double layer of silicon nitride and
polysilicon by RIE to form the electrical resistors.
The release of the polysilicon resistors was performed
by etching the SiO2 sacrificial layer in HF 50%. Then
aluminum interconnections were deposited through a
shadow mask in order to prevent the stiction of the
structures to the substrate. Finally, the aluminum was
annealed in order to form ohmic contacts with the
polysilicon.

An additional process step can be performed to
integrate the nozzle during the igniter fabrication.
This is achieved by etching the divergent nozzle by
DRIE before the release of the resistors.

�	�������	

Polysilicon micro-igniters have been successfully
fabricated by surface micromachining (Fig. 2). The
bridges were completely released after the etching of
the SiO2 sacrificial layer. No stiction of the structures
on the substrate could be noticed and the structures
were freestanding.

� � � �

Fig 2. Picture of a micro-igniter composed of 2 × 4 free-
standing polysilicon bridges (single beam dimensions:
��� ��×����� ���

����	���	���
��	�������	� ������� ����������� ! �����

obtained. The resistance of the micro-igniters varied
between 200 ��
�����" ����
�
���
�����
#�����

of parallel beams that constituted the micro-heater.
The current-voltage relation followed a linear
characteristic at low power.
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Fig. 3. Electrical power per beam versus bias voltage of a 2
× 2 polysilicon bridges resistor: a drift of the resistance
value after several I-V cycles results in an electrical power
change.

After a few I-V cycles at high bias voltages, a
decrease of the resistance value was measured, which
causes a power drift (Fig. 3). This is probably due to
the instability of polysilicon resistivity at high current
densities operation. Power up to 200 mW per beam
could be delivered by the igniters for a few seconds,
for a total power greater than 1 W. Infrared
measurement showed that a minimum temperature of
at least 450°C could be reached with a single beam
power of 130 mW (Fig. 4). Despite the instability of
polysilicon resistivity at high current densities, the
micro-igniters fulfill the ignition requirements of the
propellant (temperature, energy) and meet the
electrical characteristics needed for the application.

0

100

200

300

400

500

0 20 40 60 80 100 120 140
P [mW]

T
[°

C
]

IR measurement

Fig. 4. Temperature as a function of electrical power per
beam for a polysilicon resistor of 2 × 1 beams (IR
measurement).

 	!���������	

This paper described the fabrication and the
characterization of freestanding micro-igniters for
solid propellant micro-thrusters. The realization of
polysilicon micro-heaters was successfully achieved
by silicon surface micromachining. A single beam
could deliver 200 mW and a temperature of 450°C
could be reached with 130 mW. The thermal and
electrical characteristic of the micro-igniters makes
them suitable for the ignition of solid propellant.
Further investigation would consist in studying the
polysilicon mechanical behavior during operation and
its material properties changes at high temperature.

���������	

[1] C. Rossi et al., “Solid Propellant Microthrusters on
Silicon”, submitted to ���	
��� ��� �	�������
� �
�� ����	

(2003).

[2] D.H. Lewis Jr, S.W. Janson, R.B. Cohen and E.K.
Antonsson, Digital Micropropulsion, 2�
��	���
���������	�
A80 (2) (2000) 143-154.

[3] C. Rossi, P. Temple-Boyer and D. Estève,
“Realization and Performance of Thin SiO2/SiNx Membrane
for Microheater Applications”, 2�
��	���
���������	� A64
(1998) 241-245.

[4] M. Dumitrescu et al., Thermal Simulation of Surface
Micromachined Polysilicon Hot Plates of Low Power
Consumption, 2�
��	���
���������	� 76 (1999) 51-56.

[5] X. Zhang, A. Mehra, A.A. Ayon and I.A. Waitz,
Development of Polysilicon Igniters and Temperature
Sensors for a Micro Gas Turbine Engine, %*����

����)333�
)
��	
����
��� 0302� #$$#�  �
��	�
��, pp. 280-283, Las
Vegas, Nevada, USA, 20-24 January 2002.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Reliability and Packaging

249



Reliability analysis of Pt-Ti micro-hotplates operated at high temperature 

J. Puigcorbé1, A. Vilà1, D. Vogel2, B. Michel2, N. Sabaté3, I. Gracia3, C. Cané3, J.R. Morante1

1Electronic Materials and Engineering-EME, Department of Electronics,
University of Barcelona, Martí i Franqués 1, E-08028-Barcelona (Spain)

email: anna@mercuri.el.ub.es http://nun97.el.ub.es
2Fraunhofer Institute Reliability and Microintegration (IZM), Berlin, Germany

3Centre Nacional de Microelectrònica-CNM, Campus UAB, E-08193-Bellaterra, Barcelona, Spain

Summary:  This work on microsystem reliability is devoted to the study of the degradation due to high 

temperature operation of silicon micro-hotplates, in order to optimise their design. The micro-structural
variations of the films such as the grain growth and the formation of hillocks have been analysed using 
AFM techniques. Moreover Auger electron spectroscopy has been applied to measure the interdiffusion of 
Pt/Ti/Si3N4 during the high-temperature working mode of the micro-hotplate. These measurements have 
been correlated and completed with mechanical and electrical characterisation of Pt-Ti thin films in order 
to investigate the factors that influence on the reliability of micro-hotplates.

Keywords:  Reliability, degradation, micro-hotplate, high temperature
Category: 2 (Materials and Technology)

1 Introduction

In MEMS devices, temperature regulation usually 
plays an important role, as the behaviour of their 
components is drastically influenced by
temperature. In general, this control is reached by 
means of integrated parts or structures as micro-
hotplates or micro-heaters, widely used in
pyrotechnic actuators, flow and gas sensors, IR
emitters, microTAS, and other applications. The 
market acceptance of these devices depends on the 
solution of problems associated with material and 
device degradation, which mainly involves their
active parts. The reliable mechanical properties of 
the materials and thin films in the MEMS are
critical for the appropriate behaviour and safety of 
these complex systems.

Micro-hotplates are usually made by integrating 
heater resistors into micro-machined membranes or 
more complex structures, which provide low power 
consumption, good temperature distribution and
thermal isolation from the surrounding elements.
However, the operation principle for most
applications implies large temperature gradients,
and even a rapid and frequent change in
temperature, what cause important thermal stresses 
able to damage the device [1-2]. As a consequence, 
the materials that compose it suffer micro-structural
changes and degrade producing defects such as
cracks, hillocks or film delamination.

This work examines the reliability and
degradation due to high temperature operation of 
micro-hotplates that present Pt-Ti as a metallisation
defining a structure similar to those used as
electrodes in micro-mechanised gas sensors. It  also 
discusses how designs can be improved.

2 Experimental

Two support structures have been investigated for 
the micro-hotplates, one consisting on a complete 
dielectric membrane and another one as a square 
suspended from 4 arms (shown in Fig. 1). Both 
were fabricated on double side polished p-type
<100> Si substrates, 300µm thick. A layer of
0.3µm of LPCVD Si3N4 over SiO2 has been used as 
membrane. Over it, a sputtered Pt (300nm) film
plus a 20nm Titanium layer for adhesion were used 
as metallisation in both micro-hotplate structures.

Fig. 1: Design (right), vertical residual deflection (left up) 
and temperature distribution during operation (left down) 
for the suspended micro-hotplate.

3 Results

The operation at high temperature of the two first 
micro-hotplate configurations gives to an evidently 
degraded appearance (Fig. 2), evidently showing
that destructive processes take place and design
optimisation is highly convenient.
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Fig. 2: Surface appearance of the suspended micro-
hotplate after high temperature operation (>500ºC).

The micro-structural variations that occur in the 
Pt-Ti metallisations during post-process thermal
treatments, such as grain growth and formation of 
hillocks, have been analysed using AFM techniques
in order to evaluate its influence on the strength and
on its mechanical behaviour. Observations show
very important degradation in several edges of the 
Pt-Ti films (Fig. 3). These measurements have been 
correlated and completed with thermal, mechanical 
and electrical characterisation of Pt-Ti thin films in 
order to investigate the factors that influence on the 
reliability of the micro-hotplates. Nanoindentation 
measurements have revealed that the higher the
grain size, the lower the hardness and the yield
strength of the Pt-Ti thin films leading to affect the
mechanical reliability of the micro-hotplate.

Moreover, Auger electron spectroscopy has been 
applied to measure the interdiffusion in the
Pt/Ti/Si3N4 active area during the high temperature 
operation of the micro-hotplate. Experiments over 
the stacked configuration reveal that the Ti from the 
adhesion layer and the Ni from the Si3N4 membrane 
migrated into the Pt micro-heater, thus changing its 
electrical properties (Fig. 4). If high temperature is 
maintained enough long time, Ti and Ni can reach 
the Pt surface. This phenomenon has not been
observed in samples heated externally (in an oven), 
suggesting that the diffusion is induced by the high 
currents and temperatures produced in the active 
area of the micro-hotplate during operation (electro-

thermomigration). This change in the micro-heater
properties modifies its electrical resistivity thus
affecting the electrical performance of the device.

Fig. 3: Hillocks and delamination of Pt-Ti metallisation 
after high temperature operation.

3 Conclusions

The reliability and the degradation of high
temperature operated Pt-Ti based micro-hotplates
have been investigated experimentally. The
structures studied are good enough to work up to 
450-500ºC, but for higher operation temperatures 
several degradation mechanisms have been
identified, such as grain growth, formation of
hillocks, delamination and softening of the Pt-Ti
films. Even, the operation of the micro-heater at 
these high temperatures has shown to produce
electro-thermomigration of Ti and Ni into the Pt in 
the Pt/Ti/Si3N4 stacked configuration. The results 
obtained from all these analyses will be used to 
optimise the definitive design of the micro-hotplate
in order to improve its reliability and lifetime.

References

[1] A. Götz, I.Gràcia, C.Cané, E. Lora-Tamayo, J.
Micromech. Microeng. 7, 247-249, (1997).

[2] J. Puigcorbé, A. Vilà, J. Cerdà, A. Cirera, I.
Gràcia, C. Cané and J. R. Morante, Sensors and 
Actuators A, Vol  97,  379-385, (2002).

Fig. 4: Auger measurements of the electro-thermomigration of Ti-Ni into the Pt film after the high temperature operation.

As deposited After T>500ºC

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Reliability and Packaging

251



1 Introduction

The microneedle arrays presented here are intended to
supply medical liquids into the human skin in a pain-
less and minimally invasive manner. Since the human
skin is covered by the resistant epidermis, consisting
mostly of dead cells, transdermal drug delivery (TDD)
applications require mechanically robust structures.
Due to the soft and flexible characteristic of the skin,
penetration of microneedles is not guaranteed. Thus,
microneedles should be as slender and sharp as possi-
ble to enhance the penetration capability.

Solid microneedles with high aspect ratio can easily
be fabricated in silicon [1, 2]. The needle shape is
adjusted in sequences of isotropic and anisotropic dry
etching in an inductively coupled plasma etcher using
the suspended etch mask technology [2]. These slen-
der needles have proven fluid access into the skin by
means of their concave sidewall profile [2]. Their
mechanical robustness is of major interest with respect
to medical applications and is investigated in this
study. 

2 Microneedle shape 

Arrays with different needle shapes were fabricated to
characterize their penetration behavior. Figure 1
shows a microneedle array, where square etch mask

openings with a width of 80 µm were applied. The dis-
tance between the openings was 50 µm. Basically
three different microneedle geometries were fabricated
to distinguish the penetration capability in view of the
needle shape. Dimensions of the mask layout were
kept the same. Individual needles are connected to
each other by partition walls, four of these walls define
a possible reservoir for liquids. Figure 2 shows an
enlarged view of a single microneedle, in the follow-
ing referred to as type 1. The tip shape of this needle is
a pyramid (height h1), supported by a cuboid with a
side length of b. Type 2 consists of microneedles
shown in Fig. 3. This needles have a concave sidewall

Fig. 1: SEM micrograph of a microneedle array.
The square mask opening for the etching sequences
had a side length of 80 µm, pitch was 130 µm.

Microneedle

Liquid reservoir

Fig. 2: Enlarged view of a single microneedle of
type 1 with a height h1 = 24 µm, h2 = 16 µm.

b

h1

h2

h1

Fig. 3: Enlarged view of a single microneedle of
type 2 with a height h1 = 72 µm.
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Summary: We report on the characterization of silicon microneedle arrays penetrating different solid

materials. The microneedles are fabricated by deep reactive ion etching in an inductively coupled

plasma etcher using the suspended etch mask technology. The penetration capability of differently

shaped microneedles is verified in metals as well as plastics with a Vickers hardness between 4 HV and

73 HV. Microneedle shape dependent penetration behavior was extracted from load - displacement

curves, enabling a direct comparison between various needle types.
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profile with auxiliary cutting features. The sidewall
profile of microneedles (type 3) shown in Fig. 4 is also
similar to a pyramid with a slight undercut. 

Table 1. Dimensions of a single microneedle of type 1,
type 2 and type 3.

3 Experimental

The microneedle arrays were diced into chips with
side lengths of 2×2 mm2. They are fixed to a metal
rod mounted on a load cell (KD 40 from ME-Systeme,
Germany). Chips and load cell are driven into the
material by a high precision linear stage (Physics
Instruments, 25 mm traveling range). Thus, the setup
enables the measurement of displacement and load
acting on the microneedle array during penetration
into and withdrawal from the material under test. In a
first test the chips were penetrated into lead with a
hardness of 4 HV until a maximum force of 15 N. This
enables a direct comparison of the penetration behav-
ior between the needle sidewall shapes.

In a second test the chips were penetrated into five
different materials; (i) Lead with a hardness of 4 HV,
(ii) PC with a hardness of 13 HV, (iii) PMMA with a

hardness of 19 HV, (iv) Aluminum with a hardness of
39 HV, and (v) Aluminum with a hardness of 73 HV.
The needle arrays were penetrated into the solid mate-
rials until a maximum force of 5 N.

4 Results

Figure 5 shows the forces acting on the needle arrays
as a function of chip displacement during the penetra-
tion into and withdrawal form the lead bulk material.
The influence of the needle shape results in changes of
the measurement slopes. Since the penetrated material
is plastically deformed, a hysteresis is obtained. Nega-
tive force values seen in the experimental data are
caused by a sticking of the needle sidewall to the
pierced material during withdrawal. Figure 6 shows
the result of penetrating with type 1 into the five dif-
ferent materials. The needle arrays were capable of
penetrating even into aluminium with a hardness of
73 HV. Plastics show a less steep withdrawal slope
resulting from their more elastic behavior. After the
chips were withdrawn from the materials under test,
no visible damage was found on any needle.

5 Conclusions

Chips containing high aspect ratio microneedles with
different geometries were fabricated. The microneedle
arrays were mounted to a test rig capable of piercing
various solid materials with the microneedles to verify
the penetration capability in view of the needle robust-
ness. Microneedle arrays have been pressed into both,
solid metals and plastics, without suffering any dam-
age. Needle shape dependent penetration behavior has
been extracted from load - displacement curves.
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Dimension Type 1 Type 2 Type 3

h1 24 µm 72 µm 47 µm

h2 16 µm - 18 µm

b 11 µm - 21 µm

Fig. 4: Enlarged view of a single microneedle of
type 3 with a height h1 = 47 µm, h2 = 18 µm.
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Fig. 5: Force vs. displacement. Type 1, type 2 and
type 3 penetrated into and withdrawal from lead.
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Summary: We present an in-depth characterization of a novel O-ring packaging concept for piezoresistive

differential pressure sensors. The use of O-ring clamping as a hermetic sealing on coated MEMS pressure

sensors provides a very powerful packaging concept applicable in various environments including wet
aggressive media. Even relatively large misalignments of the die and O-rings only show a small influence

on the sensor output signal (<4 mV). Furthermore, the sensor output shows a clear linear dependency on

absolute media pressure with a maximum contribution smaller than 1% of maximum output. This is
supported by 3D FEM stress analysis also showing a linear dependency on absolute pressure.

Keywords: O-ring, packaging, absolute media pressure, FEM, pressure sensor
Category: 8 (Packaging, test and reliability), 1 (Modeling)

Introduction

Corrosion resistant coatings have shown great 
promise in achieving wafer level packaging of
MEMS pressure sensors for use in aggressive
media [1]. In such environments several approaches
are available for the encapsulation of coated
pressure sensor dies [2]. As a novel approach in the
field of MEMS pressure sensor packaging, O-ring
clamping have now shown to be a promising
candidate; see sketch in Fig. 1. By using O-rings as
a hermetic sealing on coated MEMS pressure
sensors, a direct media exposure of the MEMS
device is possible. This results in a very simple,
effective and cheap packaging concept applicable in 
various environments [3].

Pabs2

Pabs1

PatmPatm

Fig. 1. A MEMS pressure sensor die clamped between
two O-rings. 

Alignment of die and O-rings 

The first topic investigated was the influence of
relative positions of the pressure sensor die and 
each of the two O-rings as shown in Fig. 1. Three
separate alignment experiments, illustrated in Fig.
2, were performed on O-ring clamped sensor dies.
In each of the three alignment experiments, the
sensor output was measured for a range of relative
displacements x. All measurements were performed
at atmospheric pressure. Fig. 3 shows an example

of sensor output behavior for each displacement
situation in Fig. 2. The data indicates, that when the
two O-rings are concentric (situation (1)) the
induced output offset is less than around 1 mV for a 
misalignment of the sensor die up to 500 m. On the
other hand, for non-concentric O-rings (situation
(2) and (3)) a somewhat larger offset contribution
up to 3-4 mV is induced. This larger contribution
results from the moment acting on the sensor die,
when applying non-concentric O-ring clamping
(situation (2) and (3)). However,  even relatively

(1)

(2) (3)

Upper O-ring

Die

Lower O-ring

x

Fig. 2. Sketch of the die/O-ring alignment measurements.
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Fig. 3 Voltage output as function of displacement for the 
situations in Fig. 2. 
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large die/O-ring misalignments does not induce
significant contributions to the output offset. This
further emphasizes the power of the O-ring
packaging concept.

Absolute media pressure dependency 

In applications such as water supplies and
central heating systems, the absolute media
pressure can vary as much as 15 bars, leading to
considerable stress contributions in the packaged
sensor. We have found these stress contributions to
be of importance when performing high accuracy
calibrations on O-ring clamped MEMS pressure
sensors.

Experimental results 

For a wide range of absolute media pressures, a 
series of differential pressure characteristics were
performed on O-ring clamped differential MEMS
pressure sensors. In Fig. 4 a Vout-Pabs  plot is shown
for Pdiff = Pabs1-Pabs2 = 1bar. The plot is a blow-up of
the smaller inserted plot containing data for all 
applied differential pressures. In addition to the
usual linear dependency on differential pressure,
the sensor output also has a clear linear dependency
on the absolute media pressure. When using O-ring
clamping, the pressure sensor die is free to expand 
or contract in the die plane as the media pressure
acting on the etched edges of the sensor die varies. 
This effect is illustrated in Fig. 1.

Fig. 4. Sensor output as function of absolute media
pressure (blow-up of smaller inserted plot), Pabs = Pabs2.

3D FEM analysis

To further explore the dependency on absolute
media pressure, an extensive 3D FEM analysis was
carried out. The model shown in Fig. 5 include the
sensor die and O-ring contact area from the 
packaging of the sensor. In Fig. 6 is shown a stress
profile in the top layer of the sensor die as function
of distance from the center of the membrane along
the symmetry line perpendicular to the membrane
edge (at atmospheric pressure). As a result of the O-
ring clamping, a distribution in tensile stress is 
induced in the top layer of the die. The inner edge
of the O-ring contact area at 1200 m is clearly 
visible from the increase in tensile stress in the

region 1000-1200 m. The stresses induced by the
O-ring clamping are however small compared to 
stresses induced by the media pressure (Pabs > 1bar,
Pdiff > 0bar). The smaller inserted plot in Fig. 6
show the stress for varying absolute pressure at the
position of the piezoresistors, 475 m from the
membrane center (Pdiff = 1bar). These and similar
data for other Pdiff values, all showed the same
linear dependency on absolute pressure and thus
were in good agreement with the experimental
findings in Fig. 4.

Fig. 5. 3D FEM model developed in this work. The O-
ring contact area is shown in dark gray.
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Fig. 6 Simulated stress (component along the symmetry
axis perpendicular to the membrane edge) distribution
relative to the center of the  membrane.

Conclusion

A novel O-ring packaging concept for MEMS
pressure sensors was investigated, showing only a 
small output dependency on relative die/O-ring
positions. Furthermore, the influence of absolute
pressure on sensor output showed a clear linear
dependency with a maximum contribution smaller
than 1% of maximum output. These findings were
supported by 3D FEM analysis showing a linear
stress dependency on absolute media pressure.

8
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Summary:  This paper presents a stress isolation structure for resonant sensor applications. The structure 

is designed to selectively decouple a resonant strain gauge from the effects of unwanted packaging stress. A 
resonant pressure sensor is proposed that incorporates the stress isolation chip to allow a resonant strain 

gauge to be mounted to a large pressure sensitive silicon diaphragm. The chip behavior has been modeled 

using finite element analysis, and initial testing of the stress isolation chip has been carried out to verify its 
potential. 

Keywords: Stress, isolation, resonant, strain gauge 
Category: 8 (Packaging, chip handling, test and reliability)

1 Introduction 

Resonant MEMs devices are now widely 
exploited in many sensor applications. While it is 
relatively easy to produce stable high Q resonators, 
packaging these devices in such a way that they are 
sensitive to the measurand but not affected by 
packaging stress presents a challenging problem1, 2.

In the case of resonant pressure sensors a 
resonant structure is typically mounted to the back 
of a pressure sensitive diaphragm. This paper 
presents a novel stress isolation structure that 
allows a micro engineered resonant strain gauge to 
be selectively coupled to a large silicon diaphragm, 
to form a high sensitivity low-pressure sensor. 

2 The Resonant Strain Gauge 

The principle of using a resonant strain gauge 
mounted on a pressure sensitive diaphragm has 
been well documented1, 2, 3. For the purposes of this 
work a double-ended tuning fork (DETF) resonator 
is being used as the strain gauge. It will be excited 
electro-statically using a parallel plate actuator. The 
change in capacitance of a second parallel plate 
electrode will be used to pick-off the frequency of 
the device, see Fig 1.   A DETF structure was 
chosen because it may be driven in a dynamically 
balanced mode, allowing a high mechanical Q to be 
developed1.

3 Stress Isolation Chip

Previous work has been done to develop on-chip 
stress reduction zones, which shield sensitive 
structures from the unwanted affects of packaging 
or thermally induced stress 4, 5.

Fig. 1 Schematic of a double ended tuning fork resonator 
with drive and pick-off electrodes. 

In the case of a resonant strain gauge the stress 
isolation must be selective. The affects of 
packaging stress must be decoupled from the 
resonator, however the resonator must still remain 
sensitive to the strain it was designed to measure.  
To achieve this a novel selective stress isolation 
structure is proposed. 

Fig. 2. Schematic of resonant pressure sensor assembly, 
the cut out shows an enlarged view of the double ended 
tuning fork resonator.

The aim of this structure is to act as a coupling 
between the resonant strain gauge at the heart of the 
device and the pressure sensitive diaphragm. By 
using such a structure it is possible to mount a 
micro-engineered resonator to a macro scale 
diaphragm, allowing high sensitivity low-pressure 
measurements.  Fig. 2 shows a schematic of the 

10,000 m
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proposed resonant pressure sensor. The stress 
isolation chip can be seen mounted on a silicon 
diaphragm. In turn, mounted on the stress isolation 
chip is the strain sensitive resonator (note, drive and 
pick-off electrodes have been omitted from the 
schematic). 

4 Finite Element Analysis

The Finite element analysis software Abaqus 
CAE was used to design and model the behavior of 
the stress isolation chip. Analysis shows the 
structure couples longitudinal displacement to the 
DETF strain gauge well, while lateral in and out of 
plane displacements generate much less strain in 
the DETF. 

Fig. 3 shows the strain developed in the DETF as 
a result of displacements made to the stress 
isolation chip supports. Displacements were made 
in the longitudinal direction of the resonator, 
laterally (in plane with the stress isolation chip), 
and vertically (out of the chip plane). From the 
chart it can clearly be seen that longitudinal 
displacements of the stress isolation chip develop 
approximately 50 – 100 times more strain in the 
resonator than displacements in other degrees of 
freedom. 

Fig. 3. Shows the strain developed in the resonator as a 
result of displacements made to the stress isolation chip. 

As well as reducing strain developed in the DETF 
resonator as a result of non-longitudinal stress, the 
chip also ensures the DETF always stays correctly 
aligned and is only subjected to plain longitudinal 
strain: this is crucial to maintain optimum 
performance of the resonator. Fig. 4 shows the 
exaggerated deformation of the stress isolation chip 
after being subjected to  non-longitudinal 
displacements. From the figure it can clearly be 
seen that the central area of the chip stays flat and 
aligned, only causing longitudinal strain in the 
DETF. 

Fig. 4. Shows the affect of non logitudinal loading, the 
central area of the chip with the resonator stays aligned. 

5 Fabrication & Testing 

As a first step towards the final device a test 
stress isolation chip etched in bulk silicon was 
fabricated using an STS inductively coupled plasma 
etching machine. Rather than mounting a resonator 
on the chip, for the purpose of initial testing a 
pseudo resonator was built in to the stress isolation 
chip.  This allowed a prototype stress isolation chip 
to be fabricated easily so mechanical testing could 
be done to verify the performance of the chip.     

6 Conclusion

A novel stress isolation structure was presented, 
with a view towards mounting a micro resonator on 
to a macro scale pressure sensitive diaphragm. The 
potential to create selective stress isolation 
structures using deep reactive ion etching was 
demonstrated by finite element analysis, and 
verified through physical testing of a prototype 
stress isolation chip.  
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Universitat de Barcelona. Departament d’Electrònica. Martı́ i Franqués 1. 08028 Barcelona. Spain

Summary. The thermal characterization capabilities of an AFM has been applied in a bulk micro-
machined thermopile, showing its suitability to obtain the temperature distribution of micromachined
devices.
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Category: 8 (Packaging, chip handling, testing and reliability)

1 Introduction

Nanotechnology tools include successful scanning
probe techniques, such as AFM, that allow to reduce
the spatial range of the detail that can be obtained for
the characterization of critical parts of sensors, actua-
tors or microsystems. In this work, we have focused in
one application of the AFM technique: thermal imag-
ing, which has not been widely used for this purpose
until now [1]. In this work this approach has been used
to characterize a microdevice whose operation relies in
a temperature contrast: a micromechanized thermopile.

2 AFM Thermal Measurements

The AFM thermal imaging approach has proven to
be a very suitable technique to obtain the dimen-
sional, structural and functional characteristics of a
thermopile. A deeper insight of the thermopile op-
eration can be gained with the aid of these advanced
scanning probe based tools. Thermal information with
a temperature resolution of 0.5oC and a spatial resolu-
tion below 150nm can be obtained. Several factors may
influence AFM thermal imaging, so that it may prove
difficult to precisely determine the absolute local site
temperature. However, an excellent contrast between
sites having minor differences is expected.

3 Device Architecture

Our micromachined thermopile sensor chip consists of
a series of thermocouples made of n-doped polysilicon
and aluminum that are placed in a thin and freestanding
nitride membrane [2]. The hot contacts of the thermo-
couples are formed on the thermally insulating mem-
brane and the cold contacts are placed on the silicon rim

of the structure, which acts as a heat sink. An under-
platform silicon slab has been added in order to, tak-
ing advantage of the infrared absorption properties of
heavily doped silicon (thus converting the IR radiation
into thermal energy), define the sensitive area acting
as an absorber (Fig. 1). The high thermal resistance
membrane assures the temperature isolation between
the hot and cold junctions thus allowing a temperature
difference to develop when IR radiation reaches the ab-
sorber layer. Finally, an integrated self-test resistance
has been included in the active area to swiftly electri-
cally test the thermopile performance by Joule dissipa-
tion.

Fig. 1: Photograph of a micromachined thermopile.
The nitride membrane, the silicon absorber, the self-test
heater and thermocouples can be seen.

4 Measurement Results

After first checking that the AFM thermal character-
ization yields sound results (Fig. 2,3), we have ther-
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mally measured the thermopile at different locations,
proving the good isolation provided by the membrane
(Fig. 4) and the uniformizing properties of the silicon
absorber (Fig. 5). The different results have been cross-
checked with the thermoelectrical characterization of
the thermopile, and in some cases the AFM charac-
terization has offered an explanation of otherwise puz-
zling thermoelectrical results (Fig. 6). The advantages
of the modified AFM tip over other thermal probing are
its small size and controlled applied force, thus allow-
ing safe (less risk of breaking fragile parts such as the
freestanding nitride membrane), truly local (nanome-
ter scale, enabling pinpoint temperature determination)
and undisturbed (low thermal mass) probing of an es-
tablished temperature distribution.

Fig. 2: Topographic image of a portion of the central
heater, c-shaped rim (up left). Thermal image of the
same area while changing the heater voltage (up right).
Changes in the image and analysis steps (bottom) are ev-
ident.
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RF MEMS Switches with Damascened Coplanar Waveguides
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Summary:   This paper presents MEMS switches with damascened coplanar waveguides (DCPW) for

commercial wireless applications. The proposed DCPW transmission lines with gap-fill dielectrics are
fabricated using the dual damascene CMP (Chemical Mechanical Polishing) process. Therefore, the

t-lines  have very small surface thickness variations and alleviate the process problems from severe

topography due to the thick t-lines in RF MEMS switches. Series metal-to-metal contact switches with
DCPW t-lines are fabricated and evaluated. The switches exhibit the low loss (<0.25 dB @ 5 GHz)

with good isolation (47 dB @ 5 GHz).

Keywords: RF MEMS, switches, damascened coplanar waveguide (DCPW), CMP

Category: 10 (Applications)

INTRODUCTION

       RF MEMS (Micro Electro Mechanical Systems)
is emerging technology for reconfigurable RF circuits.
Recently, various kinds of RF MEMS switches have
been developed and exhibit high performances [1], [2].
Most RF MEMS switches are composed of movable
plates and transmission lines like coplanr waveguides
(CPW) or microstrip lines.
       This paper details design and fabrication of
damascened coplanar waveguides (DCPW) using
dual damascene CMP (Chemical Mechanical Polish-
ing) technology [3]. The thickness of CPW is
designed to be thicker than skin depths to reduce
losses and is comparable in thickness with that of
sacrificial layers in RF MEMS switches. The resultant
severe topography of devices not only makes difficult
photolithographic and film processes, but causes
complexity in processes and associated designs as
well.
       The proposed DCPW with gap-fill dielectrics
have very small surface thickness variations and
alleviate the process problems associated with
fabrication of RF MEMS switches. With the DCPW
t-lines, metal-to-metal contact series switches are
fabricated with 3 µm thick Au movable plates.
Furthermore, pull-in voltages and RF performances of
the switches are evaluated.

DESIGN AND FABRICATION

       CPW is one of the most popular t-line structures
in RF MEMS devices due to its easy accessibility to
grounds. The basic structure of CPW with a signal
line and ground planes is shown in Fig. 1(a) and the
proposed DCPW with a planarized surface with gap-
fill dielectrics in Fig. 1(b).
       The DCPW t-lines with dimensions of S/W/S =
18/150/18 µm (50 ) are fabricated on 500 µm thick
quartz substrates ( r = 3.8,  tan  = 0.0001). The thick-

ness of CPW t-lines should be designed to at least 3
skin depths so as to minimize conductor losses.  A
3 µm thick Au is used for conductor lines because the
skin depth of Au is about 1 µm at 5 GHz. The tetra-
ethylorthosilicate (TEOS) oxide is used to fill the
gaps in DCPW t-lines.

Gap-fill dielectric

WS SWS S

Signal GroundGround

h t

(a) (b)

Fig. 1. Cross-sectional schematic diagram of (a) CPW and
(b) DCPW t-line.

       The magnitude of characteristic impedance Z0 and
the attenuation of CPW and DCPW with above-
mentioned dimensions are calculated using Ansoft
HFSS software and shown in Fig. 2. There is decrease
in |Z0| of DCPW t-line due to gap-fill dielectrics
which increase the shunt capacitance of t-lines. The
figure also shows that there is very little difference in
attenuations, 0.35 and 0.36 dB/cm at 5 GHz, in CPW
and DCPW t-lines respectively.
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Fig. 2. Calculated magnitude of characteristic impedance
|Z0| and attenuation of the designed CPW and DCPW t-lines
respectively.

       The fabrication process flow of DCPW t-line is
shown in Fig. 3. (a) A thick TEOS oxide layer (5 µm)
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is deposited and patterned to form gap-fill dielectrics
with a dry RIE etch. (b) A thick Au layer (4-5 µm) is
sputtered for conductors of signal and ground lines.
(c) CMP of Au to form DCPW t-lines with thickness
of 3 µm. The cross-sectional view of a fabircated
DCPW t-line is shown in Fig. 4. The flat and residual
free surface after CMP is clearly seen in the figure.

substrate

substrate

substrate

(a)

(b)

(c)

 TEOS oxide

Thick Au deposition

SG G

Fig. 3. Fabrication process flow of DCPW t-lines.

TEOS

oxide

Au Au

Signal Ground

Fig. 4. Cross-sectional SEM micrograph of the gap filled
with TEOS oxide between a signal and ground line of a
DCPW t-line after CMP.

RESULTS AND DISCUSSION

       An RF MEMS switch fabricated above DCPW
t-lines is shown in Fig. 5. A circular movable plate is
used to minimize the deflection of the plate from its
stress gradient. The switch has a series topology with
metal-to-metal contacts. The movable plate is
fabricated using Ti/Au sputter deposition with total
thickness of 3 µm. The plate is anchored to the
substrate at the end of the flexures and the anchor is
connected to the ground through a bias line of a high
impedance. The lines are made of high resistivity
material (doped poly-Si with 500 /square sheet
resistance). A pull-down electrode is placed under the
movable plate and connected to supply voltage
through the bias line. It is isolated from the plates
using 1500 Å PECVD silicon oxide layer. The size of
a fabricated switch is 1.5×1.4 mm2.
       The pull-in voltages are measured for 81 samples
and averaged 18.3 V. Fig. 6 shows the insertion loss
and reflection of ON-state, and the isolation of OFF-

state. The switch possess an insertion loss of better
than 0.25 dB up to 5 GHz and an isolation of over 40
dB up to 10 GHz due to a very low OFF-state
capacitance of 1.5 fF.

post

movable

plate

S
G

G

bias line

D
C

P
W

contact
flexure

Fig. 5. SEM micrograph of a fabricated MEMS switch with
DCPW lines.
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Fig. 6. Measured RF performances for a MEMS switch.

CONCLUSIONS

       In this paper, series metal-to-metal contact RF
MEMS switches with DCPW t-lines are designed and
fabricated. The RF measurement shows that these
switches possess low insertion loss and high isolation
up to 10 GHz.
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Arda D. Yalçınkaya, Søren Jensen and Ole Hansen

Mikroelektronik Centret (MIC), Technical University of Denmark, B 345 E, DK-2800 Lyngby, Denmark.
http://www.mic.dtu.dk, E-mail: ady@mic.dtu.dk

Summary: We report a low-voltage, high-aspect ratio, widely tunable capacitor fabricated using a
simple single-mask fabrication process. The low tuning voltage range is compatible with the supply
ranges of the current transistor circuits and enables the device to be used in radio frequency integrated
circuits. Characterizations with respect to electrical quality factor, time-domain response and tuning
ratio were performed and it was found that the device can be used in VHF and UHF tunable filters and
impedance matching applications.
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Category: 10 (Applications)

1 Introduction

The tunable capacitors considered in this paper are
comb structures, where the capacitance is realized
through a number of interdigitated finger electrodes on
a fixed and a movable part – the shuttle. The shuttle
is suspended by a couple of folded beam springs with
a low effective spring constant for motion in the in-
tended direction and a high spring constant for motion
in other directions. The present device, shown in Fig-
ure 1, makes use of high-aspect ratio comb fingers for
obtaining high device capacitance, and the folded sus-
pensions enable linear in-plane actuation at large dis-
placements with low voltages. Since the device has a
height of 50 µm and air-gaps of 2.5 µm between the
fingers, the air-film damping control issue is easily re-
solved. The hollow spine of the movable section not
only helps to reduce the effective mass but also eases
the release process and reduces the probability of stic-
tion to the substrate [1]. A combination of light mass
and heavy damping reduces the vibration sensitivity of
the device.

Fig. 1: Overview SEM picture of the tunable capacitor.
At the top, the suspensions and the hollow spine are in-
dicated. The insets show comb fi nger details.

2 Fabrication
The device was fabricated using dry deep reactive ion
etching (DRIE) followed by a wet isotropic release etch
of a sacrificial silicon dioxide layer. The starting mate-
rial was a 4′′ (100) silicon-on-insulator substrate with
a 50 µm thick, highly doped device layer on top of a
1 µm thick oxide layer. The process sequence is illus-
trated in Figure 2.

First, the geometry of the structures was patterned
onto the substrate using 1.5 µm thick AZ5214 pho-
toresist, whereafter the masked substrate was etched
anisotropically in an STS ASE� DRIE tool [2] until
the buried oxide was reached (Figure 2-A). Due to the
high aspect ratios of more than 1:20 and the narrow
air gaps needed to obtain a high capacitance between
the fingers, a novel etch recipe was developed. The
recipe uses short etch/passivation cycle times to reduce
mask undercut and sidewall roughness, and to push the
DRIE tool beyond its standard 1:10 aspect ratio per-
formance, the process parameters were changed during
the etch to compensate for the change in etch condi-
tions with increasing aspect ratios. Next, the photore-
sist was stripped in an O2/N2 plasma, and the narrow
structures released in 40% hydrofluoric acid (Figure 2-
B). Finally, a layer of 200 Å/5800 Å Ti/Au was evap-
orated on top of the devices to enhance the electrical
quality factor (Figure 2-C). SEM images of the fabri-
cated devices can be seen in Figure 1.

3 Characterization
The tunability of the device was characterized using a
probe station and a HP-4280A CV plotter. Open circuit
calibration was performed before the measurements in
order to compensate for the probe and pad capacitances
[3]. The measurements, along with a numerical calcu-
lation based on the measured device dimensions, are
given in Figure 3, which evinces that the capacitance
can be tuned between 1 pF (static capacitance) and 2 pF
by increasing the control voltage from 0 V to 3.15 V
where maximum deflection is obtained. The dynamic
behavior of the mechanical system was explored at at-
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Fig. 2: Tunable capacitor fabrication sequence.

mospheric pressure to extract the settling time using the
C-t mode of the HP-4280A, with an external pulse bi-
asing for fast measurements. A pulse voltage of 1.2 V
was applied and the measurement was performed af-
ter the falling edge of the pulse. As can be seen from
Figure 4, the capacitor settles in about 0.2 ms with a
desired over-damped response. This is essentially the
signature of a low mechanical quality factor (≤ 0.707),
enabling the atmospheric operation of the device with-
out overshoot and with a fast settling time. Finally,
scattering parameters of the device at microwave fre-
quencies were measured, using a Cascade probe station
together with a HP-8510 network analyzer / HP-8515A
fixture, resulting in Figure 5. The graph, showing s11
on a Smith chart, reveals that, by taking the pad ca-
pacitances into account, the electrical quality factor is
approximately 100 at 100 MHz and the self-resonance
frequency was found to be 4.08 GHz. For application
purposes, the pad capacitances can be eliminated by
using an insulating handle substrate and an identical
fabrication scheme. The quality factor can further be
increased by predeposition of metal layer as the first
step and utilizing lift-off. This layer can also serve as a
mask for the DRIE step.
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Fig. 3: Capacitance-voltage tuning characteristic of
the comb-driven tunable capacitor. Measurements per-
formed at 1 MHz agree well with the curve calculated
using measured (SEM) device dimensions.

4 Conclusion
A high-aspect ratio tunable capacitor that combines
low-voltage actuation and wide tuning range was suc-
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Fig. 4: Transient response of the tunable capacitor. Mea-
surements were performed after the falling edge of the
excitation pulse (digitization of the capacitance value af-
ter 0.2 ms is due to the resolution of HP-4280A in C-t
mode).

cessfully fabricated through a simple process in which
an aspect ratio of 1:20 was obtained with vertical side-
walls. Performance characterizations have shown that
the present device can be utilized to implement VHF
and UHF tunable filters with the electrical quality fac-
tors well above 100. A tuning ratio of 2:1 was achieved
by changing the control voltage by only 3.15 V, en-
abling the compatibility with the state of the art supply
voltage range of integrated circuit technologies. The
device has proven not to require any special treatment
for a desired, fast transient response with no overshoot
or oscillations.
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Fig. 5: Reflection coeffi cient (s11) of the MEMS tunable
capacitor measured from 45MHz to 10GHz. (The mea-
sured two-port parameters were used to calculate one-
port s11 at the fi rst port with shorted second port).
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Summary: This paper reports on fabrication and design considerations of an integrated folded shorted-
patch chip-size antenna for applications in short-range wireless microsystems and operating frequency 
of 5.7 GHz. Antenna fabrication is based on wafer-level chip-scale packaging (WLCSP) techniques 
and consists of two adhesively bonded glass wafers with patterned metallization and through-wafer 
electrical interconnects. Two different fabrication options based on via formation in glass substrates 
using excimer laser ablation or powder blasting are presented. 

Keywords: chip-size antenna, WLSCP, wireless microsystem, laser ablation, powder blasting. 
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1 Introduction 

Monolithic solutions to small-size distributed 
systems equipped with short-range wireless 
communication capabilities will highly be facilitated 
if cheap and easy-to-use ‘on-chip’ or ‘in-package’ 
solutions would be available. A chip-size antenna is 
the key element in order to obtain a fully integrated 
wireless microsystem on a single chip. On-chip 
integration requires the antenna to be small and to be 
realised on a low-loss substrate compatible with 
integrated circuits operation and fabrication [1, 2]. A 
folded shorted-patch antenna (FSPA) can be used as a 
compact solution for the on-chip antenna integration 
[3]. Due to its rather complicated structure, its 
implementation is not trivial. In this paper, design and 
process considerations for on-chip implementation of 
an FSPA are presented. 

2 Antenna Design 

The proposed, on-chip integrated, folded short-
patch antenna is shown in Fig. 1. It consists of three 
horizontal metal sheets that are electrically connected 
by two vertical metal walls. All this is embedded in a 
dielectric substrate having certain electrical 
permittivity and dielectric losses. These two 
parameters together with the antenna geometry and its 
actual dimensions will determine its radiation 
characteristics and overall performance. 

For the best performance, the metal sheets should 
have minimum resistivity and the dielectric should be 
a low-loss material with high electrical permittivity. 
This allows achieving small antenna dimensions and 
high efficiency.  

At frequencies above 1 GHz, glass becomes a very 
attractive option. Its main advantages are low losses, 
reasonable εr, availability in a form of wafers with any 
required thickness and diameter, and last but not least 
low cost. There is also sufficient experience in 
processing of glass wafers from MEMS and WLCSP 
applications [4]. 

L

α βh

Fig. 1: Proposed folded shorted-patch antenna. 

An FSPA can be realised as a stack of two glass 
wafers with patterned metal layers and through-wafer 
interconnects in the form of metallized vias. High 
antenna efficiency requires thicker substrates (>300 
µm) and therefore high aspect ratio vias in glass are 
required.  

Fig. 2 shows return loss of the proposed FSPA, 
considering the use of two stacked, 500 µm thick 
Corning Pyrex #7740 glass substrates and dimensions 
of 4.5x4x1 mm3. The simulated radiation efficiency of 
60 % and bandwidth of 50 MHz at -10 dB return loss 
have been achieved. The predicted far-field radiation 
diagrams (Fig. 3) shows that the power is being 
mainly radiated upwards and the antenna interference 
with backside devices is minimized. 

5.60 5.65 5.70 5.75 5.80
-30

-25

-20

-15

-10

-5

0

R
e

tu
rn

 L
o

ss
 [
d

B
]

Frequency [GHz]

Fig. 2: Simulated return loss of the FSPA. 
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Fig. 3: Simulated co-polar far-field gain patterns for FSPA 
operating at 5.695 GHz. 

3 Fabrication 

We have proposed and currently investigate two 
different fabrication options for realization of an on-
chip integrated FSPA. Both are based on WLCSP 
techniques and are schematically shown in Fig. 4. The 
first one is based on laser drilling of high aspect ratio 
vias in glass with subsequent electroless plating and 
patterning of the bottom and middle Cu layers, 
followed by glass-to-glass adhesive bonding. The 
second fabrication option starts with deposition and 
patterning of Cu layer on a glass wafer followed by 
adhesive bonding to the upper glass wafer. The 
encapsulated middle Cu patch is then reached by 
powder blasting followed by plating and patterning of 
the bottom Cu layer. In both cases, the fabrication 
sequence continues by bonding to a temporary carrier 
and a V-groove trenching using shaped dicing blade 
[5]. Finally the upper Cu layer is deposited and 
patterned. The processing sequence is completed by 
singulation into individual dies by dicing.  

+

(B)

(A)

(C)

(D)

(1a) laser ablation

(1b) metallization

adhesive 
bonding

V-groove
trenching

Metallization,
balling and
dicing

thinned Si/glass
wafer stack

+

+

(2c) metallization(1d)

(1c) adhesive bonding

(2a) adhesive bonding

(2b) powder blasting

Fig. 4: Schematic fabrication sequence using laser 
ablated vias (left); using powder blasted vias (right). 

3.1 Laser ablation 

Glass starts to loose its transparency in the UV 
region and therefore excimer lasers are needed for 
glass ablation to form through wafer vias. Due to the 
limitations of the focusing system, direct ablation of 
the required pattern is not possible and an 
intermediate hard mask between the laser beam and 
glass wafer was required. Fig. 5a shows SEM 
photograph of 80 µm diameter vias formed in a 
500 µm thick glass wafer using a 193 nm excimer 
laser. Note that no protection layer has been applied 
and therefore contamination on the wafer surface 
resulting from the ablation process is clearly visible. 

 (a) (b) 
Fig. 5: SEM picture of (a) 80 µm circular vias in a 500 µm 
glass substrate fabricated using a 193 nm excimer laser; (b) 

cross-section of a 200 µm diameter powder-blasted via. 

3.2 Powder blasting 

Powder blasting is a widely used method in glass 
processing. Its main disadvantage is that the typical 
side-wall slope is about 75° which results in rather 
limited achievable aspect ratio of powder-blasted vias 
of ~2.5:1. Fig. 5b shows a cross sectional SEM 
photograph of a powder-blasted, 200 µm diameter via 
in a 240 µm thick substrate. 

4 Conclusions 

This work demonstrates that folded shorted-patch 
antennas operating at 5-6 GHz are feasible using 
WLSCP techniques and suitable for microsystems 
aiming wireless short-range links. A folded shorted-
patch antenna was designed and possible fabrication 
options were analysed. 
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Summary

Electrodeposision (ED) of photoresist is a promising
method to transfer fine patterns onto non-planar, high-
topography surfaces. It is especially suited for
patterning metal layers to fabricate three-dimensional
(3-D) structures. A newly developed MECO coating
system is employed and commercially available
photoresists are used. The coating process developed
to improve the resolution of the printed images in and
across cavities ≥375µm deep is described and the
effect of several parameters investigated. Examples of
fabricated truly 3-D and novel RF structures on
silicon wafers are presented.

Keyword: Electrodeposition of photoresist,
lithography, 3D-patterning, micromachining

Subject category: Applications, material and
technology

Introduction

For the realization of 3D structures, lithographic steps
over large topography surfaces are of crucial
importance.  The quality of the patterns in and across
micromachined structures such as anisotropically
etched cavities or multi-level etched surfaces is
greatly influenced by the conformity of the
photoresist layer. Several coating methods like
modified spin coating or spray coating have been
explored [1-3] and reasonable results achieved.
However, the flowing effect of photoresist can often
result in local non-uniformity of the resist layer,
especially at top and bottom corners of etched cavities
[4]. Thus patterned lines running over these regions
may be deformed or even interrupted Although there
are some ways to reduce the flowing effect [3], it is
still difficult to control it when too many different
designs are present on the same wafer, as often the
case for truly 3D RF devices. ED of photoresist is a
suitable technique to overcome this problem as it can
create a conformal layer regardless of the geometry
and size of the structures. The requirement of a
conductive layer as plating base layer in this method
makes it especially suited for metal patterning. In this
paper, we present experimental results on ED coating
aimed at patterning metal layers over large
topography surface. Examples of novel 3-D RF

structures fabricated using ED resist coating are
presented as well.

The ED coating process

The ED resist coating experiments are performed in a
coating system developed by MECO Equipment
Engineers B.V. using Eagle 2100 ED negative resist.
The resist coating is based on the electrodeposition of
a negative organic acrylate-type photoresist onto a
cathodic polarized conductive substrate. The coating
set up consists of a bath with photoresist in the form
of emulsion solution containing micelles with 100nm
in size. The wafer is placed in a cathode with a
conductive surface facing to the stainless steel anode.
A schematic view of the electro-deposition cell
illustrating the coating principle is depicted in fig 1.

O2
H

2

Fig 1: ED coating set up

Both flat wafers and wafers with etched cavities
coated with an Al layer (1-4µm thick) are used. The
Al layer will be the active device metallization layer
and at the same time will act as a plating base. The
wafers are first immersed in a MECO Surclean
solution at 50oC for 30s, rinsed in DI water, activated
for 10 sec in a 15% H2SO4 and again rinsed in DI
water. Then they are transferred to the bath for an
average 90 sec deposition step at voltages between 20
and 160V. After a rinsing step in a permeate cell to
remove adhering coating liquid, they are finally baked
at 70o C for 60s. To evaluate the layer thickness and
uniformity, the resist is exposed in an UV contact
aligner and then developed in MECO AMS developer
at 40o C. Resist thickness is measured through the
openings by means of a Tencor 200 profiler.

Results and Discussion

The influence of bath temperature on resist thickness
has been characterized at different voltages as
illustrated in Fig 2. The temperature where a
minimum resist thickness is obtained is called Tmin
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and is around 40oC-45oC. As thin but uniform layers
are highly desirable for better pattern transfer on large
topography surfaces, we have chosen 45oC as a
coating temperature for further experiments. More
over, as can be seen in fig 2, at temperature lower
than Tmin, it is more difficult to control the expected
resist  thickness as a minor change in temperature can
lead to a large variation on resist thickness. On the
other hand, higher bath temperatures result in a faster
degradation of the emulsion [5].
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Fig 2: Resist thickness vs. bath temperature

Resist thickness also depends on applied voltage and
increases with increasing applied voltage at a fix
coating temperature. Fig 3 shows the resist thickness
vs. applied voltage for a coating temperature of 45o C.
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Fig 3: Resist thickness vs. applied voltage

After exposure and development the patterned lines
are evaluated. As can be seen in fig 4a, the patterned
sidewalls are steep and adhere well to the substrate,
but exhibit a shoulder at the edge and a thin fringe is
observed at the bottom of the opened features. This
phenomenon certainly will degrade the pattern
resolution. An improvement has been made by adding
an extra hot water rinse at 70oC after development.
The improvement can be seen in fig 4b in which the
shoulder is rounded and residues are removed at the
bottom edge of the pattern.
The developed coating process described above has
been used for patterning structures in and across deep
cavities. Smooth layers with rather conformal
coverage have been obtained. The resist uniformity of
± 5% has been obtained on wafer with cavity’s depth
of 390 µm. In particular a good coverage at very
critical parts like an obtuse corner of an etched cavity
(see Fig.5a), the week point for spin or spray coating
methods, is a strong point of this method.

Fig 4: Patterned ED resist: a) after standard

development; b) after the extra hot water rinse

Fig 5: Patterned ED resist lines: a) at the top corner of a

deep etched cavity; b) over 370 and 150 µm deep cavity

Another example of the potential of this method is
given by a patterned resist over two-level
micromachined structures as shown in Fig 5b
Patterned lines 100µm to 20µm wide over deep
cavities of 370µm and 150µm are illustrated.
We have used this ED coating procedure to fabricate
several novel 3-D RF devices. This coating method is
used as the last step in the process for patterning
metal layer. In fig 6a, a 3-D solenoid inductor is
shown. Very fine line running over two-level
micromachined surface can be patterned. The other
structure (see Fig.6b) is a 4 µm Al through-silicon-
chip transmission line (TCT), particularly interesting
for novel packaging concepts.

Fig 6: 3D RF devices: a) 3D solenoid inductor with

turns running from the front to the backside of the

wafer; b) Through-chip transimission lines after ED

resist patterning and Al etching

Conclusions

ED resist coating is a suitable method to pattern metal
on wafers with very large topography with a high-
resolution image.  A process for consisting of pre-
treatment, coating, exposure and development has
been developed. For cavities ≥375µm, the minimum
line width is ~ 20µm. Several 3-D and RF structures
have been realized illustrating the potential and
flexibility of this technique.
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Summary:  This paper describes a wireless RF CMOS interface for a soil moisture sensor. The mixed-

signal interface is based on a 2nd-order switched capacitor, fully differential sigma-delta modulator with an

effective resolution of 17-bit. The modulator bit stream output is applied to a counter as a first order
decimation filter and encoded as a pulse width modulated signal. This signal is then transmitted by means

of an amplitude shift keying modulation, through a power amplifier operating at 433.92MHz in class-E

mode. The soil moisture sensor is based on Dual-Probe Heat-Pulse method and is implemented using an
integrated temperature sensor and heater. After applying a heat-pulse, the temperature rise that is a

function of soil moisture, generates a differential voltage that is amplified and applied to the mixed-signal

interface input. The described interface can also be used with other kinds of environmental sensors in a
wireless network for agricultural environments such as greenhouses. The CMOS mixed-signal interface has

been implemented in a single-chip using a standard CMOS process (AMIS 0.7µm, n-well, 2 metals, 1 poly)

Keywords: Wireless, Sigma-Delta, Soil-Moisture Sensors

Category: 9 (System architecture, electronic interfaces, wireless interfaces)

1 Introduction 

The control of physical and chemical variables in 
agriculture fields require the use of several sensors,
as soil temperature and relative humidity, CO2

concentration, solar radiation, soil moisture, among
others.

An important goal in agricultural exploitations it
is the need to minimize natural resources over-
consumption, namely water supply in irrigation
systems. Irrigation management systems should
have information about soil moisture at the plant
root level. With such information, only the
necessary water could be provided in an efficient
way.

Today a large number of sensors based on
different methods are available for measuring soil
moisture. However, they present a few drawbacks:
as inaccuracy, high-cost and soil dependency.

Integrated microsensors, with on-chip interface
circuitry, are currently replacing discrete sensors
due to their inherent advantages, namely, low cost,
high reliability and on-chip processing. To
accomplish small, robust and inexpensive
microsystems, it is desirable to integrate the soil
moisture sensor with digital signal processing and
wireless front-end. Therefore, this microsystem can 
be installed near plants roots for measuring real
plant water needs.

2 System overview

The complete system is divided in two blocks, as
depicted in figure 1: the sensing system and the
mixed-signal interface.

Fig. 1. System overview.

The implemented CMOS mixed-signal interface,
outlined in figure 2, includes a 2nd-order switched-
capacitor fully differential sigma-delta ( )
modulator, a first-order decimation filter, a shift
register, a pulse width encoder, an amplitude-shift-
keying (ASK) modulator and a RF switch. The
433.92 MHz carrier is generated by the on-chip
phase-locked loop (PLL).
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Fig. 2. Mixed-signal interface architecture.

2 Mixed-signal interface 

The water in the soils must be measured with a 
resolution better than 1%. The sensing system has a
differential output of about 330 µV/% and signal
bandwidth is typically a few Hz.

Previous studies have showed that a second-order
modulator is a suitable architecture for

converting this kind of signal to digital domain. The
second–order architecture is preferred to the
simpler first–order one because it is less sensitive to
the correlation between the input and the
quantization noise, which reduces the presence of
pattern noise [1].

The 2nd-order  modulator has been
implemented using switched capacitor techniques.
In addition to robustness of these techniques, the
use of fully differential topology minimizes
common mode interferences, switches charge
injection and clock feedthrough. The two
integrators are based on fully differential folded-
cascode amplifiers biased by a constant-gm wide 
swing circuit. Also, for reducing the influence of
the first-amplifier offset and low-frequency noise, a 
chopper scheme has been implemented. The
modulator reference is external and set to ±0.5 V.

The bit stream output is applied to a counter as a 
first decimation filter. For each counting, a sample
is generated, stored and transmitted. Data is first 
encoded as a pulse width modulated signal and
afterwards transmitted by the on-chip RF 
transmitter by means of an amplitude shift keying
modulation.

2.1 RF transmitter module

The RF transmitter module includes a crystal-
controlled frequency synthesizer, a PWM encoding
circuit, an ASK modulator, a RF driver and a RF
switch.

To ensure carrier stability, the frequency
synthesizer was implemented as a phase-locked

loop (PLL) using a 13.56 MHz crystal reference
oscillator. The PLL features a 300 µA charge pump
with current matching and a 4th order loop filter.
The voltage-controlled oscillator has a constant of 
about 80 MHz/V.

3 Results and conclusions 

Simulations from the extracted layout have
shown that it can be expected an effective
resolution of about 17-bit (DR=105.4db) for the
modulator with a conversion time of 38.8 ms for a 
clock frequency of 423.75 kHz. The PLL has a lock
time of about 6 µs.

Figure 3 shows a binary pattern ‘011’ PWM
encoded signal (A) and transmitted signal (B) in a
50  load. In this first prototype, the class-E 
matching network is off-chip and it is intended to
integrate it on-chip in the next prototype.

Fig. 3. PWM signal and RF output signal. 

Figure 4 shows the layout of the implemented
mixed-signal interface. Die area is 3.79 mm2.

Fig. 4. The layout design of a wireless RF CMOS 
interface for a soil moisture sensor. 
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Summary: AC-operation of an electrostatically actuated microstructure enables a displacement beyond the 

quasi-static pull-in voltage and the associated limitation at 33% of gap. When considering dynamics of the 

actuator structure, displacements of the order of 70% of the full gap become possible by using sine waves as the 
actuation voltage. A large-displacement model for electrostatic actuators is presented in this paper and the 

results are compared with measurements. Operation up to 70% of gap has been confirmed at frequencies 
between 300 and 700 Hz, depending on the gas type and gas pressure of the surrounding medium.

Keywords: Pull-In voltage, MEMS modeling, electrostatic actuators  
Category: 1 (General, theoretical and modeling)

1 Introduction 

The inherent instability associated with electrostatic 
actuators is an extensively studied phenomenon 
[1,4]. In the quasi-static regime, the model 
describing the displacement of a MEMS structure 
due to voltage applied reduces to finding the 
equilibrium between mechanical and electrostatic 
forces (the damping is neglected). This results in a 
sudden pull-in at a well-defined pull-in voltage       
at 1/3 of the gap for 1DOF displacement structures 
[4]. 

When the changes in the applied voltage are 
sufficiently fast, the quasi-static regime does not 
apply and the static pull-in analysis becomes in-
accurate. The damping forces and mass inertia need 
to be included in the model for a meaningful study 
of the dynamic pull-in behavior of the structure.  

The analysis of pull-in at dynamic conditions 
demonstrates that the structure displacement is not 
necessarily limited to 1/3 of the gap. Displacements 
in the order of 70% of the full gap have been 
obtained by using sine waves as the actuation 
voltage. This property has huge potential for the 
construction of large-stroke electrostatic actuators 
for use in e.g. variable capacitors.  

A large-displacement model for electrostatic 
actuators is presented in this paper and compared 
with measurements. The changes of the pull-in 
voltage and pull-in displacement are also checked 
for various frequencies and signals. As large 
displacements have been achieved, this study could 
yield a significant advance in large-stroke 
electrostatic actuator design. 

2 Large Displacement Model 

The structure used for analysis and experimental 
verification is basically a planar movable beam 
with folded suspension on both ends and electrodes 
extending perpendicular to the axial direction. One 

set of stator electrodes in the same plane is used for 
electrostatic actuation and another set of electrodes 
is used for capacitive displacement measurement.  

The movement of such a parallel plate electrostatic 
actuator is defined by the equation: 

m b k elecF F F F   (1) 

where Fm is the mass contribution ( mx ), Fb is the 
force caused by the damping, Fk is the spring force  

( kx ) and Felect is the electrostatic force ( 21
2

( )C x V ), 

with x the displacement.  
The damping force for large displacements can be 
modeled as a series of nonlinear inductances and 
resistances controlled by the displacement x. The 
values for the resistors and inductors [5] are: 
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where is the viscosity, P the pressure, m and n
odd integers, w and l are the width and length of the 
surface, respectively. The gap d is a function of the 
displacement ( 0( )d x d x , being d0 the initial 

displacement) and as the Knudsen number 

(
( )

nK
d x

, where  is the gas mean free path) 

also varies for large displacements, its dependence 
to the displacement is included on the function: 

1.1591 9.638( )pr nQ K  (4) 

Each of the RL sections used in [5] behaves like a 
first order system with variable gain and time 
constant. The total damping force can be modeled 
as a sum of several forces of the type: 
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The all non-linear system can be written in the form 

( , )X f X V  as: 
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and can be implemented in any simulation program 
using simple integrators, and displacement 
controlled parameters. 

3 Simulations and Experimental Results 

The model was implemented in Simulink, and 
several simulations were done at different operating 
conditions (different pressures and gas type) and 
compared with actual measurements at the same 
conditions (Fig. 1).  

Figure 1. Simulated and measured response to different 
electrostatic signals. a) 200Hz square wave b) and c) 
100Hz square wave. 

Sinewave voltages of different frequency have been 
used for actuation. The results of simulated and 
measured pull-in voltage and pull-in displacement 
are shown in Fig. 2. 

Figure 2. Simulated and measured dynamic pull-in and 
dynamic displacement. 

4 Conclusions 

A dynamic model that accurately describes the 
voltage-to-displacement characteristic of an 
electrostatic actuator is presented. The analysis and 
experimental results demonstrate that the 
electrostatic actuator can be dynamically operated 
beyond the static pull-in displacement provided that 
the appropriate AC voltage is applied. There is an 
operating point in the statically unstable region 
where the spring and damping forces are equal to 
the electrostatic force [6], thus enabling the 
application as electrostatic actuator beyond the 
static pull-in displacement limit. A thorough 
understanding of the damping effect and the 
dependence on gas type and pressure is required. 
Operation up to 70% of gap has been demonstrated 
using AC voltages in the 300 Hz range. 
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Summary:  In this paper, the performance of a flow-through potentiometric sensor based on a

semi-permeable dialysis tubing implemented in silicon, is presented. The sensor is designed as part of a

lab-on-a-chip system and has been successfully incorporated into an integrated microdialysis system.

Results of a potassium sensor, operating stand-alone, and as part of the integrated system are presented.

Keywords: potentiometric sensor, flow-through system, potassium sensor, microdialysis, Lab-on-a-chip, µTAS,

Category: 5 (Chemical sensors)

1 Introduction

A generic flow-trough potentiometric microsensor
based on a semi-permeable tubing made in Perspex®

has been described previously by Böhm [1]. As
proposed in this paper the microchannel itself is an
integral part of the sensor geometry and is formed
by a tubular semi-permeable membrane. The major
advantage of this geometry is the fact that
commercially available ion-selective cocktails can
be applied, yielding sensors for different analytes.
The sensor based on this concept is designed in the
form of an integral component of lab-on-a-chip
systems.

The sensor fabrication and the performance of the
potassium microsensor operating stand-alone, and
as part of an integrated microdialysis system are
presented.

2 Experimental

2.1 Materials

The dialysis tube from regenerated cellulose with
MW cut-off of 20 kDaltons was adapted from an
artificial kidney Filtral® 6, AN69 HF, Hospal
France. Epoxy resin (Hysol®, Dexter, USA) was
used to fix the dialysis tube. The sensors windows
were closed with a piece of Pyrex fixed with UV
curable glue (Loctite 350).

To form the electrodes, a conducting silver-silver
chloride paste (Electrodag® 6088 SS, Acheson
Colloiden B.V., The Netherlands) was used.

Components of hydrogel: acrylamide AAm,
N,N-bisacrylamide (crosslinker) 2,2-dimetoxy-2-
phenylacetophene DMPAP (photoinitiator)
obtained from Fluka, and DMSO.

2.2 Sensor fabrication

Originally, the sensors were designed to be filled
with two liquids: internal electrolyte and ionophore

cocktail. However, it was found that due to specific
configuration of the sensor, it was difficult to form
well defined interface between the two liquids. To
solve the problem a UV sensitive hydrogel based on
polyacrylamide was applied for entrapment of the
internal electrolyte.

A cross section of the potentiometric flow-trough
microsensor is shown in Fig. 1.
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�
�
�
�

�
�
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Ag/AgCl

tube

electrode

Pyrex

Pt

ionophore
cocktail

hydrogel

Pyrex

Si
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electrode

Fig. 1. Layout of the flow-trough potentiometric
microsensor implemented in silicon.

The estimated swelling capability of the hydrogel
containing 3.6% of a crosslinker vs. AAm was
about 45%. The photographs in Fig. 2 show the
pAAm hydrogel after drying at room temperature
for 30 min and in a swollen state.

Before use the hydrogel was soaked in the
internal electrolyte for at least 24 hrs. Prior to
placing the hydrogel into the sensor cavity, it was
cut to the proper square size. Then the hydrogel was
placed in the sensor cavity and dried for about 15 to
30 min. Afterwards the cavity was closed with a
piece of Pyrex and fixed with the UV curable
adhesive.

Next the cavity was filled with the internal
electrolyte to allow the hydrogel swell again for at
least 1 h. Finally the excess of internal electrolyte in
the surrounding of the dialysis tube was removed
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and replaced with an ionophore (valinomycin)
cocktail (60031 obtained from Fluka).

(a).  (b). 

Fig. 2. The pAAm hydrogel in a dry state (a), and in
a swollen state (b).

To form a reference electrode, the sensor cavity
located next to the ion-selective one was completly
filled with pAAm hydrogel saturated with 3 M KCl.

2.3 Measurements

The stand-alone sensors were operating at a
constant continuous flow rate of 2 ml/h. The
concentration of the potassium ions was changed by
a standard addition method using 0.1 M and 1 M
KCl aqueous solutions. As a background electrolyte
100 mM NaCl was used.

Sampling was performed using the integrated
microdialysis probe under continuous flow at a
flow rate of 2 µl/min for 60 sec.

The potential of the detecting electrode was
measured against the integrated reference electrode,
using a home-made high-impedance
instrumentation amplifier. Before measurements the
sensors were allowed to stabilize by flowing with
50 mM KCl solution for about 2 hrs.

3 Results and discussion

The results presenting the dynamic response of
the sensor and calibration curves for the continuous
flow at a constant flow rate of 2 ml/h are shown in
Fig. 3 a and b respectively. The sensitivity of the
sensors varied from 50 to 55 mV/dec. The
sensitivity depends on the time of the sensor
conditioning (stabilization) before measurements.
The minimal time for the sensor conditioning is
2 hrs.

The activities of the cations in the aqueous
solution were calculated according to the Debye-
Huckel approximation [2]. The potentiometric
selectivity coefficient for the sensor for potassium
over sodium (Kpot=161.5) was estimated according
to the fixed interference method (FIM) [3] by
increasing the concentration of the activity of the
primary ion in the solution in steps of about 0.7
decade.

The sensor has been successfully integrated in a
microdialysis system [4]. A calibration curve for
the sensor operating in the microdialysis system for
60-second sampling through a microdialysis probe
at a flow rate 2 µl/min is shown in Fig 3.b (upper
curve).

4 Conclusions

A flow-trough potassium potentiometric
microsensor based on semi-permeable tubing has
been implemented in silicon, and exhibit
satisfactory parameters: near Nernstian response
and a good selectivity over sodium.

The sensors have been successfully integrated
into a chip resulting in lab-on-a-chip type device for
microdialysis, consisting of several functional
blocks: microdialysis probe and sensor array.
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Fig. 3. Time response (a) and calibration curve (b) for the potassium sensor for continuous flow.
Background electrolyte was 100 mM NaCl. In the upper curve of fig. (b) also the calibration curve for the sensor

as integrated in the microdialysis system is shown.
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Summary: Novel voltammetric sensors based on conducting polymers and on phthalocyanine 

complexes have been developed. Polymeric sensors obtained by electrodeposition of the corresponding 

monomers (3-methylthiophene, pyrrole and polyaniline) in presence of different doping agents (surfactants and 
redox anions) and carbon paste electrodes based on phthalocyanines have been immersed in model  solutions of  

bitterness. These model solutions included  MgCl2, quinine, and  four phenolic compounds (monoaldehydic form 
of oleuropein,   dialdehydic form of oleuropein,  monoaldehydic form of ligstroside and dialdehydic form of 

ligstroside), which are the main responsible of the bitterness detected in some foods and beverages such as olive 

oils. The influence of the chemical characteristics of each electrode in its electrochemical response has been 
evaluated. Finally, an array  has been constructed using those sensors with the best performances. The Principal 

Component Analysis (PCA) of the obtained signals has allowed the discrimination of the studied bitter solutions. 

Keywords: Electrochemical sensor, conducting polymer, phthalocyanine, electronic tongue, bitterness 

Category: 5 (Chemical sensors)

1. Introduction 

The search of materials whose sensing properties 
could be chemically modified to form 
electrochemical sensors with sufficient cross-
selectivities is crucial for the development of 
electronic tongues [1-3]. Conducting polymers and 
phthalocyanines are promising class of materials to 
fabricate voltammetric sensors because they have a 
rich electrochemical behaviour and their properties 
can be tuned by  chemical methods [4].  
The objective of this work is to develop  new 
voltammetric electrodes able to be used as sensing 
units of an electronic tongue and in particular, to 
discriminate bitterness. For this purpose, polymeric 
sensors have been obtained by electrodeposition. 
One of the novelties of the work is the use of large 
surfactant and redox anions as doping agents 
aiming to obtain films with improved 
electrochemical properties. Sensors based on 
different phthalocyanines have been prepared using 
the carbon paste electrode technique (CPE). 
A multichannel taste sensor constructed with those 
sensors with the best performances has been 
exposed to six bitter solutions prepared from 
compounds responsible of bitterness in foods and 
beverages (for instance, the bitterness of olives is 
caused by  oleuropeins). The capability of 
discrimination of the array has been evaluated by 
using  Principal Component Analysis (PCA). 

2. Experimental 

Lutetium bisphthalocyanine (LuPc2) and 
octatertbutyl praseodymium bisphthalocyanine 
(PrPc2

t) were synthesised in our laboratory. The 

CPE were prepared by mixing the corresponding 
phthalocyanine with carbon powder and Nujol.    
Sensors based on polypyrrole (Ppy) poly-3-
methyltiophene (P-3-MET) and polyaniline (PANI) 
were obtained by electrochemical polymerization of 
the corresponding monomer using potassium 
ferrocyanide (FCN), p-toluenesulfonic acid 
(pTOL), sodium 1-decanesulfonate (SDS) and 
tetrasulfonic nickel phthalocyanine (NiPcTs) as 
doping agents. Once prepared, the sensors were 
used as the working electrode in a conventional 
three electrode cell.
The artificial bitter solutions were obtained by 
solving  MgCl2, quinine, monoaldehydic form of 
oleuropein, dialdehydic form of oleuropein,  
monoaldehydic form of ligstroside and dialdehydic 
form of ligstroside in ultrapure water. 
The PCA was carried out using  Matlab V. 4.2 

3. Results 
Each sensor produced a characteristic response 
when immersed in the model solutions. This is 
illustrated in Fig.1 where the cyclic 
voltammograms of the electrodes immersed in 
ligstroside are shown. As expected, the cyclic 
voltammogram of the bisphthalocyanine based 
electrodes (Fig. 1.a and 1.b) showed two definite 
anodic waves corresponding to the one electron 
ring oxidation and the one electron ring reduction 
of  the phthalocyanine molecule. When the 
scanning potential is reversed, opposite reactions 
take place. The electrochemical behaviour is 
directly correlated to the nature of the metal 
complexed in the phthalocyanine core and to the 
presence of substituents in the phthalocyanine ring.  
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The redox transformations observed in
phthalocyanine CPE electrodes are accompanied by
ion movements between the solution and the bulk
material necessary for preserving the macroscopic
electroneutrality of the electrode.  For this reason,
the peak positions and their sharpness depend on
the nature of the test solution and the
electrochemical responses can be used to
distinguish the model bitter solutions.

Ppy, p-3MET and PANI films electrosynthetized in
the presence of conventional doping agents,  did not
show redox peaks in the range studied (-1.0 V to
0.5V). In order to obtain polymeric sensors with
improved electrochemical response, a series of Ppy
electrodes doped with surfactants and redox ions
were prepared.

An interesting type of Ppy is Ppy(FCN) where a
redox anion, hexacyano-ferrate is used as dopant.
This film not only behaved as a good redox
electrode but displayed the electroactivity of the 
dopant anion and showed sensitivity to the size of
cations present in the solution phase (Fig 1.c).
The electrochemical behaviour of polypyrrole films
electrosynthetized in the presence of surfactants and
NiPcTs is illustrated in Fig. 1.d and 1.e.
The process of reduction and oxidation of these PPy
films is understood in terms of the transport of ions
in and out of the polymer. For this reason the
polymeric sensors produced characteristic
electrochemical responses to each model solution
which could be used as a fingerprint to discriminate
the six types of bitterness.
Finally, the sensors with the best performance
characteristics were selected (stability,
reproducibility, variety of responses ) 
In order to evaluate the discrimination capabilities

of the sensor array, PCA was conducted using the
anodic wave as the input variable.   The results

indicate that the electronic tongue is able to
discriminate different types of  bitterness (Fig.2).
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Fig. 2. PCA  of the response of the array of sensors 
towards ) monoaldehydic form of oleuropein, )

dialdehydic form of oleuropein, ) monoaldehydic form 
of ligstroside ) dialdehydic form of ligstroside.

Summarizing, the rich and characteristic
electrochemical response observed when the
selected sensors are exposed to the bitter solutions
makes doped Ppy and bisphthalocyanines appealing
materials for the preparation of electrodes for bitter
taste.
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Advantages of Monitoring Mass Changes in Voltammetric Experiments
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Summary: Voltammetric experiments were performed in aqueous copper and lead solutions. The working

electrode was a gold electrode of a quartz crystal, which allowed recording the mass deposited and lost on

and from the electrode. Mass plotted vs. potential is in many cases easier to interpret than current, as some

processes, like oxidations or reductions involving gases, do not contribute to the mass. Besides, mass
deposition rate can be related to the deposited metal, which allows interpreting the voltammogram even in

the absence of potential information. Both currents and mass losses in anodic stripping processes can be

used for quantitative analysis.

Keywords: electrochemical quartz crystal microbalance, copper, lead

Category: 5 Chemical Sensors

1 Introduction

Voltammetry produces information about chemical
species through the measurement of the current as a
function to the applied potential between a working
electrode and a counter electrode. The third
electrode is a reference electrode, which remains at
a constant potential throughout the experiment. The
counter electrode is often a platinum coil, but
several types of mini and micro electrodes, in a
variety of shapes and forms, have been employed as
working electrodes. If the working electrode is on a
piezoelectric crystal, mass changes can also be
recorded.

Copper and lead in aqueous solutions have been
analyzed by voltammetric methods. The plots of
current and mass vs. potential were studied and
used to elucidate the reduction and oxidation
processes.

Anodic stripping is a technique suitable for analysis
of species in trace amounts, as analyte is pre-
concentrated on the working electrode for a certain
period of time. The stripping current obtained by
the application of an anodic potential is then
measured. Experiments employing the electrodes of
quartz crystals were performed and mass
measurements used in quantitative analysis.

2 Experimental

Apparatus

An electrochemical quartz crystal nanobalance
EQCM 700 from Elchema was used. Quartz
crystals were 10 MHz AT-cut HC-6/U with gold
electrodes deposited over a chromium layer (ICM-
International Crystal Manufacturing Co, Inc).
Quartz crystal cells were made of Teflon and
allowed easy crystal assembling. A glass cup
appropriate  for  holding  volumes  around  10  or
20 mL was easily connected to one face of the cell.
Both crystal cells and cups were home-made

according to a design conceived to allow changing
of cups and crystal face in contact with the solution
without dismounting the quartz crystal.
The counter electrode was a platinum coil and the
reference was an Ag/AgCl electrode.

Procedure

Volumes of 10.0 mL of aqueous samples were
introduced in the glass cup and contacted with one
of the crystal gold electrodes. Solutions were
deaerated with nitrogen prior to the cyclic
voltammetric experiments. A constant nitrogen
blanket was maintained over the solution during
measurements. In anodic stripping voltammetry,
deposition times of 3 minutes were made and
nitrogen bubbled during two and half minutes, not
only to prevent oxygen from entering into the
solution, but specially to stir the solution and to
favour mass transport through convection.

Electrolyte solutions of acetic acid / sodium acetate
with different pH buffer capacities were employed.

Results and discussion

Fig. 1 shows the cyclic voltammogram of an
electrolyte solution of pH 6.0 containing 63.82
mgL-1 of copper and 85.10 mg L-1 of lead.
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Fig.1 Cyclic voltammogram of a solution of copper and
lead at pH = 6.0.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Liquid Chemical Sensors

276



Potential was linearly scanned between 600 mV
and -800 mV with a velocity of 5 mV/s. Starting at
0 V and decreasing the potential, a cathodic peak
around -75 mV could be found, which was
attributed to copper reduction. A simultaneously
deposition of copper was also visible from the mass
deposited onto the electrode.

Around -300 mV the mass curve shows a change in
the slope, as lead starts also to be deposited. A peak
in the current confirms the reduction of lead. Mass
deposition rate remains constant after the reversal
of the scan voltage, until the sign of current is
reversed and an anodic peak is formed,
corresponding to lead oxidation. Copper oxidation
and loss of mass on the electrode start around 0 V.

As limit current is attained, mass deposition rate is
a constant for each metal (0.0744 ng/s for copper
and 0.118 ng/s for lead, calculated in separate using
a single metal in each experiment). Deposition rate
for solutions where both copper and lead are
simultaneously present, show the same deposition
rate for copper before lead reduction takes place,
after which a deposition rate equal to the sum of
individual copper and lead deposition rates occurs.
This behavior allows finding out which metal is
being deposited without knowing the potential.

Fig. 2 and Fig. 3 show the cyclic voltammograms
obtained under similar experimental conditions, at
pH 4.75 and pH 3.0, respectively.
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Fig. 2 Cyclic voltammogram of a solution of copper and
lead at pH = 4.75.

In spite of the mass vs. potential plots being equal
for the three situations, marked differences can be
noticed on the current vs. potential plots. For
instance, an inverse current peak, which increases
in magnitude as pH decreases, can be noticed after
the oxidation peak of lead. Current peaks
corresponding to oxygen (-500 mV) or proton
reduction (-800 mV) are also present in Fig. 1 or
Fig. 2, although these processes do not disturb the
mass signal.
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Fig. 3. Cyclic voltamogram of a solution of copper and
lead at pH = 3.0.

The fact that oxidation or reductions involving
gases is not a mass contributing reaction constitutes
a clear advantage of the monitorization of mass in
respect to the current. The mass is however
sensitive to some other important structural
features, which are also shown in the current plot,
as for instance a small mass loss after the lead
anodic peak current, which is probably due to the
lead and copper interaction.

For quantification of trace metals, anodic stripping
should be performed. Fig. 4 shows the results
obtained with a pre-concentration performed
holding the potential at -800V for 3 minutes.
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Fig. 4. Anodic stripping voltammetry of a solution
containing copper and lead.

The graph was obtained for the same solution with
copper and lead concentrations in the mg L-1 range,
for which no pre-concentration was necessary.
However, the methodology was also applied for the
quantification of copper in natural waters, where
values between 3.6 and 5.3 µg L-1 were found.

A complete understanding and interpretation of the
voltammetric behavior of metal solutions is still
being pursued, for which experiments with different
voltage scan rates have been obtained.
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Summary: The development of chemical sensors operating in the liquid phase has been performed by
deposition of thin film of metalloporphyrins onto glassy carbon electrodes by electropolymerization
technique. An array of the developed potentiometric sensors have been exploited for the analysis of real
matrices. This array was able to discriminate among different brand of commercial mineral waters and
among model sample contaminated by heavy metal salts. The developed electronic tongue was also
successfully exploited for the discrimination among pharmaceutical drugs belonging to the same active
principle but differing for excipients.

Keywords: Electronic tongue, Porphyrin, PLS
Category: 5 (Chemical sensors)

1 Introduction

In the last few years the need to control both the safety
and the quality of environmental and food matrixes has
becoming more and more urgent. Chemical sensors are
an advantageous solution to these demands, because they
can allow both on line and remote control of different
environments. Furthermore the integration of chemical
sensors in array configurations has greatly expanded the
exploitation fields of such a devices. In fact, in this
configuration sensors should not be necessarily specific
for a target analyte, but they can be broadly selective or
even not selective at all, with the only necessary requisite
to behave differently from each other, i.e. to furnish not
correlated responses. According to this approach, the
chemical pattern of the matrix, i.e. the concentration of
the different analytes present in the mixture, is reduced to
a pattern formed by the sensor responses. Suitable Pattern
Recognition procedure is then in charge to assign these
patterns to their relevant classes of pertinence. This
classification is the final response of the array. For the
analogy of this approach with the working mechanism of
the mammalian “chemical” senses, olfaction and taste,
these sensor arrays have been generally called electronic
noses (vapor phase sensors) and electronic tongues
(liquid phase sensors). Starting from the first approach of
Persaud and Dodds, [1] the development of electronic
noses is a well consolidated field of research and several
examples of these arrays have been reported in the
literature and different instruments are now commercially
available in the market [2].

We have contributed to this field by developing sensor
arrays based on quartz crystal microbalances (QCM)
coated with different metalloporphyrins as sensing

materials. This electronic nose has been successfully
exploited in different fields, ranging from food analysis
to clinical applications [3].

Quite surprisingly, only few examples of electronic
tongues have been reported in the literature,
although the need of liquid samples control is
urgent as much as that of vapor matrices. The
excellent performances of metalloporphyrins as
sensing materials in vapor phase chemical sensors
led us also to explore the development of liquid
phase sensors based on metalloporphyrins as
sensing material.

Among the different possible transducers, CMEs
(Chemical Modified Electrodes) represent an
attractive approach for the development of liquid
phase sensors. Among the different possible
choices used to fabricate the CMEs, the
electropolymerization is an elegant, attractive, and
easy strategy for the immobilization of metal
complexes on the electrode surfaces. The principle
is based on the electrochemical oxidation (or
reduction) of a suitable designed monomer to form
a polymeric film incorporating the metal complex.

The Chemical Modified Electrodes (CME) have
been obtained by electropolymerization of metal
complexes of the 5,10,15,20-tetrakis (3-methoxy-4-
hydroxyphenyl)porphyrin, TMHPP, on glassy
carbon electrodes. The resulting devices have been
used as potentiometric sensors and they were firstly
characterised in terms of stability, sensitivity and
reproducibility towards the detection single model
analytes, such as for example NaCl, ethanol and
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triethylamine, in the concentration range of 10-6 to
10-3 mol/l.

These CME sensors showed very promising
stability, reproducibility and sensitivity properties
and these encouraging results led us to integrate
five CME, coated with the different TMHPP metal
complexes, in an array together with a reference
electrode (Ag/AgCl), to develop a
metalloporphyrins based electronic tongue [4]. The
developed electronic tongue was able to
discriminate and to correctly classify the five
classes of sensations that traditionally have been
assigned to the human taste.

In this paper we present the exploitation of the
developed electronic tongue to test a mixture
solutions and real sample as mineral waters,
pharmaceutical drugs and pollutants environment.

2 Experimental

The CMEs were obtained by deposition of the
following monomers: Mn(TMHPP)Cl,
Fe(TMHPP)Cl, CoTMHPP, NiTMHPP,
H2TMHPP. The electronic tongue was formed with
five porphyrin electrodes and a conventional
Ag/AgCl reference electrode. The measurements
were done as standard potentiometric ones and
electrical potential across each electrode and the
Ag/AgCl reference electrode was measured using a
very high input impedance amplifier (1013 Ω). 
Electronic tongue measurements were carried out
by immersion of the porphyrin electrodes into the
liquid samples, held at constant temperature (25 °C)
and gently stirred to maintain sample uniformity.
Sensors reached the stable potential in the samples
within about 15 minutes.
The developed array was firstly tested for the
discrimination of different brands of commercial
mineral waters. The experiments were carried out
using distilled water as reference, measured before
and after each mineral water sample. Data analysis
was carried by Partial Least Square (PLS)
technique and the results obtained are reported in
Figure 1.
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Figure 1. Plot of the first two latent variables of a
discriminant PLS model in mineral water experiments.

It is worth mentioning that the array was able to
classify each sample and that discrimination can be
correlated to the ionic composition of the mineral
waters, as reported by the chemical analysis carried
out with conventional techniques.
This result led us to explore the ability of the
developed electronic tongue to detect water samples
pollution by heavy metals, such as Cd, Pb or Hg. In
this case known amount of salts of the above
cations were added to a model solution. Also in this
case the array was able to discriminate among the
different solution and a satisfying correlation was
observed between separation and heavy metal
cation concentration.
A different field of applications was that of
pharmaceutical drugs, with the aim to discriminate
among samples containing the same active principle
(at the same concentration), and that differ only for
excipients. The analyzed drug classes have been
those of the Diclofenac® and the Lorazepan®. The
results in the case of anti-inflammatory (the
Diclofenac®) are shown in Figure 2.
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Figure 2. Plot of the first two latent variables of a
discriminant PLS model in Diclofenac experiments.

More detailed characterisation of the array and its
exploitation in the analysis of real matrices will be
presented in the final paper.
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Summary: A scalable nanosensor array fabricated in an unmodified CMOS process is presented. The

design employs a differential circuit and novel multiplexing to make ISFET/REFET measurements in each 
cell of the array – while being biased by a common reference electrode.  All signal processing is performed

in-situ and all readout circuitry is located on-chip. The FET-based sensors employ a floating gate

electrode structure and are sensitive to pH. On return from the foundry, the devices must be exposed to UV
light to eliminate any difference in threshold voltage.  The circuit gives a linear range that allows the FET

devices to potentially operate as pX sensors in the array.

Keywords: sensor, array, CMOS

Category: 5 (Chemical Sensors)

1 Introduction 
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There is considerable interest in developing solid
state based sensors for integration with medical
diagnostic devices [1]. A single-chip pH sensor
fabricated in a standard CMOS process has been
demonstrated [2].  In this work, we describe a scalable 
nanosensor array that can perform both temporal and
high-resolution spatial measurements on an analyte.
These devices have the potential to be integrated into
a ‘lab-on-a-chip’ system.

2 Nanosensor Arrays 

A pH-sensitive ISFET can be fabricated using a 
floating gate electrode and a Si3N4 passivation layer.
This technique is adopted here to develop a scalable
array with an unmodified CMOS process.  Each cell
in the array makes a differential potentiometric
measurement between an ISFET and a REFET –
biased by a common reference electrode.

Fig. 1.  A column of n electrochemical half-cells.

An nxn array is designed by considering a single
column of n electrochemical half-cells (Fig. 1).  The
resultant circuit maintains a constant source-drain
voltage vsd and a constant drain current id for the
ISFET in the enabled row.  The source voltage vs

varies with changes in pH of an analyte.  A Kelvin
four-terminal multiplexing configuration is used to
isolate the measurement of vs from the current source.

For each column of n electrochemical cells, the
circuit is employed for both ISFETs and REFETs. 
The source voltages vs(ISFET) and vs(REFET) are 
connected to an instrumentation amplifier to measure
and amplify the voltage difference.  This signal is 
used to establish the pH value of an analyte.

We have developed a 2x2 array which has been
fabricated in a standard 0.35µm CMOS process (Fig.
2).  Each cell comprises an ISFET, a REFET, and
minimal   addressing   circuitry. This results   in   a 

mm
4m4m

1.1.

2x2 array

Signal processing
and readout circuitry

31µm

31
µ

m

2.6mm

2x2 array

Signal processing
and readout circuitry
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31
µ

m

2.6mm

Fig. 2.  Micrograph of the nanosensor array circuit.
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geometrically square cell with each side no greater 
than 15.5µm in length.  The ISFET and REFET
devices have a gate length of 0.3µm and a gate width
of 1µm.  The readout circuitry for the array is
incorporated on-chip and consists of a row decoder, a 
column sequencer, and a 10-bit ADC. 

3 Experimental 

In order to facilitate testing, a customized probe is 
used to deposit solution on the sensitive area of
packaged chips and act as a reference electrode (Fig.
3).  An unbuffered 0.1M NaCl electrolyte solution
(under the control of a syringe) is applied to the chip
surface via silicone rubber tubing connected to a
capillary.  A silver wire inside the capillary makes an
electrical connection to a conventional probe arm to
establish the reference electrode potential.

Fig. 3.  Modified probe used as a reference electrode.

4 Results and Discussion 

The FET-based sensors are p-channel transistors
that conduct when the reference electrode-source
voltage (vRE -vs) is less than -VT.  We have found that
there is a significant difference in the threshold
voltage between ISFETs and REFETs in the cells of 
the array (Fig. 4).  The magnitude of VT for the
fabricated devices can vary from 1V to 4V. 
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Fig. 4. Transconductance characteristic for a single 
ISFET/REFET cell (vs=0).

This anomaly is a result of trapped charge that
accumulates on the floating gate electrodes during
fabrication. In order to bias the array with a common
reference electrode and make differential
measurements, the transconductance must be identical
for all ISFETs and REFETs.  Consequently, it is 

necessary to eliminate the trapped charge with 
exposure to UV radiation. As the time of exposure
increases, the mismatch between the FET threshold
voltages is reduced. The transconductance
approaches an ‘ideal’ curve that corresponds to
applying the voltage directly to the gate of the FET 
devices.

The source voltage of an ISFET is found to vary
linearly with the reference electrode voltage for a
range of 1.75V (Fig. 5).  Consequently, for a 
theoretical sensitivity of 57mV/pH, the ISFET is in
principle capable of detecting a range of 1 14pH.
The device can also potentially be used as a pX sensor
if an ion selective membrane is deposited on the
surface above the floating gate electrode. 
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Fig. 5.  Source-reference electrode voltage characteristic for 
an ISFET.

All of the components in the nanosensor array
circuit have been characterized and are in good 
agreement with simulation results.  The whole array 
circuit consumes no more than 15mW from a 3.3V 
power supply.

5 Conclusions 

A complete nanosensor array integrated circuit has
been designed and fabricated in a standard CMOS 
process.  For correct circuit operation, it is necessary
to expose the FET-based sensors to UV light to
eliminate any variations in threshold voltage.  The 
design is scalable and although the array is initially
sensitive to pH, it can potentially be functionalized for
various ions. We envisage that the final array devices
will be integrated into a ‘lab-on-a-chip’ system and
applied to areas such as tissue engineering.

References

[1] S. R. Manalis, E. B. Cooper, P. F. Indermuhle, P. 
Kernen, P. Wagner, D. G. Hafeman, S. C. Minne and
C. F. Quate, “Microvolume field-effect pH sensor for
the scanning probe microscope”, Applied Physics

Letters, 76 (2000) 1072-1074.

[2] P. A. Hammond, D. Ali and D. R. S. Cumming,
“A single-chip pH sensor fabricated by a conventional 
CMOS process”, Eurosensors XVI, Book of Abstracts
(2002) 489-490.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Liquid Chemical Sensors

281



Development of a creatinine-sensitive biosensor based on chemical field 

effect transistors for medical analysis
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Summary: low-cost, disposable, chemical field effect transistor (ChemFET) microsensors including a 
SiO2/Si3N4 pH-sensitive gate have been fabricated for pH measurements and adapted to biochemical 

applications by using polyvinyl alcohol (PVA) enzymatic layers. Application has been performed through 

the development of a creatinine-sensitive biosensor using immobilized creatinine deiminase as bioselective 
element. Creatinine detection properties have been characterised in dialysate, evidencing linear response 

on the [20-450 µmol.L-1]concentration range. The microsensor will be used for blood analysis and more 

precisely for haemodialysis. 

Keywords: ChemFET, creatinine detection, medical analysis 

Category: Chemical sensors

1 Introduction 

 Chronic end-stage kidney failure affects many 
patients in the world. Since it was developed in the 
1960s, kidney dialysis has allowed a great number 
of patients to survive the illness. Up to now, these 
techniques, and more precisely haemodialysis, have 
been constantly developed to improve the quality of 
health care and the patients' life expectancy. 
 In order to further improve the comfort of the 
haemodialysis patient, the dialysis effectiveness 
should be continuously monitored. This goal can be 
reached by developing disposable, low-cost, 
chemical microsensors for the detection of the H+,
K+ and Na+ ions, urea and creatinine. This involves 
the use of mass manufacturing techniques deviated 
from microelectronics and therefore the 
development of ChemFET (chemical field-effect 
transistor) microsensors.  
 This work deals with the development of such 
standard, technological process for the 
manufacturing of low cost pH-sensitive field effect 
transistors (pH-ISFET) and creatinine sensitive 
enzymatic field effect transistors (C-EnFET). 

2 Experiment 

N-channel ion sensitive field effect transistors 
(ISFETs) were fabricated on <100>-oriented N-
type (500 .cm) silicon substrate using a standard 
P-well technology [1]. A 50nm thermally grown 
SiO2 layer and a 50nm Si3N4 layer deposited on top 
formed the pH-sensitive gate structure. Finally, the 
sensor applications have been extended to 
enzymatic detection by using a photosensitive 
polyvinyl alcohol (PVA) layer [1] containing 
creatinine deiminase. This PVA layer was 
deposited on the pH-sensitive gate either by dip

coating (thickness around 10 microns), either using 
spin-coating and photolithography techniques. 
Thus, by optimising the deposition and 
photolithography stages, it was possible to pattern 
1-micron thick PVA layers (figure 1). 

Fig. 1. Deposition of the creatinine deiminase based PVA 
layer on top of the SiO2/Si3N4 pH sensitive gate

 Two structures of chemical sensors were 
manufactured. The first structure is a single ISFET 
realized on a 2 x 5 square millimeters chip. The 
second structure encloses a ChemFET/ReFET 
structure on a 5 x 5 square millimeters chip. The 
chips were stuck thanks to an epoxy insulating glue 
on specifically coated printed circuit. After wire 
bonding, encapsulation was performed thanks to a 
biocompatible silicone, leaving the sensitive parts 
uncovered. 
 The gate voltage being applied to the solution 
by a "gold wire" pseudo-electrode, ChemFET 
sensors were characterized by I-V measurements,
the VGS voltage variations being monitoring for a 
constant drain-source current IDS.
 PH measurements were studied using three 
standard buffer solutions (pH = 4.01, 7.00 and 
10.01). The performances of the SiO2/Si3N4 ISFET 

Source Drain

PVA layer 
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chemical sensor have been studied thanks to the H+

ion detection. Linear non-nernstian (sensitivity: 40 
mV/pH) pH responses have been obtained while 
using the "gold wire" pseudo-electrode. 

Creatinine detection was studied in dialysate 
(pH  7.6). The enzymatic microsensor was dipped 
in the solution (2 mL volume) and measurements 
was performed after 30 seconds of immersion, at 
room temperature (about 20°C). 

3 Results 

 Creatinine has been detected thanks to the pH 
variations induced by the creatinine deiminase 
enzymatic reactions [2]. Thus, The C-EnFET 
detection properties are obtained on the [20 - 450 

mol.L-1] concentration range, evidencing an 
equivalent pH increase (figure 2). Higher voltage 
variations were obtained for the thick PVA micro-
drops compared to the thin PVA photolithographic 
patterns. This phenomenon should be related to the 
higher PVA volume, i.e. to the higher amount of 
creatinine deiminase, deposited by dip coating.
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Fig. 2. Creatinine detection in dialysate solutions for a 
PVA enzymatic layer deposited by dip coating and spin 
coating/photolithography 

0 100 200 300 400 500

0,00

0,01

0,02

0,03

0,04

0,05

G
a

te
 v

o
lta

g
e

 v
a

ri
a
tio

n
s 

(V
)

Creatinine concentration (µmol/L)

 C-EnFET
 pH-ReFET
 differential analysis

Fig. 3. Differential measurement of creatinine in dialysate 
solutions with a creatinine-PVA droplet 

 In a previous study, we showed that the 
dialysate was not buffered enough to prevent pH 
variations [1]. Thus, the ChemFET/ReFET 
structure has been used in order to take into account 
this phenomenon. In this case, The C-EnFET and 
the pH-ReFET undergo similar variations. 
Nevertheless, differential analysis evidences a 
quasi-linear relation for creatinine concentrations 
ranging from 130 to 450 mol.L-1 , and the 
creatinine sensitivity has been finally estimated 
around 35 mV/pCréatinine.

4 Conclusion and perspectives 

Low-cost, disposable, SiO2/Si3N4 pH-chemical 
microsensors have been fabricated and adapted to 
creatinine detection by using photosensitive 
polyvinyl alcohol (PVA) enzymatic layers. The pH 
and creatinine detection properties have been 
studied while using a "gold wire" pseudo-electrode. 
Thus, creatinine detection has been obtained 
between 20 and 450 µmol.L-1 in dialysate solution. 
Since pH variations were also evidenced, a 
differential analysis between the C-EnFET and a 
pH-ReFET has been developped. Thus, linear 
response has been shown in the same concentration 
range, the sensitivity being estimated to 
35mV/pCreatinine.

These works will be continued by studying by 
differential analysis the detection of the creatinine 
in dialysate with an enzymatic PVA layer deposit 
by photolithography. The sensors will then be 
developped for blood analysis and more precisely 
for haemodialysis. 
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film. 
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Summary: Piezoelectric and ferroelectrics films are very promising materials for micro-actuators in 

MEMS applications (micro-actuators). In this paper, we present the fabrication and characterization of 

silicon membranes actuated by thin piezoelectric films. The influence of the electrodes implementation has 

been carefully analyzed. Si/SiO2/PZT square membranes have been elaborated by DRIE etching, and a 
sputtering process for PZT thin films has been specifically developed. We have investigated the dynamic 

and static behavior of our Pt/PZT/Pt/Ti/SiO2/Si membranes. Sputtered PZT on 4” wafers lead to high 

quality material well suited for large membrane deflection up to several microns. Detailed process will be 

given

Keywords: PZT, actuators, membranes, electrodes configuration. 
Category: 2, Materials and technology.

1 Introduction 

Piezoelectric thin films present a great interest 
for the microsystems thanks to their reversible 
effect [1]. Combining micromachined silicon 
membranes with piezoelectric (or ferroelectric) thin 
films has resulted in novel micro-devices such as 
motors [2], accelerometers [3], pressure sensors [4],
micropumps [5], actuators [6], or acoustic 
resonators [7]. In this work, we present the 
fabrication and the characterization of square 
membranes (Si/SiO2) actuated by a thin PZT layer. 

2 Fabrication 

Table 1 summarizes the process used to 
fabricate the membranes. The piezoelectric 
membranes were micro-machined out of 4 inches 
SOI wafers. The device is constituted by a 10 µm 
thick silicon layer, 2 µm of thermal oxide layer, the 
bottom electrode (50 nm of Titanium and 200 nm 
of Platinum), the piezoelectric thin film (700 nm) 
and the top electrode (200 nm of platinum). The 
piezoelectric thin film (PbZr0,5Ti0,5O3) was 
deposited by RF magnetron sputtering at low 
temperature, therefore in the amorphous state. 
Then, in order to obtain a good crystallization in the 
perovskite phase, we performed a Rapid Thermal 
Annealing ; 30s at 675°C under a N2+O2

atmosphere. The bottom electrode contact was wet 
etched in the PZT layer. Then we have patterned 
the top electrode by lift-off using a negative 
photoresist. And finally square apertures were 
opened from the backside of the SOI wafer by a 
Deep Reactive Ion Etching. Figure 1 shows a 3 mm 
square membrane without any excitation. The free 
deformation due to stress is shown.

SOI thick wafer 
(10µm/1µm/525µm) with a 
2µm thermal SiO2 layer on 
both sides.  

Evaporation of the bottom 
electrode (Ti/Pt). Annealing at 
400°C. Sputtering of 700 nm 
PZT thin film and RTA.  

Top electrode: 

� Evaporate 

� Patterning 

Wet etching of the PZT layer. 

Dry etching of the oxide layer 
on backside and DRIE of Si to 
release the membranes. 

Tab 1. Process flow short description. 

Fig 1. 3D map of a 3 mm square membrane, with a 700 
µm square centered electrode (measured by optical 

interferometer) without excitation. 
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3 Characterization of the PZT thin film 

We have developed and investigated the 
elaboration of PZT thin films by RF magnetron 
sputtering. The stoechiometry of the film has been 
checked by Rutherford Backscattering 
Spectrometry. The film is 10% deficient in lead. X-
ray characterization (fig 2) shows a film 
crystallized the film in the perovskite phase without 
any traces of the pyrochlore phase (Pb-Ti-fluorite). 
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Fig 2. X-ray diagram of the PZT layer. 

4 Characterization of the devices 

1. Static and quasi-static behavior 

We have first studied the behavior of the 
membrane when a PZT thin film is excited with an 
AC voltage (square or sinusoidal) at low frequency 
excitation. The figure 3 shows the response of a 7 
mm square membrane with a 1 mm square centered 
electrode to a square voltage (-10 V to 10 V) at 50 
Hz. Measurement were made with a laser 
vibrometer. Total deflection is about 5 µm. 
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Fig 3. Response of 7 mm square membrane to a square 
volatge at 50 Hz.

2. Dynamic behavior

We have evaluated the frequency of the first 
mode for different geometries of the actuators. We 
present the evolution of the first mode with the 
following parameters : the membrane length and 
the electrode length. Vibration frequencies were 
characterized by using the laser vibrometer. The 
membranes were actuated by an AC sinusoidal 
voltage of 10V amplitude. Typical response is 
presented on the figure 4. This device exhibits a 
first mode (B00) at 13 kHz with a sensitivity of 0,87 
µm/V. 

We have compared the FEM results to our 
measurement. We used two FEM software’s for the 
design of the devices ; ATILA provided by Cedrat 
technology* and ANSYS. Table 2 compares the 
first results not including the stress in the layers. 
Further analyses will be detailed. 
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Fig 4. harmonic characterization of a 5 mm square 
membrane with a 1 mm square electrode.

ATILA: 5,6 kHZ

ANSYS: 6,1 kHz

Experimental :13 kHz

Tab2. Comparison FEM vs. experimental measurement. 

5 Conclusion 

We have demonstrated the behavior of our PZT thin 
film as an integrable actuator in MEMS 
technologies. Membranes actuated by the PZT 
show good deflection and can be used in a quasi 
static or in a resonant mode. 
* http://www.cedrat.com/
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Direct-Write Asymmetric Y-branch Waveguides on Flame Hydrolysis 

Silica for Sensing Applications 
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Summary: Asymmetric Y-branch waveguides with different branching ratios were written on Ge

doped Flame Hydrolysis Deposited (FHD) silica using electron-beam irradiation. Power splitting 
ratios were modelled using the 2D Beam Propagation Method (BPM) and the theoretical ratios

compared with the experimental ones. We show that this type of waveguide is suitable for use in a 

sensor chip to make fluorescence measurements by integrating microfluidic channels with these
waveguides.

Keywords: silica-on-silicon; electron-beam; Y-branch.
Subject Category: 2 (Materials and Technology)

1. Introduction 2. Theory 

Planar silica devices using FHD silica have long been
of interest to the Telecommunications industry due to
the robust nature of the high optical quality glass 
waveguides produced [1]. FHD silica has also found
interesting applications in optical sensing at visible
wavelengths [2,3]. Waveguides were originally
defined using standard photolithography and dry etch
techniques, but this method can be time-consuming
and reproducibility poor. A further FHD silica layer 
needs to be deposited after the dry etching of the core 
in order to allow integration of the microfluidic
channels.

FHD of Ge doped silica uses an oxy-hydrogen flame
to synthesise soot particles from SiCl4. Dopants are 
added to alter the refractive index and to lower the
sintering temperature of the glass. The soot is
deposited onto a silicon wafer with a layer of thermal
oxide as undercladding. The soot is then consolidated
in a furnace at 1350 ºC. 

Electron-beam irradiation of FHD silica has recently 
been reported [5]. The increase in refractive index 
observed is believed to be mainly due to compaction
of the material, while the addition of Ge to the glass
produces a greater effect than is observed in thermal
silica [6]. Figure 1 shows an approximation of the
waveguide profile after irradiation. The FHD silica
layer is 2.4 µm thick, the width of the waveguides
written is 2 m and the thermal SiO2 is 7 µm.

Electron-beam directly written optical waveguides
have been demonstrated before as a technique that
allows the fabrication of directly-buried low-loss
waveguides, leaving a perfectly planar surface 
suitable for further integration of microfluidics [4].
An upper cladding layer of glass is not needed to
protect the guides, allowing the use of more
convenient materials such as polymers. Writing times
are significantly shorter than the corresponding dry
etch times required. 

Figure 1: Profile of an electron-beam written waveguide

FHD silica 

Si
Thermal SiO2

This work demonstrates the applicability of electron-
beam written waveguides in FHD silica to
fluorescence measurements for biological
applications. Single-mode asymmetric branching
waveguides with varying branch angles have been
written and their performance compared with that
predicted by 2D BPM simulations. A sensor chip is
proposed, in which microfluidic channels are etched
through the waveguides and sealed with a silicone
polymer.

Asymmetric Y-branch structures in silica for optical 
interferometers were reported by Takato [7], and have 
recently been employed in sensors [2, 3]. At shorter
wavelengths, the waveguide dimensions required for 
single-mode guiding decrease to the point where they
reach the limits of photolithographic possibilities. 
Therefore, the use of electron-beam irradiation, which
can write with nanometre precision, should result in
more reliable waveguide structures.

Figure 2 shows a schematic of the proposed chip,
where d, the final distance between the output 
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waveguides, was varied to produce a branching angle
change, which varies the splitting ratio.

Figure 2: Top view of the sensor chip layout

Preliminary tests have been conducted to establish the
feasibility of integrating microfluidic channels into
the waveguide chip to allow fluorescence 
measurements to be made. These channels are defined
by photolithography and dry etching using CHF3. The 
channels are etched through the waveguide to allow
direct excitation. PDMS (Polydimethylsiloxane) is
used to seal the channels and to provide an upper 
cladding for the waveguides. This polymer was
chosen due to its suitable refractive index (1.43) and 
low autofluorescence.

3. Fabrication and Characterisation

FHD silica wafers were grown in-house with a
core/undercladding index difference of 0.75%. The 
wafers were diced into 1 x 1.5 cm pieces using a fine 
diamond saw. All waveguides were written on
substrates deposited in the same run. A thin layer (30 
nm) of NiCr was evaporated onto the substrate prior
to electron-beam irradiation to prevent charging. The 
refractive index change produced in the irradiated 
area was 5x10-3 for a dose of 0.01 Ccm-2 and electron 
energy of 50 keV. 

End-fire coupling was used to excite the waveguides.
A x40 lens with a numerical aperture (NA) of 0.65 
was used to focus the light into the guides, while a 
x20 lens with a NA of 0.40 was used for collection.
Measurements were made using a LabMaster optical
power meter.

4. Analysis 

Table 1 shows the waveguides that were written, the
predicted percentage output power of each branch and 
the measured percentage output powers. 

Final

distance d 

(µm)

Predicted

branch 1 

output

(%)

Predicted

branch 2 

output

(%)

Measured

branch 1 

output

(%)

Measured

branch 2 

output

(%)

57.5 59 41 56 44
65 61 39 63 37

microfluidic channel 
output
waveguideinput

waveguide
Table 1: Comparison of predicted (BPM) and measured
branch outputs 

d The measurement error is estimated to be ±4%. 
Excess losses are attributed mainly to leakage into the
slab and to the roughness of the waveguide facets. A
good agreement between the measurements and
simulations can be observed.reference

waveguide

5. Conclusion 

We have demonstrated that asymmetric branching
waveguides can be accurately written on FHD silica
using electron-beam irradiation, and that predicted
branching ratios can be consistently achieved. We
propose that this method of creating waveguides will
provide a route to fluorescence sensing systems by
incorporation of microfluidic circuitry.
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Piezoelectric AlN thin films grown by reactive sputtering for MEMS
applications
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Summary: In this work we investigate the suitability of piezoelectric AlN films deposited by RF sputtering
for MEMS applications. The morphological and piezoelectric properties of the films are analysed in
relation with the sputtering parameters (substrate bias voltage, pressure and gas composition). c-axis
oriented films with adequate piezoelectric response and controllable residual stress were obtained.
Preliminary results on the fabrication of micromachined suspended structures are presented.

Keywords: AlN, sputtering, piezoelectric, stress, MEMS
Category: 2 (Materials and technology)

1 Introduction

Aluminium nitride (AlN) is an interesting material
for the fabrication of sensors and actuators [1]. It is
used as the piezoelectric layer in surface and bulk
acoustic wave (SAW and BAW) devices [2], which
are the basis of some chemical and biological
sensors. The feasibility of piezoelectric MEMS
actuators, such as RF microswitches, which make
use of PZT and ZnO as actuating materials is
currently being investigated [3]. Aluminium nitride
exhibits several advantages compared to those two
materials, such as excellent insulating properties, a
large breakdown field and a better compatibility
with silicon technology [2].

To fabricate AlN-based MEMS it is necessary to
obtain films with c-axis orientation, controlled
residual stress and grain size, and good adhesion to
the substrate. RF sputtering is the most common
technique to grow AlN films with those
characteristics at low temperature. In this work we
report the procedure to obtain films with crystal
quality and residual stress suitable for the
fabrication of MEMS suspended structures
(cantilevers and bridges).

2 Experimental techniques

Aluminium nitride films have been deposited by RF
sputtering of an Al target in an Ar/N2 gas mixture
on silicon and oxidized silicon wafers. The total
pressure, the gas composition and the substrate bias
voltage have been varied over a wide range. X-ray
diffractometry (XRD) has been employed to assess
the preferred orientation and grain size. The
residual stress has been measured by the bow
technique. To evaluate the piezoelectric response,
SAW structures have been fabricated by depositing
metallic IDTs transducers on the AlN films. The
electromechanical coupling factor (k2) was derived

from the frequency response of the SAW structures.
Bulk and surface micromachining technologies are
being developed to fabricate suspended test
structures.

3 Results

Our results on the sputtering of AlN films are
summarized as follows. When the bombarding
energy of the species that impinge on the substrate
is sufficiently high, films with c-axis orientation are
obtained. If the bombardment is very directional,
the residual stress becomes too high. Increasing the
pressure allows to reduce the directionality of the
impinging particles and, therefore, the stress of the
films. However, the bombardment energy is also
decreased. This effect can be compensated by
adjusting the substrate bias voltage. This way, it is
possible to maintain the c-axis orientation while
controlling the residual stress.
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Fig. 1. XRD pattern of a representative AlN film. The
inset shows the rocking-curve.
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As an example of the crystal quality attainable,
figure 1 shows an XRD pattern of a c-axis oriented
AlN film with a large grain size (approximately
60 nm) and a compressive residual stress of
500 MPa. The inset shows the rocking-curve with a
full-width-at-half-maximum of 4.2º.

Figure 2 shows the dependence of the residual
stress on the pressure for two different substrate
bias voltages. The residual stress decreases as the
pressure is increased or the substrate bias voltage is
decreased. The stress also depends on the nitrogen
content. By adjusting the deposition conditions we
obtained layers with stress ranging from large to
very low compressive (or even tensile) values.
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Fig. 2. Variation of the residual stress with the
pressure for two values of the substrate bias voltage .

The frequency response of a representative AlN
SAW structure is presented in Figure 3. The
piezoelectric coefficient was derived from the value
of the electromechanical coupling factor (k2), which
was determined by analysing the SAW response.
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Fig. 3. SAW frequency response of a test structure.

To evaluate the viability of the material for MEMS
applications, preliminary test structures consisting
in suspended bridges and cantilevers have been
fabricated. As an example, a silicon-bulk
micromachined structure is shown in figure 4.
Experiments are currently underway to produce
piezoelectrically-actuated MEMS.

100 µm

Fig. 4. Suspended structure consisting in a
SiO2/AlN/SiO2 sandwich on a Si substrate.
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PMMA to SU-8 Bonding for Polymer Based
Lab-on-a-chip Systems with Integrated Optics
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Summary. We present an adhesive bonding technique developed for SU-8 based ”lab-on-a-chip”-
systems with integrated optical components. Microfluidic channels and optical components (e.g. wave-
guides) are defined in SU-8 photoresist on a Pyrex glass substrate. The microfluidic channels are sealed
by a second Pyrex substrate, bonded on top of the cross-linked SU-8 structure using an intermediate
layer of poly-methylmethacrylate (PMMA). Due to a lower refractive index of PMMA, this bonding tech-
nique offers good sealing of the microfluidic channels in combination with optical waveguiding in the
SU-8 structures. The bonding technique is optimized with respect to temperature, and at a bonding force
of 2000 N on a 4-inch wafer. A maximum bonding strength of ∼18 MPa is achieved.

Keywords: PMMA, SU-8, Bonding, Integration
Category: 2 (Materials and technology)

1 Introduction

The integration of optical components and microfluidic
components in polymer-based ”lab-on-a-chip”-systems
requires the use of new materials for sealing of the mi-
crofluidic systems. SU-8 is a widely used photo de-
finable material for microfluidic and microoptical sys-
tems [1]. However, when integrating microfluidics and
microoptics, SU-8 is not the optimal choice of inter-
mediate material for bonding due to optical losses to
the bonding layer. The use of poly-methylmethacrylate
(PMMA) as an intermediate material solves this prob-
lem because the refractive index of PMMA is smaller
than that of SU-8, whereby light can be confined in the
SU-8.

In this paper we present an adhesive wafer-bonding
technique for SU-8 based ”lab-on-a-chip”-systems
with integrated optical components. The bonding tech-
nique is optimized with respect to temperature at a
bonding force of 2000 N distributed over a full 4-inch
wafer. We have focused on optimizing the bonding
temperature, because this is a critical processing pa-
rameter for polymer based optics due to thermal ag-
ing of polymers [2], which leads to increased optical
losses.

2 Experimental work

In the study of the bonding strength of PMMA to SU-8
a series of sample Pyrex wafers were processed. The
wafers were bonded in a homebuilt pressing machine
and pull-tested to measure the bonding strength.

2.1 Processing

The fabrication of the samples relies on standard clean-
room processes. Prior to fabrication the Pyrex wafers
are cleaned in Triton X100 soap and 7-up etch (sul-
phuric acid and ammoniumperoxodisulphate at 80◦C)
before they are dehydrated for 12 hours in an oven at
220◦C. A 10 µm thick SU-8 layer is spun onto the bot-
tom wafer, prebaked at 90◦C for 2 min on a hotplate,
flood exposed and post-baked on a hotplate at 90◦C for
15 min to cross-link the SU-8. A 5 µm thick PMMA [3]
layer is spun onto the top wafer and prebaked in an
oven at 170◦C for 30 min. Finally the two wafers are
put on top of each other with the SU-8 and PMMA lay-
ers face to face.

2.2 Bonding

The sandwiched wafers are pressed together in a home-
built pressing machine with pressure- and temperature
control. Initially three different bonding sequences
with varying bonding time were tested to assess the in-
fluence on the bonding strength. The choice of bond-
ing time showed no significant influence on the bond-
ing strength. The following sequence was chosen for
the further studies of the temperature dependence: The
wafers are heated to bonding temperature before the
bonding force is applied. The bonding temperature
is kept for 10 min before active cooling is turned on,
and the bonding force is released when the temperature
drops below 75◦C.

A number of bonding experiments were performed
at different temperatures between 50◦C and 150◦C,
with a constant bonding force of 2000 N.
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Furthermore a preliminary study of the bonding
strength dependence on bonding force was performed.
In this series of experiments the temperature was con-
stant, 150◦C, while the bonding force was varied be-
tween 1000 N and 2000 N.

2.3 Pull-testing

The pull-testing experiments were performed in a stan-
dard pull-testing machine capable of recording load-
extension curves within a load range of 0-415 Kg.
The bonded wafers were diced into 10 mm × 10 mm
squares which were glued in between two metal bolts
with an Epoxy based glue from Loctite c©. The bolts
fitted into the pull-testing machine. From the load-
extension curves the bonding strength of each sample
was extracted. By visual inspection it was checked af-
ter each pull-test that the fracture actually occured be-
tween the bonded wafers.

3 Results and discussion

The investigation of the bonding strength dependence
on the bonding temperature is shown in Fig. 1. For

Fig. 1: Bonding strength obtained with different bond-
ing temperatures. The bonding force was 2000 N (dia-
monds) and 1000 N (circle). The error bars indicate the
standard deviation on the measuring points.

a bonding force of 2000 N the maximum bonding
strength of ∼ 16 MPa is reached at a temperature be-
tween 110◦C and 120◦C. This is just above the glass
transition temperature, Tg , of 105◦C for PMMA.

The preliminary study of the bonding force depen-
dence showed that the bonding strength actually in-
creases with decreasing bonding force within the avail-
able range of 1000-2000 N. At 1000 N the bonding
strength is ∼ 18 MPa while at 2000 N it is ∼
11 MPa at a bonding temperature of 150◦C. There-
fore it is actually possible that the bonding strength
of PMMA/SU-8 increases further at lower bonding
strengths and thereby becomes comparable to the max-

imum bonding strength of SU-8 to SU-8, which earlier
has been measured to be ∼ 21 MPa [4].

The PMMA bonding technique has not been investi-
gated systematically with patterned SU-8 layers. How-
ever, the technique has been used to produce a work-

Fig. 2: Scanning electron micrograph of a cross sec-
tion of a SU-8 based device with a 300 µm wide and
10 µm high micro-fluidic channel patterned in SU-8
and bonded with the poly-methylmethacrylate (PMMA)
bonding technique, presented in this paper.

ing microfluidic device with a channel width down to
100 µm and channel height of 10 µm without any indi-
cation of PMMA clogging the channels, see Fig. 2.

4 Conclusion

A new adhesive bonding technique using PMMA as
an intermediate material has been demonstrated. This
technique improves the possibilities for integration of
optical components with microfluidic devices. The re-
sults indicate that the optimum bonding temperature is
just above the glass transition temperature of PMMA.
The maximum achieved bonding strength is ∼ 18 MPa.
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A Spectrally Resolved Multi-Point Optical Fibre Ultra Violet Sensor Using 

Cladding Luminescence 
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Summary: A multi-point sensor for ultra violet detection is presented. The sensor is a polymer optical fibre 

which has had sections of its cladding stripped and replaced with phosphor doped epoxies. Two points on 

the fibre have been coated with phosphors of different emission spectra (red & green) when stimulated by 

ultra violet radiation. The spectral emission intensity is dependent on the strength of the incident ultra 

violet radiation. Part of the emissions are coupled to the fibre’s core. The fibre’s output is monitored using 

a spectrometer which can determine localised areas of varying ultra violet intensity. Results are included 
in the form of spectra (400nm to 900nm) under different ultra violet stimulation conditions. 

Keywords: optical fibre sensor, multi-point sensor, ultra violet sensor, spectrally resolved measurement 

Category: 2 (Materials & Technology)

1 Introduction 

The multi-point sensor presented here is based on 
the cladding photoluminescence of an optical fibre 
which has had its cladding replaced with a 
phosphor doped epoxy. These have been reported 
previously in single point probe form [1]. When the 
fibre is irradiated by ultra violet light the cladding 
luminesces and part of the emission is coupled to 
the fibres core. This has been shown to have a 
direct dependence on the fibre’s V-number [2]. A 
diagram showing this sensing principle is shown in 
Figure 1. 

Fig. 1 Ultra Violet Sensor Based on Cladding 
Photoluminescence 

This paper reports a expansion on this probe design 
whereby two different points on the fibre have been 
coated with phosphors with different peak emission 
wavelengths which correspond to the red (630nm) 
and green (525nm) sections of the visible spectrum. 
When the fibre’s output is monitored using a 
spectrometer it is possible to determine the intensity 
of the ultra violet irradiation at localised areas by 

observing the recorded intensity levels of the 
emission wavelengths on a Microspectrometer 
detector. In this paper the ultra violet emission from 
the lamp is simulated by an array of L.E.D.s with a 
peak emission wavelength of 370nm. This was 
done to enable isolated stimulation conditions of 
the individual coated regions of the fibre. This 
sensor has applications in monitoring the 
uniformity of microwave plasma ultra violet 
discharges for water sterilisation units 

2 Sensor Materials & Preparation 

Phosphor selection is an important parameter in the 
system design process. It is crucial to the sensitivity 
of the measurement that there is a large overlap in 
the spectrum of the ultra violet radiation being 
monitored and the phosphor’s absorption. Also in 
order to make a comparison between the phosphors 
photoluminescent emissions it is important that the 
sensitivity and quantum efficiency are matched for 
the two phosphors involved. One final point for 
consideration when selecting phosphors for such a 
sensing system is that their peak emissions must be 
sufficiently separated in wavelength in order that 
the peaks may be resolved by the spectrometer and 
that any spectral overlap is minimised.  
The epoxy host for the phosphor also takes specific 
consideration. It is necessary for the epoxies 
transmission spectrum to include the UV radiation 
under investigation in order for the stimulating 
photons to be able to penetrate the cladding and 
interact with the phosphors. The fibre used for the 
sensor must also have a refractive index larger that 
the epoxy in order to create the conditions for a 
positively guiding waveguide.  
The coating is applied pneumatically using a 
process developed at the University of Limerick [3] 
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3 Experimental Setup 

The sensor was tested using two separate arrays of 
three ultra violet LEDs from Optosource (260019 
series). These LEDs have a domed lens which 
produces a narrow viewing angle of 10 degrees. 
This focuses the emitted radiation thus increasing 
the intensity of the ultra violet on the fibre. Each 
array has its own power source making it possible 
to control the individual currents and hence the 
emission intensity on each of the individual 
sections of the fibre independent of the others. The 
spectrometer used to monitor the fibre’s output was 
the Ocean Optics S2000. This is a low-cost, high-
performance system sensitive in the UV-VIS-NIR 
region from 200-1100 nm. It has a high-sensitivity 
linear CCD array that provides high response and 
excellent optical resolution in a miniature package. 
It is suitable for use with large core diameter optical 
fibres.  The spectrometer communicates with a PC 
through a data acquisition card. The spectral 
outputs are displayed using a LabVIEW V.I. A 
graphical user interface is constructed in LabVIEW 
where the output may be analysed or manipulated. 
A schematic diagram showing the experimental set-
up is shown in Figure 2.  

Fig 2. Experimental Set-up for Multi-Point Sensor. 

4 Results 

The fibres were tested under three conditions. One 
time when the ultra violet stimulation was identical 
on both points on the sensor, once when the ultra 
violet was withdrawn from the green section but not 
the red and once when the ultra violet was 
irradiating the green section only. These results for 
the first two conditions are shown in Figures 3 & 4. 

5 Discussion

It is clear from Figures 4 & 5 that a system capable 
of distributed or multi-point sensing based on 
spectrally resolved information has been developed. 
This sensor gives the user clear information on the 
spatial distribution of incident ultra violet radiation 
along the fibre. Due to the good spectral separation 

between the two peaks of interest it may be possible 
to replace the S2000 spectrometer with a less 
expensive detection device. This may take the form 
of a low cost on chip micro-spectrometer or the use 
of a colour sensitive photodetector.  

Fig. 3. Spectrometer Output For Both Green & Red 
Coated Sections Under Irradiation

Fig. 4. Spectrometer Output For Red Section of the 
Fibre Under Irradiation 

References 

[1] Fitzpatrick C. Lewis E. Al-Shamma’a A. Lucas 
J., “An Optical Fibre Sensor for Germicidal 
Microwave Plasma Powered UV Lamps Output 
With Potential For On-Line Temperature Control” 
OFS 2002 (15th Optical Fibre Sensors Conference), 
Portland, Oregon, 6-10 May 2002, pp 455 - 458. 
[2] Marcuse D., “Launching light in fibre cores 
from sources located in the cladding”, J Lightwave 
Technology Vol. 6 No. 8, August 1988, pp 1273-
1279
[3] O’Donoghue C. Fitzpatrick C. Lewis E. Grout 
I., “A fabrication process for luminescent clad fibre 
optic sensors”, ODF2002 (3rd International 
Conference on Optics-photonics Design & 
Fabrication), October 30th -November 1st 2002, 
Tokyo, Japan, pp 107-108.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Materials and Technology

293



Integration of Self-Assembled 3-D RF Passive Components with Thin-Film

Microstrip Lines

G.W. Dahlmann1, M.M. Ahmad1, E.M. Yeatman1, A. Boughriet2 and I.D. Robertson2

1Department of Electronic & Electrical Engineering, Imperial College London, U.K.
email: e.yeatman@imperial.ac.uk http://www.ee.imperial.ac.uk/optical/

2School of Electronic Engineering and Mathematics Department, University of Surrey, Guildford, Surrey, U.K

Summary: A fabrication process has been developed which allows the combination of thin film microstrip

transmission lines with released metal structures which can then be rotated out-of-plane by surface tension

self assemby. The transmission lines allow low-loss feeds to the lumped element components. The use of

self-assembly allows decoupling from lossy substrates, which can greatly improve the Q and operating
frequency range. This is demonstrated for inductors, where Q of up to 70 is achieved on low resistivity

silicon, with no self resonance up to 30 GHz. The process technique avoids all substrate modification and

high temperature steps.

Keywords: high-Q inductor, microelectromechanical systems (MEMS), RF-MEMS, self assembly
Category: 2 (Materials and technology)

1 Introduction

Fabrication of more 3-dimensional structures, in a
way compatible with low-cost batch production and
standard semiconductor process steps, is a key
challenge in many fields of MEMS. Previously, we
have developed a technique of rotating parts
defined by photolithography to out-of-plane
orientations, using the surface tension force in
molten hinges [1], [2], and have applied this
technique to metal parts in order to create vertical
inductors on silicon [3],[4]. In this way, magnetic
and capacitative coupling to the substrate can be
much reduced, lowering losses and raising the
maximum operating frequency. Integration of high

Q, high frequency inductors and other passives on
silicon is very attractive for lowering cost and
raising performance of tuned radio frequency
circuits, particularly for low power applications
such as sensor networks. However, achieving the
full possible benefit of such an approach to passive
components requires the use of interconnects which
themselves do not have high losses or parasitic
coupling. Thin film microstrip (TFMS)
transmission lines are an attractive choice for this
requirement, being of compact size and offering the
possibility of fabrication over previously processed
active silicon. This paper reports on the integration
of TFMS with vertical, self-assembled RF
structures.

a

b
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d

e

f

g

photoresist

copper

polyimide

semiconductor

Sn/Pb solder

Fig. 1. Fabrication process flow. For each step the left side shows TFMS lines and vias, the right side the inductors and
anchors.
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2 Fabrication

Fig. 1 shows the process flow. A Cu ground plane
is first deposited (a) on a low resistivity (5 Ω⋅cm)
silicon substrate. The transmission line dielectric is
photo-imageable polyimide (HD Microsystems
HD4010), in which vias are opened for ground
points for RF probing (b). The via metalisations are
formed by Cu electroplating (c). Further processing
is as reported in [4]; anchor (d) and inductor
layers (e) are electroplated in photoresist molds, the
signal lines of the TFMS being formed
simultaneously.

Eutectic Pb-Sn solder hinges are then added in a
further lithography and plating step (f), and the
sacrificial resist layers are removed in proprietary
resist solvent (g). The solvent is removed by freeze
drying, to prevent stick-down of the released parts.
Solder reflow is then carried out, just above the
eutectic melting temperature at 200ºC, in a reducing
atmosphere to avoid oxidation of the solder hinge
material. The melted hinges cause the inductors to
rotate into the vertical plane, after which the
temperature is reduced, and the hinges cool and
solidify. Examples of the final structures are shown
in Fig. 2. The TFMS dielectric height was 9 µm,
track widths were 60 µm, and meander and hinge
metal thicknesses were 5 µm and 10 µm
respectively. No substrate modification is involved;
polishing steps are also avoided.

Figure 2.  Meander inductors with TFMS lines and probe
points.

3 Results

The S parameters of the meander inductors were
measured using an Agilent 8510C vector network
analyser, with 100 µm pitch ground-signal-ground
probing on a Cascade probe station. The feed lines
were de-embedded from the measured response,
using fits of the TFMS parameters from
measurements of test structures, to obtain the
results given in Fig. 3. For comparison, meanders
of equal dimensions not released or rotated were
also measured, as shown. Inductances obtained
were about 1.5 nH.

The obtained Q values and peak frequency

greatly exceed those achieved previously for rotated
inductors. The maximum Q of 70 approximates to
the best reported for any high frequency inductors
on silicon. In [5] Q values up to 85 are reported for
3D coils, but measurements above 1 GHz are not
given and the inductors are relatively large. In [6]
peak Q values of 70 are also achieved, for similar
L, with peak frequency at 6 GHz well below the 10
GHz obtained in this case. No resonance is seen in
our measurements up to 30 GHz. Other applications
of this technique will be possible, such as spiral
inductors.
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Fig. 3.  Q vs. frequency for (a) in-plane meander and (b)
out-of-plane meander
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Summary: Monitoring particles in the gas phase by electronic charge-transfer reactions at 
semiconductor surface is a concept aimed by R&D in recent years. The advantages of the use of 

semiconductor oxides are high sensitivity, simple design, low weight and cost. However, the range of 

applications is sometimes limited by the narrow knowledge that researchers have about conduction 
mechanisms behaviour of the oxide ceramics. Improvement of these properties cannot be achieved 

simply by experimentation, but requires a better understanding of the reactions with the gases. 

In this paper we describe undergoing work on Impedance Spectroscopy modelling of SnO2 samples. 
Model construction is based on samples spectra obtained at various working temperatures in the 

presence of different gas atmospheres. The model being constructed is intended for a better 

understanding of the porous ceramics conduction mechanisms evolution on the SnO2 porous ceramics. 

Keywords: porosity, chemical semiconductor sensors, impedance spectroscopy, modelling. 
Category: General, theoretical and modelling. 

1 Introduction 

It is known that predominant mechanisms influencing 
the variation of the electrical conduction, due to the 
presence of gases, occur at the contact surface of the 
materials [1]. This fact gives even more importance to 
the study of the involved processes in the production 
of reproducible sensors with higher surface areas. 

The sequence of adsorption/desorption reactions 
that take place at the semiconductor surface requires 
ionic bonds to be formed, which influence the 
concentration of the conduction electrons in the solid. 
Consequently it is desirable for the sensing ceramics 
to have a large contact surface with the gas [2]. 

The introduction of porosity in the metal oxide 
ceramics improves the response in relation to sensors 
made out of dense compact bodies. With this 
approach, a greater contact surface with the gas is 
obtained, enhancing the surface reactions.  

2 Impedance spectroscopy modelling 

The technique of complex impedance spectroscopy 
gives information on the transport mechanisms in the 
materials, by which the charge distribution influenced 
by the structure can be characterised. This information 
when crossed with the ceramic porous structure of the 
crystals makes possible a better understanding of the 
mechanisms of physical and chemical adsorption. In 
this context it can be assumed that the total answer in 
the frequency domain of a ceramic material can be 
modelled in terms of simple electric circuits, with the 
representation of the separate contributions of the 
grains, the grain boundaries and the interfaces 

electrodes/material. Usually it is assumed that each of 
the processes is well represented by a parallel of a 
resistance and a capacitor. The resistance accounts for 
the opposition to the flow of the current and the 
capacitance to the charge storing. The relevant 
resistance/capacitance parallels are then associated in 
series.

Fig. 1 - Schematic representation of a material. 

Fig. 2 - A.c. model under development. 
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Fig. 3 - IS spectrums and respective simulations ( ), using 
Winfit, of SnO2 samples (in air at 25ºC) sintered at: i) 
600ºC; ii) 700ºC; iii) 800ºC; iv) 1000ºC. 

Taking for base this model, the materials are 
electrically represented by the scheme in figure 1. 
SnO2 samples have been characterised under various 
atmospheres: dry and wet synthetic air; CO dilution in 
dry synthetic air. Based on the obtained IS spectra, an 
equivalent circuit model is being developed. Previous 
work [3], recommended the adoption of a model 
exhibited in figure 2, where Rb, Ri and Ci stand for the 
bulk resistance, grain boundary resistance and grain 

boundary capacitance, respectively, and Re and Ce

represent the electrode-sample interface. This model 
has been used as a first approximation to characterize 
SnO2 samples: simulations obtained, using a 
impedance analysis software (winfit), have been based 
as much as possible on this model. When simulations 
show to be unsatisfactory, a geometrical method is 
used: sometimes various iterations are performed, 
until the best approximation is reached. Figures 3 and 
4 present modelled spectra in dry synthetic air. From 
the spectra is very clear that there is a significant 
variation of the grain boundaries properties between 
700 and 800ºC. It is also visible that, for the highest 
sintering temperature, the electrode influence is not 
negligible.

It can also be noticed that: a) as the sintering 
temperature increases the grain boundary resistance 
decreases, confirming the expected decrease on the 
porosity of the samples; b) the bulk resistance is very 
small and almost imperceptible on the diagrams; c) 
the bulk capacitance has been neglected since it does 
not show  on the experimental data. 

Fig. 4 - IS spectrums and respective simulations (- -), using 
the geometric method, of SnO2 samples (in air at 25ºC) 
sintered at: i) 1000ºC; ii) 1200ºC.
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Summary: This paper describes our achievements in three dimensional simulation of gas phase
etching of a substrate. Movement of gas molecules inside the etching chamber is simulated. Individual
substrate atoms are removed upon the reaction between the etchant molecules and substrate material.
Unlike most other etch simulation methodologies, the motion of the etchant gas molecule is
continuously simulated, and not predicted by algorithm. This is required for deep undercutting of the
etch mask. The simulator is capable of duplicating experimental results for xenon difluoride etching of
silicon, which often involve complicated phenomena such as trenching and loading. The small number
of simulation parameters makes it possible to use the described method for simulation of isotropic
etching of various substrates.

Keywords: etch simulation, etch profile,  XeF2

Category: 1 (General, theoretical, and modeling)

1 Introduction
Gas phase etching of substrates is of great

importance in microfabrication industry. Generally,
anisotropic etching is used to transfer the mask
pattern to the underlying substrate and isotropic
etching is performed as the last step to release the
micro-structures. Due to the widespread use of silicon
in microfabrication industry, gas phase isotropic
etchants of silicon have been employed extensively
for fabrication of MEMS. Among these etchants are
xenon difluoride (XeF2) and bromine trifluoride
(BrF3). Both of these materials etch silicon
isotropically in their gaseous form (non-plasma) and
both are very selective to silicon compared to other
materials which are commonly used in micro-
fabrication.

One problem with using these etchants is poor
control over etch parameters and non-uniformity
among the final etch profiles. This is particularly
troublesome in the early stages of process
development due to the varying etch rates across a
wafer.

This work is extending and improving our
previous achievements in two dimensional simulation
of isotropic gas phase etching [1,2]. In addition to
adding 3-D simulation capabilities to our simulator,
the simulation algorithms have also been improved to
decrease the simulation time and increase the
versatility of the simulator.

2 Etching model
A common etch simulation method, especially

for anisotropic etch simulation, is to calculate (or use
a look-up table to load) the etch rate along different
crystallographic directions. Many algorithms exist
which use this data and remove layers of atoms from
the substrate based on the mask opening geometry.
These methods usually do not take into account the
effects of adjacent mask openings on each other's
profiles, or minute irregularities such as surface

roughness and trenching phenomenon [3].
Furthermore, in the case of isotropic etching,
undercutting of the etch mask modifies the the etch
profile as a function of etch depth. Thus, algorithms
which determine the etch rate based on the mask
geometry will become inaccurate for deep isotropic
etching.

In our simulator the etch process is simulated by
following the trajectory of individual etchant gas
molecules inside the etching chamber. The simulation
starts by generating an etchant molecule above the
substrate surface possessing random direction of
motion. Since the etchant molecule is not subject to
an external force, it will change direction only after
colliding with another gas molecule. Therefore, the
direction of movements is completely random
(Brownian) and the radius of movement will be about
one mean free path (MFP) of the etchant gas at the
etching pressure. The etchant molecule continues its
movements until it impinges on the surface of the
substrate or on the masking material. If the gas
molecule impinges on the mask, it bounces back and
continues its movements in space. If the etchant
molecule hits the substrate surface, it may either
bounce back or react with the substrate material,
depending on the reaction probability between the
etchant and substrate materials. If the reaction does

Fig 1. Comparison of simulation and
experimental data. Simulated trench depth
is 6µm vs. 5µm for the measured value.
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occur, the corresponding substrate molecule is
removed and another etchant molecule is generated.

This model is valid when the effect of an
existing boundary layer can be neglected and the flow
dynamics inside the chamber are not complicated.
These conditions are met for many of the non-plasma
gas etchants, such as XeF2.

3 Simulation results
Simulation results were compared against

experimental data obtained from etching silicon by
XeF2 gas. XeF2 etches silicon isotropically (and
selectively) in its gaseous form at etching pressures of
around 1Torr. At such pressures, the MFP of gas
molecules is between 10µm and 20µm, which can be
found from: 

where R is the universal gas constant, T is the
temperature, d is the molecule diameter, P is pressure,
and NA is Avogadro's number.

As shown for the case in Fig 1, good agreement
exists between simulation and experimental data and
the simulator had closely predicted the trench depth.

Fig 2 shows the predicted changes in the etch
profile as the etch depth becomes larger. As can be
seen, when the etch depth is around a few MFP's,
trenching effect can be observed at the edges of the
profile. This figure also illustrates the loading effect
between two neighboring holes and final release of
the overhanging mask. The MFP for all simulation
results is set to 20µm.

Our simulator shows that the etch profile and
depth for simple mask openings mainly depend on the
ratio of the mask opening diameter to the MFP of the
etchant gas. This can be observed in the simulation
results of Fig 3. This result was found to closely agree

with experimental XeF2 etching [2].
Finally, Fig 4 illustrates the application of the

simulator for identifying critical spots on a mask
pattern. This knowledge will help MEMS designers
identify potential problems in mask designs. Also, the
release step in microfabrication is often performed by
continuous monitoring of the whole microstructures.
Identifying critical spots which will release last, helps
to concentrate the monitoring process to a few
locations rather than whole wafer.

4 Conclusions
A new algorithm was proposed for 3D

simulation of isotropic gas phase etch processes. The
simulation results were verified by comparing them
against experimental data. Since isotropic etching is
often used for releasing purposes, the simulator can
be employed to spot those points on microstructure
which will release last, or to assist the process
designer in deciding on proper etch depth for
microstructure release.

Future research will include adding capabilities
for anisotropic etch simulation and applying similar
methodologies to thin film deposition simulation.
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Fig 3. Dependence of etch profile and depth on the
ratio of MFP to mask opening diameter. Initial hole
diameters were 250µm, 100µm, 50µm, and 10µm.

Fig 2. Changes in etch profile with etch depth. Initial
hole diameters were 200µm, 120µm, and 120µm.

Fig 4. Application of the 3D simulator for process
development: (a) original mask (black color
represents mask opening); (b) top view of etched
sample (darker colors are deeper etches); (c)
vertical cut along two of the spots which have not
released for the case in (b).

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Theoretical and Modelling

299



The Effects of Conductivity on the Scattering Characteristics of SAW 
Liquid Sensors

Ruyen Ro1, Hsin-Yuan Tung1, Shih-Jeh Wu2, Yun-Ju Chen1

1Deparement of Electrical Engineering 
2Department of Mechanical Engineering 

1, Section 1, Hsueh-Cheng Rd. Ta-Hsu Hsiang, Kaohsiung, Taiwan 840, R.O.C. 

email: ryro@isu.edu.tw

Summary: In this paper, reflection and transmission coefficients of a SAW liquid sensor subjected to 
different conducting loadings are investigated theoretically. In terms of SAW phase velocities and 
attenuation constants, the liquid loading region can be represented as an equivalent transmission medium. 
Subsequently, a transmission matrix method is proposed in this study to calculate the frequency responses 
of the loaded SAW device composed of a pair of input and output interdigital transducers. The effect of 
conductivity on the scattering characteristics of Rayleigh and leaky SAW liquid sensors will be 
demonstrated. Numerical results in this study can be employed to design the state-of-the-art SAW liquid 
sensor.  

Keywords: SAW liquid sensor, transmission matrix method, conductivity, scattering characteristics 
Subject category: 1, 5, 6

Introduction 
SAW (Surface Acoustic Wave) devices have been 

widely used as RF filters and their application on 
sensing liquid/gas has also been studied [1,2]. 
Previously complicated neural network scheme has to 
be used to recognize specific liquid properties in our 
laboratory. In this paper we developed a transmission 
matrix method to directly relate the conductivity of 
carried liquid to the measured phase change. In this 
way, the loading liquid can be accurately figured from 
conductivity property without complicated 
computation.  

Methodology and Results 
Figure 1 shows the schematics of the SAW liquid 

sensor studied in this paper [3]. By directly solving 
Christoffel’s equations subjected to appropriate 
boundary conditions at the interface, the phase 
velocity and attenuation constant of SH leaky SAW 
propagating over 36°YX. LiTaO3 under different 
conducting loadings (conductivity, �) of the liquid 
media were obtained and illustrated in Fig. 2. The 
corresponding transmission matrix block diagram is 
depicted in Fig. 3. The matrix [T] is a 3 × 3 
transmission matrix representing the scattering 
characteristics of the IDT. Both the substrate 
transmission line and liquid loading region are 
two-port devices and can be represented by 2 × 2 
matrices, matrices [D] and [L], respectively. |Ui

+|2 and 
|Ui

−|2 are the acoustic powers in the forward and 
backward directions at reference plane i . Ii and Vi are 
the resultant current and voltage, at the corresponding 

electrical port of the IDT. After some matrix 
manipulation and enforcing the appropriate boundary 
conditions (no reflection), the currents I1 and I5 can be 
determined in terms of the voltages V1 and V5, and 
vice versa. It follows that the admittance matrix as 
well as the scattering matrix of the liquid sensor can 
then be evaluated.  

The phase differences of the transmission 
coefficients versus frequency for various 
conductivities are shown in Figs. 4 and 5. �21 is the 
phase angle of S21 and each curve represents the 
difference of�21 as �� ������	
� The width of the 
liquid loading region in the case was 2 mm and the 
piezoelectric materials selected were 128°YX. 
LiNbO3 and 36°YX.LiTaO3. The wave propagation 
mode for the former one was a Rayleigh wave and SH 
leaky SAW for the other. The center frequency for the 
Rayleigh wave device was about 39.2 MHz and 3dB 
bandwidth was from 37.6 to 40.8 MHz. On the other 
hand, for the leaky SAW device, the center frequency 
was about 99.5 MHz and 3dB bandwidth ranged from 
93.5 to 105.4 MHz. The reference value in Fig. 4 or 5 
was the calculated phase angle of the transmission 
coefficient as the conductivity of the liquid loading 
was set to be zero. In both figures, the absolute value 
of the phase difference increases as the conductivity 
increases in the frequency range of interest (shown in 
the direction as the arrow pointed). It is also 
noticeable that the value of the phase difference for 
each curve (~40°) in Fig. 5 for 36°YX.LT is greater 
than the other case (~8° for 128°YX.LN) shown in Fig. 
4. Typical phase error of commonly used 
measurement system is about ± 2° (e.g. HP 8719ES 
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network analyzer). From the results we obtained in 
this study, as we can measure the phase accurately 
enough, 36°YX.LT is sensitive enough and very suitable to 
be applied to detect conductivity of certain loading liquid 
and to recognize specific liquid. Experiments have been 
conducted to verify our numerical results and will be 
presented later.
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Fig.1 Schematics of the SAW liquid sensor 

Fig.2. (a) Phase velocity and (b)attenuation constant of SH 
leaky SAWs versus frequency. The piezoelectric crystal is 
36°YX.LT. 
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 Fig. 3.The matrix block diagram of SAW liquid sensor 

Fig.4.The phase difference of the transmission coefficients 
versus frequency with various conductivity. The piezoelectric 
crystal is 128°YX.LN.

Fig.5. The phase difference of the transmission coefficients 
versus frequency with various conductivity. The 
piezoelectric crystal is 36°YX.LT
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Summary:  In this paper a thermal acoustic flow sensor that measures particle velocity (the ‘Microflown’) is 
analyzed. A model is developed that calculates the sensor sensitivity and its frequency dependent behavior, as a 

function of material parameters and device geometry. Consequently, improved devices could be fabricated, 
with a new geometry consisting of three wires of which the central wire is relatively most heated. These are the 

best performing sensors up to date with a frequency range attending over 5 kHz and signal-to-noise ratios 

improved by 10 dB to more than 20 dB over previous designs. 

Keywords: thermal flow sensors, acoustic, optimization  

Category: 1 (General, theoretical and modeling); 2 (Materials and technology)

1 Introduction 

The Microflown is a micromachined acoustic 
sensor that measures particle velocity instead of 
sound pressure, which is usually measured by con-
ventional microphones [2, 3, 4]. Originally a flow 
sensor [1], it is optimized for sound measure-
ments.  
The sensor usually consists of two closely spaced 
thin wires of 1500 µm (spacing 100-350 µm) of 
silicon nitride with an electrically conducting 
platinum pattern. This metal pattern acts as 
temperature sensor and as heater. The wires are 
electrically heated to about 600 K. When subject to 
a particle velocity, the temperature distribution 
around the resistors is asymmetrically altered. The 
temperature difference, and therefore the tempera-
ture dependent resistance difference, of the two 
sensor wires is in first order proportional to the 
particle velocity.  

Fig.1 SEM-photo of a two-wire type Microflown (wire 
lengths 1 mm) 

2 Sensor optimization

Using a numerical version of the model described 
in former work [5,6], a program was developed to 
calculate the sensitivities of geometrically different 
devices. Parameters such as the channel depth (lz), 

the wire length (ly), their mutual distance (2a), and 
the dissipated power are taken into account in this 
model, as well as a three-wire configuration. 

3 Experimental

Many geometrically different devices were fabrica-
ted, with 40<lz<300 µm, 80<2a<300 µm and 
500<ly<1500 µm according to the process flow 
describe in [6]. In particular several three-wire 
sensors of different geometries were designed, and  
the sensitivity as a function of the dimensions and 
the relative power in the central wire was in-
vestigated. The total dissipated power was varied 
from 0 to 75 mW. 
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Fig.2 Low-frequency sensitivity S(f=0) as a function of 
the ratio a/lz (line represents the calculations). The 
crosses show experimentally obtained results, from 
devices with lz=240 µm; 2a=50, 80, 100, 200, 300 µm. 

The sensitivity of all devices was experimentally 
determined using a standing-wave-tube, together 
with a loudspeaker and a reference microphone. 
The most relevant characteristics of the sensitivity 
are the low-frequency(‘DC’-)sensitivity and a 
characteristic frequency fc [6], a measure of the 
bandwidth. Their dependences on a/lz (Fig.2), lz/ly

(Fig.3), a (Fig.4), and P (Fig.5) were compared to 
the model calculations; good agreement was found.  
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One sees that for given ly, the sensitivity increases 
with lz, up to lz≈ly. See Fig.3. The optimum a at 
given lz, is about a≈0.3 lz (Fig.2). However, to 
obtain a broadband, flat, frequency response, a
should be as small as possible (Fig.4). Both require-
ments cannot be fully satisfied simultaneously, but 
a very well performing device is obtained when 
a≈100 µm at ly=1 mm. 

4 The three-wire configuration 

A significantly better performing device is made of 
three instead of two wires. The central wire, the 
heater, is heated up to ~780 K, while the other two 
wires, acting as sensors, are relatively cold and thus 
attain lower noise levels. 
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Fig.3. S(f=0) as a function of the ratio lz/ly (line:model). 
The marks indicate experimentally obtained results from 
devices with ly=500 µm; lz=40, 80, 120, 240 or 300 µm
and 2a=80, 100, 200 or 300µm. 
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Fig.4. Characteristic frequency fc of the sensitivity curve, 
as a function of the distance between the sensing wires, 
mutual wire distance=2a, plotted logarithmically. The 
line shows the theoretical dependence fc∝a-2.

The sensitivity, however, is proportional to the total 
dissipated power. A three-wire device, with a 
relative heater power of 0.85, has a two times 
higher sensitivity than a two-wire sensor of the 
same dimensions and power. The optimal geome-
try, see Fig.6, is found to be near ly=1 mm, lz=300 
µm, a=50 µm and Ptotal=70 mW. In the frequency 
bandwidth 1.0-4.0 kHz, its signal-to-noise ratio (at 
1 Pa) is then about 1.3·104 to 3.3·104 √Hz.
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Fig.5 . Low-frequency sensitivity Sf=0 as a function of 
relative heater power r=PH/(PH+2PS) normalized to the 
sensitivity Sf=0 at r=0, according to the model calculations 
(line), and the experimentally obtained points (crosses). 
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Fig.6. Selfnoise levels of the best up to date three-wire 
type Microflown, a=100 µm, lz=200 µm, a sensor power 
PS2+PS1=11mW and a heater power PH=0 mW (upper 
curve), 5, 10, 20, 32, 44 and 58 mW (lowest curve). The 
upper curve corresponds to the two-wire configuration.

5 Conclusions 

Using a numerical model, two and three wire 
acoustic thermal flow-sensors have been geome-
trically optimized. Model and experiment showed 
good agreement and the resulting Microflowns are 
found to improve the frequency range to 5 kHz 
while improving the signal to noise ratio by 10-20 
dB. 
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Summary:  The computer modeling is carried out  for parameter of sensitivity of optoelectronic sensors, 

using phenomena of  surface plasmon resonance (SPR). The SPR-sensor’s physical model is described in 

view of probable modifications of sensitive surface with a dielectric layer. The variants of optimization of 

sensitivity for SPR-sensors, constructed on the principle gold - dielectric are considered. With the purpose 
of comparison  of processing techniques two  methods of SPR-curve treatment - traditional with estimation 

of sensor’s response on shift of the curve minimum and proposed, using calculating of derivative in the  

SPR-curve half-width point are compared. 

Keywords: Surface Plasmon Resonance, modeling, sensitivity, sensor. 

Category: 1 (General, theoretical and modeling)

1 Introduction 

A number of works to modeling of SPR-sensors 
sensitivity is devoted [1,2,4] . SPR-curves with a 
sufficient  accuracy are simulated with using of the 
formalism for matrix of scattering in the multilayers 
structures. In work [1] was simulated the sensitivity 
of gas sensor with presence of dielectric layerr 
above the gold layer, that results in dependence of 
sensitivity on the form of SPR - curve and height 
position of its minimum. Really, form of curves and 
height position of SPR-curve minimum play in this 
case significant role, but they are only a result of 
combination of the index of refraction ni, index of 
absorbtion ki and thickness di for each from i layers 
of multilayer system (Fig.1). For more complex 
determination of SPR-sensor sensitivity it is 

necessary to know the character of dependence Si = 

f (ni, ki, di), where S - sensitivity of sensor. In work 
[2] is simulated sensitivity of SPR-sensor without a 
dielectric layer, but with use the gel matrix as a 
layer - sorbent of biomolecules. The modeling of 
sensitivity of SPR-sensor,  based on «particle 
linkage» technology (technology with linked metal 
particles) is carried out in work [3]  Technology is 
based on the effect of increase of SPR-response, if 

on the sensor’s surface is sorbed the layer of 
biomolecules connected with little particles of 
optically active substance with high refraction, for 
example, colloidal gold or titan dioxide. 

 More universal is proposed variant of modeling 
for multilayer system with gold, dielectric layers 
and layer of investigated molecules, adsorbed 
directly on the gold or dielectric. The proposed 
model theoretically allows to consider system with 
n-layers. 

For study of SPR-sensor sensitivity the original 
program, allowing step by step varyation of the ni,
ki and di in wide range of technologically possible 
values was developed. For all variants the SPR-
response dθmin is calculated for registration of the 
tested layer with thickness dmol and optical 
parameters close to biomolecules layer (Nmol = 1.46, 
dmol = 2, 5 or 10nm). Accordingly, the sensor 
sensitivity is: 

S= dθmin/dmol

As base values the following parameters, describing 
above mentioned layers, were taken: Au-complex 
index of refraction NAu = 0.15 + 3.6i, dAu = 45nm; 
dielectric - Nd = 1.5 + 0i; glass prism - Ng = 1.51; 
ambient - Na = 1.334.

 The program is based on the calculating of 
integral Fresnel coefficient R for p-polarization of 
incoming laser light [3]. In case of i layers is 
convenient to calculate R, using a formalism of the 
scattering matrix S [4], 

i
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where rab - Fresnel coefficient of reflection for the 
apropriate interfaces, 

Fig.1. The scheme of multilayer system. 
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and matrix of the layer:  
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where β - phase thickness of appropriate layer:  
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Where d -thickness of the appropriate layer, ϕ-
angle  of refraction for the appropriate layer (Fig.1), 
λ-length of a wave (632,8 nm), N-complex 
coefficient of the refraction for  appropriate layer. 
The reflection coefficient of multilayer structure is 
determined by elements of  first column of a 
scattering matrix:  

     R = S10/S00

2. Analysis of results  

The results of modeling reveal, that sensitivity 
of considered SPR-biosensor changes depending on 
parameters of multilayer structure in the significant 
range of values, especially for layers of 
biomolecules with a large size. Maximal theoretical 
sensitivity of SPR-sensor without a dielectric layer 
should be observed with thickness of a gold layer 
approximately 70-80 nm with minimal possible 
value of kAu. The index of refraction nAu don’t 
reveal noticeable influence on sensitivity in this 
case. 

In case of model with a dielectric layer the 
more complex dependence on SPR-response from 
thickness and index of refraction of a dielectric 
layer is observed. Sensor’s sensitivity with presence 
of a dielectric layer (Nd = 1.45) for all thickness of 
biomolecules layer grows fluently up to some 
critical thickness of a layer, and then sharply 
(Fig.2) decreases. Exception is the case, when value 
of index of absorption kd of dielectric increases up 
to 0.2, were sensitivity decreases with presence of a 
dielectric layer of any thickness (curve 4 Fig.2). 
The critical value of thickness of dielectric layer, at  
which sensitivity of SPR-sensors begins to 
decrease, also depends on dielectric characteristics 
of gold  and dielectric layer as well as on the size of 
biomolecules and in our case can changes from 32 
nm  up to 62 nm for kd = 0. For value  kd = 0.02 
amplifier property of a dielectric layer is reduced to 
minimum, and with kd = 0.2 sensitivity decreases 
always. 

The observable peak character of dependence 
of sensitivity for SPR-sensor is explained by 
increasing of tangential component of wave vector 
of light as well as increasing of value of wave 
vector of surface plasmon, that expressed in 
changing of the form of SPR -curve. Really, if for 
thickness of a dielectric layer dd=10nm the form of 
SPR-curve differs from a classical form a little, 
with the further increase of dd the minimum of 
curve is displaced to the right upwards, SPR-curve 
extends and with some threshold value of dielectric 

thickness  occurs significant changes of the SPR-
curve’s form, results in decreasing of sensor’s 
sensitivity. In this case is possible, especially for 
large values of dielectric thickness, to present 
function of sensor’s sensitivity depending on the 

form SPR- curve as derivative     S = dR/dθ in 
certain point, for example, in a point of half-width 
of SPR-curve, that results in increasing of 
sensitivity with comparison on traditional method, 
were SPR angle shift is calculated. With thickness, 
far from critical, both methods reveal similar 
sensitivity.  

The presented results of modeling  allow not 
only to find optimal parameters of SPR-sensors, but 
also to specify researched parameters of bioobjects, 
due to direct dependence of SPR-response  on 
values of dielectric constants and thickness of 
layers structure. Actually, it is necessary to have a 
number of specific nomograms for calculating of 
the SPR-response which are taking into account 
real values of materials, that applied. 
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Fig.2. Dependence of SPR-response on the index  
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Sensitivity Analysis of Novel ZnO/LiTaO3 SAW Transducers
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Summary: Surface Acoustic Wave (SAW) devices for sensing applications were fabricated on 36°-YX
LiTaO3 with a ZnO guiding layer. The capability of these transducers for gas and liquid sensing
applications was shown by studying parameters such as mass sensitivity and electromechanical coupling
coefficient. Devices were fabricated with film thicknesses ranging from 0 to 4� m yielding operating
frequencies between 94 and 104MHz. Phase velocity was calculated as a function of ZnO guiding layer
thickness by searching for singularities of the generalised Green’s function. This was confirmed by
measuring the change in centre frequency. Electromechanical coupling coefficient was calculated and
shown to have a maximum of 10% at thickness of 3.5� m. Mass sensitivity was calculated as a function of
layer thickness, and was found to reach a maximum of 6.9m2/kg for a ZnO thickness of 6� m. However, the
measured value for 4� m ZnO layer was ~10m2/kg. This is greater than the sensitivity of conventional Love
mode devices fabricated on 36°-YX LiTaO3 with SiO2 guiding layers.

Keywords: SAW Sensor, LiTaO3, ZnO, sensitivity
Category: 1 (General, theoretical and modelling)

1 Introduction

Layered SAW devices have previously been
proposed as high sensitivity gravimetric sensors
suitable for operation in both gas and liquid media,
due to their shear-horizontal particle displacement
and high level of surface acoustic energy trapping.
For example, [1, 2] demonstrate numerical and
experimental analysis of “Love mode” devices
fabricated on 90° rotated ST-Quartz with SiO2

guiding layer.

2 Fabrication

Figure 1: ZnO growth on bare LiTaO3 (left) and
metallised area (right)

Devices were fabricated on 36°-YX LiTaO3 wafers,
using Al metallisation layer deposited onto a Cr
adhesion layer by electron beam evaporation.
Electrodes and reflectors with a periodicity of 40 � m
were fabricated using a wet-etch process to create a
2-port resonator device. Such devices offer reduced
noise in an oscillator system due to their higher Q
factor. ZnO films were deposited by RF magnetron
sputtering. Figure 1 shows an SEM micrograph of

the growth of ZnO films on LiTaO3. As was
previously reported [3], the grain growth and
corresponding crystal orientation of ZnO can be
seen to differ on the metallised and free regions.

3 Velocity
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Figure 2: Measured phase velocity and
calculated free and metallised velocities

Figure 2 shows the theoretically derived phase
velocity for ZnO layers on LiTaO3. Free and
metallised surface velocities were determined by
searching for the poles and zeros of the Green’s
function, whilst holding � constant at 40 � m. This
was calculated at the boundary between the
substrate and the ZnO guiding layer [4], taking into
account the differing orientation of the film over the
free and metallised regions. It was found that the
propagation velocity was closer to the velocity in
the metallised region.
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4 Electromechanical Coupling

The electromechanical coupling coefficient (k2) is a
measure of the interaction between electrical and
mechanical fields in a piezoelectric material. In the
case of SAW sensors, it is particularly important to
have high k2 for conductivity-based measurements
[5]. The values presented in Figure 3 were
calculated from the difference between the pole and
zero of the Green’s function.
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Figure 3: Electromechanical coupling coeffecient

The high electromechanical coupling has been
confirmed by the high sensitivity of the devices
when used for conductometric gas sensing [4]. For
devices operating at 165MHz with a 1.25 � m ZnO
layer, the response to 1ppm NO2 gas with WO3

selective layer was 40kHz.

5 Mass Sensitivity

Figure 4 shows the theoretically derived and
measured mass sensitivity of the devices.
Calculation was based on the velocity shift
(determined by the Green’s function analysis)
caused by the addition of a thin layer of SiO2 onto
the surface of the substrate. The theoretical
sensitivity was identical for both free and
metallised surfaces.

To verify these results experimentally, a ~22nm
SiO2 layer was sputter-deposited onto the surface of
the sensor. The frequency shift was measured and
from this the velocity shift was derived.
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Figure 4: Calculated mass sensitivity

The measured sensitivity was ~10m2/kg for 4 � m
ZnO, which is greater than the calculated value.
We believe that this is due to the non-uniformity of
the ZnO surface as well as the difficulties related to
the modelling of the polycrystalline ZnO guiding
layer. Ogilvy [2] describes similar difficulties in
reconciling the theoretically derived mass
sensitivity of SiO2/Quartz devices with that
obtained by deposition of Au thin films.
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Summary:  The main characteristics of thermometers for low temperature (0.03 to 400 K) measurements are 

presented. These thermometers are based on Ge films on GaAs substrates. Low-temperature conduction and 

magnetoresistance mechanisms in Ge films used as temperature sensors are investigated. The magnetoresistance 

of the Ge film temeperature sensors is usually very small. A new giant negative magnetoresistance effect in Ge 
films at ultralow temperature (T < 0.2 K) and in weak magnetic fields (H < 1 Tesla) has been observed. We 

discuss the physics of this phenomenon and present the results of the modeling. We also discuss the possibility to 

use this effect for detection of weak magnetic fields at ultralow temperatures. 

Keywords: low temperature thermometry, magnetic sensors, Ge films, disordered semiconductors 
Category: 1 (General, theoretical and modeling)

1 Introduction 

There are several types of commercially available 
temperature sensors, which are traditionally used 
for the low-temperature measurements. It was 
shown recently [1-3] that a new type of resistance 
thermometers based on Ge films on GaAs 
substrates can be used for temperature 
measurements in a wide range of temperature from 
0.03 to 400 K. The low sensitivity to the magnetic 
field and gamma radiation makes Ge/GaAs 
thermometers very promising for various 
applications [4]. The main advantage of the 
Ge/GaAs sensor fabrication technology is the 
ability to construct thermometers for operation in 
different temperature ranges, with temperature and 
magnetic field characteristics tailored to meet 
specific user demands. This is possible by careful 
control of the technical conditions of Ge film 
preparation [1]. From this point of view, the study 
of the conduction and magnetoresistance 
mechanisms in Ge films that are responsible for the 
termo- and magnetic field sensitivity is very 
important.  

     In this paper we report on main characteristics of 
Ge/GaAs temperature sensors and analyze the 
conduction and magnetoresistance mechanisms in 
Ge films at low temperatures.  

2 Description of the sensors and their 

main characteristics 

The thermometers are based on Ge film resistors 
deposited on semi-insulating GaAs substrates using 
the vacuum technology [1]. The sensitive 
thermochips (0.3 mm  0.3 mm  0.2 mm) are 

made by using microtechnology and placed in non-
magnetic micropackages [3]. The microsensor, 
including the micropackage, measures 1.2 mm in 
diameter by 1.0 mm long. These microsensors can 
be also placed in a second package (3 mm diameter 
by 5.0 mm long copper can) for ease of handling 
while mounting in a number of cryostats. 

     Shown in Fig. 1 is the typical resistance as a 
function of temperature for different models of 
thermometers. 
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Fig. 1. Resistance vs. temperature curves for 
different thermometer models. 
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Fig. 2. Giant negative magnetoresistance effect in 
Ge films at ultralow temperatures.  

     There is a problem of temperature measurements 
in magnetic field. The magnetoresistance effect 
causes an error in the temperature reading. 
Depending on impurity composition and the 
temperature range, the magnetoresistance in Ge 
films can be positive and negative, very small and 
extremely large. Here we discuss the giant negative 
magnetoresistance effect, which has been found in 
Ge films at ultralow temperatures [5] and shown in 
Fig. 3. 

3 Theory and modeling 

The analysis of the experimental data shows that 
the main mechanism of conductivity is hopping in 
the regime of Coulomb interaction [5]. The 
corresponding theory contains necessary formulas 
for the resistivity with an exponential accuracy, and 
some phenomenological parameters. We used the 
theories of transport in strongly disordered and 
heavily doped semiconductors, such as weak 
localization [6], variable-range hopping [7], and 
scaling theories of localization [8]. In the 
framework of variable range hopping, the negative 
magnetoresistance at low temperature, T < 0.5 K, 
can be attributed to the quantum correction 
mechanism – suppression of the interference of 
hopping trajectories by magnetic field. This 
explains the dependence of the negative magneto-
resistance on temperature (quantum correction 
increases when the temperature decreases) and also 
the saturation of magnetoresistance at H > 1 T (this 
magnetic field is strong enough to suppress the 
quantum correction).  

     For modeling, we used a combination of the 
scaling theory of localization and variable-range 
hopping suitable to describe the conductivity and 
magnetoconductivity close to the mobility edge [8]. 
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Fig. 3. Calculated dependence of magnetoresis-
tance on magnetic field for different temperatures. 

     The dependence of the mobility edge on 
magnetic field is at the origin of the negative 
magnetoresistance caused by suppression of the 
quantum localization correction in a magnetic field.  
The agreement between experiment and theoretical 
modeling is rather good. The results for the 
magnetoresistance as a function of magnetic field 
and temperature are presented in Fig. 3. 
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Summary: A new integrated optical refractometer based on generalized Mach-Zehnder interferometer
(GMZI) is described. GMZI is a multiple arms-multiple outputs interferometer that, with a suitable design,

permits to realize highly sensitive, and wide measurement range, integrated optical refractometer. The sensor 

operates over N outputs so that, as far as the refractive index of the external media changes, the output intensity
moves through the different outputs. This configuration permits a simpler data analysis and avoids the need for a 

separate reference arm. Furthermore, in some applications a direct digital readout is possible.

Keywords: Integrated optics, Refractometer, Mach-Zehnder interferometer

Category: 1 (General, theoretical and modeling)

1 Introduction 
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In the integrated optical field, the Mach-
Zehnder interferometer (MZI) represents the most
widely used detection scheme. Mach-Zehnder
devices permit to realize integrated optical
refractometers that exhibit high sensitivity [1] and
are straightforward to design and fabricate.
However, a high sensitivity corresponds to a small
measurement range due to the periodic output of 
MZI. In order to overcome these limitations several
MZI with different sensitivity can be integrated on
the same chip so to remove the ambiguity [2].

In this work, a new integrated optical
refractometer based on generalized (multiple arms-
multiple outputs) Mach-Zehnder interferometer
(GMZI) is presented. The GMZI has been used in 
several applications for optical telecommunications
like wavelength division multiplexing (WDM) [3],
wavelength selective switching, and variable-ratio
power splitter [4]. In the following we show that
this device, with a suitable design, can be easily
used in sensing applications with performances
comparable to multiple MZI, but with a simpler
geometry and data analysis. Furthermore, in some
applications, where a lower resolution is required, a 
direct digital readout is possible.

Fig.1 Schematic view of the GMZI sensor. 

The shortest arm is the reference one. The sensing
length differences are obtained by the straight part
of the waveguides, whereas the waveguide bends 
equally long. The second MMI coupler is a N N
combiner and is the key element of the GMZI. This 
MMI distributes the power incident at each of its 
inputs to all the outputs where interference occurs
between the relatively delayed optical fields. By
suitably choosing the lengths of the sensing pads, it
is possible to achieve constructive interference (or
phase match) for N different refractive index values
of the external medium no at different outputs of the
combiner. So, as far as the refractive index of the 
external medium changes, the output intensity
moves through the different outputs.2 Sensing principle 
A phase match condition at an output of the second
MMI is obtained if the relative phase delays
through the array arms compensate for the phase
relations of the MMI couplers. Using the analysis
given in [5], the sensing pad length of the jth arm of
an N-channel GMZI can be written as: 

Figure 1 shows a schematic representation of the
sensor. It consists of two multimode interference
(MMI) couplers connected by a waveguide array.
The first MMI coupler acts as 1 N power splitter,
dividing the input power equally in the N
waveguides of the array. The waveguides are the
arms of the interferometer and have different
lengths Lj due to different sensing pad lengths

.jD

NjLdLLD jrefjj ,,1  (1) 

where Lref is the length of the reference arm. dj is an
integer parameter called the array arm factor
determined by the phase relations on the N N
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output MMI, and L is the length that produces a 
phase shift of N2  between two adjacent 

refractive index channels and is equal to:

effnN
L    (2) 

where  is the device operating wavelength, equal
to 632nm, and neff is effective refraction index
channels spacing. Following the procedure given in
[5], it is possible find an optimum set of the array
factor (dj) resulting in a small device with the best
response.

3 Sensor design and performance 

Beam propagation simulations have been 
performed using guided-mode propagation analysis
(MPA) in two dimensions of the MMI couplers and 
introducing phase delays corresponding to the
relative sensing pad of the array arms. The
reduction from three to two dimensions has been 
obtained by the effective index method. In
particular, we have considered a rib waveguide with
a silicon oxinitride core (SiON n=1.58) surrounded 
by a cladding region of SiO2 (n=1.46). This
stronger guiding of the modes allows a small
bending radius enabling the realization of a
compact device. 
Assuming N=8, we have chosen the width w of
both the MMI couplers equal to 60 m, and the
optimum length of the first coupler LC1 and of the
second coupler LC2 is found to be respectively
1146 m and 4584 m. Finally, the length of the
optimum set of the array arm factor dj  is found 
using the procedure given in [5]. For N=8 this set is

.10,7,5,4,0,1,3,6,,1 Ndd

We have considered an external refractive index no

ranging between 1.33 and 1.40. So the effective
refraction index channels spacing neff is 2.7e-5. 
The sensor operates over N equally spaced effective 
index channels ni=nmin+i neff for i=0,…,N-1, where 
nmin=1.5682.

The normalized power of the mth output is due to
the interference of N optical fields. As an example,
in figure 2 the behavior of the power of the second
output as a function of no is depicted. As can it be 
seen the output intensity is maximum when no

realizes the condition neff=ni=n4. The overall sensor
response is reported in figure 3. As the refractive
index of the external medium changes, the output
power moves through the different outputs without
ambiguities. Note that, in general, in a GMZI
adjacent outputs do not correspond to neighboring 
refractive index values. The output channels are
slightly non-uniform spaced respect to external 
refraction index no, due to non-linear relation
between no and the effective refractive index of the 
waveguide array.

Assuming that a change in the normalized output
power equal 0.01 can be detected, the resolution
around to n0=1.39 is 6.6e-5. 
In this device fluctuations and drift in input light
power can be referenced to the sum of all outputs,
that is constant, producing significant
improvements in signal-to-noise ratio (SNR) and 
stability and eliminating the need for a separate
reference arm.
Finally, if a lower resolution is required, the output
readout can be simplified using a direct digital
scheme. In fact, connecting the signal of the single
output to a comparator with a reference level of 
about 0.41, it happens that only one output at time
was at high level.
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Fig.2 Normalized power of ouput 2. 
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Fig.3 Normalized sensor response. 
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Summary:  Using the electro-thermal coupling equation the bolometer performance can be described as a 

function of a single operating parameter, the self heating T∆ . The related model comprises the impact of

electro thermal coupling on sample impedance, responsivity and time constant. The main simplifications of 

the model are a linear dependence of the electrical resistance, TRR ∆⋅α⋅=∆ ρ  on temperature as well as 

lumped thermal conductance G and heat capacity C , whose values are chosen as independent of operat-

ing temperature. Furthermore, we suppose perfect absorption of incident infrared (IR) radiation, 1=η ,

and current controlled operation. Within this frame estimates of the achievable responsivity and detectivity 

*D  for a given bolometer design remain valid even for strong electrothermal feedback. The assumption of 

a constant TCR lead to significant deviations, if ρα⋅∆T  exceeds » 0.1.

Keywords: electrothermal feedback, Bolometer,

Category: 1 (Modelling)

1 Introduction

Miniaturized metal-film resistors on micro-
machined carriers are attractive candidates for room 
temperature bolometers from a technological point 
of view. Although metals in general suffer from a 
comparable low temperature coefficient of resis -
tivity (TCR) they offer low 1/f noise making them 
attractive as bolometer material for very low fre-
quency applications. Recently, we presented a
model for room temperature resistance bolometers 
based on a TCR, ( ) dTdRR1=α , that is inde-

pendent of temperature [1]. In the case of metal 
film bolometers this approximation is applicable 
only in the weak self heating regime. However, in 
practical devices metal film bolometers are oper-
ated with strong self heating [2]. We introduced a 
temperature dependence that fits closer to the be-
havior of metals. Since the electrothermal coupling
effect is inherent to the model used its results re-
main valid even for strong self heating.

2 Outline of the model

The temperature dependence of the electrical resis -
tivity of metals is reasonable described by

)1()( 0 TRTR ∆⋅α+⋅= ρ . In contrast, the TCR

decrease with temperature. The coefficient ρα and

the corner frequency 0f  for 1/f are all material 

parameters of the model. It is assumed that 1/f
noise is a volume property of the resistor material 
and that interface effects, e.g. of the electrical con-
tacts, do not contribute to the noise. The model uses 

the bolometer resistance 0R at a reference tempera -

ture 0T , the thermal conductivity G of the bolo-

meter to the heat sink and the heat capacity C  as 
design dependent specifications. Following the
treatment of [1] we obtain the temperature sensi-

tivity
00

2 1

111

aGRIGdP

dT

IR −
⋅=

α−
=

ρ
, where

IRdP  means a static change of absorbed  IR radia-

tion power. The parameter GRIa /0
2

0 ρα=  re-

flects the strength of electrothermal feedback effect 
and 10 →a  causes thermal instability. To describe 

the self heating connected with the device current 
I  it is convenient to use the dimensionless bias 

parameter
2

0

01

aI R
a T

G a
ρ ρ

⋅
= α ⋅ ∆ = α ⋅ =

−
. Thus,

within the frame of the model, thermal instability 
does not occur for useful self heating. 
For a constant bolometer current I  the voltage
responsivity at zero frequency may now be ex-
pressed as a function of the bias parameter only. 

G

Raa

dP

dT

dT

dR
I

dP

RId
S

IRIR
V

0
0

)1()( ρ
=ω

α+
=⋅⋅=⋅=

Due to the heat capacity C  a harmonic variation of 
the absorbed IR power leads to a frequency de-
pendence of the voltage responsivity according to 

GaCjG

Raa
SV /)1(1

1)1(
)( 0

++
⋅

+
=

ω
α

ω ρ . Thus

the electrothermal feedback increases the thermal 
time constant C G  by a factor )1( a+ . Electro-

thermal coupling causes a frequency dependent
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impedance leading to a power spectral density

( )
( )2

2

0
2

)1(1

)1(21
)1(4)(

a

aa
aTRkV BJ ++

+++⋅+=
ωτ

ωτω of

the thermal noise. The power spectral density of the
1/f noise is modeled as

2
0

02
1 4

I

a
TGkV Bf ⋅ω

ω
α

⋅=  where 0I is the reference 

bias current leading to a intersection of 2
1 fV with

04 Bk TR at a frequency 0ω . The derivation of these 

quantities is analogous to the treatment in Ref. [1].
The concept of noise equivalent power (NEP) refers 
all sources of electronic noise to an equivalent
noise of the power of the IR radiation. We obtain 

2 2 2 2
1P J fNEP NEP NEP NEP= + + , neglecting all other 

possible contributions. Here | | / | |J J VNEP V S= ,

1 1| | / | |f f VNEP V S=  and PNEP  refer to the noise 

equivalent power of Johnson noise, 1/f noise and 
phonon noise (thermodynamic temperature fluc-
tuatons), respectively.

3 Results

Thermal bias parameter a = αρ ∆T
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NEP [WHz
-1/2

]

1e-12

1e-11

NEP1/f

NEPJ

NEPP
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Fig. 1: Calculated NEP and the related  individual contribu-
tions for a Ti bolometer ( 10025.0 −= Kρα , operating frequency 

1Hz, τ = C/G = 20 ms [3],[1]). 

Thermal bias parameter a = α ∆T = αρ ∆T
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Fig. 2: Calculated dependence of the voltage responsivity on the 
thermal bias parameter for a Ti bolometer [3] and for an equi-
valent temperature independent TCR α . Two operating
frequencies were studied, situated well below and above the 
thermal corner frequency (C/G = 20 ms).

Fig. 1 shows calculated results for a Ti bolometer 
[3], [1] that are typical for very low operating fre-
quencies.
As Fig. 2 shows the constant TCR bolometer shows 
a higher responsivity than the metalfilm device. 
However, the former exhibits thermal instability for 

1a → , whereas the latter remains stable. Fig. 3 
presents calculated bolometer detectivities, given 

by NEPAD /* = , taking the detector area A

from Ref. [3]. The Ti bolometer exhibits an maxi-
mum detectivity, that is mainly composed from
opposite slopes of the bias dependences of thermal
and current noise (see Fig.1).

Thermal bias parameter a = α ∆T = αρ∆T

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3: Calculated detectivity for a Ti thin film bolometer [3] and 
the results for equivalent temperature independent TCR [1]. 

4 Conclusions

The operating characteristics of metal film bolo-
meters are conveniently expressed as a function of 
the self heating. We compared our results for metal-
film devices with those resulting from the standard 
approximation i.e. a temperature independent TCR
for a comparable construction. Both devices have 
similar characteristics only in the low self heating 
regime, i.e. for 0.1a < . In general the constant-
TCR model overestimates responsivity and detec-
tivity values that can be reached with a metal film 
bolometer. With respect to the thermal bias these
devices exhibit an optimum of the detectivity,
whose position depends on the operating frequency
because of the 1/f noise. Benefits from the metallic 
temperature characteristic are thermal stability for

1a → and a slightly higher bandwidth
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Development of Comb Drive with New Compressive Suspension Spring for 

Large Static Displacement and Continuous Motion Applications 
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Summary:  New comb drives using compressive suspension springs are designed and developed to provide 
capabilities of large static displacement and continuous motion for applications, such as micro XY stage, two 
dimensional lens scanner, variable optical attenuator, and optical switch, etc. The maximum static displacement 
of conventional comb drive is constrained by the comb finger electrodes sticking effect. Because the lateral 
stiffness of spring is unable to resist the lateral disturbance, two new designs proposed in this paper are capable 
of enhancing the lateral stiffness against to the lateral disturbance. The new design can increase the lateral 
stiffness when the comb drive displacement increases, therefore the maximum static displacement can be 
enlarged.

Keywords: actuator, comb drive, electrostatic actuator  

Category: 1 (General, theoretical and modeling)

1 Introduction 

Developing a comb-drive with large static 
displacement and continuous motion capability is a 
major research interest, actuators of such capability 
is crucial for pratical applications like micro XY 
stage, two dimensional lens scanner, and variable 
optical attenuator, optical switch, etc. In the 
conventional design of comb-drive the maximum 
static displacement of comb actuator is limited by 
the side sticking effect of comb fingers [1,2]. The 
tiny deviations of comb finger and gap width will 
cause the unbalanced force of both sides of finger 
electrode, and such deviation is easily induced by 
microfabrication process [3]. The unbalanced force 
of both sides of finger electrode is the major 
contribution factor to the side sticking effect. How 
to design and make a comb actuator that is more 
robust to the process induced deviation is very 
attractive to industrial pratical use. We have 
presented a comb drive with stepped structure 
between spring and comb finger electrode by using 
SOI-DRIE process [4], such approach let traditional 
comb drive can have enlarged static displacement. 
In this study, we present a new design concept for 
making comb drive with further improved 
maximum displacement of static movement under 
dc voltage load.  

2 Design, Fabrication and Characterization 
The configuration of comb-drives with springs of 
conventional design, and our new type I and type II 
designs are depicted in Fig. 1 (a), (b) and (c), 
respectively.  The length, width, and thickness of 
each beam of spring in Fig. 1 are 800µm, 1.6µm, 
and 45µm, while comb electrode spacing, electrode 
thickness, number of electrode finger are 4µm, 
92µm, and 100, respectively.  The made type I 

device is shown in Fig. 2 by using the reported 
process technology [4]. 
Let the spring constant of moving direction as kx,
and the spring constant of in-plane direction 
perpendicular to moving direction as ky. The 
sticking of comb electrode fingers occurs when ky

being less than the stability criteria ke, which 
represents the sufficient stiffness to keep the 
electrodes of rotor moving at center axis between 
two electrodes of stator nearby [1,2]. The ky of
conventional comb-drive design is decreasing as the 
actuated displacement increasing, in the mean time 
the ke is increasing. The maximum displacement 
can be predicted by calculating when ky being equal 
to ke.  In order to have enlarged travel distance of 
comb drive, the ky should be designed to be 
increased as the actuated displacement increased. 
Since the ky of the parallel spring comb-drive is 
decreasing while the spring is extended, a 
compressive spring is therefore considered in our 
present design to alter the characteristic of ky.
Compressive spring can naturally increase the 
lateral stiffness so as to provide more robust 
behavior, and larger static displacement. 

(a) (b) (c) 
Fig.1 Schematic diagrams of (a) conventional com-
drive with parallel normal folded spring, (b) comb-drive 
with a pair of compressive spring, and (c) comb-drive 
with one normal folded spring and one compressive 
spring.
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Fig.2 SEM of comb drive actuator with compressive 
spring

3 Simulation and Discussion 

Based on the analytical model, and FEM analysis 
results via ANASYS, we may derive the curves of 
actuation displacement versus electrostatic force 
along with the moving direction, as shown in Fig. 3. 
The calculated result of comb drive with 
conventional 2-folded spring is confirmed with the 
measured data that is published elsewhere [4]. Fig. 
3 illustrates the kx of our new designed compressive 
spring resemble to the kx of parallel 2-folded spring.  
These curves point out a factor that our new designs 
will not deteriorate the force output in moving 
direction, comparing with the conventional design; 
this is an important performance requirement to 
actuator.
Additionally, Fig. 4 presents the ky of conventional 
comb drive with 2-folded spring decreased rapidly 
and the value of ky coincides with the ke at 32 µm 
displacement. Regarding to the type I comb drive, 
in spite of that the ky of comb drive with a pair of 
compressive springs is increased as spring being 
compressed, the ky still coincide with the ke at 18 
µm displacement. Because the initial ky of type I 
comb is too small. To further enhance the lateral 
stiffness of comb-drive with compressive spring 
design over initial actuation period, one of the 
compressive springs is replaced by a normal folded 
spring, and then this type is the type II comb drive. 
Besides, an n-bridge structure connected the two 
normal 2-folded springs, as shown in Fig. 1(c). This 
type II comb is proposed to provide the necessary 
lateral stiffness of the parallel spring over large 
displacement period. As shown in Fig.4, similarly, 
the initial ky of type II comb has been promoted by 
such modification, the ky keeps increasing as the 
displacement increasing as the trend observed in the 
type I case. As a result, the ky of type II comb meets 
with the ke at actuation displacement approximate 
58µm. By using our new design, we are able to 
increase the static displacement performance about 
81%. 

4 Conclusion 

A novel comb drive design, consisting an 
compressive spring, and a normal 2-folded spring 
connected with an n-bridge spring, is presented to 

reach higher value of the maximum static 
displacement than the one of conventional comb 
drive using normal 2-folded spring. The 
preliminary simulation results show a better static 
displacement and robustness to environment 
disturbance, such as shock, and unbalanced 
electrostatic force coming from process-induced 
feature size variations, etc. The characterization of 
made devices is undergoing now. 

Fig.3. Actuation displacements of comb actuators with 
parallel spring, compressive spring and hybrid spring 
versus electrostatic force driving in actuation direction 

Fig.4. Lateral spring constant ky of parallel spring, 
compressive spring, and hybrid spring and stability 
criteria ke versus various actuation displacement 
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Summary:  The performance of ToF estimators for acoustic tone bursts is empirically evaluated. In indoor 
applications, the observed waveform is likely to be disrupted by multiple echoes. These echoes can cause 
complex interference patterns. The paper presents the results of a comparison study of the robustness of 
various ToF estimators against such type of disruptions. 
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1 Introduction 

The determination of the time of flight (ToF) of an 
acoustic tone burst is a key issue in position and 
distance measurement systems. In reflective 
environments, e.g. indoor applications, the ToF 
measurement is often difficult. Multiple echoes 
cause complex interference patterns. In the example 
of fig 1, the second peak of the interference pattern 
is larger than the first peak [1]. Most methods for 
ToF estimation rely on simple models where the 
shape of the observed waveform is assumed to be 
known in advance. The only parameters that are 
considered as unknown are the magnitude and the 
Tof. However, the occurrence of interfering echoes 
breaks down the validness of these models, and the 
methods may suffer from performance degradation. 

This paper studies the robustness of ToF estimators, 
i.e. their ability to cope with waveforms that are 
disrupted by multiple echoes. The aim of this paper 
is to empirically evaluate this quality aspect of the 
various methods.  

Some literature exists that addresses the 
performance evaluation of ToF estimators [2], [3]. 
The usual performance criterion is the RMS plotted 
against the SNR of the observed waveform, thus 
providing information about the noise sensitivity of 
the estimators. However, these evaluations do not 
address the problem of having multiple echoes. 

2 ToF estimators considered 

The tone burst that we consider consists of a few 
cycles of a sinoidal wave. The frequency of the sine 
wave is the carrier frequency. The envelope of the 
observed waveform, in the absence of multiple 
echoes, is a smooth function (for which different 
models have been proposed in the literature).  

The ToF estimators that we evaluate are tabulated 
in Table 1. Some methods use the envelope of the 
waveform. We use quadruple filtering and Rice's 

representation to calculate it. This method is 
considered as optimal [4]. The covariance model 
based method is a new method presented in [5]. The 
other methods are discussed in [2], [6]. (The curve 
fitting method will be included in the final paper). 

3 Evaluation Procedure 

The first step of the empirical evaluation is the 
tuning of the adjustment parameters of all the 
estimators. We recorded 150 waveforms acquired 
under different conditions (different rooms, ToFs, 
and heights above the floor, etc.). Figure 1 is an 
example of a waveform obtained in this way. 

For each record, we manually determined the ToF. 
For that, we used knowledge usually not available, 
e.g. the geometry of the setup. But in this 
experimental situation, such knowledge can be 
exploited. These manually obtained ToFs are 
considered as the conventional true values. As an 
criterion for the tuning of the adjustment 
parameters we used the sample standard deviation 
of the estimation errors calculated over the 150 
records. A bias compensation guarantees that the 
bias (calculated as the mean error over all 150 
records) of all operators is zero. Table 1 shows the 
performance of the various operators obtained in 
this way. Note that in this case, the matched filter – 
theoretically the best one – scores worst. 
Apparently, this method is not able to deal with 
unmodelled phenomena. 

A simple model of the occurrence of multiple 
echoes in a waveform is  

( ) ( ) ( ) ( )tof i tof i
i

z t a h t d h t n tτ τ τ= − + − − +∑  (1) 

observed waveform

10 11 12 13 14 15 16
time (ms)

observed waveform

10 11 12 13 14 15 16
time (ms)

10 11 12 13 14 15 16
time (ms)

Fig. 1. An example of an observed waveform. 
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The first term is the direct response whose ToF tofτ
should be estimated. a  is the corresponding 
amplitude. The second term represents the multiple 
echoes with amplitudes id  and delays iτ  (relative 
to tofτ ). ( )n t  is the noise. Usually, only one of 
these echoes is dominant. We silently ignore the 
existence of the others. 

In order to assess the robustness of the operators, 
we selected one record whose multiple echoes were 
small relative to the direct response. The model for 
this record is: ( ) ( )tofa h t n tτ− + . We also recorded 
a waveform obtained in an anechoic room. Since 
the SNR for this record is large, we model this 
record with ( )h t . Using these two records we are 
now able to simulate the occurrence of a second 
echo in a controlled fashion: 

( ) ( ) ( ) ( )tof tofz t a h t D h t T n tτ τ= − + − − +  (2) 

D  and T  are the parameters that control the 
simulation. The simulated waveforms are used to 
measure the influence of the second echo on the 
accuracies of the various ToF-estimators. 

4 Results 

We measured the RMS of the simulated waveform 
either with fixed delay T  and varying amplitude 
D , or vice verse. Preliminary results are shown in 
fig 2. The graph on the top shows the RMSs with 
varying D  with T  fixed to 0.5 sec. The second 
graph shows the RMSs with varying T  and with 
D  fixed to a .

5 Conclusion 

From fig 2 and table 1 we conclude the following: 

• The non-adaptive threshold methods are robust 
except when the second echo occurs almost 
directly after the first. However, these methods 
have a large standard deviation. 

• The adaptive threshold methods are robust 
except when the amplitude of the second echo 
becomes large (influencing the maximum of 
the wave) 

• Matched filtering in either form is not robust. 

• The covariance model based method combines 

a small standard deviation with good 
robustness. The adaptive envelope threshold 
method performs slightly worse, but is much 
easier to implement.  

References 

[1] F. van der Heijden, G. Túquerres, P.P.L. 
Regtien, “A Reflection Model for Ultrasonic 
Position Measurements for Indoor Applications”, to 
appear in Proc. XVII IMEKO 2003, June 2003 

[2] B. Barshan, “Fast processing techniques for 
accurate ultrasonic range measurements”, Meas. 
Sci. Technol. 11 (2000) 45-50. 

[3] H.W. When, P.R. Bélanger, “Ultrasound-
Based Robot Position Estimation”, IEEE Trans on 
Robotics and Automation, Vol. 13, No. 5, p. 682-
692, October 1997. 

[4] A. Papoulis, Probability, Random Variables, 
and Stochastic Processes – Third Edition”, 
MacGraw-Hill, 1991. 

[5] F. van der Heijden, G. Túquerres, P.P.L. 
Regtien, “Acoustic Time-of-flight measurements in 
a reflective room”, to appear in Proc. XVII IMEKO 
World Congress, June 2003. 

[6] M. Parrilla, J.J. Anaya, C. Fritsch, Digital 
Signal Processing Techniques for High Accuracy 
Ultrasonic Range Measurements, IEEE Trans on 
Instrumentation and Measurement, Vol 40, No. 4, 
pp 759-763, August 1991. 

Table 1. Standard deviation of the estimation errors 
method  std. dev. 

(ms)
Covariance model. based filtering 0.027 
Thresholding the envelope with threshold 
adaptive to the maximum of the waveform 

0.034 

Thresholding with threshold adaptive to the 
maximum of the waveform 

0.038 

Envelope thresholding 0.044 
Thresholding 0.053 
Matched filtering on the envelope 0.107 
Matched filtering 0.120 
Curve fitting on the envelope  
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Fig. 2. RMS versus relative amplitude (top) and delay 
(bottom) of second echo. 
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Study of an Elastic Surface Deformation by

Piezoelectric Actuator: Model Formulation, FEM

Analysis, and Experimental Investigation.

P.J. Costa Branco1, A. Oliveira1 and P. Sousa1

1 Mechatronics Lab, Instituto Superior Tcnico (IST), A. Rovisco Pais, 1049-001 Lisboa, Portugal
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Summary. Unimorph design of a piezo bonded to a surface is the most common structure used to

induce deformations. Analytic models by Park and Agrawal have been extensively used. However, they

are based on different strain distribution hypothesis that must to take into account the relative thickness

size between piezo and surface. To evaluate the two models, results from analytic models and FEM

simulations revealed the importance of the assumptions for strain distribution at the piezo actuator

foreach model. An experimental prototype matching a clamped surface actuated by a piezo has been

built. Experimental results are compared with the models.

Keywords: piezoelectric actuator, surface deformation, modeling

Category: 1 (General, theoretical, modeling)

1 Introduction

The models developed by Park [1] and Agrawal [2]
have been extensively used to determinate the induced
strain on piezo actuated surfaces. Park’s model consid-
ers a constant strain distribution through the piezo ac-
tuator and a linear distribution through the surface ma-
terial. This approach can only be valid when the piezo
thickness is is much smaller than the surface thickness,
as shown in Fig. 1(a). Agrawal’s model instead as-
sumes a linear distribution through the actuator and the
surface. When the piezo thickness is of same size order
than the surface one, a linear extension approach be-
comes more adequate as shown in Fig. 1(b). The two
models have been evaluated by FEM and experimen-
tal tests based on a cantilever beam structure-actuator
shown in Fig. 2.

2 FEM model and experimental

prototype

FEM analysis used the Ansys software. The adhe-
sive was a cyanoacrylate with a Young modulus of
5:17 £ 109 N/m2. The surface was aluminium with
width equal to the piezo and length of 25:2 cm. The
aluminium had a Young’s modulus of 7:31£1010 N/m2

(a) (b)
Fig. 1: (a) Uniforme strain distribution and (b) linear
strain distribution in the piezoelectric actuator.

and a Poisson constant of 0:3. Two beam thicknesses
tb were considered 0:5 and 1:0 mm and a piezoceramic
with a thickness of tc = 0:19 mm. An experimen-
tal prototype has been built. The beam structure was
placed in a vertical cantilever position as shown in Fig.
3. A high precision potentiometer taken out of an aero-
nautic sensor (angular ratio gyroscope) has been used
to measure the beam tips displacement.

3 Results

3.1 Analytic and numerical analysis

FEM results are reference by which analytic models
were judged. In Figs 4(a-c), FEM results show the lin-
ear strain (¤) and the uniform strain model (4). They
produce identical results for a 1 mm thickness beam.
When compared with FEM model, analytic ones are
only able to accurately predict the slope at the end of
the piezo, showing worse results for the slope at the
end of the beam. Concerning the slope at the end of
the piezo, theoretical models underestimate the slope
relative to the FEM model, leading to the differences
observed in the beam’s slope predictions. Theoretical
models do not accurately predict the slope at the end
of the piezo and differences grow with increasing volt-
age. For a 0:8 mm thickness beam (Fig. 5), differences

Data
SurfacePiezoelectric

Clamped region

Adhesive

Fig. 2: Cantilever beam structure-actuator.
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Fig. 3: Surface mounted piezo actuator: AC voltage
source, piezo, aluminium, and digital oscilloscope.

(a)

(b)

(c)
Fig. 4: Beam thickness 1 mm. Slope at a) end of the
piezo, b) free end of the beam, c) end of the piezo.

between theoretical models become signi�cant. The
slope at the end of the piezo is overestimated by the
uniform strain model and underestimated by the linear
strain model. Still, regarding the beam’s free end slope,
the uniform strain model shows results closer to those
obtained in FEM simulation. Experimental tests were
carried out for an intermediate 0:8 mm thickness beam.
Figure 6 shows how, for the 0:8 mm thickness tested,
the FEM model results represent a good approximation
of reality.

4 Conclusions

Despite being more simplistic, the uniform strain
model can be used for higher thickness ratios, which
is an advantage since it is a simpler model to use. The
Agrawal’s model is the one that best estimates the slope
of the piezo and is not constrained by thickness consid-
erations. Thus it is a very solid model for estimating

(a)

(b)

(c)
Fig. 5: Beam thickness 0:8 mm. Slope at a) end of the
piezo, b) free end of the beam, c) end of the piezo.

the slope of areas covered by the actuator but should
not be used for predicting the beam’s slope when its
thickness is small.
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Fig. 6: Experimental (continuous line - experimental
points in diamonds) and FEM results.
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Summary. A number of papers address the analytical modelling of piezoelectric transducers and, in
particular, of travelling wave ultrasonic motors. Most of them focus on the complex electromechanical
modelling of the motor stator. In this paper, an the experimental introduction of structural damping in
analytical models is introduced. The proposed approach is based on a two-coefficient Raylaigh model.
Experimental verification is reported through an integral model used for design, optimisation and simu-
lation purposes.

Keywords: Ultrasonic Motors, Piezoelectric transducers, Rayleigh damping, Analytical model
Category: 1 (General, theoretical and modeling)

1 Introduction

Analytical models of the so-called Travelling Wave Ul-
trasonic Motors, TWUMs, have been approached dur-
ing the last decades. TWUMs belong to a relatively
new class of electromechanical devices, which use the
inverse piezoelectric effect to obtain linear or rotary
motion. Their simple structure, high power density,
high torque/low speed operation and its solid-state na-
ture, with no generation of electromagnetic fields, have
attracted a widespread interest, see Rodriguez et al. in
[1].

A number of papers have addressed the issue of im-
proving the stator analytical models. Friend et al., [2],
introduced a closed-form solution of the vibration of
an anular plate without considering shear deformation
and rotary inertia. Hagedorn et al., [3], model the plate
thickness as a function of the radius and include both
shear and rotary inertia but the piezoelectric domain
was not considered. A quite accurate model of the non-
uniform electric field in the piezoelectric domain is in-
cluded in [4] and [2]. In addition, the teeth dynamic
behaviour is also considered in [5].

Analytical modelling of piezoelectric transducers re-
quires the introduction of material parameters. This in-
volves the experimental characterization of the piezo-
electric specimen in terms of electromechanical coeffi-
cients as well as the introduction of structural parame-
ters, in particular system damping. Several approaches
can be found in the literature, both viscous and struc-
tural models are reported, see [6, 7].

This paper introduces the experimental application
of Rayleigh damping approaches in analytical models
of piezoelectric transducers. In particular, the appli-
cation to analytical models of travelling wave ultra-
sonic motors, TWUM, is addressed. First, an intergal

TWUM model will be briefly introduced. Following,
the theory behind structural damping will be given to
lead to the experimental introduction of damping coef-
ficients in a third section.

2 Experimental introduction of
Rayleigh damping

The forced vibration of the utrasonic motor stator can
be described according to the following expression:

�� ������ ���� ���� ������ � ���� (1)

It is particularly interesting the formulation to in-
clude the structural damping, ���, in equation 1. Usu-
ally, viscous and structural models are used to de-
scribe the damping behaviour of mechanical contin-
uum, [6, 7]. Structural damping is generally used
in the frequency domain while viscous damping, i.e.
Rayleigh damping, can be used in the time domain,
with acceptable results when the damping level is low,
[7].

2.1 Viscous damping

In our approach, a two-coefficient Rayleigh model has
been used. This approach maintains modal shapes,
leading to relatively simpler solutions [7, 8, 9].

The Rayleigh damping matrix has a general structure
as shown below:

��� � �� �

����

���

����� �������� (2)

For the simpler case, when � � �, the damping ma-
trix becomes:
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Damping parameter USR30
� for n=4 0.39%
� for n=5 0.85%

�� ������� ���

�� ������ ����

Table 1: Experimental determination of damping parameters

��� � ���� � 	 ������ (3)

where, �� and �� are the damping coefficients. This
damping approach keeps orthogonality with respect to
the system eigenvectors, � 
� �. As a consequence, sys-
tem equations can be completely uncoupled through a
modal expansion, [8], for the �-th vibration mode, we
have:

	�
�� 	 
� � 	 ��� � �� (4)

where,

	� � �
���� ��
��� 
� � �
������
���

�� � �
������
�� ��� �� � �
��
�
����

After normalisation, i.e. 	� � �, we have:

�� 	 �����
� 	 ��

�� � �� (5)

where, �� is the damping ratio.
Coming back to the determination of the damping

coefficient, we end up with:


� � ����� � �� 	 ���
�

�
� (6)

It can be easily seen that, by experimerimentaly ob-
tining the damping ratio, ��, for two different vibra-
tion modes, the Rayleigh coefficients, �� and �� can
be worked out.

2.2 Experimental determination of
Rayleigh coefficients

The Rayleigh damping coeeficients (�� and ��) have
been experimentaly determined for the Shinsei USR30
TWUM according to the method described in the pre-
vious section. The resulting damping coefficients and
damping ratios are summarised in table 1.

The experimental damping ratios corresponding to
two vibration modes were obtained from the system
resonance curve. In order to do so, the damping ra-
tio was determined according to � � ��� � �������,
where, �� resonance frequency of the vibration mode
being analysed, and �� and �� are frequencies for
which the amplitude of the resonance curve is 3dB
below the resonance value respectively, [10]. Figure
1, shows the resonance curves as obtained for modes
� � � and � � � for the commercial motor Shinsei
USR30.

The forced response of the USR30 was measured
by a high resolution laser interferometer (VF300 by
Politek). In addition, the experimentaly verified low
damping ratio, � � ����, made it possible to validate
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�
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p
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m

�

Frequency, kHz Frequency, kHz

Fig. 1: Resonance curves for a) fourth and b) fifth vibration modes.
Experimental determination of damping ratio for USR30

the assumption that the forced response of the motor at
the resonance frequency is effectively very close to the
corresponding modal shape.
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Summary:  Microacoustic sensors have proven to be powerful tools in a number of applications ranging 

from chemical sensing to viscosity and density sensing in fluids. For liquid media, transverse shear mode 

resonators have been utilized as they do not lead to an unwanted excitation of compressional waves in the 

liquid, which would lead to a serious damping of the sensor. Although the microacoustic modes are 

dominantly shear polarized, compressional waves are excited as well. This is related to the non-uniform 

distribution of the shear discplacement and to spurious normal discplacement components at the sensitive 
surface. The effects associated with these compressional waves recently have been investigated 

experimentally. In this contribution we present a finite element analysis of the oscillating device leading to 

an identification of the mechanisms causing the excitation of the spurious compressional waves. 

Keywords: Microacoustic Sensor, Viscosity Sensor, Transverse Shear Mode Resonator 
Category: 1 (General, Theoretical and Modeling) 

1 Introduction and Theory  

Shear polarized acoustic wave sensors are very well 
suited for sensing tasks in the liquid phase, like, e.g. 
viscosity sensing or chemical sensing (where the 
sensitive surface is covered with a selectively 
adsorbing chemical interface). In principle a pure 
shear displacement at the sensitive surface avoids 
the excitation of compressional waves and merely 
leads to an evanescent shear wave in the adjacent 
viscous liquid (see Fig. 1). Compressional wave 
excitation would lead to unwanted acoustic 
radiation losses which would drastically reduce the 
performance of the sensor. The remaining viscous 
loading can either be used, e.g. for viscosity 
sensing, or it represents a cross-sensitivity that 
needs to be compensated, e.g. in case of chemical 
sensors. 

liquid

shear oscillations at the device surface

Fig. 1: A shear oscillating surface in contact with a 
viscous liquid. 

In this contribution we consider transverse shear 
mode (TSM) resonators where a shear polarized 
mode is excited in a quartz disk by means of 
electrodes deposited on both sides of the disk (see 
Fig. 2). The shear polarization is achieved by using 
proper crystal cuts like singly rotated cuts in quartz, 
e.g., the so-called AT-cut. In this case, the 
displacement u is oriented in the crystalline X-
direction lying in the cut plane of the disk.  

Fig. 2: TSM resonator: basic structure (left) and FEM 
model (right). 

Due to the finite extension of the electrode, a so-
called trapped mode is excited, which leads to 
additional small displacements in other directions 
than X and to a non-uniform distribution of the 
dominant displacement component ux across the 
sensing surface. Both effects potentially lead to the 
excitation of spurious compressional waves in the 
adjacent liquid. (In case of the nonuniform 
distribution of ux this can be seen by considering the 
continuity equation in the liquid as described in 
[1].) The effect of compressional wave excitation 
has been investigated experimentally in a number 
of works [1,2,3,4,5,6]. In [3,4,5] the impact on the 
equivalent circuit model of the resonator is also 
considered. In this contribution, we present a 
rigorous finite element (FE) analysis of the 
resonator to numerically analyze the compressional 
wave excitation. 

2 Analysis Approach 

As sample structure we consider a 4MHz AT-cut 
resonator featuring disk and electrode diameters of 
8 and 5 mm, respectively (see also Fig. 2). The 
thickness of the (gold) electrodes was assumed to 
be 500 nm. The analysis also accounts for the effect 
of mounting the disk in a holder by clamping the 
respective areas at the disk circumference (Fig. 2). 

clamped

clamped

Z
Y

X
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The structure has been modeled using the software 
ANSYS, where 1224 brick elements for the quartz 
disk and 372 shell elements for the electrodes have 
been used. 

3 Results

To discriminate the different excitation mechanisms 
mentioned above, it is instructive to consider the 
behavior of the resonator in air. To investigate the 
displacement distributions, the resonator is excited 
slightly off the resonance frequency (as no damping 
was assumed at this stage). Firstly it is found that 
the peak values for |uz| are two orders of magnitudes 
below those for |ux|. As expected, the dominant 
shear displacement ux approximately depends on 
the radial coordinate only. Fig. 3 shows its 
distribution along the X-axis yielding a Gaussian-
like distribution as it also has been found 
experimentally. Note that irregularities in the 
numerical data can partly be attributed to the 
interaction of uz with the non-vanishing normal 
displacement component uz.

Fig. 3: Distribution of ux at the resonator surface along
the X-coordinate. 

Fig. 4 shows a contour plot for uz across the disk 
surface and a cross-sectional view of the 
deformation in the Y-Z plane compared to the 
undeformed structure (drawn displacements are 
exaggerated). The positive and negative peaks in 
the contour plot (bright and dark spots) indicate 
possible excitation centers for compressional waves 
when the device is loaded with a liquid. 
Considering the second mechanism of excitation, 
i.e. the non-uniformity of ux, one can expect only 
two excitation centers. These are approximately 
located at those positions on the X-axis, where the 
slope of the distribution ux(x) reaches its maximum. 
This can be simply shown by considering the 
continuity equation in the adjacent liquid [1]. In our 
example these locations would be at about x=
±1.5mm on the X-axis (see Fig. 3). In experiments, 
the dominant excitation centers found correspond to 
the ones obtained from considering the non-
uniformity of ux. [4,6]. Thus it can be concluded, 
that the major effect being responsible for the 
excitation of compressional waves is the non-

uniformity of the shear displacement component 
across the sensitive surface. 

Fig. 4: Contour plot of uz (upper) and cross section of the 
deformation  in the XZ plane (lower). 

4 Discussion and Conclusions 

In this contribution we present a finite element 
analysis of a transverse shear mode resonator for 
the operation in liquids. Due to mode trapping, 
TSM resonators also excite spurious compressional 
waves, which can be firstly attributed to normal 
displacement components uz and secondly to the 
non-uniform distribution of the dominant shear 
displacement ux at the sensing surface. In our 
analysis we identified patterns of compressional 
wave excitation centers corresponding to both 
mechanisms. Comparing these results to 
experiments we find that the dominant cause for 
compressional wave excitation is the non-
uniformity of the shear displacement. In our final 
contribution we will further discuss the effect of 
liquid loading by means of simulation results and 
comparisons with experiments. 
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Micromachined capacitive long-range displacement sensor 

Toon A.A.Kuijpers, Gijs J.M.Krijnen, Theo S.J. Lammerink, Remco J. Wiegerink, Miko C. Elwenspoek 

Transducer Science & Technology group, MESA+ Research institute, University of Twente, PO box 217, 
7500AE,Enschede, The Netherlands. email: a.a.kuijpers@el.utwente.nl 

Summary: First measurement results are presented for a surface-micromachined long-range (50– 100 µm) 

periodic capacitive position sensor. The sensor consists of two periodic geometries (period = 10 µm) 
sliding along each other with minimum spacing of about 1.5 µm. The relative displacement between the 

two, results in a periodic change in capacitance. An electrostatic comb-drive actuator is employed to 

generate displacements. Measured maximum capacitance change ∆C=0.72 fF corresponds to simulation 
results but needs better shielding from external noise sources. The results show this sensorconcept can 

potentially lead towards long-range nano-positioning control of microactuator systems. 

Keywords: periodic capacitive position sensor, displacement transducer, periodic geometry, surface-

micromachining, MEMS, comb-drive, microactuator, nano positioning, 

Category: 1 (General, theoretical and modeling) & 10 (Applications)

1 Introduction 

Accurate positioning is of paramount importance for 
many applications of micro-systems. Microactuators 
for example have a high potential in probe-micro-
scopy and future probe memory applications [1] 
provided that nm position accuracy can be obtained 
over 10’s of µm displacement range. In many cases 
such accuracies cannot be obtained using open loop 
operation and, thus, position sensing is required. In 
order to make such systems both economically viable 
as well as compact, on chip position sensing appears 
to be a requirement. 
In this work we investigate a capacitive position 
sensor integrated with a micromachined electrostatic 
microactuator to facilitate nano-position control. The 
aim is to develop a position sensor with nm-range 
accuracy over a displacement range of 50 -100 micro-
meters. To achieve this while keeping the demands on 
the dynamic sensing range of the sensor modest, a 
combination of discrete (counting) and analog 
measurement techniques is investigated. 

2 Measurement concept 

Capacitive metrology systems and capacitive 
displacement transducers using phase read-out with 
mm-scale electrode plates are known to be able to 
achieve nm-accuracy or better with large dynamic 
range [2,3,4]. For micro-scaled MEMS devices a 
capacitive position sensor becomes a challenge 
because of small sensor capacitances with relative 
large influence of parasitics and noise-sources (e.g. 
kT/C).  
The concept for the surface-micromachined capacitive 
position sensor presented in this article is given in 
Figure 1. The sensor consists of a slider driven by two 
electrostatic comb-drive actuators and sliding along a 
fixed sense-structure. Both slider and sense-structure 
have opposing periodic patterns. As the slider-beam 
moves (x-direction) the capacitance between slider 

and sense-structure changes periodically. By counting 
the number of periods as well as measuring the 
change in capacitance within one period, one will in 
principle be able to obtain a long-range position 
measurement with high resolution and high accuracy.  

Top view

Fixed
Drive-
actuator

Drive-
actuator

Sense-structure (fixed)

Slider

x

x

x

Figure 1: Concept of a capacitive long-range position 

sensor. Dark parts are fixed, light part moves. 

Pedrocchi et al [5] have demonstrated a PC board 10x 
model for a long-range micromachined capacitive 
position sensor with an optimized electrode pitch-to-
spacing ratio. Measurement results were limited by 
Johnson noise to 63 nm sensitivity. Because of the 
geometry of the capacitance this concept suffers from 
out-of-plane forces. Cheung et al [6] and Legtenberg 
[7] have used micromachined comb-sensors to detect 
displacements. Cheung was able to measure lateral 
positions with 0.01 µm estimation error using Kalman 
state-variable feedback. Legtenberg measured a linear 
change ∆C/∆x ≈ 2.67 [fF/µm] with initial capacitance 
Ccomb ≈ 300 fF (∆Cmax ≈ 80 fF) over a deflection range 
of 30 µm. Kung et al [8] have reported an air-gap-
capacitor pressure sensor with integrated NMOS 
circuits where a 100 fF air-gap-capacitor could be 
measured with a resolution of less than 30 aF. These 
figures indicate that measurement of the capacitance-
changes of the periodic capacitive sensor and micro-
machined devices is feasible. To our knowledge the 
combination of long-range, high accuracy and 
micromachined devices as presented in this work has 
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not been addressed before. Previously, various pattern 
combinations were investigated numerically with 
respect to maximum performance (i.e. large 
capacitance and large capacitance changes) [9]. In this 
paper we describe the first experimental results. 

3 Design and experimental 

An example of a realized device is given in Figure 2. 
It is fabricated in a one-mask surface micromaching 
process as described by Legtenberg [10]. In this 
symmetric design electrostatic forces on the slider are 
balanced. The symmetric periodic electrode patterns 
we use inherently cause ambiguities in position 
detection and a periodic sensitivity. Hence, in our 
design we intend to use quadrature detection 
combined with two geometrically shifted sense-
structures so that a minimum in sensitivity for one 
sense-structure is balanced by a maximum in 
sensitivity of the other (see Figure 2). 

slider

sense-structure φ1 sense-structure φ2

Figure 2: Photograph of a micromachined long-range 

capacitive position sensor with a slider beam with 

sinusoidal 10 µm-period and 2 pairs of sense-structures 

with rectangular ‘fingers’. Minimum gap is 1.5 µm.  

Figure 3: Impedance of 1 sense-structure as measured 

with the HP4194A impedance analyzer for the structure 

of Figure 2.  The impedance is measured while the slider 

is step-wise displaced. 

We performed measurements with a HP4194A 
impedance analyzer and compared results with 2D-
Finite-Element simulations [9] for various periodic 
geometries. Measurement results for the micro-
machined device in Figure 2 are presented. The 
impedance of one sense-structure at f=800 kHz was 

measured, while the slider is driven by a comb-drive 
microactuator between a position of minimum 
capacitance (sense-structure bottom-left) and a 
position of maximum capacitance (bottom-right). The 
sliderbeam has a sinusoidal pattern and the sense-
structures have rectangular-fingers by design but are 
rounded by the micromaching processes. The period 
of the pattern is Px = 10µm and the minimum gap is 
g=1.5µm. Each point in the graph was obtained by 
averaging 8 measurements, each obtained using an 
integration time set to ‘medium’. 
The steps in impedance in Figure 3 correspond to a 
change in capacitance ∆C ≈ 0.72 fF around a nominal 
capacitance value of Cnom≈ 218 fF. FE-simulations of 
the capacitance between a 10µm-period sinus-pattern 
and rectangular fingers on slider and sense-structure 
respectively, show a ∆Cmax = 2.4 fF for a minimum 
gap of 1 µm and ∆Cmax = 0.7 fF for 2 µm gap. This is 
a clear indication that the measured changes in 
capacitance are indeed due to the displacements. 
Figure 3 also shows that the measurement set-up 
needs further improvement to decrease external 
disturbances and noise sources. Naturally, the first 
next step is to measure with all 4 sense-structures and 
implement proper shielding. Future work will also 
encompass different measurement techniques. 

4 Conclusions 

We have shown first experimental results for 
micromachined capacitive long-range displacement 
sensors based on electrode patterns with periodic 
geometry. Measurements clearly show the potential of 
this method. 
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Modeling and simulation of a silicon soil moisture
sensor based on the DPHP method for agriculture

A. Valente1, R. Morais1, C. Couto2 and J. H. Correia2

1UTAD University, Dept. Engenharias, Quinta de Prados, 5000-911 Vila Real, Portugal
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2University of Minho, Campus de Azurém, 4800-058 Guimarães, Portugal

Summary. A silicon soil moisture sensor, based in the dual-probe heat-pulse (DPHP) method, was
modeled and simulated for achieving, with low cost, accurate and reliable measurements. This method is
based on the application of a heat pulse during a fixed interval of time. The maximum rise in temperature
(�Tm) is monitored by the measurement probe, placed at a certain distance of the heater source. A low-
cost high-performance and small temperature sensor (a dynamic VPTAT generator) is required to be
placed into the probe which have 0.912 mm in diameter and 20 mm long. If one considers the range of
water contents, ratio of water mass to dry soil mass, in a typical agricultural soil (0.05 to 0.35 m3 m−3),
the average sensitivity of the dual probe is about 1.95◦C per unit change (m3 m−3) in water content for
q = 400 Jm−1.

Keywords: Soil moisture sensor, DPHP method, CMOS temperature sensor
Category: 1 (General,Theoretical and modeling)

1 Introduction

Efficient short and long-term management of irrigation
systems requires the use of reliable and accurate soil
moisture sensors. Today, a large number of sensors,
based on nuclear, electromagnetic, tensiometric, capac-
itance, among others, techniques are available for mea-
suring soil moisture. Generally, these methods have
several limitations that restrict their integration in the
management of irrigation systems. The main disadvan-
tages are: soil dependency, inaccuracy and high-cost
sensors.

2 Theory

The heat capacity of soil, ρcp, is evaluated by adding
the volumetric heat capacities of soil constituents:

ρcp = 1.92Xm + 2.51Xo + 4.18θv (1)

where Xm, Xo, and θv are the mineral, organic,
and water fractions of the soil, respectively. The lead-
ing coefficients represent the volumetric heat capacity
(MJm−3◦C−1) of each soil constituent. When a pulse
of heat is applied during a fixed interval of time to the
heater probe, the maximum rise in temperature (�Tm)
at some distance from the heater is measured. As men-
tioned by Campbell et al. [1] the relationship between
the ρcp and �Tm is,

ρcp =
q

eπr2�Tm

(2)

where, q (Jm−1) is the heat applied per unit length
of the heater, e is the base of natural logarithms, and

r(m) is the distance between the heat and temperature
probes. Substituting Eq. 1 into Eq. 2 and rearrang-
ing yields an expression that shows the relationship be-
tween θv and �Tm,

�Tm =
q

eπr2(1.92Xm + 2.50Xo + 4.18θv)
(3)

or,

θv =

q
eπr2�Tm

− (1.92Xm + 2.50Xo)

4.18
(4)

Although �Tm varies with ρcp and θv, q can be se-
lected to produce an adequate temperature signal for
the expected range of θv for a typical agricultural soil
(0.05 to 0.35 m3m−3).

3 Projected system

The system consists of two needle probes mounted in
parallel to provide a heater and a sensor probe. The
needles will be made from stainless steel tubing, 0.912
mm in diameter, which will protrude 20 mm beyond
the edge of the acrylic mounting.

The heater will be made from Stablohm 800A wire
and placed in the middle of ’heater’ needle. A high-
accuracy CMOS temperature sensor with amplifier will
be placed in the center of the ’probe’ needle. The
needles will be filled with high-thermal-conductivity
epoxy glue to provide water-resistant, electrically in-
sulated probes. The complete projected system is illus-
trated schematically in Fig. 1.
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Fig. 1: The complete soil moisture sensor system.

4 Heat-pulse simulations

Experimentally, it is not possible to heat the line source
instantaneously, so a short-duration heat pulse is used.
Fig. 2 shows the calculated temperatures at a distance r
following application of equivalents amounts of energy
via instantaneous and short-duration heat pulses. The
short-duration heat pulse causes a significant delay in
time at which the maximum temperature change is ob-
tained, but has very little effect on �Tm. Because of
this minimal effect on �Tm, it is possible to use the
instantaneous theory with short-duration heat pulses to
obtain accurate heat capacities, and hence soil mois-
ture.
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Fig. 2: Simulated temperature for instantaneous and
pulsed line source models.

For a given θv, the sensitivity of �Tm increases as
more energy is applied to the probe (q), but decreases
with larger probe spacing and higher bulk densities.
The �Tm distribution were simulated, using FEM-
LAB, and the Fig. 3 shows these results.

5 Temperature sensor simulations

A low-cost, small and high-performance temperature
sensor is required to be placed in a stainless steel nee-
dle with 0.912mm in diameter and 20mm long. A pro-
portional to absolute temperature (PTAT) circuit with
bipolar devices fabricated in the CMOS process meet
these criteria. Meijer et al. [2] showed that the appli-
cation of dynamic voltage processing, using dynamic
element matching (DEM) and dynamic amplification,

Fig. 3: Simulated �Tm distribution at 35s.

will enable to get a very high performance temperature
sensor.

The high-performance CMOS temperature sensor is
composed of a dynamic VPTAT generator with thirty
two switching stages that produces an average value of
VPTAT over these states almost equal to (nkT/q) ln 15
(Fig. 4) and a dynamic switched capacitor amplifier
with a DC gain of fifteen. These gives a sensor sen-
sitivity of 0.234mV ◦C−1.
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Fig. 4: Simulated PTAT voltage.

6 Conclusions

The modeling and simulation of a soil moisture sensor
using the dual-probe heat-pulse method were achieved.
Simulations shown that an accurate PTAT voltage can
be generated with the implementation of dynamic el-
ement matching techniques. It is also shown that the
sensitivity of the dual probe is about 1.95◦C per unit
change (m3 m−3) in water content for a heat strength
of q of 400 Jm−1.
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A miniaturized self-calibrated pyrometer microsystem 
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Summary:  This paper describes the design, modeling and optimization of a miniaturized self-calibrated 

pyrometer to detect infrared radiation (in 5-20 m range of wavelengths) in order to measure the real 
temperature of objects without contact. The microsystem consists of a thermally insulated absorbing area 

and two thermopiles with the hot junctions in the absorbing area and the cold junctions on a heat sink (i.e. 
the silicon bulk). The complete microsystem is in silicon planar technology and each thermopile has a 

different reference temperature, biased by a Peltier microstructure near to the cold junction of the 

thermopile. A silicon die passivated with a silicon nitride membrane is the ground floor of all microsystem. 
The absorbing area, a black gold strip on the silicon nitride membrane is obtained by anisotropic etching 

of the bulk silicon from the back of the wafer. The pyrometer microsystem is composed by: the IR optical 

filter on the top, the electronic system built in CMOS technology added by Multi-Chip-Module (MCM) 
techniques and the pyrometer. Application of a network of pyrometers  in textile industry is the final goal. 

Keywords: micropyrometer, IR radiation, thermopile, Peltier effect 
Category: 1-General, Theoretical and modeling 

1 Introduction 

The pyrometers are equipments of great utility, 
since they allow to measure temperature of an 
object without contact. However, the pyrometers 
available on the market have a limitation, since the 
measured value depends on the emissivity of the 
target object surface. Also, the existing equipment 
is very expensive, becoming difficult its uses in 
production lines that requires control of temperature 
in real team as dyeing in the textile industry. A new 
method of contactless measuring the surface 
temperature and/or emissivity of objects is applied 
based on 2 thermopiles with 2 different reference 
temperatures (biased by the Peltier devices). 
Therefore, it is possible to measure the temperature 
of distant objects independently of the emissivity, 
based on these two readings. 

The voltage obtained by a sensor at Ts1 temperature, 
when this is exposed to a body at a certain T

temperature, is obtained by (Stefan’s Law): 

4
1

4
1 . sTTKU  Eq. 1.1 

 - Emissivity K – Sensor constants 

T – Target temperature Ts1 – Sensor 1 temperature 

If another sensor is submitted at a different 
temperature Ts2, granting that both sensors are 
disposed in such way that they equally receive the 
same amount of radiation, the voltage on this sensor 
is given by: 
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The ratio between the two values is: 
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That equation can be arranged to: 
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Fig. 1- Selected wavelength range. 

The effect of the bandpass effect of the receiver and 
lens were not included in the equations (Plank’s 
Law).

In order to get the maximum sensibility on the 
receiver,  in the  temperature  between  0 ºC  and 
2500 ºC, based on the Plank’s Law, the receiver 
should operate in wavelengths between 5 µm and 
20 µm. 
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2 Simulation and design 

The structure was modeled using Finite Element 
Analysis, in order to get the best dimensions for the 
Peltier converter and the Seebeck elements. These 
elements use a metal pair (like Nickel and Chrome) 
or polysilicon (type p and type n). The materials for 
the Seebeek thermopile are documented and 
compared on the references presented. 

Fig. 2 - An artist impression of the complete microsystem 
with convex-planar lens and optical filter.  

Each pyrometer can have a bandpass filter under 
the lens to filter a specific-wavelengths range. The 
compilation of the different values of the measured 
temperatures by a few pyrometers will compute the 
correct temperature of the target. 

Metal Seebeck coeff. at 

273 K (µV/K) 

Nickel -18 

Palladium -9 

Platinum -4.45 

Aluminum -1.7 

Lead -0.995 

Tungsten 0.13 

Silver 1.38 

Copper 1.70 

Gold 1.79 

Chrome 18.8 

Table 1-The absolute Seebeck coefficient of metals. 

3 Implementation 

Bulk-micromachining technology in silicon 
(obtained through anisotropic wet chemical 
corrosion of the silicon wafer with an aqueous 
KOH solution, see Fig. 3) and deposition of thin-
film layers allow to build a microsystem which 
integrates two thermopiles operating at two 
different temperatures biased by 2 Peltier 
structures. The silicon etching is done due to high-
thermal conductivity of silicon. A silicon nitride 
(low-thermal conductivity) membrane is the 
ground-floor of the micromachined parts. A black 
gold strip, above the silicon nitride membrane, will 

absorb the IR radiation collected by a convex-
planar lens including an optical filter (see Fig. 2) 
designed for a narrow band in the range of 5-20 m
wavelengths. This optical path eliminates the 
problems founded in previous research works with 
macroscopic pyrometers. The IR radiation 
absorbent area with thermal isolation and two 
thermopiles with the hot zone on the IR absorbent 
area and the cold zone on non-isolated thermal area. 
Each thermopile has a different reference 
temperature obtained through the act of a micro-
structure based on Peltier effect (e.g. nickel and 
chromium strips) that is deposited on the cold 
junction of the thermopile.   

Fig. 3-The backside of a silicon wafer etched with an 
aqueous KOH solution. A silicon nitride membrane was 
used as etch-stop mask. 

The electronics is merged with the micromachining 
parts by Multi-Chip-Module (MCM) techniques in 
the level of dies. 

3 Conclusions 

This new concept presents a miniaturized self-
calibrated pyrometer microsystem with interface 
electronics to detect and quantify the IR radiation in 
the range of 5-20 m wavelengths in order to 
determine the temperature of an object without 
physical contact. The use of a pyrometer RF 
network in production lines that requires control of 
temperature in real time as textile dyeing is the final 
goal of this project. 

A few research has been done in order to make an 
RF network in 433 MHz, connecting many micro-
pyrometers on a network.  
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Summary: The process-induced stress in interconnects’ features have a direct influence on the reliability of

the integrated circuit (IC). We have proven this localized stress in a particular interconnect feature, can be
directly gauged by the use of a novel rotating stress sensor, fabricated in a CMOS compatible process. The

developed sensor is able to display the residual stress in the feature as a rotation. The rotation is observable

with a reflected light microscope and is compared with finite element computer simulations, using ANSYS.
Due to the inherent structure’s scalability it is suitable for state-of-the-art chips’ environment production.

Keywords: Sensor, stress, interconnects, reliability
Category: 8 (Packaging, chip handling, testing and reliability)

1 Introduction 2 Sensor’s Design, Functioning and

FabricationIn this paper we report the first results of a rotating
beam stress sensor for IC metallisation. A design
study using finite element analysis, jointly with the
fabrication process is outlined in section 2. It was 
used to demonstrate a range of stress sensors as
shown in section 3. 

The rotational sensor is shown diagramatically in
fig. 1. As can be seen from the figure, when the
fixed beams (arms) are freed from the underlying 
dielectric layer, they contract or extend in order to
relieve the residual tensile or compressive stress. 
These two arms are connected off centre on 
opposing sides of the rotating beam (pointer with a 
length P).  Any deviation in the length of the arms
(A1-A2) exerts a torque about the centre of the
sensor structure, causing a rotation of the pointer (
given either by the deflection  or the  angle ).

The metal stress in the narrow IC interconnect
lines, leading to premature track failure is largely
caused by the thermal expansion mismatch, during
the manufacturing process, between the track and
the silicon (Si) substrate, with further constraint
imposed by the intermetal dielectric. The
processing can cause a tensile stress in the track 
larger than the yield stress in the metal.  The metal
tries to shrink but is prevented by its adhesion to
the dielectric.  Thus it must relieve the stress by 
void formation and growth [1, 2].
The techniques most widely used to quantify stress
involve x-ray diffraction [3], but 1 m is the state-
of-the-art’s smallest spot size. Measuring the wafer
bowing cannot be applied to a single metal stripe,
but would have to be averaged over a wafer
patterned with many similar stripes.  Routine in-
line monitoring of stress is not realistic using these
techniques. There is therefore a need for new
methods of measuring stress in metal interconnect.
Our proposal is a suitable test structure, which can 
be fabricated on the wafer along with devices and
used to monitor stress generation and relaxation as
a function of processing. A rotating beam sensor
design, as shown in fig. 1 has potential for fulfilling
this function for both aluminium (Al) and copper
(Cu) technologies becoming an useful practical
monitoring tool.  Such a sensor will continue to 
work as critical dimensions reduce, and do not
require expensive specialist measuring apparatus.

Top Down View

A1

A2

P/2

Y
Cross sectional view

TiN

SiO2

Al

Si

Fig. 1. Schematic diagram (arbitrary dimensions) of the 
sensor’s structure and functioning. The most critical 
dimensional parameter is the arm separation (Y).

The sensors were fabricated on three inch n-type Si 
wafers of thickness 380 m. 0.1 m of TiN
(titanium nitride) was sputter deposited to act as an 
etch stop layer, before 2 m of PECVD SiO2

(silicon dioxide). 1 m of Al was then sputtered.
After lithography, the Al was patterned by reactive 
ion etching (RIE). The wafers were then subject to
a sinter process. The final process is the isotropic
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RIE step, which is required to release the structures
from the SiO2 underneath. A process based on the
use of as fluorine plasma has been developed for
this purpose [6]. After processing, the rotation of
the devices is measured using a CamScan scanning
electron microscope with digitising frame grabber.

3 Results and Discussion 

Fig.2 shows electron micrographs of the released
sensors for devices fabricated with a 2 m feature
width and 140 m arm length (A). The
anticlockwise rotation of the pointer clearly shows
evidence of tensile stress in the layer, which is as a 
result of the sintering process. The dark areas in the
pictures show the detachment of the TiN etch stop
layer, revealing the Si surface beneath, suggesting a 
small amount of over etch at the end of processing.

Fig. 2. Electron Micrographs of released sensors with A
= 140 m, showing the effect of Y.  The scale bar =
30 m.

Nanoindentation testing in conjunction with finite
element modelling, using the software package
ANSYS, has been used to model the rotation of the
structure in terms of the process conditions and
material properties of the Al layer [4]. The variation
of deflection with physical dimensions is similar to
that observed previously for polysilicon and silicon 
nitride [5]. However the plastic deformation of the
soft Al has a much more significant effect.
Fig. 3 shows the angle of rotation ( ) of the sensor
structure as a function of Y for two values of A.

4 5 6 7 8 9 10 11 12

Y ( m)

3

4

5

6

7

47.0
7.193

Y

for A = 140 m

47.0
4.124

Y

for A = 110 m

Fig. 3. Variation of  versus Y for fabricated sensors. The 
trend lines on the fits have been calculated by using
regression analysis based on the ANSYS results. 

Sensor structures fabricated with Y= 2 m, as shown in 
fig. 2, have a lower  than those with  Y= 4 m.  This is

due to the excessive deformation of the arm / pointer
intersection (hinge) with the release in stress.  Because of
this fact in the central region of the pointer, structures
with this Y are considered to be more likely to fail
mechanically; excess plastic deformation in this region
will also reduce the sensor’s sensitivity. For this reason,
these structures are not considered any further.

The discrepancy between the fit equations for the 
simulated and experimental data arises from two main
sources.  The fit exponent (0.822 for simulated and 0.47 
for experimental) is dependent on the geometry of the 
intersection between the arms and pointer.  The simulated
structure comprises perfectly sharp features at this
intersection.  Including a more realistic shape at these
hinge points, by the use of a fillet defined by a radius of 
curvature, reduces the value of the exponent in the
equation as summarised in table 1.

Table1. Variation of curve fitting parameters with radius
of curvature (r.c.) of the hinge structures. The data
suggests in order to achieve the experimental exponent of 
0.47, would require a radius of curvature of 27.1 m.

 Radius of Curvature ( m)   Exponent
0 0.82
2 0.73

5 0.71
 10 0.67

The r.c. for the fabricated sensor structures is close
to 2 m. Hence, although the modification of the
hinge structure does not produce results equal to
those observed experimentally, it can be seen that a
more realistic behavior can be simulated.

4 Conclusions and Further Work 

We have shown that the stress in sub-micron
interconnect features, a potential roadblock for the
microelectronics reliability, can be measured using
a rotating sensor structure. This rotation, which is
observable with an optical microscope, is suitable
for use in a process environment. We have shown
that the comparison of the rotation predicted by
finite element simulation and that observed in 
experimental structures is critically dependent on 
the pattern transfer of the lithographic. The
optimum device matches the one in which the arm
separation is double the pointer width, as this offers
the highest value of rotation and avoids excessive
deformation of the structure in the hinge area.
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Summary: This paper describes the novel UV-Lithography 
technique for fabrication of 3D feed horn mold structure 
array using implementation of mirror reflected parallel 
beam illuminator (MRPBI) system, fabrication of 3D feed 
horn MEMS antenna's plate using plastic micromachining 
(PMM) by Polydimethylsiloxane (PDMS) and the 3D 
MEMS antenna array are assembled using novel 3D MEMS 
bonding technique by mesh structure bonding (MSB) 
method. 
Keyword: 3D MEMS, UV-Lithography, Mesh Structure 

Bonding, Plastic Micro Machining 

Category: 2 

INTRODUCTION

A 3D feed-horn-shaped Microelectromechanical systems 
(MEMS) antenna has some attractive features for array 
applications, which can be used to improve microbolometer 
performance and to enhance the optical efficiency for thin 
film transistor-liquid crystal display (TFT-LCD) and other 
display devices. Since MEMS technology has faced many 
difficulties in the fabrication of a 3D feed-horn-shaped 
MEMS antenna array itself, The purpose of this paper is to 
propose a new fabrication method to realize a 3D feed-
horn-shaped MEMS antenna array by using a mirror-
reflected parallel-beam illuminator (MRPBI) System with 
an very slowly rotated, inclined x-y-z stage. 

NOVEL UV-LITHOGRAPHY METHOD 

 With a conventional UV lithography apparatus, it is very 
difficult to fabricate high-aspect-ratio structures (HARS) 
because a typical UV lithography apparatus cannot produce 
perfectly parallel light. From a theoretical analysis, a 
columnar illuminator over 6 m in height is required to 
achieve parallel light, but generally a laboratory height is 
not 6 m. An essential idea of this research is to make a light 
ray with long propagation by using a reflective mirror and a 
conventional UV-lithography apparatus for creating parallel 
light in a small lab space. Also, a novel method of 
lithography was tried to make a 3D structure array by 
exposing a planar wafer to the generated parallel light and 
rotating an inclined x-y-z stage at an ultra-slow rate. An 
optimization of the 3D structure array can be achieved by 
simulating a 3D feed-horn MEMS antenna using a high-
frequency structure simulator (HFSS).  Vertical sidewall 
array and 30º tilted sidewall array, we achieved a 300-um-
high structure array using a MRPBI system, which was 
confirmed using scanning electron microscopy. A high-

aspect-ratio, 300-um, thick structure with 30º tilted 
sidewalls was fabricated using a SU-8 negative photoresist, 
and a 100-um vertical sidewall structure array was 
fabricated using a PMER negative photoresist. The 
feasibility of fabricating both 3D feed horn MEMS antenna 
and a mold array was demonstrated. In order to study the 
effect of this new technique, we simulated the 3D feed-
horn-shaped MEMS antenna array had been simulated with 
high frequency structure simulator (HFSS) and then 
compared the results with those from traditional 3D 
theoretical antenna models. As a result, it seems possible to 
use a 3D feed-horn-shaped MEMS antenna in the Tera-
hertz range to improve microbolometer performance and to 
fabricate several optical MEMS devices. 

FABRICATION FOR 3D MEMS ANTENNA 

ARRAY

We fabricated the 3D feed-horn-shaped mold structure 
array using a negative photoresist in the MRPBI system. It 
is necessary to control the 3D feed-horn antenna angle; 
hence, several experiments with mold structure of various 
angles were performed by controlling X-Y-Z stage and 
protecting it against UV reflection with a bottom anti-
reflection coating (BARC). 3D MEMS antenna array plate 
fabricated using plastic micromachining. It’s thickness of 
about 30-40 m using Polydimethylsiloxane (PDMS) by 
capillary filling with clamping technique. 

MESH STRUCTURE BONDING (MSB) TECHNIQUE 

Micro assembly of 3D MEMS antenna array and IR 
detector array have many difficult to conventional MEMS 
bonding process. That is reason of IR detector array were 
2.5 m floated onto substrate, therefore thickness bonding 
material required under 2.5 m for optimization of contact 
gap and all of IR detector array were bonded with 3D 
MEMS antenna at low temperature process. To overcome 
those limitations, the proposed to novel 3D MEMS bonding 
technique that is mesh structure bonding (MSB) using 
Microchannel with PDMS injection. This MSB technique 
can be used to produce low temperature bonding, thickness 
control of bonding material and detail bonding at mesh 
structure.

CONCLUSION

In this paper, novel techniques and methods have been 
described to fabricate a 3D feed-horn MEMS antenna by 
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using a new UV lithography apparatus called the mirror
reflected parallel beam illuminator (MRPBI) system 3D
MEMS antenna design was optimized for an enhanced
performance microbolometer using HFSS. 
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Figure 1: Schematic drawing of a 3D feed-horn MEMS
Antenna coupled with a microbolometer.
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Figure 2: Schematic drawing of the MRPBI system

Figure 3: Inside photograph of MRPBI system

Cross sectional SEM image of
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Cross sectional SEM image of
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Fig.4 SEM images of a vertical sidewall array using a 
negative photoresist PMER, fabricate by MRPBI system

Fig.5 SEM images of an inclined sidewall array using a 
negative photoresist SU-8 fabricated by MRPBI system

Fig.6 SEM image of quadruple shape arrays and teapot
shaped arrays using negative PMER photoresist fabricated

using the MRPBI system.

Fig.7 SEM images of feed-horn mold array.
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Fig.8 SEM images of 3D MEMS Antenna
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Fig.10 Micro assembly for 3D MEMS antenna with IR
detector using mesh structure bonding (MSB) technique
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Summary: The development of low temperature co-fired ceramic (LTCC) green tape for piezoelectric 
applications based on perovskite-type lead lanthanum zirconate titanate (PLZT) composition is 

reported. The green tape production process, the sample preparation, applied measurement methods 
and resulting dielectric and piezoelectric parameters of the PLZT samples produced from the green 

tape are described. 

Keywords: ferroelectrics, piezoelectrics, LTCC, PLZT. 
Category: 2 (Materials and technology) 

1. Introduction 

Our former achievement in the production of good 
quality perovskite-type ferroelectric thick-films for 
utilization in piezoelectric devices [1] has promoted 
endeavours to produce low temperature co-fired 
ceramic (LTCC) tape for such applications. We 
utilized the tetragonal lead lanthanum zirconate 
titanate PLZT 7/62/38 composition. This notation 
means that the zirconium to titanium ratio Zr/Ti is 
62/38 and 7 % of lead ions Pb2+ is substituted by 
lanthanum ions La3+.
The paper reports the development of the green LTCC 
tape preparation process, the sample preparation, 
applied measurement methods and resulting dielectric 
and piezoelectric parameters of the PLZT samples 
produced from the green tape. 

2. Green tape preparation 

The used PLZT powders were prepared according to 
the process elaborated earlier [2]. The residual lead 
oxide excess was removed from the powders by 
washing them in acetic acid. 
Green tape was prepared from 7/62/38 PLZT powder 
with 4% by weight of glass frit. The glass frit consists 
of 22.4 % SiO2, 8.8 % B2O3, 66.6 % PbO and 2.2 % 
Al2O3. Properties such as specific surface area of 
PLZT powder were measured to optimise the amounts 
of additives and solvents for slurry preparation. PLZT 
powder and glass frit were mixed with solvents and 
dispersant in a ball mill for 24 hours, then plasticizers 
and binder were added and mixed for another 24 
hours to obtain the slurry. The solvents were ethanol 
and xylene (50/50) and the dispersant was Blown Z-3 
Menhaden fish oil, which also acts as a surfactant. 
The binder used was polyvinyl butyral (B98), and 
plasticizers were butyl benzyl phthalate (S160) and 
polyalkylene glycol (Ucon). The tape casting was 

done with a laboratory caster, Unicaster 2000, with a  
single doctor blade and a 250 µm wide gap. After 
drying, the thickness of the tape was ~60 µm with a 
smooth surface and flexibility enabling further 
handling for component preparation. 

3. Sample preparation

Rectangular samples (14x12 mm) were prepared by 
cutting from the green tape. Ten layers were stacked 
and laminated together at 70 C using 100 bar 
pressure and 20 min lamination time. After lamination, 
careful burnout of the organics was carried out before 
the sintering. Sintering was performed at 750-950 C
temperature in an alumina crucible and with the 
protection of a lead oxide atmosphere. The effect of 
increased sintering time was examined at the highest 
sintering temperature. After sintering, the AgPd 
electrodes were screen-printed and fired at 700 C.
Poling was carried out in silicone oil at 100 C
temperature and with 3.5 MV/m electric field. 

4. Measurements and results 

Dielectric hysteresis behaviour of the samples was 
investigated with a Radiant RTV6000HVS system. 
Remnant polarization was investigated at various 
electric fields and temperatures. Samples were poled 
with an E = 3.5 MV/m electric field and at T = 100 oC
temperature. 
A system based on a Michelson interferometer [3] 
was used to determine the piezoelectric coefficient d33

at 10 Hz frequency. 
Table 1 presents the density, the relative permittivity 
’ and dielectric loss tan (measured at 1 kHz 

frequency, 1 Vrms) of the samples in the virgin and 
poled state under various conditions of sintering. 
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Table 1. Density, relative permittivity and dielectric loss of
the samples produced under various sintering conditions.

Sintering
Conditions

Density
[kg/m3]

’
virgin

’
poled

tan
virgin

tan
poled

750oC; 30min 4882 214.77 216.26 0.0196 0.0209
850oC; 30min 5728 444.38 446.98 0.0219 0.0221
950oC; 30min 6244 503.74 502.93 0.0221 0.0191
950oC; 90min 6267 603.76 597.81 0.0223 0.0193

Shrinkage of the samples sintered at 950 oC for 90
min in X, Y, and Z directions was 15.1 %, 13.3 % and 
17.4 % respectively.
Fig. 1. shows the temperature dependence of the
remnant polarisation of the samples with different
sintering conditions.
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Figure 1. Remnant polarisation vs. temperature of samples
sintered under various conditions, measured with 3.5 MV/m
electric field.
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Figure 2. d33 coefficient vs. electric field of the samples
sintered under various conditions.

Fig. 2 shows the dependence of the d33 coefficient as a
function of the electric field applied to the samples
sintered under various regimes.
The data from Table 1 shows that both the samples
sintered at 950 oC gave reasonable results. However,
the d33 coefficient shown in figure 2 points at the
sample sintered for 30 min as the best one with the

maximum value of 118 pm/V. The observed
maximum value of d33 is higher than that obtained
earlier with screen-printed samples (86 pm/V) [1].
Investigations to get optimum parameters are 
continuing.

5. Conclusions 

The development of the LTCC green tape preparation
process, the sample preparation, applied measurement
methods and resulting dielectric and piezoelectric
parameters of the PLZT samples produced from the
green tape is reported.
Obtained results seem to be promising. Investigations,
especially regarding the sintering and poling
conditions, are continuing and the next, extended
abstract will give more details and final results of the
mature technology.
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Summary: HgMnTe, a promising diluted magnetic semiconductor material for magnetoelectronics, can be
fitted to be used as IR photodetector in the range from 1.2 to 12µm. In this work we analyze the dependence
of device performance on the growth method. Infrared detectors with p-n junctions formed by ion etching of
p-Hg1-xMnxTe and Schottky barriers are reported. By using a new proposed highly efficient technique we
have obtained an ‘as grown’ usable detector material, making the process economically attractive. The
samples have been tested by means of electrical, optical and magnetoresistance measurements.

Keywords: semimagnetic semiconductors, magnetoresistance, photodetector, photodiode
Category: 2 (Materials and technologies)

1 Introduction

Spintronics and magneto-optics have become fields
of increasing interest during the past decade. For
long, diluted magnetic semiconductors (DMS) have
been largely studied due to their unique magneto-
transport and magneto-optical properties. We can
name Faraday rotation and giant magneto-
resistance (GMR) as the most important [1]. Re-
cently, new discoveries have been carried out on
the behaviour of these compounds, only reported
for transition metals, before. In this sense, ferro-
magnetism has been observed in zinc-blend III-V
and II-VI Mn-based compounds, while new studies
on Cr- and Co-based ones have highlighted new
possibilities of these materials [2]. So, since 1990,
several groups have tried to realise concepts com-
parable to GMR in a semiconductor device, so fit-
ting better into the typical scheme of semiconductor
very large scale integrated technology.

Among DMS’s, Hg1-xMnxTe has specially attracted
industrial interest due to its potentiality as a substi-
tute of Hg1-xCdxTe photodetectors [2]. To achieve
this, high quality material, with good transport and
optical properties at device level, is need. In this
work, we analyse such characteristics in diodes and
samples obtained by different growth methods.

2 Photodiodes fabrication

Photodiodes were fabricated using bulk
Hg1-xMnxTe (x≈0.1) crystals prepared by both
modified Bridgman (MB) technique [3], with a 4
weeks post-annealing process, and modified zone-
melting (MZM) technique [4]. The diodes were
prepared by Ar ion bombardment [3,4]. As a re-
sult, a p-to-n conversion takes place in the near-
surface layer (~1 µm) with a sufficiently high
electron concentration n>1018cm-3, i.e., n+-p junc-
tion is formed (Fig. 1).

The diode structures exhibit appropriate rectifying
properties and a typical photodiode behaviour. The
contribution of diffusion, generation-recombin-
ation, tunnelling and avalanche processes to charge
carrier transport in the photodiodes are reported.
The detectivity of the photodiodes (D*=5×1010

cm⋅Hz1/2W−1 for the 10-11 µm wavelength cutoff)
is competitive to that of Hg1-xCdxTe photovoltaic
detectors and limited by the background irradiation
300 K, 2π FOV.

n-HgMnTe

p-HgMnTe

Passivation
layer

Metal
contacts

Fig. 1. Cross-section of HgMnTe photodiode

The electrical properties and detectivity of HgMnTe
Schottky barriers have also been also studied. The
principal parameters defining the characteristics of
a diode structure, as well as the tunnelling and
above-barrier (diffusion) carrier transport, are de-
termined. The obtained experimental and theoreti-
cal data demonstrate the high detectivity of the
Schottky diodes under study [5].

3 New material properties

Travelling zone (TZ) methods have at least four
major advantages with respect to the common
Bridgman method. The first is that the temperature
of the process is about 150ºC lower. The second is
that the TZ extracts the impurities and improves the
purity of the so obtained material. The third is that
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the segregation of Mn is overcome so improving
the homogeneity of the ingot. The last advantage is
that the lower temperature avoids the formation of
Hg vacancies, that act as acceptors in HgMnTe.

Hg1-xMnxTe bulk crystals were produced by a
variation of the travelling heater method (THM),
consisting in the use, as a feed, of two segments of
HgTe and MnTe with adequated sections for fixing
the desired composition [6]. The growth was car-
ried out at temperature of 600oC and rate of 2
mm/h. SEM and EDAX observations prove the
crystals the shown an excellent axial and radial
composition uniformity throughout the most of the
total length (<1%). The yield of the process was
about 80%.

The electrical characterisation was performed with
the help of a closed cycle He cryostat embedded in
a magnetic field of 0.3T. The samples were moun-
ted in a Van der Pauw configuration. Both Hall and
magnetoresistance measurements were carried out.
In Fig. 2, we show the comparative results for sev-
eral samples.

50 100 150 200 250 300
10

10

10
15

10
20

 T (K)

 x=0.17 (Bridgman)

 x=0.15 (Bridgman)

 x=0.11 (THM)

 x=0.11 (intrinsic, theory)

 x=0.17 (intrinsic, theory)

c
a

rr
ie

r 
d

e
n

s
it
y
 (

c
m

-3
)

Fig. 2 Carrier density as a function of temperature

Calculated carrier concentration from this data were
~1017cm-3 for MB samples, (2-5)×1016cm-3 for
MZM method and ~1016cm-3 for THM samples.
This latter value can only be achieved by MB mate-
rial after long (several weeks) post-annealing proc-
esses in Hg high vapour pressure.

100 150 200
0

100

200

300

400
 x=0.11 (Bridgman)

 x=0.11 (THM)

a
b

s
o

rp
ti
o

n
 c

o
e

ff
ic

ie
n

t 
(c

m
-1
)

photon energy (meV)

150 200
0

5

10

15

 photon energy (meV)

α-1
/2
 (

c
m

-1
)

Fig. 3 FTIR optical absorption coefficient spectra

To analyse the optical behaviour, some samples
were studied by means of FTIR. These samples

were carefully ground to a thickness between 100
and 150 µm, while maintaining a mirror-like sur-
face. A typical result of the FTIR measurement,
from which absorption coefficient was calculated,
is shown in Fig. 3. We can observe that the behav-
iour of the absorption coefficient follows that
shown by the MB material for a comparable com-
position. The values obtained fell in the range of
0.110<x<0.113, which highlights the excellent ho-
mogeneity of the whole ingot.

With alternative applications in mind, in Fig. 4, we
present the dependence of the magnetoresistance
with temperature of HgMnTe in a 0.3T magnetic
field. As displayed in the graph, the use of this ma-
terial as a magnetoresistive sensors should involve
the use of a cooling system together with higher Mn
concentration samples.
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Fig. 4 Dependence of magnetoresistance on temperature
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Summary:  The technology of the manufacturing of thin alumina membranes and microhotplates

based on these membranes is developed. The optimization of the microhotplate layout and of the

technology of the membrane fabrication  permitted to obtain low power consumption at continuos

heating (4500C) of about 70 mW, ”thermal” response time of the heater (63% level) of 50 ms,

microheater resistance drift at 4500C of less than 2 % per year; the microhotplate withstands more

than 5⋅106 on-off cycles. The microhotplate was used for the deposition of semiconductor and

thermocatalytic gas sensing inks and for the measurement of gas flow. Driving electronics for the gas

sensor was designed.

Keywords: Alumina Micromachining, Microhotplate, Gas Sensor, Gas Flow Sensor.

Category: 2 (Materials and Technology), 4 (Non-magnetic physical devices), 5 (Chemical Sensors).

Introduction

Recent interest to the manufacturing of thin
aluminum oxide film, different versions of
micromachining with alumina films, and the
fabrication of microhotplates using alumina
membranes is due to the problems met by scientists
and technologists working with silicon-based
micromachining [1]. These problems are related with
very big difference in mechanical and thermal
properties of silicon and dielectric materials (that are
silicon oxide, nitride and their combinations) used for
the fabrication of thin membranes stretched on silicon
frame.

Another problem, which is more important for high-
temperature applications of microhotplates, for
example for the fabrication of gas sensors, is poor
adhesion of platinum and gold to the surface of silicon
oxide. The application of titanium or chromium sub-
layers does not solve this problem, because these
metals are easily oxidized at high temperature. As a
result, platinum adhesion is lost.

The last problem is related with the cost of silicon
micromachined wafers, because the scale of sensor
production is not sufficiently large.

Several research groups [2-4] tried to resolve these
problems using an alternative solution, that is the
application of aluminum oxide films.

The authors of papers [2] and [3] used anodic
oxidation of aluminum for the formation of thin
aluminum oxide. The film of alumina can be patterned
using photoresist deposited on top of aluminum wafer
before oxidation.

Free standing alumina film is obtained by selective
etching of aluminum. The alumina film has rather
good quality and can be used for the manufacturing of
different sensors.

From our point of view, the main disadvantage of
this film is that it contains amorphous phase, and
therefore re-crystallizes at high temperature necessary
for the annealing of gas sensing layers (700 – 8000C).

We used another way, the formation of poly-
crystalline membranes on alumina ceramic frame.

Experimental

Thin polycrystalline γ-alumina film was formed on
top of the alumina ceramic substrate (48x60 mm). The
diameter free-standing part of the membrane was
equal to 3 mm, the size of the chip was 6x6 mm.

The view of the of the chip is given in Fig. 1.

Fig. 1. The view of the chip with alumina membrane

and platinum vacuum sputtered heater.

The optimal thickness of our membrane equals to
about 30 µm. This thickness is a compromise between
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sufficiently low heat conductivity from the heater and
mechanical properties.

The membrane is porous. Its specific area equals to
about 100 m2/g, this enables the application of the
polycrystalline material as a support for the catalyst
for thermocatalytic gas sensors.

The heater was formed on top of the membrane by
magnetron sputtering and patterned by
photolytography and ion etching. The optimum size of
the heater is about 300x300 µm. The sensor with this
heater consumes about 70 mW at 4500C.

Problems related with the impregnation of the
membrane material with photoresist were avoided by
the application of shadow masks using SU-8
technology.

Results and Discussion

Thermal properties of the microhotplates were
tested. One of the most interesting applications of
such membranes is related with its low heat
capacitance, which enables the operation of gas
sensors in pulsing mode and self-calibration of
thermocatalytic gas sensors. “Thermal” response time
of microheater (τ0,63) is equal to about 50 ms.

Fig.2. The calibration curve of air flow meter based

on alumina microhotplate.

Another application of microheaters on alumina
membranes is gas flow meters, in particular for natural
gas and for car engines. In the last case, an important
property of these microheaters, in contrast to silicon
based elements, is the possibility of their heating up to
high temperature necessary to burn out surface
contamination. The calibration is given in Fig. 2.

For the compensation of the variations of ambient
temperature, we placed reference resistor on the frame
of the sensor chip. In the Fig. 3, the temperature
dependence of both resistors is shown.

Long-term stability of platinum microheaters on
alumina membranes was tested at 4500C. This
temperature is typical of both semiconductor and
thermocatalytic methane gas sensors. The data are
presented in Fig.4. The variations of heater resistance
are correlated with changes in ambient temperature.

Fig. 3. TCR of platinum resistor on the alumina

membrane (circles) and on the frame (squares).

Fig. 4. Long-term stability of Pt heater on alumina

membrane at 4500C

After initial stabilization, the drift of heater
resistance is below 2 % per year.

The deposition of thick SnO2 and Al2O3/Pt/Pd
permitted to obtain gas sensors with properties similar
to described earlier [1]. Microprocessor based
electronic controller taking into account the layout of
the sensor was designed.

References

[1] D.Vincenzi, M.A. Butturi, A.Vasiliev, et al.
Development of a low-power thick-film gas sensor
deposited by screen-printing technique onto a
micromachined hotplate. Sensors and Actuators B:
Chemical, Vol. 77 (1-2) (2001) pp. 95-99

[2] A.Govyadinov, P.Mordilovich, et al. Anodic
alumina MEMS: application and devices. MEMS -
2000, Nov. 5-10, 2000, Orlando, Florida, vol.2,
ASME, New York, p.313 (2000).

[3] I.L.Grigorishin et al. Hydrogen sensor based on
thermoelectric transducer. Russian Journal ”Sensor”,
N 3, 2002, p.47.

[4] A.A.Vasiliev, S.Yu.Gogish-Klushin, et al. A novel
approach to the micromachining sensors: the
manufacturing of thin alumina membrane chips.
”Eurosensors XVI”, Prague, October, 2002, p.129.

0 500 1000 1500 2000
35

36

37

38

39

40

Time, h

H
e

a
te

r 
re

si
st

a
n

ce
, 
O

h
m

A
m

b
ie

n
t 

te
m

p
e

ra
tu

re
, O

C

0

5

10

15

20

25

30

20 40 60 80 100 120 140
0,95

1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

0,283% per degree

R
/R

0

Temperature, 
0
C

0,2 0,4 0,6 0,8 1 2
100

150

200

250

300

350

400

450

S
e
n

so
r 

re
sp

o
n
se

, 
m

V

Flow, m/s

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Materials and Technology

345



A Novel Ultra Violet Assisted PET Micromachining

T. Maleki1, S. S. Mohajerzadeh2 and S. Mohammadi3

1,2University of Tehran, campus No.2, Electrical engineering Dept., North Karegar Street,. Tehran, Iran
3Dept of Electrical and Computer Eng., Purdue University, USA

email: smohajer@sun1.vlsi.uwaterloo.ca

Summary: A novel ultraviolet assisted micro -machining is presented in which the etching of PET 
substrates is ani-isotropic in the direction of light illumination. The etching of plastic is performed in a 
DMF solution and desired pattern is obtained by photolithography. The effects of solution temperature and 
light intensity have been studied. An average etch rate of 10 µ m/hr is achieved without any mask undercut. 
This technique has been applied to realize square membranes, 60 µm thick micro-gears and micromolds.

Keywords: PET, DMF, UV etching, micromachining
Category: 2 (Materials and technology)

1 Introduction

Poly-Ethylene-Terephthalate or PET is a suitable
choice for many large area electronic applications. 
It can tolerate operating temperatures up to 120ºC
[1]. It has also been observed that the presence of 
ultraviolet illumination during the etching process 
enhances the removal of PET, accelerating the
etching phenomenon [2]. The PET used in our
experiments are transparent foils with 120 µ m
thickness. They are cleaned using an RCA#1
solution for 12mins followed by rinsing in DI water 
and blow-drying. We report a novel micro-
machining of plastic substrates using solvent
etching in the presence of ultra-violet illumination.
While no dissolution of PET is observed in pure Di-
Methyl-Formamide (DMF) solution, exposure of
the sample t o UV leads to dissolution of substrate 
in the direction of light . Also regions which have 
been masked from UV light remain intact.

2 Experimental setup
In Figure 1, one can see the schematic setup used 
for this experiment. The setup consists of a water-
cooled glass container with a controlled liquid
solvent temperature. The top lid of the container is 
made from quartz to allow proper transmission of 
UV photons. Intensity of the UV light has been 
measured at a wavelength of 360nm and at the 
place of the sample. Normally DMF has been used 
as the chemical solvent, although a mixture of Di-
Chloro-Methane (DCM) and DMF has been also
exploited. Addition of DCM has degraded the
chemistry of the etching by attacking the masking 
layer and roughening the crater surface. The
masking layer in these experiments have been a bi-
layer of germanium-copper alloys with four periods 
and typical thickness of 60Å and 300Å for copper 
and germanium layers, respectively. This
combination has been found to be suitable as the 

masking layer to protect the PET from being
exposed to UV as well as solvent in the unwanted 
areas . For the formation of masking layer, cleaned
samples are loaded in a vacuum chamber and
deposition is made at a substrate temperature of 
110 °C and at base of 1×10- 6 torr.

Fig1: Schematic of the setup used for ultraviolet 
assisted micro-machining. Quartz plate used to
prevent evaporation of DMF.

2 Parameter optimization

There are two major parameters that influence the 
etch rate of PET. The first one is solvent
temperature. Figure 2 shows the etch rate of PET as 
a function of temperature while UV intensity kept 
constant at 4 mw/cm2. As shown, at temperatures 
lower than 50° C, etching will be stopped or is
insignificant . At temperatures higher than 120°C
considerable warping in the substrate is observed,
hampering the etching process. At temperatures
ranging from 70 to 120ºC a reasonable and
monotonic rise in the etch rate is observed without 
any damage to the substrate after extended etching 
periods. In Figure 3 one can see the effect of UV 
intensity on the etch rate of PET  while solvent
temperature remains at 120°C. Increasing the
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intensity of UV leads to a monotonic and linear 
enhancement in the etch rate of substrate. Further
increase in the intensity of UV light may degrade 
the PET itself. A maximum etch rate of 10µ m/hr is 
obtained from the observed data by optimizing

these parameters.

Fig2: Etch rate of the PET as a function of solution 
temperature

Figure3: Etch rate of  PET as a function of UV intensity

3 Experimental results
In Figure 4 SEM image  of a microgear, fabricated
using this technique is demonstrated. The thickness 
of the gear is 60ìm and its diameter is 400ìm.
Sharp edges of the gears indicate proper vertical 
etching of the substrate. The masking layer has 
survived a 6-hour etching process. Axel of the gear 
has been prepared using similar condition. In figure 
5 SEM veiw graph of a plastic mold for fabricating
a metal microgear is shown. Electroplating is
needed to complete the fabrication.
Apart from microstructures, we have also realized 
Ge/Al thermocouples on PET substrates. Al has 
been used as a pair of thermocouple junction due to 
its compatibility with PET. Membranes with 20 µm 
thickness have been realized using UV-assisted
etching technique, carried out from the back side of 
the thermo- arrays. Figure 6 shows a Ge/Al thermo-
array fabricated on plastic under an intentional bent.
The depth of the crater is about 100 µm and
membrane thickness is about 20 µm. The electrical 
characteristics of the array show a seeback
coeficient of 100 ìV/ºC for Al-Ge junction.

Fig4: SEM view of a microgear fabricated using ultra-
violet assisted an-isotropic etching of  PET.

Fig5: SEM view of a plastic mold for fabricateing metal 
microgear using electrodeposition.

Fig6: A 20ìm thick membrane with Ge/Al
thermocouples on its other side. Thinner    membrane will 
increase the sensitivity of thermocouples.
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Summary: Silicon wafers with untypical crystal orientations have been etched in KOH and KOH

saturated with isopropyl alcohol solutions. Etch rates of different (hkl) planes were estimated. The
effects of IPA additive on etch rates and surface roughness of considered planes were analysed. It was 

shown that IPA affects only the planes of (hh1)-type, causing both their etch rate reduction and

surface quality improvement. The planes influenced by IPA  feature with a specific bond

configuration, different from the planes which are not sensitive to IPA effect.

Keywords: silicon, anisotropic etching, (hkl) planes, crystal orientation, surface roughness, etch rates
Category: 2 (Materials and technology)

1 Introduction

Wet anisotropic etching of silicon substrates is
commonly used in micromechanics for fabrication of
different MEMS structures including membranes,
“bossed-type” features, suspended beams, seismic
masses, etc. The etching in KOH solutions makes up
serious problems connected with undercutting of
convex corners. Beneficial influence of isopropyl
alcohol (IPA) on the reduction of convex corners
undercut has been known for many years and reported 
in the literature [1,2]. IPA addition results in etch rate
reduction of some crystal planes, especially those
ones, which are prone to develop on the convex
corners of etched structures. However, the effect of
IPA on the roughness of different (hkl) crystal planes
has not been considered yet.

2 Experimental

Silicon substrates with (100), (110), (311), (211) and
(331) crystal orientations have been studied. The
substrates were etched in 10 M KOH and 5 M
KOH+IPA solutions since the both solutions give
satisfactory quality of (100) Si surface. The process
was carried out at the temperature of 75oC for the time 
assuring etching depth of several tenth of micrometer.
The etched substrates were subjected to SEM
observations. The etch depth was measured with a
micrometric gauge, or in case of very rough bottom
surface, by assessing the depth of cross-section from
SEM observations.

3. Results

Etch rates in different [hkl] orientations in KOH
solution have been evaluated by different authors. The 
most comprehensive database has been presented by
Sato [3] on the basis of silicon sphere etching. The

etch rates in KOH+IPA solutions are rather
uncommon. The values of etch rates for particular
crystal planes, especially those, which were prone to
develop on the sidewalls of convex structures, have
been presented in our previous works [4]. The
substrates with different crystal orientations enabled
us to measure the etch rates directly. 

3.1 Comparison of etch rates in KOH and

KOH+IPA solutions

The relative values of etch rates (Vhkl/V100) in KOH
and KOH+IPA solutions, obtained from direct
measurements of etches depth on different (hkl)
substrates, are shown in fig. 1. The angles between
(hkl) and (110) planes are indicated on x-axis.  The
data for KOH solution show a good agreement with
the results by Sato et al. [3].

Fig. 1 Relative etch rates in KOH and KOH+IPA 
solutions for different (hkl) planes. Solid lines 

reperesent the results by Sato et al [3]; squares and 
traingles are the authors’ experimental results
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The plot for KOH solution shows clearly that etch
rates of (hkl) planes are lower than of (100) one, only
in the vicinity of [111] crystal orientation. For the
other planes the relation of Vhkl>V100 holds. The peak
value of etch rate ratio Vhkl/V100 ?  2 is located near
(110) plane.
IPA addition to KOH solution results in dramatic
reduction of etch rates of some crystal planes of hh1-
type. The most pronounced effect of etch rate
reduction (by 8x) can be observed for (110) plane.
IPA does practically not affect the planes of h11-type.
Fig. 2 shows etch rate ratios in KOH and KOH+IPA
solutions versus the angle of inclination of (hkl) plane
towards (110) one. Error bars represent the possible
measurement error, which is especially large in the
case of (111) plane due to its very low etch rate.

3.2. The roughness of surfaces etched in KOH and

KOH+IPA solutions

SEM images of (211), (311), (331) and (110) surfaces, 
etched in both considered solutions, are shown in figs. 
3 and 4. The images for (100) and (111) planes have
been neglected because the surfaces were optically
smooth both after KOH and KOH+EPA etching.

In pure KOH solution only (311) planes exhibit
smoothness comparable with (100) surface. The (110)
and (211) planes are remarkably inferior. The most
distinguished roughness appears, however, on (331)
planes.
IPA addition to KOH solution resulted in remarkable
improvement of (331) surface quality. Slight
improvement has been also observed in the case of
(110) plane. The both of planes featured with
distinguishable etch rate reduction due to IPA
addition. The effect of IPA on the roughness of (311)
and (211) planes, where the additive does not cause
any etch rate reduction, is apparently negative. The
whole surface is covered with bulky hillocks, which
are typical for the surfaces etched in KOH+IPA
solutions. SEM images, shown in figs. 3 and 4
indicate that the surface features reflect the layout of
(111) planes, characteristic for the surface orientation.
The correlation of surface relief with the type of
surfacial bonds and the layout of (111) planes on a

particular (hkl) surface is a key for the consideration
of IPA effect on different (hkl) planes. The
considerations will be carried out in the extended
version of the work.

                 (110)                                    (331)

                 (211)                                   (311)

                 (110)                                    (331)

                 (211)                       (311)
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Fig.2 Etch rate ratio in KOH+IPA and KOH solution for 
different (hkl) planes
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Fig.4 Different (hkl) planes etched in KOH+IPA solution
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Summary. Nanostructured lead thin films were synthesized by vacuum deposition of metal vapors on
the substrates at 80 K. Then samples were heated to room temperature and exposed to the air. High
sensitivity to water and ammonia vapors in the air at room temperature was found for thus prepared
materials. It is compared to that of the films, prepared previously by condensation of lead vapors on
pre-deposited p-xylylene film [1, 2].
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1 Introduction

Recently, the sensitivity of lead-containing poly-p-
xylylene films to the presence of ammonia in the air
was found [1, 2]. Films were prepared by the conden-
sation of p-xylylene vapor on the substrate at 80 K,
followed by lead vapors deposition. Polymerization
of monomer was initiated thermally at 110-150 K, or
by UV-irradiation at deposition demperature. Samples
were as sensitive as conventional semiconductor sen-
sors, with the operating temperature 20-25 ◦C instead
of 200-300 ◦C. This work aimed at closer investigation
of this system, clarifying the role of the polymer and
studying its effect on sensitivity.

2 Experimental

Series of metal-polymer films with different quantity
of lead were prepared by the technique and using
cryostats, which were described in detail elsewhere [3].
Shortly, the technique involved of p-xylylene was syn-
thesized by in situ pyrolysis of p-cyclophane in the gas
phase and deposited on the substrate at 80 K. Lead
was evaporated by resistive heating at 650 ◦C and con-
densed on p-xylylene film. After that the film was
heated up to room temperature, undergoing the poly-
merization of p-xylylene.

Experiments without polymer included lead deposi-
tion on the substrate at 80 K and heating in vacuum
up to room temperature. After that, lead particles were
exposed to the air.

We used textolite supports with copper electrodes
and ceramic supports with stainless steel interdigitated
electrodes. Resistance measurements were carried out
in DC-regime, in range from 10 to 10 V using Keithley
614 electrometer.

In all cases metal content was controlled by conduc-
tivity measurements during the deposition. Evapora-

tion stopped after obtaining island film with the resis-
tance about 2 · 1010 Ω . This technique was described
in detail recently [4].

3 Results

In order to distinguish the influence of different factors
on the film conductivity, the experiments with dry am-
monia nitrogen mixture and humid ammonia were car-
ried out. It has been found that the film samples do not
change their resistance in such conditions. Introducing
water vapors in the dry ammonianitrogen gas mixture
decreases the resistance dramatically.

At the next step the investigation of humidity influ-
ence on sample resistance were carried out. Different
values of humidity were obtained using several satu-
rated aqueous solutions of salts. Some preliminary re-
sults for the films with different lead content are pre-
sented in Table 1.

Table 1: The resistance of lead-poly(p-xylylene) films at
different relative humidity at room temperature.

Relative Humidity,%
Pb, % 54 75 97

6 1 · 1016 3 · 1014 1 · 1013

10 3 · 1014 1 · 1014 1 · 1012

20 8 · 1013 2 · 1013 3 · 1012

We have found that only the value of relative hu-
midity value higher than 54 % significantly influences
the sample resistance. As a result, the co-operative ef-
fect of water vapors and ammonia on the resistance
is much larger than the effect of the individual com-
ponents. Thus, estimated values of film resistance of
samples, placed in dry ammonia-nitrogen gas mixture
or in the dry air are about 1015–1016 Ω; in saturated
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water vapors (97 %) - about 1012–1013 Ω, and above
the aqueous solution of ammonia - about 1011 Ω.

The morphology of such films was characterized by
Atomic Force Microscopy. Fig. 1 presents an exam-
ple micrograph. The nanoparticles about 50 nm in size
agglomerate, yielding structures about 200 nm.

Fig. 1: Morphology of lead-poly-p-xylylene film.

Our next step was to investigate the role of the poly-
mer in such nanostructured films. In order to do this a
number of samples without polymer was prepared.

The resistance of the films at different relative hu-
midity was studied in DC regime. Resulting depen-
dence is presented in Fig. 2. Sensor response was found
to be larger for such samples in comparison with those,
containing isolating polymer.

� � � � � � � � �� � 
 � �

� � 
 � 

� � 
 � �

� � 
 � �

� � 
 � �

� � 
 � �

� � � �

Ω �
�

� � � � � �  � # % ' � ) � � * � +

Fig. 2: Conductance of nanostructured lead film at vari-
ous relative humidity at room temperature.

Lead nanoparticulate films, prepared on silica, were
characterized by Scanning Electron Microscopy. Par-
ticle sizes, estimated from micrograph, are about
200 nm. The example of the micrograph is presented
in Fig. 3.

We consider the chemiresistive effect on such films
in frames of conventional metal-oxide semiconduc-
tor model, where the adsorption-desorption of oxygen
takes a significant part.

Fig. 3: Microstructure of lead island film.

4 Conclusions

The gas sensitivity of lead-poly-p-xylylene films is
supposed to arise due to partial oxidation of the lead
nanoparticles, thus producing semiconducting layer on
the metal particle surface. Lead core works as elec-
tron dopant, increasing the concentration of electrons
in conduction band and decreasing the operating tem-
perature of the sensor.

The sensitivity of lead island films, formed without
poly-p-xylylene matrix, is higher than that of metal–
polymer films.
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Summary:  Development of a silicon-based liquid crystal phase modulator for adaptive optics applications 

is reported. The advantage of this technology is that low-order wavefront aberrations can be compensated 

in a continuous way and using a relatively small number of actuators. It is shown that the device can 
operate with one or two degrees of freedom per actuator, depending on requirements to the quality of 

correction. Design and technology of the reflective-type modal LC corrector with silicon backplane is 

described. Experimental investigation of the prototype, which was manufactured using different 
technology, is presented. Possibilities for further development are discussed. 

Keywords: spatial light modulators, phase modulation, liquid crystals, adaptive optics 
Category: 2 (Materials and technology)

1 Introduction 

Classic adaptive optics system uses a wavefront 
sensor to measure random phase deformations 
induced by a distorting media and a wavefront 
corrector to compensate them in real time. 
Traditionally, deformable mirrors that exist in a 
number of modifications represent primary 
technology for wavefront corrector [1].  

Liquid crystal phase modulators were suggested as 
a low-cost alternative to deformable mirrors for 
budget-sensitive industrial and medical adaptive 
optics applications. They have wide potential 
opportunities: low control voltages (units of volts), 
which makes this technology compatible with 
CMOS processes), large stroke range (tens of 
wavelengths), low power consumption 
(0.1 mW/cm2), no moving parts and low cost of 
materials. 

There are a number of commercially available LC 
correctors with pixelated structure of actuators, 
whose operation is similar to that of piston-type 
segmented mirrors [2]. But this type of device 
requires large number of pixels to produce a good 
approximation to smooth continuous wavefronts. 
This paper is devoted to the development of an LC 
corrector with modal response, which provides a 
spatially continuous phase modulation and a 
reasonable approximation to low-order aberrations 
even for a relatively small (several tens) number of 
actuators. It was shown that the device can operate 
with one or two degrees of freedom per actuator, 
depending on requirements to the quality of 
correction.

2 Design 

Operation of a reflective-type modal LC corrector 
is based on change of the birefringence of a thin 
layer of nematic LC under applied electric field 
(Fig.1). The device is driven by AC voltages 
applied through a set of point-like contacts 
connected to a special resistive layer, which ensures 
continuous voltage variation across the aperture, 
resulting in a smooth phase response. The dielectric 
mirror covers the resistive layer improving the 
corrector’s reflectivity. 

Fig. 1. Structure of a modal LC corrector 

Series of 37-channel devices with 30-mm and 70-
mm aperture were produced earlier using glass-
based technology [3]. Nevertheless, this technology 
is quite expensive and is hardly suitable for serial 
production. Another option is offered by silicon 
technology, which allows to form required structure 
of actuators on the surface of a chip using standard 
IC manufacturing processes (Fig.2). An important 
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advantage of silicon-based technology is in 
possibility to integrate of an optical part of the 
device and a part of control electronics in a single 
chip. It allows reducing the number of inputs of the 
chip relative to the number of actuators, which 
makes the technology scalable.  

In the present design (Fig.2) the backplane of LC 
modulator contains the structure of control 
electrodes formed by two metal layers (Al/Si alloy). 
Contacts in the active area and contact pads at the 
periphery are formed in the upper metal layer, and 
the lower one provides wiring between them. A 
layer of silicon oxide ensures isolation between the 
metal layers. One of the main technical difficulties 
was in manufacturing of the resistive layer with 
sheet resistance in the range ~1-10 M /sq. 
Recently these properties were demonstrated for 
thin films of n-type doped silicon carbide, which 
were deposited using PECVD technology and then 
annealed with an excimer laser operating in UV 
range. To improve electric contact between thin 
(~100 nm) carbide layer and thick (0.6 m) top 
metal layer, the second one is deposited on top of 
the carbide. This design is actually in process.    

3 Methods of control 

The modal LC wavefront corrector is unique among 
other types of modal correctors in that it can be 
operated with several degrees of freedom per 
actuator.  Each of the driving AC voltages is 
characterized by several parameters; namely, 
amplitude, frequency, phase and harmonic structure 
of the wave. It is shown that variation of any of 
these parameters for a given contact changes either 
its electro-optic response or the result of its 
interaction with neighboring contacts. It is 
necessary to realize which set of control parameters 
provides the maximum flexibility of the device and 
the best correction quality. 

With this purpose we performed investigation of 
several methods of control using numerical 
simulation and analytic approach; some of the 
results were verified experimentally using a 
prototype. Two methods were found to be the most 
useful.  

1) Single-frequency control (SFC) under which 
means that all contacts are driven with AC voltages 

of the same frequency; all control voltages are in 

phase.

This method provides the correction quality close to 
that of deformable mirrors; efficiency of 37-channel 
corrector with hexagonal arrangement of contacts is 
estimated as 22 Karhunen-Loeve modes. Linear 
control algorithms can be implemented; it is already 
proved to work in experimental adaptive optical 
system. 

2) SFC with additional adjustment of phase shifts 
between the voltages. 

This method can be used for further improvement 
of the results obtained by the 1st method. 
Simulations have shown that the reduction of 
residual aberrations due to optimization of phase 
shifts can reach 65%. This method demonstrates the 
maximum flexibility. 

4 Outlook 

1) Realization of dynamic control and development 
of integrated electronics for demonstration of the 
scalability.  

2) Application of a dual-frequency control 
technique for improvement of dynamic 
characteristics of the corrector. 
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Fig. 2. Design of the backplane for 39-channel modal LC corrector; (a) view from top; (b) cross section.
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Summary: Thiol modified purines and pyrimidines (template molecules) co-adsorbed together with dodecanthiol 
(matrix molecules) onto a gold surface, form self-assembled nanostructured monolayers showing recognition 

properties towards different purines and pyrimidines. These properties, measured as changes of electrochemical 
impedance on additions of analytes, depend on the type of the template used. An array consisting of a 

combination of five receptors formed by thiolated derivatives of adenine, thymine, uracil, guanine and cytosine 

as the templates, allows us to recognize any of these bases of nucleic acids. This technology provides a simple 
way to form a large variety of chemoreceptors with different selectivity and can be used for manufacturing of 

large sensors arrays. 
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Category: 2 (Materials and technology) 

One of the main trends in the modern sensors 
technology is focused on exploiting of pattern 
recognition principles [1,2]. A progress in this general 
approach, based on miniaturization of sensor devices 
and integration of single sensors into large arrays 
[3,4] is fast and impetuous. The main limitation in the 
development of this field is a requirement to form 
sensor arrays with large variety of receptors 
possessing different selectivity. Classical chemical 
synthesis is time-consuming and too expensive to be 
considered as a perspective way to solve this problem. 
Recently, we have modified a technology of patterned 
monolayers [5-7] and developed a novel type of 
artificial receptors based on nanostructured self-
assembled monolayers [8-10]. This so-called 
spreader-bar approach based on creation of mixed 
monolayers of two different compounds, none of them 
exhibiting recognition properties alone. One 
component, called matrix, is an alkanethiol, the 
second component, called spreader-bar molecule 
(template), is similar to the analyte in shape and 
chemical structure. The matrix molecules must be 
able to form a thicker monolayer than template 
molecules do. Both molecules are co-adsorbed on the 
gold surface. The structures formed were found to be 
able to interact with analyte molecules in a solution. 

Here the spreader-bar approach is applied for 
preparation of sensor arrays based on thiolated bases 
of nucleic acids as spreader bars (Figure 1). The 
results show, that in spite of limited selectivity of 
every single sensor element, the sensor array can be 
used for recognition of bases of nucleic acids as well 
as caffeine and uric acid. 

Only small changes in capacitive current were 
observed for adsorption of adenine, cytosine, thymine, 
uracil, caffeine or uric acid onto self-assembled 
monolayers formed by pure dodecanethiol or pure 
thiolated purines and pyrimidines. The highest effect 
was displayed for adsorption of adenine: a relative 

decrease in the signal for adsorption on dodecanethiol 
on addition of 300 µmol·L-1 of adenine was 0.7%. The 
same experiments with the other analytes showed 
signal changes even less than 0.4%. A behavoir of 
mixed monolayers comprising of dodecanethiol and 
one of spreader bars was quite different. Adsorption 
of adenine, cytosine, thymine, uracil, caffeine or uric 
acid resulted in over 25% change of the capacitive 
current.

Fig 1. Overview of the spreader-bar molecules. 

The response depended on a specific combination 
of template and adsorbate. For adenine as analyte the 
the signal decreased according to the order: TSH > 
USH > GSH > ASH > CSH (Table 1). This order can 
be explained by interactions between the template and 
analytes. It is well known that adenine binds its 
complementary bases thymine or uracil; most 
probably it is valid also for thiolated derivatives of the 
latter compounds. GSH and ASH have the same shape 
like the analyte thus providing conditions for 
adsorption of these molecules into cavities formed by 
the template molecules and for -stacking interaction 
with these molecules. Due to the minor energetic 
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stabilization by -stacking in contrast to the hydrogen 
binding [11], the binding of adenine to GSH and ASH 

spreader-bar systems is less effective. In case of the 
CSH spreader-bar, no hydrogen binding can occur, 
and due to the smaller size of CSH, the surrounding 
dodecanethiol molecules hinder the analyte to come 
close enough to the template thus preventing a 
stacking interaction. Changes of the capacitive current 
on addition of adenine, uracil, caffeine, uric acid, 
cytosine or thymine to mixed monolayers formed by 
dodecanethiol and ASH are shown in Fig 2. 
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 Fig. 4. Relative changes in capacitive current of gold 
electrode coated by dodecanethiol and ASH on 
addition of different analytes. 

The influence of the hydrogen bonds on the 
binding of an analyte is illustrated by the comparison 
of uric acid and caffeine as analytes. Both, uric acid 
and caffeine have the same purine structure, but in 
contrast to uric acid, three potential hydrogen donors 
in caffeine are blocked by methyl groups. This may be 
a reason of 4 to 11 times lower signal changes in the 
case of caffeine. An investigation of relative signal 
changes on adsorption of the same concentrations of 
different purines and pyrimidines onto mixed 
monolayers formed with either ASH, GSH, TSH, 
USH or CSH, results in signal patterns which are 
typical for every specific analyte used. The sequences 
are valid for the whole concentration range studied. 
This set of five artificial receptors based on these 
mixed monolayers allows one to identify every of the 

six different purines and pyrimidines tested. For 
cytosine and uric acid the patterns are the same, 

however the magnitude of the signal changes for uric 
acid was 5 to 17 times higher. 

The spreader-bar technique provides a simple 
way to manufacture almost a non-limited number of 
such receptors: practically every thiol derivative can 
be used. Here we demonstrated an application of this 
approach to form sensor arrays for recognition of 
purines and pyrimidines. The binding detection can 
easily performed by measurements of capacitive 
current, however one can suggest an application of 
other detection methods, for example quartz 
microbalance or cyclic voltammetry. 
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Table 1. Relative decrease (%) of the capacitive current on addition of analytes (250 µmol·L-1) for different 
spreader-bar systems.  

spreader-bar adenine cytosine thymine uracil caffeine uric acid 

ASH 17.5 0.7 -0.1 6.5 1.7 7.0 

CSH 10.0 -0.4 -2.0 10.4 1.0 5.5 

GSH 16.2 1.2 0.0 4.6 0.7 8.0 

TSH 26.0 0.4 -0.2 15.0 1.0 6.7 

USH 19.6 1.8 -0.5 14.1 0.8 9.0 
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Summary: The fabrication of a GaAs dual corner cube reflector with vertical parallel plate actuation is
demonstrated. A strain-driven self-assembly mechanism is used to fold GaAs mirrors into the vertical
position The micro-origami hinges are formed by a strained bi-layer composed of InGaAs and GaAs. This
allows the deposition of electrical contacts across the hinge giving the possibility to integrate electrically
active components on free-standing structures. In the design of the corner cube reflector this is used to
achieve parallel plate electrostatic actuation promising operation over a large force and distance range.

Keywords: MOEMS, GaAs, self-assembly, free-space optical communication, electrostatic actuation
Category: 2 (Materials and Technology) or 4 (Non-magnetic physical devices)

1 Introduction

Micro machined corner cube reflectors (CCR) are
of significant importance in free-space optical
communication systems. The basic principal relies
on three orthogonal mirror plates which reflect light
striking the CCR in the vicinity of the body
diagonal back to the emitting source. In an
integrated sensor system the shape of the CCR can
be modulated in accordance with environmental
changes and information about the sensor status is
communicated without the need of power
consuming transmitters at the location of the sensor
[1]. Several considerable advantages arise from
using III-V semiconductors instead of silicon. For
instance, optoelectronic components or devices,
such as Bragg-reflectors, optical filters, detectors or
active diodes are easily integrated. Furthermore, the
epitaxialy grown GaAs is expected to provide
improved mirror flatness and reduced surface
roughness when compared to poly-silicon. For
fabrication of the GaAs CCR the micro-origami
process was used, in which mechanical hinges are
formed via the strain induced deformation of a bi-
layer structure [2] providing a simple self-
assembling mechanism. Depending on the growth
structure hinges can be designed to fold in different
directions, making the fabrication of complex 3D
semiconductor structures possible [3]. In addition,
using micro-origami hinges allows electrical
connections across the hinge which makes it
possible to integrate electronic or optoelectronic
components on free-standing plates.

2 Design and fabrication

The device structure and operation is illustrated in
figure 1. After assembly the mirrors are arranged in
such a way that together with the substrate they

form two CCRs with their body diagonal facing in
opposite direction. Thus light striking the CCR
from two opposite sources is modulated
simultaneously and reflected back to its source. The
two interlacing mirrors are arranged in a parallel
configuration and thus the voltage required for
actuation is expected to be reduced.

Fig.1: Dual CCR structure with parallel plate actuation

The origami-process used to fabricate the device is
schematically illustrated in figure 2. The strain in
the hinge region results in a deformation which lifts
the mirror plates out of the substrate once the
sacrificial layer is removed and thus the device is
fully self-assembling. The completed structure is
then dried employing a freeze-dry step.

Fig.2: Micro-origami strain driven self-assembly
technique
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3. Results and discussion

Using Ansys we have modelled the hinge
deformation in order to optimise the growth
structure and dimensions. These calculations also
include the effect the contact stripes on the hinge
have on the bending angle of the mirror plate. In the
device shown here a 40 nm Ti/Au layer was used
which was found not to influence the curvature of
the hinge and is of sufficient thickness for
electrostatic applications. For applications where
large currents are required on the free-standing
plate, the strain in the hinge has to be adjusted in
order to compensate the change in curvature. Also
of importance is the thickness of the strain
compensation layer on top of the mirror plates. In
order to guarantee flat mirrors this thickness and
indium concentration has to be matched to the
strain resulting from the first InGaAs layer. Figure
4 shows the calculated curvature radius of the
mirror as a function of the compensation layer
thickness. The results obtained from these
calculations are now used to optimise growth
structure and hinge dimensions.

Fig. 3: Curvature versus compensation layer thickness.

Figure 4 shows the SEM photograph of a fabricated
device with a mirror size of 100x100 �m2. As can
be seen from the picture, the angle of the plates is
larger than 90° resulting in the CCR not being
orthogonal. As a result, electrostatic actuation was
not observed in this device. However, the curvature
radius of the hinge, which together with hinge
dimension defines the deflection angle, is easily
adjusted by changing the growth structure. By
adding locking mechanisms on the side of the plates
it is also possible to fix a desired angle.

Fig. 4: SEM photograph of a dual CCR.

In conclusion, we have fabricated a self-assembling
CCR structure based on GaAs. By using the micro-
origami technique it is possible to fabricate
electrical contacts across the hinge and therefore
integrate electronic components on free-standing
plates. For the CCR this can be used to achieve
vertical electrostatic actuation with the mirror plates
remaining parallel. This is expected to significantly
reduce the voltage required for actuation.
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Mixed-Ligand Nanocluster-Based Chemoresistors:  
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Summary:  A series of gold nanoparticles stabilized with mixed thiolates were synthesized via exchange 

reactions by varying relative amount of the stabilizers, octanethiolate (OT) and 4-

chlorobenzenemethanethiolate (CBMT).    The nanoclusters were characterized by TGA and 1H NMR. Thin 
film transducers of the monolayer-protected nanopartilces were formed on interdigitated electrodes. Upon 

exposure to organic vapors, toluene, n-hexane, cyclohexane, pentane, and chloroform, increase in film 

resistance was observed. The resistance dependence on relative amount of the thiolates encapsulating the 

metal nanoparticle revealed feasibility of diversifying chemical selectivity. 

Keywords: nanoparticle, chemoresistor, mixed-ligand, selectivity 

Category: 2 (Materials and technology), 5(Chemical sensors)

1 Introduction 

Much research has been concentrated on 
developing sensor arrays that allow identification 
toward multi-component analytes as well as single-
component analytes.  Recently several examples of 
thiolate-capped gold nanoclusters as chemoresistors 
were reported due to some advantages, facile 
fabrication of the devices, operation at room 
temperature, and modest sensitivity reaching 
several-ppm detection.  However no application of 
such chemoresistors in sensor arrays was reported.  
Small number of available chemical functionality of 
stabilizing ligands1 is thought to be the major block 
limiting selectivity.   

In this report possibility of diversifying chemical 
selectivity of nanocluster-based chemoresistors is 
described.  The idea is to produce nanoparticles 
with diverse selectivity by varying relative amount 
different thiolates.  In principle chemoresistors of 
innumerable combinations of mixed thiolates could 
be generated from relatively a few ligands (Figure 
1).  ‘Place-exchange’ reaction2 was turned out to be 
an ideal method providing combinatorial synthesis. 
Thiolates with small polarity contrast were 
combined (4-chlormethylbenzenethiolate (CMBT, 
ClPhCH2S-) and n-octanethiolate (OT)) and still 
produced selectivity even toward chemically 
similar hydrocarbon analytes.  

2 Experimental 

Mixed-ligand stabilized gold nanoclusters were 
prepared through exchange reactions between  

Au
S

S

Cl

S

Cl

S

S

Cl

Figure 1. Simplified schematic view of a 
nanocluster with mixed-ligand comprised of CMBT 
and OT. 

CMBT (ClPhCH2S-)-capped gold nanocluster and 
octanethiol.   Two-step synthetic method by Burst3

was used to prepare CMBT stabilized nanocluster 
(2:1 molar ratio of HAuCl4 and 4-
chlorobenzenemethanethiol was used).  The 
nanoparticles were characterized by TGA, and 1H
NMR (Table 1).      Dip-coating each nanocluster 
solution on to interdigitated electrode produced a 
series of tranducers films (S1, S2, S3, and S4) (Table 
1).  The detection system was equipped with a 
laptop computer, mass flow controllers, a detection 
chamber, and a temperature controller.    Responses 
of the chemoresistors to organic vapors were 
carried out by following vapor-induced change of 
resistance. 

3 Results and Discussions
1H NMR analysis confirmed successful synthesis of 
the nanoclusters and provided calculation of the 
molar ratio of the CBMT and OT ligands 
comprising the nanoclusters (Table 1). The 
characteristic aromatic and aliphatic hydrogens 
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from CBMT and OT were observed in the range of 
δ 6.2 to 8.0 and δ 0.9 to 1.8 respectively (Figure 2). 

Table 1. Information of the nanoparticles 
constituting the transducer films.  

Transducer 
symbols  

Molar ratio 
(OT: CBMT)

Weight % of 
the ligands (%)

S1 0.0 : 1.0 18 
S2 0.42: 1.0 19 
S3 0.79:1.0 17 
S4 1.36: 1.0 20 

Absence of methylene protons adjacent to sulfur 
atom of the CBMT and OT and broadening of the 
aromatic hydrogens from CBMT is caused by 
surface tethering.  Trace amount of tetra-
octlyammonium bromide, TOAB (1:8.6 molar ratio 
compared to CBMT), used as a phase transfer 
catalyst for nanoparticle synthesis, was observed to 
remain in the product (δ 3.3).  The leftover 
contamination of the film by TOAB doesn’t seem 
to affect the signal responses to any significant 
degree (Figure 3 and 4).  

0123456789

Figure 2. 1H NMR (600 MHz) spectrum of the 
mixed-thiolate nanocluster used for preparing the 
transducer, S2.

Figure 3. Maximum sensitivities (100 x ∆R/Ro) of 
the mixed-ligand nanoparticle sensors in response 
to varying concentrations of cyc-hexane. 

Fairly linear responses were observed for all the 
sensors toward cyc-hexane in the concentration 
ranges concerned (Figure 3).  Such linearity was 

also observed toward pentane and n-hexane in the 
similar concentration range.  Generally S2 and S3 
produced higher sensitivity than S1 toward cyc-
hexane, n-hexane, pentane and chloroform with 
concentrations ranging from a few hundreds to 
several thousands ppm.  Sensitivity differences 
among the sensors tend to increase as the vapor 
concentrations increase.  Inset in Figure 3 is 
response signals of the sensors at 2200 ppm of cyc-
hexane. 

Figure 4. Maxium sensitivities (100 x ∆R/Ro) of the 
sensors (S1-S4) toward a series of organic vapors 
(A: n-hexane, B: chloroform, C: pentane, D: cyc-
hexane, E: toluene) (1200 ppm). 

Diverse selectivities were generated among the 
mixed-nanoclusters (S1-S4) toward most of the 
organic vapors except C as observed from variation 
of the maximum sensitivities (Figure 4). 
Combination of polar and nonpolar ligand thiolates 
is expected to better expand the selectivity. 

4 Conclusion

Variation of relative amount of the thiolates 
incorporated onto the gold nanoparticle was 
successfully accomplished through ‘place-
exchange’ reaction. Diverse selectivities were 
generated through mixed-ligand nanoclusters. 
Future direction of this research would be to further 
widen the selectivity window using thiolates with 
pronounced contrast in their polarities.   

References 

[1] H. Wohltjen and A. W. Snow Anal. Chem. 70 
(1998) 2856-2859. 

[2] M. J. Hostetler, A. C. Templeton, and Royce W. 
Murray Langmuir 15 (1999) 3782-3789. 

[3] M. Brust, M. Walker, D. Bethell, D. J. Schiffrin,  
R. Whyman, J. Chem. Soc., Chem. Commun. 

(1994) 801. 

0 500 1000 1500 2000 2500
0.0

0.4

0.8

1.2

M
a

xi
m

u
m

 S
e

n
si

tiv
ity

Analyte Concentration (cyc-hexane in ppm)

 S
1

 S
2

 S
3

 S
4

A B C D E
0.0

0.4

0.8

1.2

M
a
xi

m
u
m

 S
e
n
si

tiv
ity  S1

 S2
 S3
 S4

0 100 200

0.0

0.4

0.8

1.2

1.6

S1
S2
S4

S3

S
e
n
si

tiv
ity

Time (sec)

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Materials and Technology

359



A study of powder size combinations for improving piezoelectric properties 
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Summary: This paper details investigations into the effects of different powder size ratios on the d33 coefficient of thick-film
PZT layers. The two powders used were 5H type PZT supplied by Morgan Electro Ceramics Ltd. These were prepared using
ball milling for the large particles, ~2um, and attritor milling for the small particles, ~1um.  These powders were mixed with
10% by weight of Ferro CF7575 lead borosilicate glass and an appropriate quantity of ESL 500 solvent to formulate a screen
printable paste.  The results show the optimum powder combination obtained and a final formulation for a practical thick-film
paste.  The highest d33 value, 63.5pC/N, was obtained with the 4:1 ball to attritor powder by weight paste formulation.

Keywords: piezoelectric, thick-film, d33

Category: 2 (Materials and Technology)

1 Introduction 3 Calculations

Screen printable piezoelectric materials were first reported in
1987 [1] and have since found use in many applications;
including motors [2] and micromachined silicon devices [3].

The initial calculations for the ratio of ball milled to attritor
milled powders centred on a basic 2D model shown in figure
1.

Attritor milled
particle

Ball milled
particle.

Studies have shown [4] however, that the thick-film PZT 
samples have lower d33 coefficients than their bulk
counterparts [5] due to differences in processing and
composition.

Piezoelectric thick-film pastes are produced by mixing milled
piezoelectric powders with a glass binder and organic vehicle.
Several milling processes can be used to form the powder [6].
Previous work has shown that the large particle size of ball 
milled powder produces the highest d33 values, whilst the
smaller, more evenly distributed, particles of the attritor
milled powders produce the most consistent d33 values [6].
This paper presents details of the next stage in the paste
development which is the combination of ball and attritor
milled powders and determining the optimum ratios.

Fig 1:  Ideal 2D model for particle distribution.

The limitations associated with this model are that it is a 2D
representation of a 3D problem and it assumes the particles
are spherical. The particle sizes used in the model are
obtained from the size distributions identified in reference 6.
The average particle size was used in the calculations but
clearly in practice there is a range of particle sizes. The
particle layout shown in figure 1 was used in the model since
the calculated particle sizes closely match the actual particle
size of the attritor3 powder.

2 Theory 
Using the average ball milled particle diameter of 2µm, the
largest particle size that will fit the interstice between the
particles is 0.83µm. Using this value, the total area between
the ball particles was calculated. A ratio of attritor particles to
ball particles required to fill the total area was then calculated.
The weight ratio of powders can be calculated using the
density of PZT-5H [5], this gives an optimum powder ratio of
8.8:1 ball milled to attritor milled powder by weight.

The larger particle size associated with the ball milled powder
results in increased piezoelectric responses. Therefore, it was
important to maintain the ball milled particle as the dominant
particle within any powder combination. The smaller attritor
milled particles can be used to fill the interstice between the
ball milled particles.  The increased mechanical density of the
film improves both the mechanical coupling and subsequent
piezoelectric properties of the film.

In practice the attritor3 powder has an average particle size of
1µm, slightly above the ideal. Given this, and allowing for the
other assumptions described above, a range of powder ratios
from 8:1 to 2:1 were investigated.  The calculated percentages
of powders for each paste are shown in table 1. The

The attritor particles used in this investigation where milled 3 
consecutive times and have been denoted attritor3. The
combined ball milled and attritor3 milled powders were 
mixed with Ferro CF7575 lead borosilicate glass, which
forms the binding matrix when fired.
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percentage of glass remained constant since 10% has
previously been identified as the optimum [6].

Table 1. Percentages of Att3 and Ball powders 

Paste Attritor3
percentage

weight

Ball
percentage

weight

CF7575
percentage

weight
8:1 10% 80% 10%
4:1 18% 72% 10%

2.6:1 25% 65% 10%
2:1 30% 60% 10%

4 Processing 

The four powder combinations in table 1 were mixed with
ESL 500 solvent to create thixotropic screen printable pastes.
These pastes were then mixed using a triple roll mill, which
disperses the powders evenly throughout the paste.

The pastes were printed on a 96% alumina substrate using
standard thick-film screen-printing process with a DEK 1200
printer. The substrates were dried in a DEK 1209 IR drier at
140°C and then fired on a belt furnace with a peak
temperature of 890°C. Each sample was poled at 150°C with
field strength of 4MVm-1 [4]. The d33 values were measured
using a Take Control PM35 piezometer.

5 Results

Figure 2 shows the average measured d33 values and standard
deviations for each of the powder combinations.  Included are
the previous results for ball and attritor3 milled powder for 
comparison [6].

Fig 2 Average d33 and percentage standard deviation for
each powder combination.

The results show that there is a clear improvement in the d33

value obtained by combining powder types together. In
addition, there is an optimum ratio of powders which occurs
at a ratio of 4:1 by weight. This gives a d33 value of 63.5pC/n
and also shows an improved standard deviation when
compared to the original ball milled paste.

6 Conclusions 

The combination of 4:1 by weight of ball milled to attritor
milled powder (i.e. 18% attritor3, 72% ball and 10% CF7575
powders) produces the highest d33 coefficient with an average
measured value of 63.5pC/N.  Figure 2 shows that the
number of smaller particles added to the paste appears to have
a saturating effect past ratios of 2.6:1 as the interstice gaps
within the matrix have been already filled. This result agrees
reasonably closely with the basic 2D model.

The previous optimum paste, obtained from purely ball 
milled powder, had a d33 coefficient of 52pC/N. The new 4:1
paste has resulted in an increase in piezoelectric activity of
over 20%. The results also show that the percentage of
deviation has decreased from 6.2% to 3.9% from the previous
ball milled paste. This indicates the optimum paste not only
produces a more active film, but also results in a more
repeatable material.

Further work will develop a 3D model to seek further
optimisation and confirmation of the experimental work.
Also, the use of multilayer structures in combination with this
new paste formulation will be investigated to further increase
the effective d33 coefficient.
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Summary:  Pyroelectric Current Spectroscopy (PCS) was used to investigate the homogeneity of some PZT

ceramics with potential for infrared (IR) detection. In case of non-homogeneous ceramics several peaks

were obtained in the PCS spectra, suggesting the presence of PZT phases with different Zr/Ti ratio, thus
having different transition temperatures. The non-homogeneity was confirmed by SEM-EDAX. PCS can be

a useful tool in optimizing the calcination and sintering parameters (temperature and time) during ceramic

preparation.

Keywords: pyroelectricity; PZT; ceramics
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1 Introduction 

Lead zirconate-titanate (PZT) ceramics are known
to possess very good pyroelectric properties,
making them attractive for the infrared (IR) 
detection [1]. The main parameter defining the
quality of such a material is the pyroelectric
coefficient [1]. Its value is dependent on the
compositional homogeneity of the ceramic. In the
specific case of PZT materials, a non-homogenous
distribution of the Zr/Ti ratio can lead to different
properties than those expected when the ceramic
was prepared. The problem arises from the fact that 
different Zr/Ti ratios means different transition
temperatures, thus different values of the 
pyroelectric coefficient in different regions of the
samples [2]. All this means that pyroelectric IR 
detectors manufactured from the same bulk ceramic
pellet could have different detection characteristics.
Thus, such non-homogeneity is not desirable in
case of mass production because it can decrease the
yield and increase the costs.

In this communication we present a simple method
to investigate the quality of a PZT ceramic from the
point of view of its pyroelectric properties. The
method is based on pyroelectric current
measurement and is called Pyroelectric Current
Spectroscopy (PCS).

2 Experimental 

Several ceramic samples were prepared by
conventional ceramic technology. The raw
materials were PbCO3, TiO2 and  ZrO2. Nb2O5 was
used in some cases to improve the densification.
The Zr/Ti ratio reported in the present
communication is 92/8, with up to 6 at.% Nb. The
Nb-doped ceramics were compensated according to 

the formula: Pb1-y/2(Zr0.92Ti0.08)1-yNbyO3. No lead 
excess was used. The powders were calcinated at 
875 0C for 2 hours. The sintering of the pressed
pellets was performed at 1200 0C for 40 minutes.
The structure and the morphology were evaluated
by X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM) respectively. The composition
was investigated by EDAX on different regions of
the sample.
Silver paste electrodes were used for pyroelectric
current measurements. Prior the measurement each 
sample was poled by applying a dc field of about 20
kV/cm at high temperature. The pyroelectric
current measurement was performed by inserting
the sample into an oven and recording the current
vs. temperature curve[3].

3 Results and discussion
A typical X-ray diffraction pattern for the prepared
ceramic is presented in Fig. 1.
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Fig. 1 XRD spectrum for PZT(92/8) ceramic with 6 at % 
Nb. (P – perovskite; F – fluorite phase).
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The spectra for Nb-doped PZT compositions reveal
the presence of perovskite structure, with some
amount of fluorite phase at high Nb content [4].
From fig.1, the ceramic body seems to be quite
homogeneous in terms of Zr/Ti ratio. However, the
SEM-EDAX analysis (see Fig. 2) had revealed the 
presence of small “islands” of Ti rich phase in a
matrix of Zr rich material. The EDAX analysis had 
also revealed that the Zr/Ti ratio is not uniform over
the ceramic volume. It varies between 96/4 in the
matrix and 13.5/86.5 inside the “islands”. The 
above results show that most probably the 
calcination parameters (time-temperature) were not
adequate to obtain a homogeneous distribution of
Zr/Ti ratio. Initially it was thought that the Pb 
vacancies introduced by Nb doping will help the
completion of the solid-state reactions and the
densification of the ceramics, thus requiring shorter
calcination and sintering times [4]. However, it
seems that the calcination time was not long enough
to complete the solid-state reactions. That will 
explain the presence of Ti rich “islands” inside the
Zr-rich PZT phase. It is known that during the
solid-state reaction the first to form is PbTiO3 (PT),
which then transforms into PZT [5]. Other causes
for the non-homogeneous distribution of Zr/Ti ratio
could be the short mixing time in the ball-mill
before calcinations and the agglomeration 
capability of the highly reactive raw materials. The
small average size of the grains and the relatively
high porosity observed in the SEM photos are
probably due to the short sintering time.

Fig. 2 SEM photo showing an “island” of Ti-rich phase in
the PZT matrix.

The sample non-homogeneity was then tested by
pyroelectric current measurements, as is shown in
Fig. 3 for the sample with 6 % Nb. Several peaks
are observed in the PCS spectra. At this Zr/Ti ratio
only two transitions should exist, according to the
phase diagram: 1) a secondary transition FRH(LT) -
FRH(HT), that should be at about 65 0C; 2) the main
transition FRH(HT) - PC at about 245 0C [2]. The Nb 
should increase the temperature of the secondary
transition and decrease the temperature of the main
transition [6,7]. It is reported also that increasing
the Nb content both transitions become broader.
In the recorded PCS spectrum, five peaks are
observed (temperature indicated on the graph). It
can be assumed that the first broad peak at 173 0C is 

related to the secondary transition FRH(LT) - 
FRH(HT) and the next peak is related to the main
transition FRH(HT) - PC. In the case of a ceramic
with homogeneous Zr/Ti ratio these should be the
only recorded peaks. However, there are three other 
peaks at higher temperatures, related with the
presence of Ti-rich phases in the sample. According
to the PbZrO3 - PbTiO3 phase diagram, the 3 
transition temperatures correspond to Zr/Ti ratios in
the range 55/45 – 5/95, i.e. intermediary phases
formed during calcination. Thus, the Pyroelectric
Current Spectroscopy confirms the results obtained
from SEM-EDAX analysis. Similar results were 
obtained for the samples with 2 and 4 at %Nb.
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Fig. 3 PCS spectrum for a PZT(92/8) sample doped
with 6 at % Nb. 

The conclusion is that PCS, as a non-destructive
technique, could be a useful tool in controlling the
quality of the ceramics intended for IR detection.
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Photoimageable thick film metal oxides, on silicone substrates, for gas

sensing applications
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Summary: Conventional commercial metal oxide gas sensors are fabricated by screen printing or dip coating.

Neither of these techniques is suitable for use of  Si-substrates and fragile ‘microhotplate’ type silicon devices. A

novel method of depositing photoimageable metal oxide films has been developed. The material is spin coated
onto the entire substrate and photolithographically patterned. The films thus produced can have thicknesses as

low as a few microns, and can readily be patterned with a lateral resolution of tens of microns. Good control

over powder morphology and photoresist rheology are required and have been achieved.One major advantage

of this route when compared to techniques such as sputtering, is that the material is similar in properties to

screen printed material, hence gas sensing behaviour is consistent with that of conventional commercial sensors.

Keywords: gas sensor, metal oxide, silicon substrate, thick film, photoimageable

Category: 2 (Materials and technology)

1 Introduction

In 1962 Seiyama and Taguchi demonstrated that
semiconducting metal oxides, heated up to ~300°C
in air vary their conductivity in a sensitive manner
due to the presence of traces of reactive gases in the
air. This has been the key to the commercial
development of thick film sensors based mainly on
SnO2. However, the heating power consumption of
these sensors is high and the manufacturability of
the commercial thick film sensors on ceramic
substrate is difficult to automate and requires costly
manual operations. In contrast metal oxide sensors
consequently fabricated on standard silicon
substrates provide either compatibility with Si
microelectronics and MEMS with the possibility to
use common bonding and packaging. In particular,
silicon micromachining offers potential for a
reduction in power consumption.

2 Experimental

According to this concept — compatibility with Si-
microelectronics — we present a novel technology
for using porous oxides thick films on the CMOS
technologies. This process is mainly characterised
by its photoresist-matrix assisted deposition of
oxides. The method can create a sensitive oxide
area similar in size to those produced by use Si-
substrates as a simple additional step to the
processes involved in micromachining or thin film
technologies, and thus smaller than conventional
screen printing of thick films. The alternative
inking techniques or “ink jet” method [1], [2], [3]

can present problems such as not well defined oxide
patterns as well as variations in oxide thickness. By
using the novel method of photolithography for
producing thick films, it is possible to both create a
well-defined oxide pattern and control the oxide
thickness.

Fig. 1: Optical microscopic image of the photolitho-
graphically structured CTO thick films on structured
silicon substrates. 

The deposition process starts with the metal oxide
powder preparation. The particle size was
controlled using a ball mill. The photoimageable
thick film metal oxides were deposited by spin
coating an ink, comprised of the metal oxide
powder and a photoresist, on silicon wafers with
platinum heater/electrode structures. The resist
matrix is based on a special photoresist, which
becomes insoluble in water after an exposure to UV
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radiation. The experiments were carried out with
different metal oxide powders (e.g. SnO2,
chromium titanium oxide (CTO), BaSnO3). After
annealing at CMOS-compatible 400°C the resist
matrix has been removed and the metal oxide
appears as a well sticking highly porous film.
EDX-analysis showed no or only little carbon
residues from the photo resist in the metal oxide
after annealing. 

Figure 1 shows the patterned deposit of CTO over
200 nm thick Pt-electrodes. A SEM image of the
microstructure of the photostructured CTO after
annealing at 400°C is pictured in Fig. 2. The grain
size of the 10 µm CTO-thick film amounts 300-500
nm.

 Fig. 2: Morphology of photolithographic structured
CTO-layer after annealing at 400°C.

In the experiments the films were deposited onto 2
x 2 micro arrays. A silicon wafer was used as
substrate, SiO2 film of 1 µm thickness was prepared
by thermal oxidation to insulate gas sensing
elements from the substrate. A Ta/Pt film (25/200
nm thickness) was deposited and patterned to act as
interdigital electrodes, heater and temperature
sensor. The detailed processing steps used for
fabrication of the array substrates are reported in
[4,5].

Fig. 3: Mounted fourfold  sensor array  in a TO5-
housing

In order to measure the gas sensitive behaviour, the
sensor chips were mounted in a TO5-housing. A
mounted device can be seen in figure 3.

Characterisation of the sensors under trace gas
exposure will be presented. Figure 4 shows e.g. the
change of the sensor signals (i.e. resistance) of four
sensors, with an approximate operation temperature
of 380°C, during exposure to different test gases
like H2  (100 ppm), CO (100ppm), NO2 (0.5 ppm)
in synthetic air.
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Fig. 4: Response of four photolithographically structured
CTO-sensors to different test gases in synthetic air at
380°C (50% r.h.).
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Sensing properties of perovskite oxide

La1-xSrxCoO3-δδ (x=0.5)  obtained by using pulsed laser deposition

Dam T.V. Anh, W. Olthuis and P. Bergveld

MESA+ Research Institute, University of Twente,
P.O. Box 217, 7500 AE, Enschede, The Netherlands.

E-mail: d.v.anh@el.utwente.nl, http://www.el.utwente.nl/mesa

Summary: La1-xSrxCoO3-δ belongs to the group of perovskite oxides of the ABO3 structure, with a trivalent

rare earth in the A position (La) and a trivalent metal ion in the B position (Co). Doping with divalent Sr-
ions at the trivalent La-positions creates oxygen vacancies which give the oxide catalytic properties to
H2O2. However, the conventional techniques which are used to prepare this oxide such as chemical

methods, are not suitable for making a thin film.  In this paper, a thin layer of La1-xSrxCoO3-δ (x= 0.5)
perovskite oxide is deposited on a Pt electrode by using the Pulsed Laser Deposition technique.  The
catalytic properties of this perovskite oxide to hydrogen peroxide due to the presence of the oxygen
vacancies will be discussed. The results show the possibility to use this perovskite oxide as a sensing
material for potentiometric hydrogen peroxide sensors.

Keywords: perovskite oxide, La1-xSrxCoO3-δ, pulsed laser deposition, hydrogen peroxide
Category: 2 (Materials and technology) or 5 (Chemical sensors).

1 Introduction

La1-xSrxCoO3-δ belongs to a group of perovskite
oxides of the ABO3 structure with a trivalent rare
earth in the A position (La) and a trivalent metal
ion in the B position (Co). The structure of the
LaCoO3 perovskite oxide consists of CoO6

octahedra and the La3+ ions, which are inserted
between the CoO6 octahedra. When the trivalent
La3+ ions in LaCoO3 are replaced by divalent earth
alkaline ions Sr2+ to form La1-xSrxCoO3-δ, a positive
charge is generated. Because the Coz+ ions can have
a different oxidation state, the charge neutrality is
maintained by the formation of oxygen vacancies
and a change in the valence state of the Coz+ ions.
Therefore, the oxide has an oxygen deficiency, δ,
due to the high oxygen vacancy concentration.

This type of perovskite oxides is a promising
candidate for solid oxide fuel cells, oxygen
separation membranes and sensor material [1].
Different types of the perovskite oxides, which are
synthesized by chemical methods, have been used
as a material for hydrogen peroxide sensing.
However, the response time of the sensor is quite
low due to the long time it takes for the hydrogen
peroxide to diffuse into the thick layer of the
perovskite oxide. Among the existing deposition
methods, the Pulsed Laser Deposition  (PLD) is a
suitable technique for the fabrication of a
perovskite oxide thin film. This technique allows
the stoichiometric transference of the deposited
material from target to substrate [2]. In this paper,
we show the possibility to obtain a thin La1-

xSrxCoO3-δ (x=0.5) perovskite oxide film by using

the PLD technique and its sensing properties to
hydrogen peroxide.

2 Experiments

The La0.5Sr0.5CoO3-δ thin film is deposited on
platinum electrodes which were sputtered on a
Ta2O5/SiO2/Si wafer, using the setup as shown in
Fig. 1. During the deposition process, a metallic
shadow mask was placed on top of the substrate to
shield the platinum electrical contacts from
undesired deposition of the La0.5Sr0.5CoO3-δ. The
ablation process of La0.5Sr0.5CoO3-δ is realized by a
spatial uniform 248 nm excimer laser beam. The
deposition time was varied from 5 to 7 min
depending on the required thickness of the film.
The thickness of the film was estimated to be about
75 nm after 5 min of deposition. After deposition,
the sample was cooled down to room temperature
in an O2 flow. The annealing in the oxygen
environment is necessary to obtain a stable
composition and to create the oxygen vacancies in
the perovskite oxide film. Finally, the wafer was
diced in separated devices and encapsulated with
Hysol®.

The sensing properties of the La0.5Sr0.5CoO3-δ
thin film to hydrogen peroxide is characterized in a
phosphate buffer (pH = 7.1) containing 0.1M KCl.
All chemicals used (Merk, Fluka) were of
analytical reagent grade.
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Fig. 1: Pulsed Laser Deposition system.

3 Results and discussions
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Fig. 2: Potential of the La0.5Sr0.5CoO3-δ electrode depends
on the hydrogen peroxide concentration.

The La0.5Sr0.5CoO3-δ thin film shows catalytic
properties to hydrogen peroxide. The potential
response of the La0.5Sr0.5CoO3-δ electrode to a
change in the hydrogen peroxide concentration has
been measured with respect to a saturated calomel
electrode (SCE) and is shown in Fig. 2.

The response time of the electrode potential to
hydrogen peroxide is estimated to be about 10 min.
The  electrode  potential  response  depends  on  the
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Fig. 3: Potential of the La0.5Sr0.5CoO3-δ electrode as a
function of the hydrogen peroxide concentration.

logarithm of the hydrogen peroxide concentration
with a slope of 130 mV/dec (see Fig. 3). The high
sensitivity of La0.5Sr0.5CoO3-δ  to hydrogen peroxide
is suggested to be caused by a change in the oxygen
vacancy concentration in La0.5Sr0.5CoO3-δ during its
reaction with hydrogen peroxide. The investigation
of the oxide oxygen vacancy concentration by
means of the corresponding work function
measurement will be discussed.
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Summary:  We report the fabrication and characterisation of capacitive relative humidity (RH) sensors 

based on porous SiC membranes and Al electrodes. The idea of the SiC is that it is a very durable material 

and that it should at least be better than Si at withstanding harsh environments. We use 73% HF and 

anodisation current-densities of 1-50mA/cm2 to make SiC porous. We make use of the fact that the etch-rate 
of Al in 73% HF is very low, therefore allowing the possibility to use Al electrodes instead of Au. This also 

facilitates our sensor fabrication, as Al is more cleanroom friendly than Au. Preliminary data including 

sensitivity, response time, etc are given for our devices  in the range 10% - 90% RH. SEM images are used 

to show cross-sections of the membranes. 

Keywords: relative humidity sensor, porous SiC, Al electrodes 
Category: 2 (Materials and technology)

1 Introduction 

Porous silicon has been demonstrated to be very 
effective as a humidity sensor [1]. A well known 
problem with porous Si, however, is that it is very 
‘reactive’ and so sensors based on this material 
generally need to have an ageing treatment to have 
reliable and repeatable sensitivity.  SiC with its well 
known ability to withstand harsh chemical 
environments, should in principle be a better 
material for relative humidity sensing in such 
environments. Membrane or thin film structures 
have also been demonstrated, which is a big 
advantage as regards ease of integration with 
standard processing, due to greater flexibility in 
choice of doping type and concentration. We have 
made sensors using porous SiC, which can also be 
made porous by electrochemical anodisation in HF, 
similarly to single crystal silicon [2, 3]. 

2 Experimental 

Thin films of (p-type) SiC were deposited on 
standard Si wafers, using PECVD, and doped with 
Boron in-situ. The thickness’ of the films were 
~5000Å. 
After the thin films were deposited, a SiN mask was 
deposited on the backside of the wafer as a KOH 
mask to make membranes. Then Al electrodes were 
deposited on the front side.  
For KOH etching we used 33% KOH and we 
stopped etching before the SiC was reached. This 
was because we expected to get a better ohmic 
contact to the (bulk) Si instead of the SiC. 
After KOH etching, Al was evaporated on the 
backside of the wafer, and the wafers were diced 
into 10mm x 10mm samples. The samples were 

then mounted on specially prepared holders for 
porous formation. 
We made porous SiC by electrochemical 
etching/anodisation using 73% HF (including 
Triton X100 surfactant), anodisation current 
densities, JA, in the range 1 – 50 mA/cm2, and 
anodisation times, tA, between 30 seconds and 10 
mins. 
Figure 1 shows a schematic similar to the devices 
used in this work.  
The phase angles of the sensing capacitors were 
typically (at RH values of 10%) ~ - 85°, indicating 
reasonable quality capacitors.  
Electrical contacts were made to the sensors by 
wire bonding, and they were then tested in a 
Vaportron H-100L humidity chamber, with 
temperature as well as RH control. A HP 4194A 
impedance/gain-phase analyser meter operated at 
frequencies between 100Hz-100KHz was used for 
capacitance measurements. The experimental set-up 
is described more fully in [1]. 

Fig. 1. Membrane RH sensor schematic 

Aluminium

Porous SiC 
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3 Results 

Figures 2 and 3 show respectively the response of 
our sensors (at T=25˚C) as the RH is varied 
between 10% and 90% RH, and the response to step 
changes from 10% - 90% RH and 90% - 10% RH. 
We can see that the sensitivity is about 25%, it is 
slightly frequency dependant with the lower 
frequency having a little larger sensitivity. The 
lower frequency response also seems to be a little 
better for lower RH values. The response time is 
about 1.5-2 minutes for increasing RH and about 2-
3 minutes for decreasing RH. Some drift to the final 
value is observed for the decreasing RH data. 
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Figure 4 Cross-section SEM of the formed membranes. 
The thickness of the membranes is ~40�m (see also 
fig.5).  

Figure 5 A higher magnification of a section of figure 4. 
The Al electrodes can be seen. Some sawing debris can 
also be seen. 
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Summary:  This paper presents a method for fabrication of nanochannels for fluidic applications. The 

nanochannels are created by etching the sacrificial layer located between two mechanical layers. The main 
advantage of the proposed technology is the use of standard UV lithography instead of e-beam lithography 

for defining the channels. The depth of the channels is controlled by the thickness of the sacrificial layer 

and the width by the etching time. The accuracy of the definition depends on the selected materials and the 
etching technique used. After the channels are created another mechanical layer is deposited to form 

completely the shape of the channels.  

Keywords: nanochannels, fluidic devices 

Category: 2 (Materials and Technology)

1 Introduction 

In the past decade the interest in fabrication of 
micro- and nanochannels for fluidic devices has 
increased especially for biochemical applications 
[1]. However, scaling the dimensions of the 
channels down from micro- to nanoscale requires, 
in most cases, electron beam lithography to be used, 
which has high cost due to low throughput. 
Therefore, we propose a fabrication technology for 
nanochannels, which uses only a standard UV 
lithography. Moreover, the size of the nanochannels 
is not dependent on the resolution of the pattern, but 
only on the sacrificial layer thickness and its 
etching. An artist impression of the proposed 
nanochannels is shown in figure 1.  

Another advantage of the technology described is 
that the nanochannels can be seen directly by using 
a transparent top-mechanical layer. 

Fig. 1. Sketch of twin nanochannels created by 

sacrificial etching. 

2 Fabrication Technology 

The process flow, used for the fabrication of the 
nanochannels is shown in figure 2. As a substrate 
we have chosen a silicon wafer on which 300nm 
thermal SiO2 was deposited in order to insulate the 
channels from the substrate [2]. In the next step we 
have deposited 150nm polysilicon as a sacrificial 
layer for the nanochannels. Afterwards a second 
SiO2 layer is deposited by PECVD on the top of the 
polysilicon. The thickness of this layer in our 
experiment was 1 m. By using a photoresist and 
standard UV lithography a window is defined and 
the top SiO2 is removed by dry etching. The 
sacrificial polysilicon layer was then etched by 
TMAH. TMAH was chosen instead of KOH due to 
its high selectivity to SiO2 and low etch rate of the 
polysilicon layer [3]. 

Fig. 2. Process flow for fabrication of twin 

nanochannels. 
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However, in order to remove the native oxide prior 
the etching with TMAH a short etch dip in BHF 1:7 
for 1 minute is required. The sample was etched in 
TMAH 25wt% at 62oC for 3 minutes. SEM image 
of the resulting structure is shown in figure 3. 

Fig. 3. SEM image of the sample after performing the 

etching of the sacrificial layer in TMAH. 

In the last step an oxide layer was deposited on the 
top of the surface in order to close the nanochannels 
and to form their final shape. The thickness of the 
deposited oxide layer was 300nm. Figure 4 shows a 
SEM image of the cross-section of the realized 
channels.

Fig. 4. Cross-section of the realized 

nanochannels. 

3 Conclusions 

We have demonstrated a simple process to fabricate 
twin nanochannels with controllable width and 
depth in the nanometer range. Normal UV 
lithography can be used to define the location of the 
nanochannels. The possibility to have transparent 
capping layers for the channels is demonstrated, 
allowing optical observation for biological 
experiments.  
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Summary: We report the magnetotransport properties of nanostructured La2/3Sr1/3MnO3 thick films
prepared by screen-printing technique. Nanocrystalline powders synthesised by liquid-mix with mean
crystallite size of 25 nm were used as active material of screen-printable inks. A moderate firing
temperature was used to avoid particle growth. High values of LFMR, of about 25-30% at 5K,  were found
due to the low crystallite size of the film. Ceramic samples prepared by uniaxial pressing and sintering in
air were also studied for purpose of comparison.

Keywords: manganites, low-field magnetoresistance, thick films, nanostructured materials
Category: 2 (Materials and technology)

1 Introduction

In the last years, polycrystalline LaMnO3-based
materials have been intensively studied since they
appear to be useful for magnetoresistive sensors. This
is due to their large low-field magnetoresistance
(LFMR), which is observed in the 0.1T range. It has
been established that the LFMR increases as the grain
size reduces, although in the case of La2/3Sr1/3MnO3 it
has been reported that the LFMR saturates at a value
of 30% for a grain size of 400 nm. In addition, it has
been reported that the high field magnetoresistance
(HFMR) progressively increases when reducing the
grain size and large values are obtained for grain sizes
in the nanometric range [1,2].

Although nanostructured manganites have these
interesting properties, magnetoresistive sensors are
usually based on thick films sintered at relatively high
temperatures (about 1100-1400°C), which results in
large grain sizes [3,4]. In this work, we present the
preparation of liquid-mix-derived nanostructured
La2/3Sr1/3MnO3 thick films and their magnetotransport
properties.

2 Experimental Procedure

La2/3Sr1/3MnO3 powders were synthesised by the
liquid-mix method using appropriate amounts of
La2O3 (99.999 %), SrCO3 (99.994 %) and metallic
Mn (99.99 %). The final thermal treatment was
carried out in air at 600°C during 24 hours. The as-
synthesized powders were studied by X-ray
diffraction (XRD) employing a PW 1710 Philips
diffractometer. The crystallite size was determined by
means of the Scherrer equation. Powder morphology
was studied by transmission electron microscopy
(TEM), using a Philips CM200 microscope.

Standard screen printing methods were employed
for obtaining nanostructured thick films on alumina
(96% Al2O3). The screen printable ink was prepared
by mixing the La2/3Sr1/3MnO3 powder with an organic
vehicle composed by a solution of ethyl cellulose in a
blend of organic solvents (butyl carbitol acetate and
terpineol). After drying the films for 10 min. at
110°C, they were fired at 850°C in air during 10 min,
with heating/cooling slopes of ± 35°C/min. XRD was
used to check the phases present in the films and to
determine their crystallite size, as in the case of
powders.

The magnetic characterisation of powders was
performed using a Quantum Design SQUID
magnetometer between 0 and 5T. M vs T
measurements were carried out under a magnetic field
of 0.5T in a temperature range of 10-370 K in order to
determine the Curie temperature (Tc) from the
maximum of |dM/dT|. The saturation magnetisation
was measured at T = 5K and H =  5T.

The electrical resistivity of the films was measured
by the usual four-probe method in the 5-300 K
temperature range under a magnetic field between 0
and 9T. ∆ρ/ρο vs. H measurements were carried out
for low magnetic fields (H < 0.7T). Ceramic samples,
prepared by uniaxial pressing and heating in air at
600°C during 2 hs., were also studied for purpose of
comparison.

3 Results and discussion

XRD study confirmed that nanocrystalline, single-
phase powders are obtained by the liquid-mix
synthesis method. The average crystallite size
obtained from XRD data was of (25 ± 3) nm. This
crystallite size was confirmed by TEM observations,
and a very narrow size distribution was found
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(standard deviation = 4 nm). The Curie temperature
obtained by d.c. M-T curves was of (345 ± 5) K. The
saturation magnetisation was about 64.6 emu/g (2.8
µΒ/Mn). The difference between this value and the
one found for large grain materials, 93 emu/g (3.7
µΒ/Mn), can be attributed to the existence of a
magnetically disordered surface, as proposed by Ll.
Balcells et al. [1]. Considering that the magnetisation
of this layer can be neglected, a thickness of 1.4 nm is
deduced.

By means of XRD analysis, it was found that thick
films and ceramic samples also were single-phased,
with crystallite sizes very similar to that of
nanopowders. In spite of this, significant differences
were found in the transport properties. Fig. 1 shows
the resistivity of thick films and ceramic samples as a
function of temperature. The resistivity of ceramic
specimens was one order of magnitude lower than
that of thick films, although they presented a similar
behaviour. A metal-insulator transition around 200 K
and an increase of resistivity at low temperatures (T <
50 K) can be observed. The increment of ρ(T) at low
temperature has been assigned to the existence of a
Coulomb barrier at the grain-boundaries [1,5]. Within
this temperature range, the resistivity follows a ρ(T) =
A exp[(∆/T)1/2] law, where ∆ is the Coulomb gap. By
a linear adjustment of the ln ρ(T) vs. (1/T)1/2 curve for
T < 50 K, the value ∆ was obtained: ∆ = (5.83 ± 0.06)
K  for films and ∆ = (2.86 ± 0.06) K for ceramics.

Fig. 1. Resistivity of thick films and ceramic samples as a
function of temperature.

The important difference in resistivity and Coulomb
gap of both materials is probably due to a larger
number of ‘good-conducting’ paths [5] in ceramic
bodies, favoured by the uniaxial pressing. However,
different grain boundary composition due to the
presence of a very small amount of carbonaceous
residues in thick films (incomplete elimination of the
organic solvents introduced for the preparation of
inks) can also explain these results.

Fig. 2 shows the field dependence of the
magnetoresistance, ∆ρ/ρο =  (ρ - ρo)/ρο  (ρo is the
resistivity under H = 0) for both thick films and

ceramic samples, plotted for different temperatures
between 5 and 200K. As it can be observed, the
LFMR of thick films is higher than that of ceramics
for T = 5K, but the contrary is found for high
temperatures. The LFMR was about 25-30% at 5K,
but it decreased rapidly with increasing temperature.
Similar results have been reported in the literature
[1,2,5,6]. Differently, the HFMR was slightly higher
for thick films and showed its maximum value around
100-150K.

Fig. 2. MR of thick films (solid lines) and ceramic samples
(dashed lines) as a function of magnetic field for different
temperatures.

4 Conclusions

In this work, we report the preparation and
magnetotransport properties of nanostructured
La2/3Sr1/3MnO3 thick films. High values of LFMR, of
about 25-30%, were found due to the low crystallite
size of the material (25 nm). Differences in the
properties of thick films and ceramic compacts have
been found, probably due to a larger number of
‘good-conducting’ paths in the ceramics.
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Summary: Electrostatic driving and capacitive read out play an important role in MEMS. Because the

electrodes are placed on insulating materials and in some cases they are coated with an insulating layer it
has been observed that after electrical breakdown in the air gap or the contact of the movable element and

the dielecric layer charges are deposited on the insulating materials which influence the characteristic of

the MEMS. The article presents a novel electrostatic field sensor realized using micromechanical
components. It was developed to characterize surface charges on dielectric layers mainly in the region of

electrode structures.

Keywords: electrostatic field sensor, surface charge, extended

Category: 2 (Materials and technology)

1 Introduction

Electrostatic driving and capacitive read out play an
important role in MEMS. These systems consist of
the micromechanical component and the driving
and the detection electrodes, respectively. The
electrodes are placed on insulating materials and in
some cases they are coated with an insulating layer
to prevent short circuit. It has often been observed
that insulating materials carry charges for a long
time after charging. These charges affect the
characteristics of micromechanical systems like an
additional offset voltage []. An example of this
influence is shown in Figure 1. The driving
electrodes of this MEMS are coated with an
insulating layer stack of SiO2 and Si3N4. It is to be
seen that after electrical breakdown in the air gap at
high positive or negative voltages the whole curve
of the static deflection of a cantilever tip is shifted
along the x-axis. Furthermore it is known that an
additional offset voltage leads to a change of the
dynamic characteristic of the electromechanical
system. In literature measurement methods to
characterize surface charges are described. Some
examples are given in [2]-[5]. The charge
distribution on insulating materials is visualized by
scanning electron microscopy (SEM) and the
surface potential or the capacitance are measured
using the Kelvin probe force microscopy (KPFM),
the electrostatic field meter (EFM), electrostatic
voltmeter (EVM) or the electric atomic force
microscopy (EAFM).

Voltage [V]

D
e
fl
e
c
tio

n
 [
µ
m

]

Figure 1: Influence of electrical breakdown in the
air gap on the static deflection of a
cantilever tip vs. the applied voltage []

2 Function principle

To characterize the behaviour of charges on
dielectric layers in the region of driving or sensing
electrodes of capacitive MEMS a measurement
technique was developed that is related to the
KPFM. Figure 2 shows a scheme of the realized
electrostatic field sensor. It consists of a bending
beam with a cubic tip whereby the lower surface is
the sensing area with a size of about 50 µm x
50 µm. A sinusoidal voltage with the frequency ω
and an adjustable offset voltage is applied between
the sample and the beam. The calculation of the
resulting electrostatic force on the sensing area will
be presented in detail in the article. Without any
additional offset voltage and no surface charges are
present the final equation includes only a term with
the frequency 2 . Consequently the tip of the beam
will oscillate with 2 . If surface charges are present
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the equation will consist of terms with the
frequencies  and 2 . The velocity of the motion of
the beam tip is detected by a laserdoppler
interferometer and a signal analyzer calculates the
FFT and integrates the signal to obtain the
deflection amplitude vs. frequency. The amplitude
at the frequency 2  is used to adjust the distance
between sensing area and sample surface and the
amplitude at the frequency  is used to control the
offset voltage of the applied driving voltage that
way that the detected amplitude at this frequency
becomes zero. A computer controls the
measurement setup, i.e. it drives the x-y-z-table
with the sample, communicates with the signal
generator and the signal analyzer and stores the
obtained data for the topography and the surface
potential which is equal to the applied offset
voltage. The measurement setup will be explained
in more detail in the article.

Figure 2: Scheme of the realized electrostatic field
sensor

3 Results

Figure 3: Top view of the used sample, Si with
wafer thickness with 300 nm thermal grown SiO2

and a sputtered Al-structure on top of the SiO2

First measurement results were obtained with test
structures which consist of Si with wafer thickness
with 300 nm thermal grown SiO2 and sputtered
aluminum-structures, Figure 3. The capacitor
created this way is charge to several voltages and
the sample was scanned after that. Figure 4 shows a
result measured after charging the Al to +5 V.
Latest obtained results will be presented and
discussed in the paper.

Figure 4:Measured surface potential distribution Al
charged to +5 V, see also Figure 3
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Summary:  This paper presents the fabrication process of a CMOS compatible surface micromachined 
vertical accelerometer. PECVD silicon carbide was used as mechanical layers due to its good properties. 
Aluminium was chosen for electrodes. As the maximum processing temperature is 400°C, the sensor can be 
made on top of the CMOS readout circuit as post-processing. The sensor is designed to operate in range -
5/+5g with sensitivity 1.8Ff/g. The sensor has been fabricated and is under measurement. The initial 
measurement shows that the initial capacitance is 0.42pF. 

Keywords: surface micromachining, silicon carbide, vertical accelerometer.  
Category: Materials and technology

1 Introduction 

Microaccelerometers are one of the most important 
silicon sensors [1]. In this paper, we describe a 
CMOS compatible post-processing surface 
micromachined accelerometer. 
The compatibility to CMOS process imposes 
material and technological limitation on the 
accelerometer fabrication process, like thermal 
budget and stress. By proper selection of materials 
it is possible to maintain cleanroom compatibility 
and simplify production process. 
Surface postprocessing surface micromachining 
technology enables integration of the sensor with 
electronic read-out circuit on one chip. 
It has many advantages, including reduction in size, 
simplification of packaging and therefore cost 
reduction. 
Silicon carbide appears in many crystallographic 
forms and therefore with wide spectrum of 
properties finding its place in many fields like 
optoelectronics, microelectronics and MEMS. Due 
to its very good properties such as high mechanical 
strength, high thermal conductivity, ability to 
operate at high temperatures, resistance to harsh 
environment and extreme chemical inertness in 
several liquid electrolytes [2] has great potential in 
Micro Electro Mechanical Systems (MEMS). 
The properties of PECVD amorphous SiC can be 
controlled over a wide range (for example, –
400MPa to 400MPa for stress) by changing the 
deposition conditions, especially the ratio of the 
gases used [3]. 

2 Fabrication process  

Presented sensor was fabricated using surface 
micromachining technology. Fig.1 shows the 
schematic drawing of the sensor.  The mass consists 
of three layers SiC-Al-SiC suspended on four 
doubled-layer SiC-Al springs. The bottom electrode 
is divided in four parts, which enables the 

minimizing of the measurement error introduced by 
rotation of the sensor round x or/end y-axis. 

Fig. 1. Schematic view of vertical accelerometer. 

The electrical and mechanical properties of the 
device have been calculated and simulated with 
ANSYS. The initial capacitance is calculated to be 
0.58pF. The resonant frequency is simulated to be 
5.6kHz. Special attention has been paid to the 
damping. The calculation shows that the critical 
damping can be achieved when the size of the 
damping holes is 6µm and the distance between two 
holes is also 6µm. The damping ratio is simulated 
to be 0.78 with ANSYS/FLOTRAN. The sensitivity 
is calculated to be 1.8fF/g.  

Low stress PECVD silicon carbide [4] was used as 
a mechanical material, and aluminium for the 
electrodes. In order to avoid the problem of stiction 
the freeze-drying process step has been employed.  
The process flowchart is presented below: 
First Al was sputtered in Trikon Sigma sputter 
coater on Si/ox/SiN wafer. After lithography the 
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layer was patterned in Trikon Omega 201 plasma 
etcher, forming the first (bottom) electrode set.  
Next sacrificial layer was processed: (see fig 2a.) 

Fig. 2. Fabrication steps of vertical accelerometer. 

1 µm 4% PSG (4% P in PSG) layer was deposited 
in Novellus PECVD system. Then the sacrificial 
layer was patterned using Drytek plasma system. 
Now membrane has to be build. 1.8 µm of PECVD 
Low stress SiC was deposited in Novellus Concept 
One system. The condition of silicon carbide 
deposition are listed below:  
 SiH4 flow:  0.25 slm 
 CH4 flow:  3 slm 
 Pressure:  2 Torr 
 Temperature: 400°C 
 Power:  HF 450W  
  LF 150W 
Those conditions providing assure the deposition of 
SiC with 65MPa tensile stress. 
Directly on top of silicon carbide, 1.4µm 
aluminium electrode layer was sputtered using the 
same system as for the first Al layer. Next to 
aluminium, second 1.8µm low stress PECVD SiC 
layer was deposited (fig 2b). After applying the 
mask the layer is patterned in Alcatel GIR300 
fluorine etcher in CF4:SF6:O2 = 70:10:10 sccm gas 
mixture to form top layer of membrane. (fig. 2c). 
Then next mask is applied to pattern both 
aluminium and silicon carbide beneath. Both layers 
are etched in the same plasma. The plasma 
conditions are:  

 Cl2 flow:  30 sccm 
 HBr4 flow:  40 sccm 
 Pressure:  5 mTorr 
 Temperature: 20°C 
 Power:  RF 35 W  
To prevent accidental removing of the bottom Al 
electrode, the process should be stopped before the 
SiC layer is etched thru.  Then the chlorine based 
plasma is changed to fluorine based plasma: 
 SF6 flow:  70 sccm 
 CF4 flow:  10 sccm 
 O2 flow:  10 sccm 
 Pressure:  0,05mBar 
 Power:  HF 60 W  
which stops etching on bottom aluminium. 

The structure was released by removing PSG 
sacrificial layer in HF (fluoric acid) with addition of 
2-propanol (fig 2e). To prevent problem of stiction 
the freeze drying step is applied after the sacrificial 
step.  

3 Results 

The device has been fabricated. The picture of fully 
released structure is presented on fig. 3. The initial 
capacitance is measured to be 0.42pF. The device is 
under measurement.  

 Fig. 3. SEM photo of fully released vertical 
accelerometer. 
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Summary: In this work, the surface modification of nickel oxide thin films deposited by dc reactive
magnetron sputtering using Pt is presented. The surface modified NiO thin films have been investigated
with respect to structural, surface morphological and gas sensitive properties t. The Pt very thin overlayers
with a thickness of about 3 and 5 nm were formed on top of NiO surface by sputtering. The electrical
responses of the NiO-based sensors towards H2 concentration (500-5000 ppm) have been measured.
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1 Introduction

A promising approach in this field is both to use
novel materials based on semiconducting metal
oxides, and to exploit the advantages of
microelectronic and micro-mechanical technologies
for the fabrication and production of a system
compatible with current electronic information
systems. Moreover, the surface properties and the
deposition conditions of these materials play an
important role in the properties of MOS-based gas
sensors. Hence, a considerable interest is normally
devoted to the preparation and characterisation of the
sensing films.

Nickel oxide, that is usually taken as model for p-
type, is an attractive material well known for its
chemical stability as well as for its excellent optical
and electrical properties. Indeed, NiO thin films have
been studied for applications in electrochromic
devices and also as functional sensing layers for MOS
gas sensors. NiO films can be fabricated by different
physical and chemical vapour deposition techniques,
such as reactive sputtering and plasma-enhanced
chemical vapour deposition. The preparation method
and the deposition mode are fundamental in
determining the properties of MOS thin films, but the
effective dependence of the process parameters on the
film properties is not well defined. Nevertheless, it is
evident that the improvement of the material
properties and performance as gas sensor can be
reached by adding catalyst or promoters [1].

2 Experimental

The NiO films were deposited by dc reactive
magnetron sputtering from a Ni target in a mixture of

oxygen and argon. Two types of unheated substrates
were used: Si and alumina substrates. A sputtering
power of 600 W was used. Both argon inert and
oxygen reactive flow were controlled by mass flow
controllers. The relative oxygen partial pressure was
20 %. The total gas pressure was kept at 0.5 Pa.
Details of these sputtering deposition conditions were
given elsewhere [2]. The NiO film thickness under the
above conditions was 100-150 nm and was measured
by a Talystep. On top of these base films thin Pt
overlayers (3, 5 nm) were deposited through
photolithographic mask by magnetron sputtering.
After deposition, the films were annealed in a tube
furnace for about 4 h in dry air at 500ºC.

The crystal structure was identified with a Theta
Theta Diffractometer D 5000 with Goebelmirror into
Bragg-Brentano focusing with copper radiation. The
surface morphology and the elemental distribution
were observed by a LEO 1420 SEM with an energy
dispersive X-ray (EDX) analyser based on a
germanium detector and operating at 12 kV
acceleration voltage. Different lateral parts of the
sensor structure were thus analyzed in order to check
the elemental distribution.

The sensor structures were mounted as suspended
devices onto standard TO-8 packages and introduced
into a test chamber in teflon for the sensing tests in
controlled ambient. A gas flow controller (MKS mod.
647B) connected to mass flow meters (MFCs) and to
certified gas bottles allows to dilute the target gas in
dry air at different concentrations. The sensor
working temperature was so controlled and varied in
the range from 25 to 250° C. A dc voltage of 1 V was
applied across the sensing films and the electrical
current was measured by using a Keithley (mod.
6517A) electrometer equipped with a multiplexer.
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3 Results

From XRD spectra of undoped NiO films it was
found that they had polycrystalline structure (f.c.c.
NiO phase). The diffraction pattern showed the
presence of diffraction peaks from the (111), (200)
and (220) lattice planes of the NiO lattice. Peak
positions were present at angles smaller by around
0.7-1.2 degree, which means a bigger distance
between the lattice planes than expected in theory. It
was detected that these films have a strong (200)
diffraction peak indicates a preferred orientation along
[100] direction. In case of NiO films with a 3 nm
thick Pt surface modification no peaks of Pt were
observed due to the small amount of platinum applied.
All NiO peaks were suppressed.

The SEM pictures obtained for undoped and NiO
film with 3 nm Pt displayed in Fig. 1 show different
porosity. The morphology of undoped NiO films is
covered by a rough and compact granular structure,
but in the case of Pt modifying it is less regular,
showing the presence of pores.

Fig. 1. SEM micrographs of NiO base film (top), NiO film
with 3 nm Pt (botoom).

EDX microanalysis revealed that Pt is present on
the NiO films modified with a Pt overlayer of 3 nm
thickness. Fig. 2 shows EDX spectra obtained within
this sample.

The response of NiO thin films to H2 is improved
by a factor of 1.6-2.0 using a thin Pt (3 nm) overlayer
at 150-250ºC (Fig. 3). Compared to pure NiO films,

NiO films modified using a thin Pt show a
significantly enhanced dynamic response to H2 at
150-250ºC (Fig. 4).

Fig. 2. EDX spectra from sample of NiO film with 3 nm Pt.
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Summary The gas-sealing properties of a novel electro-deposited poly(pyrrole) O-ring have been studied.
The leakage flow rate through a polymer O-ring seal was determined using a vacuum system by measuring

the change in the pressure dropped across it.  The result suggested that the generalised leakage flow (q)

through the poly(pyrrole) O-ring seal was proportional to the film thickness (d ) and the film porosity. It
was also found that the effectiveness of the polymer seal is increased by the application of an external load.

This effect was most significant on the thickest poly(pyrrole) film of 2.7 m.

Keywords: Poly(pyrrole) O-ring seal, thickness dependence, generalised flow, leakage rate, porosity

Category: 2 (Materials and technology)

1. Introduction

Although conducting polymers have been the
subject of a large number of studies in different
fields, for example as chemoresistor sensors [1], 
little work has been reported on their mechanical
properties [2]. Novel properties of conducting
polymers, such as their reproducibility, ability to be
electro-deposited into small spaces in any shape
and pattern [3], make them an attractive material
for use in microengineering systems.  This work is
a continuation of preliminary studies being carried
out by Warwick University to investigate the
behaviour of the conducting polymers as electro-
deposited seals in micro-valve systems [4]. 

2. Experimental 

2.1 Test rig design

A low cost test rig has been designed and
constructed to investigate the sealing properties of
conducting polymer O-rings under different load
forces. It measures leakage (rising pressure) into a
partly-glass vacuum chamber through an 
electromechanical valve, controlled by commercial 
LabViewTM software. The test rig consists of a
stainless steel vacuum chamber (35 ml volume), a 
vacuum pump, a manual sealing valve and a digital
pressure sensor to monitor the chamber pressure. A
glass pentaprism with a 750 µm diameter through
hole provided an ideal surface for the O-rings
sealing contacts.  Accurate alignment of the O-
rings’ centres over the hole was achieved using the
pentaprism, a magnifying TV camera and an X-Y-Z
positioner.

A solenoid with a saturated magnet attached to
a spring beam provided a linearly controlled
electromagnetic force to apply external pressure on
the O-rings. This was achieved using a constant
current source drive and a software program written

in Labview.  It supplied sufficient current for
generating the desired magnetic field within the
coil.  Figure 1 illustrates the technical arrangement
of the experimental test rig.

O-ring seal
(on the pcb)

Current
source

Pressure
sensor

Pentaprism

Magnet coil 

Figure 1.  The photograph of the test rig designed to 
investigate the O-ring characteristic in vacuum 
condition.

2.2 Measurement procedure

Poly(pyrrole) with counterion 1-butane sulphonic
acid (PPY-BSA)) was electrochemically deposited
on the SRL 168 O-ring devices in the Chemistry
department at Southampton University. Three
different polymer thicknesses (1 µm, 2 µm and 2.7
µm) were used in the measurement.  All testing was
carried out under similar conditions at room
temperature. The O-rings were subjected to a
vacuum pressure of about 105 Pa each for leakage
test.  The rate of pressure change in the chamber
was measured for different O-ring thickness, d.
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Figure 2. The effect of the closure force and the seal thickness on the leakage flow rate

Further experiments were carried out with the 
additional application of an external force to the O-
rings of 300 mN and 600 mN, respectively.  All the
data were finally recorded and saved in a
spreadsheet file using a Labview program.

3. Results and discussion 

A simple mathematical model defines the leakage
of a gas through a poly(pyrrole) O-ring as 

q = ps × 1/X

where q is the generalised flow, ps is the differential
pressure on the seal and X represents all the
“resistive” parameters in the seal that have an effect
on the leakage flow (e.g. average roughness,
compressive stress, film porosity). Figure 2 
illustrates the effect of the closure force and the
film thickness on the seal resistivity (i.e. q/ps). In
natural seal conditions (i.e. no external force), the
film thickness is almost inversely proportional to
the resistivity (d 1/ X).  This confirms that the
leakage process is linear and partly through the
pores within the polymer film. If thick films
compress more, it does not overcome their greater
porosity and surface roughness.

 Applying external forces to the poly(pyrrole)
seals increased the resistivity effect, improving the
sealing property.  The thickest film (2.7 µm)
showed the best sealing action, while the middle
one improved less with increased load. It appears
that the external axial force on the thickest polymer

seal (with the most pores) compresses the pores and
hence restricts the leakage flow rate through the 
seal, but thinner films are too stiff for this to occur.
We also expect that the application of an external
force to control the leakage rate is more effective
on less dense polymers (with more porosity). Thin
films may be better if only natural sealing is used.

These findings may be considered as important
factors in the design of an intelligent seal with
controllable mechanism. The promising action with 
gases suggests that the seal will be very good with
liquids and direct investigations are proceeding.
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Summary: We will present vacuum deposited miniaturised Cu-Pd thermocouples. They show simultaneous

sensitivity to temperature and gaseous hydrogen. They are realised atop a thin film Si3N4 membrane

suspended on a micromachined substrates. This construction results in fast response and low insertion

error in the temperature measure.

Keywords: thermopile, temperature, hydrogen sensing,

Category: 2 (Materials and technology)

1 Introduction

Thermocouples are self-powered highly sensitive
and nearly linear temperature sensors. Several types
have been coded as “standard ITS-90” and
characterised [1]. The choice on the specific type to
use in practical applications is determined by
required temperature range, sensitivity and, often,
by environmental conditions the thermocouple has
to operate in.

Integration of a thermocouple on a substrate is
needed in most applications where temperature is to
be monitored simultaneously with other physical
and chemical quantities. Use of conventional
vacuum processes and simple lithographic steps
allow easy manufacturing and relatively low cost
per unit. However standard thermocouples are
based on alloys. However when either evaporation
or sputtering techniques are used, stoichiometric
composition of deposited thin film thermocouples
might not be fully guaranteed from run to run. This
affects reproducibility. On the other hand vacuum
deposited thin films of very high purity metals can
be routinely obtained.

Thin films have a vanishing disturbance on heat
transfer on the substrate. Further improvements can
be achieved by shrinking their in-plane width. This
miniaturisation allows die area savings. It also
allows more precise temperature monitoring by
placing the thermocouple in close vicinity to other
sensors in a multisensorial system exposed to the
environment. One could also envisage a
thermocouples made of at least one chemically
interactive metal. This was demonstrated for Pd and
H2 [2].

Thin film miniaturised thermocouples can also have
short response time, in the 100 µs range [3]. This is

often limited by thermal delay due to bulky
substrates.

At this conference we will present a miniaturised
Cu-Pd thermocouple capable of detecting hydrogen.
Fast response is achieved by realising the
thermocouple onto a thin dielectric membrane.

2 Fabrication of devices

We have chosen palladium because of its affinity to
hydrogen. Indeed Pd:H and Pd are different

materials having different absolute thermoelectric
power (ATP)[2]. The ATP of Pd and Pd:H are
positive. Hence a second metal with negative ATP
is preferred. Several materials like Mo, W, Fe, Ag,
Au or Cu can be used. However refractory metals
are hard to evaporate and often alloy with the
crucible. Iron is ferromagnetic, hence incompatible
with electron-beam evaporation. Therefore we have
focused our attention on copper and left more
expensive gold for future investigation. While for
Au a very thin film of Cr is needed as adhesion
layer, we have found that Cu sticks satisfactorily on
both Si3N4 and SiO2.
First we have deposited Pd by electron-beam
evaporation (pressure 10-5 Pa or lower) on
LPCVD-grown Si3N4. The Pd film has been then
patterned by conventional photolithographic
techniques. A thin film of Cu has been evaporated
atop by joule evaporation and similarly patterned.
Both films are 100 nm thick. A top view of four
thermocouples is shown in fig. 1.
Particular care should be paid when verifying
electrical continuity of the thermocouples with
conventional ohmmeters. The probe current flowing
through the very narrow leads (the overlap area is
as low as 9 µm2) results in overheating and damage
of the junction. We have therefore evaluated
continuity by imposing current limitation.
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First qualitative measurements reveal good
sensitivity to temperature and hydrogen.
A thorough characterisation and calibration is under
way.
We plan to integrate miniaturised thermopiles as a
series of these thermocouples. This will increase

sensitivity and make acquisition less keen to
interference. These thermopiles will be realised
onto a micromachined 1 µm thick suspended low
stress Si3N4 membrane.

Fig. 1. Top view of four miniaturised thermocouples onto a Si3N4 coated silicon wafer.
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Summary: Taking into account that glass is a mixture of oxides electrophoresis might be a suitable process for 

depositing passivation glass for electronic devices. In an adequate medium, the glass powder becomes a 

colloidal suspension of solid particles immersed in solvent that can migrate to one of the electrophoresis cell's 

electrodes under an external electrical field. Unlike the classical "doctor blading" process, electrophoresis is a 
modern, faster and economical procedure that obtains very uniform layers, adherent to the silicon substrate in 

optimum conditions (short time, lower current consumption, high efficiency). 

Keywords: passivation glass, electrophoresis, suspension 

Category: 2 (Materials and Technology)

1 Introduction 

Nowadays, electrophoresis, the simplest separation 

process based on single particle migration or on 

electrical charged particle groups differential 

migration when an external electrical field is 

applied, has a lot of practical applications, from 

separation processes of organic or inorganic 

substances to flotation and painting [1]. 

Many researchers have attempted to achieve a 

technological process for depositing passivation 

glass by electrophoresis, which is why the literature 

shows a variety of parameters concerning both the 

composition of the working solution, the type of 

glass used and the working conditions. 

For example, some attempts were achieved for 

glasses containing: ZnO 40-65%, ZnF2 0.1-5%, 

Al2O3 1-6%, P2O5 1-10%, B2O3 2-40% and SiO2 1-

10% [2] or with ZnO 45-75%, B2O3 13-35%, SiO2

2-20% and PbO 0-10% with the addition of 

2ZnO.SiO2 0.01-20% for improving the electrical 

and blocking characteristics [3,4]. These types of 

glasses were suspended in solution using mixtures 

of alcohol-acetone [2], ammonia-isopropyl alcohol-

ethyl acetate in the presence of a surfactant [4] or 

ammonia-alcohol and nitrogen bubbling [5]. 

 The suspension is prepared by mixing the 

solid glass powder into the solvents with an ultra 

sound (US) generator. Before applying the external 

field (for 3-5 minutes), the electrodes are 

introduced, then after the process they are removed 

and dried. Finally the glass passivated wafer is 

thermally annealed [4,5,6,7,8,9] for three hours at 

1350
o
C [2], the obtained treated glass having a flow 

point of 720
o
C [2] or 680

o
C and a thermal 

expansion coefficient of 44.5x10
-7

/degree (at 30-

300
o
C) [3].

2 Experimental part 

The experimental set-up (figure 1) consists of a 

quartz electrophoresis cell with two electrodes: the 

cathode - represented by the working wafer on 

which the passivation glass is deposited (on the 

processed devices, in our situation) and the anode - 

a gold plated wafer.  

Figure 1. Experimental set-up for the 

 electrophoresis process 

1-electrophoresis cell; 2-US generator; 3-anodes; 

 4-cathode; 5-power supply; 6-A-meter 

The type of glass used is Schott’s G 017- 002 that 

contains: SiO2 >2%, B2O3 >20%, ZnO >20%. This 

white powder is transformed into the suspension 

necessary for the process by mixing it with ethyl 

acetate and isopropyl alcohol and with a small 

amount of an aminic surfactant. For homogenising 

this mixture at a molecular size and obtaining a 

stable suspension, an US generator is needed. As 

completion of the electrophoresis process does not 

take a very long time, this mixing of the 

components just before the process is sufficient for 

providing a medium homogeneity throughout the 

deposition process. 
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After the deposition, glass passivated wafers are 

air-dried and then thermally annealed at 700
o
C in a 

furnace. 

3 Results and discussions 

The electrophoresis cell was operated at room 

temperature (20 - 25
o
C), with current densities 

(c.d.) in the range 0.5x10
-3

- 1.9x10
-3

 A/dm
2

and 

deposition times of 2 - 5 min [10]. 

The glass is uniformly deposited in the channels 

between the pads on the wafer (as seen in the 

pictures in figure 2 taken with an optical 

microscope), the thickness measured with the 

optical microscope being 100-200 µm before the 

thermal treatment and of 30-80 µm after it, which 

means that the glass contraction coefficient is 

between 0.59 and 0.67. These values represent 

average values measured with the optical 

microscope at different points all over the wafer 

surface (4.1x10
-3

 cm
2
).  

If the process is incorrectly operated two limit 

situations might be seen: 

- under-deposited glass; in this situation 

the layer is very thin, non-uniform and even 

interrupted (this is obvious especially after 

treatment where the bottom of the channel is quite 

clear);  

 - over-deposited glass; in this case the 

layer is so thick that it exceeds the margins of the 

channel. 

The third example deposited in optimum conditions 

fulfils all the exigencies with the layer structure and 

thickness, and achieves good passivation for the 

device. 

Glass consumption was evaluated at 0.028 g per 

wafer with 98-99% efficiency of the process related 

to it. 

4 Conclusions 
Passivation glass deposition by electrophoresis is a 

modern, efficient, rapid and less current consumer 

process. The deposited glass layers are of the best 

quality (uniform and adherent to the silicon 

substrate) and they are also obtained with less glass 

consumption than the classical "doctor blading" 

process. 
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Figure 2. Passivation glass layers thickness while 

increasing current density (c.d.) in the electrophoresis 

process before (a) and after (b) thermal treatment 

1 - c.d.: 0.5x10-3 A/dm2, a) 100µm, b) 30 µm; 

2 - c.d.: 0.8x10-3 A/dm2, a) 115µm, b) 35µm; 

3 - c.d.: 1.2x10-3 A/dm2, a) 120µm, b) 40µm. 
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Summary:  In this work, the mechanical properties of suspended porous silicon (PS) membranes on bulk 

silicon are investigated. Micro-Raman spectroscopy is used to characterize stresses in supported PS membranes, 
in the form of micro hotplates that are fabricated by a novel technique, based on the isotropic etching of silicon 

under a PS layer, in a high density plasma reactor. Important information is obtained for the stress evolution of 

PS as a function of  porosity and the annealing conditions that can be used for optimization in device 

fabrication. 

Keywords: Porous Silicon, suspended membranes, stress, micro hotplates 
Category: 2 (Materials and technology)

1 Introduction 

Over the last years, porous silicon (PS) has 
attracted significant interest, due to its potential 
usage in various fields of applications. PS layers 
have been effectively used as active elements for 
the fabrication of suspended micro hotplates for 
low thermal sensor applications, due to its very low 
thermal conductivity value [1], and as isolation 
material for radio-frequency (rf) applications 
because of its high resistivity and its compatibility 
with modern very-large-scale-integration VLSI [2]. 
Optimization of the mechanical properties of PS 
layers as well as stress control is a main issue that 
has to be considered for these applications.  
In this work we investigate in a systematic way the 
evolution of the stress that develops in PS layers as 
a function of porosity and thermal treatment.  

2 Experimental Procedure

As a starting material, p type <100> silicon wafers 
(c-Si) with resistivity 1-10 cm were used. An 
ohmic contact was formed at the backside of the 
wafers by ion implantation at a dose of 8×1015cm2

and energy of 60 KeV. The samples were oxidized 
at 1050oC for 30 min in O2, which resulted in the 
growth of a 100 nm thermal oxide. Subsequently a 
100 nm nitride layer was deposited in a Low 
Pressure Chemical Vapor Deposition (LPCVD) 
system and was patterned to define areas for PS 
layer formation. Anodization was carried out in an 
electrolytic cell at different current densities 
ranging from 10 to 80 mA/cm2 and for a time 
chosen according to the wanted PS thickness. 
Subsequently, the PS layers were subjected to 
various thermal treatments in N2 or O2 ambient and 
for temperatures ranging from 300o to 1050o C. 
Micro-Raman spectroscopy was used for stress 
characterization in two cases : (a) for supported and 

(b) for unsupported PS layers. The test structures 
were in the form of micro hotplates used for 
thermal sensor applications. The micro hotplates 
were partially or fully released from the substrate 
by means of lateral isotropic etching of the bulk 
silicon substrate in a High Density Plasma reactor. 
The etching process is highly selective, both to 
porous silicon and to the photoresist used to protect 
the device. High lateral etch rates can be achieved 
(of the order of 6-7 µm/min) in a high-density 
plasma reactor. The details of the fabrication 
process of the micro-hotplates are reported 
elsewhere [3]. 
Figure 1 is a SEM image of a fully released porous 
silicon micro-hotplate. The dimensions of the 
membrane are 60×60µm2, the width of the 
supporting beams is 20 µm, and their length 150 
µm. The thickness of the PS layer is 4 µm. Strain 
measurements were performed in the central region 
of the micro hotplates, both in the case of fully 
released and partially released membranes. 

Fig. 1. Fully released porous silicon micro-hotplate used 
as test structure for the strain measurement. The thickness 
of the membrane is 4 µm. 
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3 Results and Discussion 

Raman scattering was excited by the 488 nm line of 
an Ar+-laser. It was spectrally analyzed by a Jobin-
Yvon micro-Raman spectrometer (T-64000) 
equipped with a CCD-detector.  
PS membranes with porosities ranging from      
60% to 75% were investigated by micro-Raman 
spectroscopy after dry oxidation for 1 h at 300oC in 
O2 ambient. Figure 1 shows the Raman spectra of 
PS membranes with 65% porosity for (a) supported 
and (b) unsupported membranes. A spectrum of the 
c-Si substrate is also shown. The observed Raman-
frequency shifts of the porous layers are partially 
due to the porosity of the layer and partially due to 
the compressive stresses that the layer exhibits [4] 
because of the lattice miss-match between porous 
silicon and crystalline silicon. Strain generated 
frequency shifts were obtained by comparison of 
the Raman frequencies of supported and 
unsupported membranes with the same porosity. 
These shifts vary from 1.3 to 3.3 cm-1 for porosities 
ranging from 60% to 75% respectively. The 
corresponding stresses, calculated under the 
assumption of an in-plane stress distribution [5] by 
using the phonon deformation potentials of c-Si and 
the elastic constants of PS after extrapolation of 
values known from the literature [4], are in the 
range of 10–20 MPa. 
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Fig. 2. Raman spectra of (a) supported and (b) 
unsupported PS membrane of porosity 65% after 
annealing at 300oC for 1h in O2 ambient. A spectrum of 
the c-Si substrate is also shown.

PS layers of 60% porosity were treated further at 
various temperatures and ambient. Figure 3 shows 
the Raman spectra of PS layers with 60% porosity 
after a second oxidation at 900oC for 1h. We notice 
that the Raman frequencies of the unsupported 
membranes were shifted by almost 10 cm-1 with 
respect to the frequency of unsupported membranes 
treated in one-step. The spectra were broadened and 
almost two orders of magnitude less intense. This 
indicates that the nanocrystallites within the porous 
material were strongly oxidized and their sizes were 
highly reduced. On the contrary, the frequency 
change of the Raman spectra of supported 

membranes after a second oxidation was max. half 
the change of the unsupported ones. A calculation 
of the stress from the frequency differences of the 
spectra of supported and unsupported membranes 
after a two-step process yields stresses which are 
almost one order of magnitude higher than those of 
membranes treated in one-step.   
Detailed analysis for the stress evolution in various 
conditions will be presented. 

300 350 400 450 500 550 600 650 700

porous silicon on c-Si
porosity:60%
unsupported membrane
annealed in O

2

In
te

n
si

ty
 (

a
rb

itr
a
ry

 u
n
its

)

Raman shift (cm
-1
)

(b) 1h, 300
o
C &1h, 900

o
C

(a) 1h, 300
o
C

c-Si substrate

Fig. 3. Raman spectra of unsupported PS membrane of 
porosity 60% after annealing in O2 ambient (a) at 300o C
for 1h, and (b) at 300o C for 1h and at 900oC for 1h (in (b) 
the signal is magnified; the Raman signal of the c-Si 
substrate is superimposed to the signal of the PS layer, 
because light penetrates through the highly PS layer to 
the substrate).   
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Summary: Main focus of this work is the analysis and measurement of residual stresses in a thermoset polymer
resin due to both temperature changes and shrinkage phenomena induced by the polymerization reaction of the
resin. In particular, strain measurements have been performed by embedding a single Bragg Grating Fiber Optics
(FBG) sensor into an epoxy resin placed into an aluminum mold and activating the cure reaction into an oven.
The internal strains and temperature during the cure were monitored and recorded. Residual stresses and strains
were computed also numerically by solving the mechanical equilibrium equations with an incremental transient
approach. The numerical results showed a good agreement with the experimental measurements.

Keywords: Cure stress, fiber optic, modeling
Category: 2 Materials and Technology

1 Introduction
The performances and quality of thermoset based
polymer composites are affected strongly by the
manufacturing cycle which involves several
chemical and physical phenomena, such as heat
transport, mass transport, rheological changes and
chemical reaction. In fact, the composite
consolidation is determined mainly by the
development of the cure reaction which could
induce strong exothermal peaks and thermal
differences along the part if occurs non-uniformly.
This would lead to the non uniform evolution of the
mechanical properties and residual stresses in the
composite part that are detrimental leading to
cracking or dimensional tolerance problems [1].
Therefore, the prediction and the measurement of
the processing induced residual stress and strains
represent important issues to be addressed.
In general, numerous studies have been performed
to predict numerically the residual stresses by using
both elastic and viscoelastic approaches [2-5]
focusing the analysis, in some cases, only on the
cool-down phase of the processing cycle [2]. On the
other hand, most of the experimental works have
been concentrated on the measurement of the
curvature and warpage of unsymmetrical laminates
[1,6], while only more recently sensing techniques,
based on fiber optic sensors, have been
implemented to get local information about the
strain fields [7-8]. In this work, the build up of
strains during the non-isothermal cure of an epoxy
resin in an aluminum mold has been investigated
both numerically and experimentally. In particular,
a finite element code has been developed to solve
the stress analysis problem. On the other hand, a

single fiber Bragg grating sensor has been used to
measure the strain build evolution. The
experimental data in terms of deformations showed
similar behavior of the numerical results confirming
the reliability of the developed model and the
sensor capability.

2 Numerical Modeling
The mechanical equilibrium equations have been
solved numerically by the finite element method
using the Cauchy-Navier approach with the
hypothesis of Plain Strain and considering the
stresses induced by temperature and conversion
gradients as volume forces.
In particular, an incremental transient formulation
has been adopted: prior to the stress and
deformation calculation for a single time step, the
heat transport and the mass balance equations have
been solved to give the temperature and conversion
distribution, then, after evaluating the instantaneous
mechanical properties of resin, stress and strain
increments have been computed over each time step
assuming the previous temperature and conversion
as reference stress free conditions, finally the global
stress has been computed by the sum of each time
step increment.

3 Sample preparation and

optoelectronic setup
The holder consisted of a rectangular aluminum
mold (100 x 30 x 4 mm) having a cavity of 80 x 10
x 3 mm, shown in Fig.1. Two triangular grooves
were made at both ends of the mould to permit the
optic fiber to pass all through the cavity and to be
maintained straight at its central line.
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Fig. 1. Aluminum Mold with A Bragg Grating
Fiber [not to scale].

The grooves were closed by clay to prevent the
resin exiting from the mold. A K-Type
thermocouple was used to measure the temperature.
A 100÷10.6 per weight mixture of an Epoxy resin
[DGEBA] and a Hardener [Esamethylentetra
Amine] was used to fill the mold’s cavity. The
whole setup was then placed in an oven where there
was an hole to permit the exiting of the fiber.
The fiber Bragg grating demonstrated a 0.3 nm
bandwidth at approx. 1552 nm. The sensor was
connected to the optical circuit  consisting of a 2
mW Super-luminescent LED light source operating
at 1550nm, of a fiber Y-optical coupler 1x2 and a
Optical Spectrum Analyzer OSA. The optical
spectrum analyzer ensures a wavelength resolution
of 0.02nm, a proper signal processing based on
interpolation method and centre of mass analysis
have been implemented achieving a resolution less
than 10pm. The Bragg’s spectra were registered at
every minute in synchronicity with temperature
measurements.

4 Results
The numerical analysis has been performed with
reference to a top view  of the experimental set-up
by considering the fourth part of the system. Figure
2 shows the analyzed section and the used
triangular mesh.

Fig.2.  Adopted mesh for the numerical integration.

The numerical simulations have been performed by
imposing on the external surfaces of the system the
temperature profile used experimentally (heating to
130°C followed by cooling at 1.5°C/min). The
computation of the stresses and strain for the resin
has been performed as the resin attains the  gel
point (conversion 0.54). Figure 3 reports the x-

component of the strain as function of the
temperature for the triangle evidenced in figure 2.
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Fig.3. x-component of the strain as function of
temperature for the evidenced triangle.
One should observe that the polymer resin is
compressed during the heating, while in tension
during the cooling. This is due to the constrains of
the aluminum mold which is characterized by a
thermal expansion coefficient lower than that of
resin.
This result was confirmed by the experimental
Bragg sensor measurements as shown in figure 4.
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Summary: Results concerning the saturation magnetostriction, s, dependence on the tensile stress

applied during annealing as well as during measurements for Fe72.5-xCoxSi12.5B15 glass covered

amorphous wires before and after glass removal are reported. The increase of the tensile stress during

annealing leads to an increase of saturation magnetostriction at zero applied stress, s(0), up to about

5% for highly magnetostrictive samples (Fe-based). For low magnetostrictive as well as for negative

magnetostrictive samples (Co-based), when the value of tensile stress applied during annealing

increases, changes up to 10% of s(0) absolute value were observed. Increasing the tensile stress

value during measurements s decreases.

Keywords: Amorphous materials, Magnetomechanical effects, Magnetostriction.
Category: 2 (Materials and technology)

1. Introduction

The new class of amorphous wires, the glass covered
wires, offers new perspectives for the applications
of amorphous magnetic materials due to their
specific advantages in terms of outstanding
magnetic, magnetoelastic and mechanical properties
[1,2]. For applications, as well as for basic
research of magnetoelastic materials, the
saturation magnetostriction, s, is an important

characteristic [1-7].

The aim of this paper is to analyze the influence
of tensile stress (applied during treatment as well as
during measurements) on s value, for positive,

negative and nearly zero magnetostrictive
Fe72.5-xCoxSi12.5B15 glass covered amorphous wires.

2. Experimental details

Samples having the diameter of the metallic core
ranging between 10 and 25 m and the thickness of
the glass cover between 2 and 15 m were
investigated before and after glass removal, in as-cast
state and after stress-current annealing. The glass
cover was removed by chemical etching with a
hydrofluoric acid solution. The annealing was carried
out by means of Joule effect produced by an electric
current passing through the amorphous wire under
tensile stress. During treatments, the current density,
tensile stress and annealing time values were varied

up to 250x106A/m2, 500 MPa and 250 minutes,
respectively. The amorphous state of the samples was
examined by X-ray diffraction. The saturation
magnetostriction value was determined using small-
angle magnetization rotation method [8]. The small-

angle rotation of magnetization is generated by
applying simultaneously to the samples a small a.c.
transverse magnetic field, a saturating d.c. axial
magnetic field and a tensile stress . For amorphous
alloys with very low saturation magnetostriction, the
measured magnetostriction s( ) is dependent on the

external tensile stress . In this case s( )= s(0)+ ,

where s(0) is the saturation magnetostriction

constant at zero applied stress and  (stress
derivative) is a negative coefficient experimentally
determined.

3. Results and Discussion

The obtained results show that for as-cast samples, the
saturation magnetostriction at zero applied stress,

s(0), is of the same order of magnitude

as for conventional amorphous wires (with

diameters between 80-200x10-6m) having the
same compositions [3, 4, 8]. For x=0 the alloy
exhibits the maximum positive value of

saturation magnetostriction ( s(0)=32x10-6), while

the maximum negative value ( s(0)=-2.8x10-6) is

obtained for x=72.5 at. % Co. For 4.35 at. % Fe, the
material is nearly zero magnetostrictive.

When an amorphous magnetic wire is subjected
to external stress, a magnetoelastic anisotropy is
induced, adding to the initial anisotropy caused by the
residual internal stresses. Therefore the saturation
magnetostriction value depends on the tensile stress
applied on the specimen (during annealing as well as
during measurements).

The obtained results for as-cast nearly
zero magnetostrictive Co68.15Fe4.35Si12.5B15
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amorphous wires, show that the values of

s(0) and stress derivative, , are about -0.11 10-6

and -0.9 10-10MPa-1, respectively, for glass covered
samples while for glass removed samples they are

-0.05 10-6 and -1 10-10MPa-1, respectively.
In the case of low magnetostrictive samples,

increasing the value of tensile stress during
measurements, s decreases and its sign can be

changed in the case of positive s(0). For these alloys,

the value of  can reach about -1 10-10MPa-1
.

Fig. 1 presents the dependence of s(0) on the

annealing current density for Co72.5Si12.5B15,
Fe4.35Co68.15Si12.5B15 and Fe5Co67.5Si12.5B15 glass
covered amorphous wires annealed 180 minutes under
477 MPa. 

Fig. 2 presents the dependence of s(0) on the

tensile stress applied during treatments for
Fe4.35Co68.15Si12.5B15 samples annealed 150 minutes,

under 477 MPa, at 55x106A/m2 and 145x106A/m2.

current densities.

Fig. 1. Dependence of the saturation magnetostriction at
zero applied stress, s(0), on the annealing current density

for  Co72.5Si12.5B15,  Fe4.35Co68.15Si12.5B15

and  Fe5Co67.5Si12.5B15 glass covered amorphous wires
annealed 180 minutes under 477 MPa.
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Fig. 2. Dependence of the saturation magnetostriction,

s(0), on the tensile stress, , applied during treatments, for

Fe4.35Co68.15Si12.5B15 glass covered amorphous wires

annealed 150 minutes, under 477 MPa, at  55 x 106 A/m2

and  145 x 106 A/m2 current densities.

As can be seen, in the case of nearly zero
magnetostrictive Fe4.35Co68.15Si12.5B15 wires an
important variation of the saturation magnetostriction
value and also a change in its sign can be obtained
after stress-current annealing.

For low magnetostrictive as well as for negative
magnetostrictive samples (Co-based), when the
tensile stress applied during annealing increases,
changes up to 10% of s(0) absolute value were

observed (a decrease and an increase for negative and
positive magnetostriction, respectively). 

For highly magnetostrictive samples (Fe-based),

s(0) increases up to about 5% after stress-current

annealing.
All the variations in the saturation

magnetostriction value are exhibited by both glass
covered and after glass removal wires.

The obtained results present a special interest for
basic research offering new perspectives for
amorphous materials applications. 

3. Conclusions

We focused our attention on analyzing the influence
of tensile stress (applied during treatment as well as
during measurements) on saturation magnetostriction
for positive, negative and nearly zero magnetostrictive
Fe72.5-xCoxSi12.5B15 glass covered amorphous wires. 

In the frame of the increasingly stiff competition
between the amorphous magnetic materials for
magnetomechanical sensors, the glass-covered wires
are attracting much interest due to their more
convenient shape, dimensions, handy opportunities
for tailoring their magnetoelastic properties, high
mechanical and good corrosion resistant properties.
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Summary: The Si-glass technology was used to fabricate the new spectrofluorimetric microdetector.
During the detector designing the authors paid attention to its versatility. The microdevice was made as a

separate module, which can be connected via tubings to any microanalytical system, in which the

fluorescence should be measured. Moreover, by using the optical fibres,the authors were able to decrease
the detecting volume to 17 nl, what in consequence enabled measurements of low-volume samples. The

microdetector performances were verified during simple test measurements.

Keywords: anisotropic etching, fibre optics, microfluidic detectors, fluorescence measurements,

Category: 2 (Materials and technology), 7 (Fluidic devices), 9 (System architecture, electronic interfaces, 

wireless interfaces).

1 Introduction 

Fluorescence is the most commonly used detection
technique in TAS due to its selectivity and high
sensitivity [1]. Microfabrication with use of such
techniques as anodic bonding, and deep etching 
enables the integration of separation microchannel
with optical fibres system directly on a microchip.
To get a good signal-to-noise ratio, the amount of
excitation light reaching the detector must be 
minimised whereas the amount of fluorescence light 
emitted by the excited fluorophores must be 
maximised. A new optical microdetector integrated
with microfluidic silicon-glass device is presented.
Construction of the chip is optimised to obtain small
detection volume, and to secure good connections of
optical fibres with a light source and fluorescence
detector.

2 Design 

The goal of the project was to minimize detection
volume of a sample on the order of nL. It has been
achieved by the fabrication of the silicon-glass
microchip with fluidic channel and two optical fibres
(Fig.1). An anisotropically etched channel is 200 m
deep, 500 m wide and 20 mm long. In order to
form the channel a Pyrex-like glass cover was
anodically bonded. A standard multimode 125/62.5

m fibre was used to couple excitation light to the
built-in optical cell. The excitation liquid volume
was about 17 nL. The quartz fibre was positioned in
the V-groove, etched perpendicular to the flow
channel. The fluorescence signal was transmitted to 
the photodetector by a plastic fibre (PMMA, 0.75 
mm in diameter) located on the glass cover, above

the optical cell. Both fibres were fixed by optical
UV curable epoxy. 

Glass cover
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in V-

fibre
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Glass
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Epoxy

Si

brePMMA fi
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Silicon
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Fig. 1 Schematic drawing of the fluorescence

detector: a) assembly drawing, b) cross

section view

b)
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3 Fabrication 

The channel and V-groove were produced on the 3”,
n-type, (100) oriented silicon wafer by deep,
anisotropic wet etching in 10 M KOH. Thermal
silicon dioxide mask was used. After removing the
mask, the silicon wafer was thermally oxidized to 
obtain 0.3 m thick SiO2 layer. The 25x25 mm 
silicon chip was anodically bonded to glass cover at
450 C and 1 kV. Glass inlets were positioned over
mechanically drilled vias ( =0.9 mm) and fixed
using UV epoxy.
The assembling of the fibres was performed in
several steps. The quartz fibre was positioned in the
V-groove under the microscope and carefully
immobilised by small amount of UV curable glue. A
glass capillary located on the glass cover, above the
optical cell, served as a mechanical protection of the
plastic fibre. Next, the plastic fibre with polished
end-face was fixed inside the capillary.

Fig. 2 Complete microfluidic fluorescence

detector: a) general view; b) close-up of the

detecting area

4 Test measurements 

The spectrofluorimetric microdetector is a separate
module, which can be coupled with any
microanalytical system, in which there is a need of
the fluorescence measurements. However, before the
whole analytical microsystem assembling each of 
the single elements should be tested. The
preliminary tests of the microdetector were 
performed in order to verify its analytical usefulness.
First, the leakproofness of the microstructure and its 
resistance to liquid pressure were checked. During
pumping (with the use of a peristaltic pump - Gilson
Minipuls3) a liquid medium into the microdetector
channel no sample leakage was not observed even
when the flow rate was high. The maximum flow

rate of the liquid for the constructed microdetector
was estimated as 3 ml/min, this value could be even
higher but tubing's connections are the limitation.
The maximum flow rate value is comparable with 
total flow rate in the FIA (Flow Injection Analysis)
systems, but in the case of presented construction is 
only the safety parameter. Generally, the
spectrofluorimetric microdetector is adopted for 
flow chemical analysis at low flow rates. The
exemplary spectra and the single-wavelength
measurements of water solution of popular
fluorimetric indicators (fluoresceine and erythosine -
see Fig. 3) were performed at 100 - 150 l/min.
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b) Fig. 3 Spectra and the single wavelength

measurements of fluorescence indicators

using designed microdetector

The high S/N ratio was observed during the
measurements with the use of the microdetector and
obtained results are comparable to those obtained in
a classical spectrofluorimetric cuvette. The noise
recorded during single  measurements was caused
by the flow pulses from the pump.

Acknowledgments

Michal Chudy wishes to thank The Foundation for
Polish Science for financial support.

References

[1] J. C. Roulet, H. P. Herzig, E. Verpoorte, N. F. de
Rooij, R. Dändliker, Integration of micro-optical

systems for fluorescence detection in TAS
application, Micro Total Analysis Systems 2000,
A. van den Berg, eds., pp. 163-166, Kluwer
Academic Publishers, 2000.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Materials and Technology

395



New SOI technology for wall shear stress integrated sensors

D. Meunier, D. M. Tsamados and J. Boussey

Institute of Microelectronics, Electromagnetism and Photonics
IMEP, ENSERG, 23 rue des Martyrs, 38016 Grenoble Cédex France
email: tsamados@enserg.fr http://www.imep.enserg.fr

Summary: In this paper we present a new technology for wall shear stress integrated sensor fabrication.

Thanks to the use of appropriate SOI wafers and wafer bonding technique, we found out an innovative

technology that provides ultraminiaturized array-sensors needed in numerous microfluidic applications.

Keywords: MEMS, SOI, pressure sensors, wall shear stress sensors

Category: 2 (Materials and Technology)

1 Introduction

Three parameters are fundamental for accurate
understanding of complex phenomenon such as
turbulence or separation occurring within the
boundary layer of a fluid flowing through a
microchannel or tangentially to a wing surface.
These parameters are wall shear stress, pressure
fluctuations and temperature. For Avionics and
automotive applications, a big challenge is to
simultaneously monitor these three parameters in
order to actuate their evolution in time and space.

Nevertheless, the achievement of active control
strategy requires the integrated sensors to fulfill
very severe criteria. For instance, the dynamic
response of the pressure and wall shear stress
sensors should be fast enough to immediately detect
the formation of local turbulence mechanisms of
which the lifetime is of the order of the millisecond.
Moreover, the use of these sensors is only
interesting if they can be disposed in an array
configuration with a small enough mesh to allow
spatial resolution compatible with the length of the
smallest boundary layer eddies, i.e. <200µm.

Since the early nineties, several teams have been
working on the choice of the best available MEMS-
based silicon technology providing highly sensitive
sensor arrays. Most of them either report high
integration density of wall shear sensors [1,2], or
good dynamic performance for pressure fluctuation
sensing [3], but all have failed to comply with the
necessity to co-integrate the three types of sensor
arrays with good performance on the same chip.

With the help of numerical simulations
(microfluidic, thermal and mechanical FEA), we
have outlined the optimal dimensions of the three
adopted sensors. This simulation approach has been
developed elsewhere [4] and proved that only SOI
technology allows the realization of these
prototypes briefly described in the following
section.

2 Sensors properties

The wall shear stress sensor’s operation is based
upon the principle of hot wire anemometry. The
sensing element is made of polysilicon resistors that
must be thermally isolated from the substrate by a
sealed or open cavity to minimize the heat
exchange with the substrate [4,5]. On the other
hand, pressure sensing is based on the use of
piezoresistive gauges placed on very small
diaphragms (100¥100µm2). In order to accurately
sense pressure fluctuations, these sensors must
operate in a differential configuration. This last
option necessitates the design of a specific
ventilation channel as well as a high degree of thin
layer thickness uniformity and reproducibility when
elaborating such sensors. Finally, simple
miniaturized p-n diodes have been adopted for local
temperature sensing.

In the following section, we present the flowchart
of the technology we have defined for the co-
fabrication of the above described sensors
highlighting the specific contribution of selected
technological parameters. A first run of this
technology is undertaken and is expected to provide
the first prototypes by the venue of the eurosensors
XVII.

3 Fabrication

The starting materials are two standard SOI
wafers. The first one, called "base" wafer, is a
BESOI one with silicon layer thickness chosen
equal to the pressure sensor cavity depth. This
wafer should also be <100>-oriented and p-type
doped (typical resistivity range: 14-20W.cm).

The second wafer, called "active" wafer, should
be Unibond or SIMOX completed with epitaxial
growth. It should present an SOI layer 1 to 2 µm
thick, a 0.5µm-thick buried oxide layer and be n-
type doped, allowing consequently boron-ion
implantation to minimize the leakage current of the
piezoresistive gauges. The first step (Fig.1&5)
consists in elaborating the pressure sensor cavities
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in the “base” wafer using a deep RIE silicon
etching. The buried oxide of the “base” wafer
presents an excellent etch stop layer with respect to
the deep RIE selectivity between oxide and silicon.
This guaranties a perfect reproducibility of the
cavity depth upon the whole wafer surface. During
this step we also patterned the vent channel for the
pressure sensor. A double side lithography has to be
applied to pattern appropriate alignment features on
the back side of this “base” wafer, these alignment
features will be required in step n° 3.

The second step (Fig.2) aims to pattern the
thermal isolation cavities necessary for the hot wire
anemometer operation. It is conducted under the
same technological conditions than the first step
and leads to a perfect reproducibility of the cavity
depth. Indeed, this cavity depth becomes equal to
the SOI thickness of the initial “active” wafer.

The two wafers are then thoroughly cleaned
before being assembled in a substrate bonder tool.
This wafer bonding is followed by a thermal anneal
step that strengthens the bonded surface energy.
Afterwards, removing all of the “active” wafer’s
silicon substrate reduces the whole pair thickness.
The latter has been made by wet selective etching
(TMAH solution).

After that, the fourth lithography is performed to
pattern the p-n junction and the piezoresistive
gauge surfaces to be implanted. A boron ion-
implantation (dose and energy are estimated by
numerical simulation) is then conducted and
followed by an activation annealing. Notice that
one of the more important advantages of this
technology is to allow piezoresistive gauges to be
monocrystaline that confer higher sensitivity than
for currently used polysilicon gauges. Follows a
deposition of a polysilicon film, p-type doped in
which a fifth lithography allows the hot wire
resistor patterning.

Another lithography will open the contact holes for
the various sensors. A chrome layer is then
deposited by sputtering and patterned to form the
lead wires. The eighth lithography permits the
release of the polysilicon resistors (by sacrificial
attack of the underlying silicon dioxide film) for
thermal isolation architectures requiring open (and
not sealed) cavities.

4 Conclusions

This technology based on SOI wafer bonding
requires only 8 photolithographies and masks. The
principal advantage of such technology is to keep
reproducible and constant pressure sensor cavity's
depth and membrane's thickness. This is very
important for the arrays configuration. Another
advantage is that the pressure gauges will be in
monocrystaline silicon and exhibit consequently
very high sensitivity. Finally, this technology offers
various thermal isolation architectures for the hot
wire anemometer. In the future, signal processing
integrated circuit will be integrated in this
technology.
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Fig.1: Pressure sensor cavity elaboration in the "base"
BESOI wafer by deep RIE etching of <100> silicon.
Fig.2: Patterning within the "active" SOI wafer of the
cavity underneath the hot wire anemometer.
Fig.3: A new substrate is obtained by bonding together
the above-processed followed by thinning down the
upper "active" layer.
Fig.4: Final structure showing the three types of
sensors. (dotted lines show the hot wire releazing) are
realized in step 1.
Fig.5: Deep RIE of  cavity pressure sensors etching.
Fig.6: Profile of the pressure sensor’s membrane. A
slight curvature (~85nm) is observed due to residual
stress.
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Summary: We performed a study of the giant magneto-impedance effect (GMI) and its characteristics in
nearly zero magnetostrictive conventional amorphous Co68.18Fe4.32Si12.5B15 wires with diameters between

150-20 m. The values of the impedance (Z) and GMI ratio ( Z/Z) were measured in the frequency range
100kHz – 10MHz for probes in as cast state and for probes obtained by cold drawn process. We obtained a

four times higher GMI ratio for cold drawn wires with diameter 20 - 30 m after certain thermo-

mechanical treatments in comparison with that measured for as cast wire 130 m in diameter produced by
rapid quenching from the melt technique. The results are discussed considering the correlation between

induced stress and modifications in circumferential magnetic domains configuration.

Keywords: GMI, magnetostriction, permeability, amorphous wires.

Category: 2 (Materials and technology)

Introduction

The GMI effect consists of a significant change in
the impedance of a soft magnetic material, driven
by a high frequency current, when it is placed in a
static magnetic field. This effect arises mainly from
the changes in the dynamic magnetization processes
as the frequency of the driving ac current increases.
Such changes (damping of domain wall motions,
changes in the mode in which the magnetization
proceeds on a given direction) affect the magnetic
permeability and consequently, the magnetic
penetration depth of the ac current through a
magnetic conductor at high frequencies [1],[2].

Magnetic amorphous wires with nearly zero
magnetostriction manifest high sensitivity of the
GMI effect being promising for magnetic sensors
applications. The GMI effect sensitivity in
amorphous wires depend mainly on the wire
composition which in our case
(Co68.18Fe4.32Si12.5B15) is responsible for the
negative nearly zero magnetostriction constant but
also on the mechanical stress induced by fabrication
process. The stress distribution determines the
value of the circumferential magnetic anisotropy
constant and the value of the magnetic permeability
at the wire surface. The development of the new
sensitive sensors based on the GMI effect requires
high GMI effect sensitivity at low external
magnetic field.

The aim of our work is to study the GMI effect
sensitivity dependency on the wire diameter and on
the thermo-mechanical treatments.

Experimental

Amorphous wires with diameters between 150-
70 m, CoFeSiB in composition, were obtained by

in rotating-water rapid quenching from the melt
technique and also wires with the same composition
were obtained by cold drawing in multiple steps
from 130µm down to 20µm. The samples were
subjected to heat treatments by anealing in
conventional furnace in vacuum at 200 - 300oC
using a certain heating rate and by passing a curent
through the sample (effect Joule). Also mechanical
treatments were performed for some samples during
the anealing proces. The magnetic characteristics of
the amorphous wires in as cast state, after cold
drawn in multiple steps process and also after heat
treatments were studied. The hysteresis loops both
for axial and circumferential excitation field were
traced and compared, the second one being related
to the circular magnetization process as the effect of
a circular magnetic field, produced by an AC
driving current.

We performed impedance (Z) measurements in the
frequency range 100kHz-10MHz for probes in as
cast state, with diameters beween 90 - 150µm and
for probes obtained by cold drawn process as a
function of Hdc applied magnetic field. For the
latters special mechanical treatments were
performed in order to improve the surface quality of
the wires.

Results and Discussion

The dependency of the impedance (Z) as a function
of the Hdc applied magnetic field for the amorphous
wires in the as cast state obtained by rapid
quenched from the melt with diameters between 70
- 150µm is represented in fig.1. As it can be seen in
fig.1. there is a variation in impedance value with
the applied field for all diameters but the most
important modification for low dc applied magnetic
field is for thiner wires. More than that, by
decreasing the wire diameters in multiple steps cold
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drawing processes and after adequate heat and
surface mechanical treatment we obtained a higher
GMI ratio Z/Z(%) (defined as Z/Z=(Z(Hdc)-
Z(Hdc=0))/Z(Hdc=0)) for the wire with 30µm as it is
shown in fig.2. Such a behavior can be explained
by taking into consideration the internal tensile
stress induced by cold drawn

Fig.1.The impedance at 10MHz as function of DC
applied magnetic field for CoFeSiB amorphous wires in
as cast state.

process wich determine a modification in the
magnetoelastic energy and cause an increasing of
the outher shell thickness[3],[4].

Fig.2. Field dependence of the GMI ratio for as cast
130µm and cold drawn 30µm in diameter wires

Due to the induced circumferential stress, the
circumferential magnetic anisotropy constant
increases and determines an increasing of the GMI
ratio for low DC applied magnetic field.[5]

The increasing of the outher shell thickness with the
decreasing of the wire diameter through a cold
drawn process is confirmed by the circumferential
hysteresis loops represented in fig.3. At low applied

circumferential magnetic field the value of
circumferential magnetic moment increases with
the decreasing of wire diameter. The value of the
coercive force in the case of circumferential
magnetization process is about five times lower
than that measured for longitudinal magnetization
process.

Fig.3. Reduced circumferential magnetic moment for
cold drawn amorphous wires 60 and 120µm in diameter

The improvement of the wire surface quality, cause
also modifications of the GMI ratio in the range of
low DC applied magnetic field.

A controlled reduction by cold drawing of the wires
diameter determines a significant increasing in GMI
ratio in the range of low applied DC magnetic field
making this kind of amorphous wires useful in
development of new magnetic sensors based on
GMI effect.
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Summary: GaN films were deposited by cyclic pulsed laser deposition at different substrate temperatures. 

Alignment of the films along the c-axis increased with substrate temperature but nitrogen loss also increased. 

Relative nitrogen concentration was determined by XPS and was smaller for films deposited at higher 
temperature. A decrease of the resistivity of the films agreed with higher metallic (Ga) concentration. Films with 

non-ideal stoichiometry already revealed the typical donor-bound excitonic transition at 3.47 eV. This results 
suggests adjustments in the deposition conditions in order to have both perfect crystal alignment and good
stoichiometry. 

Keywords: GaN, PLD, XPS, X-ray diffraction 

Category: 2 (Materials and Tecnhology)

1. Introduction 

The preparation of high quality semiconductor 
films of group-III nitrides (GaN, AlN, InN and their 
alloys) is a forefront task of the present 
technological research. The main reason is 
connected with the attractive applications of such 
films in “blue and UV” optoelectronic devices such 
as blue LEDs and blue laser diodes [1,2].  

The Pulsed Laser Deposition (PLD) [3] is a 
promising alternative of the common MOCVD 
(Metalorganic Chemical Vapour Deposition) and 
MBE (Molecular Beam Epitaxy) techniques for 
preparation of these materials. 

2. Abstract 

In this article we report results on characterization 
of GaN grown on pre-nitridated sapphire substrates 
at temperatures between 400ºC and 600ºC by 
applying a two step cyclic PLD process. We 
compare them in terms of crystal structure, surface 
morphology, stoichiometry and resistivity.  
The growth rate was around 0.05 µm/hour, which is 
smaller than reported by others.  

 Figure 1 shows the θ-2θ XRD scans for three 0.1 
µm samples grown between 400ºC and 600ºC on c-
axis oriented sapphire. As can be seen, the GaN 
(0002) peak intensity decreases with lower 
substrate temperature, which is an indication of the 
transition to the amorphous state. This is probably 
caused by the lower surface mobility of the 
deposited species at the reduced substrate 
temperature.  
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Fig.  1 θ-2θ XRD scans for three 0.1 µm samples 
grown at (a) 400ºC, (b) 500ºC and (c) 600ºC on c-
axis oriented sapphire. Only the GaN (0002) peak is 
shown.  
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Figure 2 shows the variation of surface film 
morphology with substrate temperature. Images are 
plotted in a 4µm scale. The increase of the average 
domain size of the grains with deposition 
temperature is a clear indication of the transition 
from amorphous to crystalline material. This is in 
agreement with the XRD scans mentioned before. 
The mean roughness was measured to be 1nm, 4nm 
and 10nm for the substrate temperatures of 400ºC, 
500ºC, 600ºC respectively. 

Fig. 2. Evolution of surface morphology of GaN 
samples deposited at (a) 400ºC, (b) 500ºC and (c) 
600ºC. Pictures measured with AFM. 

Film resistivity (fig 3a), measured with Van der 
Pauw 4 point probe technique, showed an increase 
in the conductivity with the deposition temperature. 
This seemed to indicate an increase in the metallic 
composition of the films at higher temperatures due 
to loss of nitrogen. Results from surface 
compositional analysis, performed by XPS, agreed 
with this assumption (fig 3b). The relative 

concentration of nitrogen at the surface of the film 
decreased with the substrate temperature.     
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Fig.3. Film resistivity (a) and relative nitrogen 
concentration (b) for GaN samples deposited at 
different temperatures. 

In conclusion, the films deposited at higher 
temperature showed an increased in the orientation 
of crystal grains along the c-axis but revealed a 
higher dark conductivity due to the loss of nitrogen.  

Although chemical composition analysis points to a 
non-ideal stoichiometry, our best GaN samples 
already showed the typical donor-bound excitonic 
transition at 3.47 eV.  

Comparison of the results obtained for samples 
produced under different conditions allow 
suggesting adjustments in the deposition parameters 
in order improve the quality of the films.  
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A Novel two-output parallel-field Hall microsensor with low offset and 

temperature drift 
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Summary: A novel parallel-field four-contact Hall microsensor with two current supplies and two outputs

is proposed and experimentally investigated. It is established that in case of the same supply currents,

magnetosensitivities of the two outputs have equal values, but are opposite in sign, and the two offsets are 
nearly equal. The device structure is fabricated by standard silicon IC technology. By appropriate 

conditioning circuit, applied for the two output signals, a drastic reducing of the residual offset and its

temperature drift more than two orders in a large temperature range  -10 T 80 C is achieved.

Keywords: Hall microsensor, offset reduction, output temperature drift

Category: 3 (Magnetic physical devices)

1 Introduction 

In this paper is reported for the first time a novel
parallel-field four-contact Hall microsensor with two
outputs, where the offset and the offset temperature
drift are simultaneously reduced with more than two
orders. The origin of the offset phenomenon in Hall
devices is due mainly to: crystal damage, geometrical
errors in mask alignments, mechanical stress and
strain, non-uniform temperature distribution and heat
dissipation in the substrate, generation of a
thermoelectric voltage across Hall leads, Peltiez 
effect, junction field effect, etc. Up to now 
overcoming of the offset, which is a major drawback
of Hall plates, is achieved by improvement of the
fabrication technology and device symmetry, variety
of compensation static and dinamic techniques,
spinning current method included, etc. [1-7].
Unfortunately they are not effective enough and
increase considerably the cost. 

2 Device structure and operation 

The used for the first time in [1] four-contacts
parallel-field Hall microsensor is particularly
improved and is applied for overcoming of the offset
problem. On Figure 1 is presented the novel silicon
Hall microdevice. It consist of four contacts C1-C4,
two constant current supplies I1 and I2 and two
differential outputs VC1,4(B) and VC2,3(B). Specific 
feature of the biasing circuit is that the polarity of
outer C1 and C4 terminals is the same as the one of the
inner contacts C2 and C3, but opposite in sign. The 
inevitable even geometrical magnetoresistance is
neutralized by the differential outputs and the device
symmetry. The analysis of the new transducer showed 
that Hall signals VC1,4(B) and VC2,3(B) are opposite in

signs, the magnetosenstitvities of the two outputs are 
equal VC1,4(B) = VC2,3(B) at currents I1 = I2, and the
offsets VC1,4(B = 0) and VC2,3(B=0) are nearly equal

too, VC1,4(0) VC2,3(0). However it is well known that
the offset can not be distinguished from the Hall
voltage. In our case the offset problem is resolved by
subtraction of the two output signals (VC1,4(B) + 
VC1,4(0)) and (–VC2,3(B) + VC2,3(0)), or VC1,4(B) + 
VC2,3(B) + VC1,4(0) –VC2,3(0) = 2VC1,4(B) + [VC1,4(0) – 
VC2,3(0)] for a given magnetic field B orientation.

Fig. 1. A four n+ contact parallel-field Hall microsensor
with two outputs. The conditioning circuit, consisting of
operational amplifiers OA1, OA2 and OA3 for reduction of
the offset and offset temperature drift is shown.

In the circuit on Fig. 1 the two sensor voltages after
amplification by op-amps OA1 and OA2 are subtracted 
by op-amp OA3. The output signal of OA3 is defined
as Vout = 2VH(B) + Voff. This is why in the novel Hall
microsensor the residual offset Voff can be very low.
At the same time the temperature offset drifts of the
two outputs are equal, because they originate from

I1
I2

C1 C2 C3 C4
n

+

n - Si

B

VC1,4

VC2,3

OA1

OA3

OA2 Vout
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one and the same sensor zone. By this reason the
residual temperature offset drift Voff(T) = VC1,4(0,T) – 
VC2,3(0,T) should be dramatically reduced. 

3 Experimental results 

   Experimentally investigated are silicon Hall
microdevices fabricated in a standard planar 
technology on n-Si wafers with = 7.5 .cm., where 
the substrate serves as an active transducer region. In 
Figure 2 are presented the dependences of the two
Hall voltages on the magnetic field B.

Figure 2. The magnetic response of the two output voltages
VC1,4 and VC2,3, the current I1 = I2 as a parameter, T = 20 C.
The initial offsets are nullified in advance.

   The obtained relative magnetosensitivities are
SRI = 32 V/AT. The non-linearity of VC1,4(B), VC2,3(B)
and Vout(B) at induction B  ±1T does not exceed NL 

 1%. The determined temperature coefficient of
magnetosensitivity of the two outputs is
T.C. = 0.1 % /°C. On Figure 3 can be seen that the
individual offsets at I1 = I2 = const. are almost equal.

[1] Ch.S. Roumenin. Parallel-field Hall microsensor.
Compt. Rendus Acad. Bulg. Sci. 40(11) (1987) 59-62;
Hall effect sensor. Bulg. Patent No 41974 (May 6,
1986).

Figure 3. The output voltages VC1,4 and VC2,3 as a function of 
the magnetic field, the current I1 = I2 as a parameter. The 
respective initial offsets VC1,4(0) and VC2,3(0) are nearly
equal, T = 20 C.

   The residual offset Vout from op-amp OA3 is about
130 times lower than the individual ones. Figure 4
presents separatly the temperature dependence of the 
offset voltages VC1,4(0,T) and Vout(0,T). It is 
established that the offset drift Voff(T) is about 150
times lower than the drifts of the two signals
VC1,4(0,T) and VC2,3(0,T). By calibration at any 
temperature T0, a very low value of the offset Voff in a 
large temperature interval –10 C T  80 C is 
achieved.

Figure 4. Temperature dependence of the offset voltage for 
one of the outputs as well as for residual offset voltage 
Vout(0), I1 = I2 = 8 mA.

These results based on the new concept for offset
reduction are very promising. If sophisticated IC
technologies are used for the four-terminal device, the
offset behavior and its temperature drift can be 
improved considerably. This solution presents an 
accurate microsystem for magnetic field with
universal metrological applications.
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System Level Modelling of New Resonant MEMS Magnetometer in 

Simulink®
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Summary: This paper describes an approach that allows the rapid analysis of a MEMS device at a system level 
using Simulink® by Mathworks. Parametric behavioural models are used to analyse MEMS structures and their 
response to changes in their drive-pickoff circuitry and environment. This method allows changes made at a 
system level to be analysed rapidly and hence greatly reduces development time and cost. 

Keywords: Resonant sensors, magnetometer, modelling 

Category: 3 Magnetic physical device

1 Introduction 

Resonant sensors have been developed and 
produced over the past decades but rarely take 
advantage of the high Q factor associated with 
MEMS resonators. This work has been performed 
to create a robust model to understand the dynamics 
of a high Q system in order to develop a new 
generation of resonant magnetic sensors that fully 
exploits the high Q. The modelling work done here 
will be compared to the experimental results 
obtained from the testing of a novel high Q MEMS 
resonator [1] and used to improve the design. This 
work is extremely timely considering the recent 
availability of high resolution direct digital 
synthesiser chips (DDS). 

2 Modelling 

Analytical models were assembled to obtain a first 
order estimate of the mechanical response of the 
device as shown in figures 1 and 2. The analytical 
models allow estimates to made for device resonant 
behaviour, change in capacitance with respect to 
displacement and electrical transform to an output 
voltage under a changing magnetic field. These 
models were compared to finite element 
simulations and are shown to agree within one 
percent. Device parameters such as the effective 
spring constant, drive frequency, damping and 
pickoff circuit parameters can be used to build a 
system level model in Simulink® (see figure 5). The 
dynamic modelling capability of Simulink is used 
to investigate the response of the MEMS resonant 
magnetometer in real time as shown in figures 3 
and 4. By manipulating the input signal and tracing 
the resonant curve of the system it is possible to 
extract the resonant frequency, fn, of the system. A 
ramped input (visible in figure 3) will give a direct 
current-displacement relation and hence spring 

constant k can be obtained by solving two 
simultaneous equations independent of magnetic 
field strength. Therefore compensation can be made 
for manufacturing variations and packaging issues. 
Furthermore, monitoring the decay of vibration 
(figure 4) enables the damping factor, c, to be 
determined. Figure 3 shows the excitation signal 
used to extract the system parameters fn , k, and  c.
The system resonant frequency and spring constant 
can be used to determine the effective mass of the 
system, hence making available all the device 
parameters. A more complete solution will include 
second order effects such as cross axis coupling. 

Fig. 1. Schematic of the resonant magnetometer. 

3 Advantages 

Once a robust system level model has been 
generated it will be possible to incorporate design 
changes at a system level to model changes in the 
device. Parametric modelling can be used to 
improve not only the design of the device but even 
the drive and pickoff electronics since it is possible 
to incorporate this  in the Simulink® model. 
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Fig. 2. Manufactured prototype. 

Fig.3. Excitation signal. 

Fig.4. Device response to excitation signal. 

3 Conclusion 

This paper shows that it is possible to perform 
complex system level modelling of MEMS devices 
using Simulink® which is relatively cheap and 
simple to use. It is shown that simulations can be 
performed to extract device parameters vital to 
calibrate the output of the sensor. 

Fig. 5. System model with masked sub systems. 
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Spin-valve based high current sensors: a new IC/PCB design
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Summary: We introduce a novel IC/PCB design of high current sensor, based in spin valve technology,
with a full Wheastone bridge configuration. Two main advantages need to be highlighted. The first is that

the four magnetoresistance sensing elements are deposited and patterned at the same time, so avoiding

differences among them. The second one is that the IC fabrication process involves only three lithography
steps, making the process cheaper and faster. Some prototypes have been fabricated and characterised in

the range of [-5A, 5A]. Sensitivity and linearity have proved to be suitable for industrial applications.

Keywords: spin valve, magnetoresistance, current sensor

Category: 3 (Magnetic physical devices)

1 Introduction

Since the discovering of the GMR effect in 1988, a
rapid development has taken place. GMR is now
commonly used in sensors and read heads, and
tunnel junctions are actually used in MRAM’s. This
devices utilise spin-polarised transport of electrons
through a non magnetic material. In GMR, spin
polarised electrons are injected from a
ferromagnetic metal into a thin non magnetic metal
layer. Tunnel junctions make use of a CPP
configuration to drive the injected spin polarised
current through a thin oxide layer. In spin valve
systems a sandwich of ferromagnetic/non
magnetic/antiferromagnetic layers forces the
resistivity to follow an external magnetic field [1].

Spin valve based sensors have been successfully
applied to: read elements in storage systems,
rotational speed control devices, positioning control
devices in robotic systems, high current monitoring
devices for power lines, etc. [2]. For linear sensor
applications, a four elements bridge configuration is
preferred due to the null output in the absence of a
signal field, the higher output signal and the
minimisation of the temperature dependence [2].

Nevertheless, the Wheastone bridge configuration
frequently displays offset voltage outputs in
absence of magnetic field. This is mainly due to
resistance mismatches among the magnetoresistors,
produced during the fabrication process [3]. In
order to overcome this handicap, a mixed PCB/IC
design is presented. The main characteristic of the
IC design is that the four resistors are deposited and
patterned at the same time, so avoiding differences
among them. Moreover, the fabrication process is,
in this way, shorter and cheaper. The PCB for ‘chip
on board’ encapsulation is designed in parallel. The
current tracks are patterned for driving the current
close to the sensing elements. Next paragraphs are
dedicated to explain the details.

2 Sensor fabrication

A detailed scheme of the fabrication process is
shown in Fig. 1.

(1)

(2)

(3)

(4)

(5)

(6)

silicon

silicon oxide

spin valve

aluminium

Fig. 1 Scheme of the fabrication process

The spin valve structure was deposited by ion beam
sputtering (IBD) on 3” Si/SiO2 1500Å (1)
substrates with a base pressure of 5×10-8–
1.0×10-8Torr. For IBD deposition, a Xe flow was
used for a deposition pressure of 4.1×10-5Torr. The
spin valve structure was Ta(20Å) / NiFe(30Å) /
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CoFe(20Å) / Cu(22Å) / CoFe(25Å) / MnIr(60Å) /
Ta(40Å). This structure has demonstrated to give
magnetoresistance responses of about 6%, linear
ranges of about 25Oe and sheet resistivities of
about 10-15( · ) [1]. Deposition rates ranged from
0.3Å/s to 0.6Å/s. A 40Oe field was applied to the
substrates during the deposition to ensure an easy
axis in the pinned layer (2). The spin valve
elements were then patterned by photolithography
(direct laser writing on photoresist) followed by
soft sputter etching, into elements with dimensions
200 m×3 m (3). The contact leads [0.150 m
Al98.6Si1.0Cu0.4/150Å TiW(N)] were defined by lift
off (4). A 1500Å SiO2 layer was used for
passivation (5). Pads were finally opened for
external contacts by wet etching (6).

Fig. 2 Sensor function scheme. (Horizontal arrows:
current; vertical hollow arrows: magnetic field; vertical

filled arrows: spin valve easy axis). Sensing elements are
highlighted

So fabricated sensors were then encapsulated ‘chip
on board’ onto previously designed PCB’s. The
scheme is shown in Fig. 2. In this way, the current
runs alternatively from-left-to-right and from-right-
to-left through below the four sensing elements, and
generates a magnetic field that increases the
resistance in two sensors and decreases in the other
two sensors. By an appropriate interconnection of
the pads, we get a balanced Wheastone bridge.

3 Results

A photograph of first fabricated sensor is shown in
Fig. 3. The IC dimensions are 7.2mm×18.0mm. The
overall size was about 1.0in×1.2in, suitable for
industrial electronics applications.

Fig. 3 Photograph of a sensor prototype

Preliminary I-V characteristic is shown in Fig. 4.
Typical impedance of the sensor is about 1k . The
linearity has been demonstrated to be very good in
the range [-5A, 5A], and no traces of saturation
have been detected. The offset has been measured
to be <1mV for a 1mA exciting current, so
improving previously reported values [4]. The
sensitivity has been calculated to be about
0.86mV/(V·mA), good enough for high current
sensing.
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I (A)
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 i=5mA

 Fig. 4 Sensor I-V preliminary characteristic
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Summary: A promising method to calibrate the Hall sensors sensitivity is based on the measurement of a
stable reference magnetic field, which is generated directly on-chip by an integrated metal coil excited by a

stable current. A mixed signal circuitry adjusts the sensitivity according to the reference magnetic signal

measurement. In this paper we present a novel scheme for the small reference field detection in presence of
the external magnetic field signal. This approach achieves an accurate continuous autocalibration

procedure that is invisible from the outside and active during the entire lifetime of the sensor.

Keywords: Hall sensors, magnetic sensors, calibration, integrated coil

Category: 3 (Magnetic physical devices)

1. Introduction

In many particular high precision applications the
unstable sensitivity of Hall devices represents a
significant drawback. A method to correct the
sensitivity changes is based on the generation of a
stable reference magnetic field (normal to the die
surface) directly on-chip. Sensitivity is regulated by
a closed loop control system that compares the
sensed value for the generated field with an
expected value and adjusts the intensity of the
sensor biasing accordingly [1], [2]. In principle this
calibration approach is well known but it has never
been realized in detail because of the difficult
implementation. Reference field has to be measured
in presence of the external magnetic field. This
signal is the physical input quantity of the sensing
device and it could be up to 3 order of magnitude
greater than the on-chip generated one. On these
conditions it is essential to find a valid solution that
guarantees good selective detection capabilities of
small reference field in presence of disturbances
and noise. Various ways for field signal coding
implementation are possible. In this work a solution
based on the separation of reference and external
signals in the frequency domain is proposed.
A Testchip that achieves a signal independent self-
correction of its sensitivity has been realized on
0.8 µm CMOS austriamicrosystems technology.

2. Hall plates - Reference field actuators

The Hall sensors used in the integrated circuit
including the calibration system are n-well active
region plates in p-substrate with Greek cross
symmetrical shape [3], ohmic contacted by 4 n+

diffusions and current biased (Ibias). Active area is
surrounded by an integrated metal coil, which is the
actuator that generates the reference field (Bref). It is
fabricated with CMOS technology layers and it is
excited by a current (Icoil) with low thermal drift.

If the accuracy of the current source is high enough
only the geometry of the actuator defines the
stability of the reference [4], [5]. Field amplitude is
limited by the intensity of the current and by the
small number of turns of the integrated coil.

3. Proposed solutions

3.1. Outband calibration

The on-chip calibration system should work during
the normal operation and for all the lifetime of the
device and in presence of the external magnetic
signal (Bext). This has a limited bandwidth,
maximum amplitude much larger than the reference
one and it acts like a disturbance in the
measurement of the latter. A method to distinguish
the two signals is needed. The proposed solution is
based on the separation in the frequency domain
(outband calibration). It is obtained by a modulation
of the current flowing through the integrated coils
of the actuators. The modulating signal could be
sinusoidal or a particular sequence of impulses, but
the use of a simple alternating square wave cp(t)

allows an easy switch-based circuit implementation.
Square wave modulation (frequency fref) generates a
reference field with spectral components higher and
far enough from the maximum external signal
frequency. A synchronous demodulator detects the
reference signal measured by the Hall sensors and
conditioned by the Front End stage as in Fig.1.

Hall
sensor

Front
End

0coilI

)(tcp )(tcp

dt
T

T

∫ ⋅
0

)(
1

biasI
extB

refB

Fig. 1 Outband calibration scheme

Depending on the maximum external disturbance
amplitude and on the modulating frequency, a valid
selective detection of the small reference field
could require too long filtering times (T).
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Fig. 2  Signal disturbance rejection scheme and timing of control signals

3.2. External signal disturbances rejection

A significant reduction of external disturbance and
integration time is obtained with the innovative
front-end structure of Fig.2. Like in [4] the
measurement element consists of 4 Hall sensors
divided in 2 pairs: one has the reference field in one
direction (square wave modulated Icoil flows
counter-clockwise), the other in the opposite
direction (Icoil flows clockwise). There are 2
channels (A,B) for signal conditioning. Each
includes switches (hall_sw), transconductive
amplifiers (g) and charge storing elements (C) for
sensors biasing, amplification and offset
compensation based on four-phase spinning current
method. A further spatial offset compensation is
achieved placing the 2 sensors of a pair very close
and biasing by currents with same intensity but
flowing one in a 90°-direction respect to the other.
Considering that the external field is the same for
all sensors, if the two channels were really identical
the sum of the two outputs would give two times
the external signal, while the difference would give
two times the reference. Because of the inevitable
mismatches sensors, biasing currents and channels
elements are not identical and the unwanted
component can not be canceled out by the
difference. A considerable reduction of the
mismatch effects is achieved if the channels are
periodically exchanged. Each pair of sensors is
connected for half of the integration time (T) to a
channel of biasing/amplification and for half to the
other, as scheme and timing of Fig.2 show. The
ch_sel signal is a square wave (period Tch_sel) and it
controls the switching between the two lines. Inside
a channel also the 2 inputs of the transconductive
amplifiers (gA1,gA2 and gB1,gB2) are switched by the
exch signal to have a better offset compensation
(Texch=2 Tch_sel ).

4. Conclusion

In this work an outband autocalibration system is
presented. It is based on a reference field generated
by integrated coils and separated by the external
field in the frequency domain. External disturbance
is strongly reduced by the particular front-end
structure adopted. Reference is selective detected
by a synchronous demodulator, which analog
output is converted to digital domain. Numeric
samples are discrete-time integrated and obtained
values are used in an externally closed loop to
control the biasing current of the sensors.
Measurement results on realized Testchip show
good external field disturbance rejection and noise
suppression. With fref = 125 kHz and 262 ms of total
integration time (analog T = 256 µs, average on
1024 samples) sensitivity is measured with an
accuracy in the order of 0.8 % of its absolute value.
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Summary: This paper reports the development of a vibration-induced micro power generator with improved 

structural design and fabrication. The device consists of a thick electroplated planar copper coil of thickness 

100um and plated nickel-iron alloy suspension spring. Thick plated copper coil has  reduced the generator 

internal resistance to 2 �. Spring of nickel-rion alloy  increases linear vibration amplitude up to 1mm. RMS 

output Power of  0.32uW was measured when shaked by tapping gentlely with finger tips, which demonstrates 

the feasibility of micro power gneration in wearable MEMS applications. Numerical simulation of magnetic field 

spatial distribution and spatial magnetic flux change rate of planar coil with respect to moving magnet are also 
presented. These simulation results facilitate the optimization of coil design.  

Keywords: generator, micro power source, vibration 

Category: 3 (Magnetic physical devices)

1 Introduction 

Miniaturized micro power source devices are of 
great interest for a variety of wearable MEMS and 
distributed sensor system applications. Mechanical 
micro power source that converts natural 
environmental or parasitic vibration kinetic energy 
to electrical energy is superior to the chemical 
based power sources in the aspects of its perpetual 
life time and no need for replenishment of energy 
sourcing materials. 

In this paper, a prototype vibrational micro-
generator is fabricated and tested for the first time 
to investigate the feasibility of wearable micro 
power source. Numerical simulation of magnetic 
field spatial distribution helps the optimization of 
coil design. Thick electroplated planar coil and 
spring are designed to reduce the generator internal 
resistance and increase vibration amplitude of 
magnet.  

2 Description 

A schematic cross-section view of the micro-
generator is shown in Figure 1. The magnet 
suspension spring is fabricated in one wafer, 
whereas planar coil is on another wafer and then 
bonded together with epoxy adhesive bonding.  

Simulation results of flux change rate as a 
function of the coil location relative to the center of 
the magnet is shown in Figure 2. It is clearly shown 
that the flux change rate has a peak near the edge of 
the magnet. Faraday’s Law predicts the voltage 
output to be proportional to the rate of changing 
magnetic flux, which shows that coil turns close to 

the magnet’s edge are the most efficient power 
generation coils.  

Fig. 1. Schematic cross-section view of the micro-
generator 

Figure 2: flux change rate vs. the location of the power 
generation coil, position 0 corresponding to the center of 
the magnet 
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The optimization is done by proper placement of 
coil and elimination of the less efficient power 
generation coil to reduce the number of coil turns, 
hence reduce the generator internal series resistance. 
Instead of inserting the spring between planar coil 
and the magnet, the electroplated spring that 
supports moving magnet is suspended right under 
the energy-collecting coil. This arrangement of 
energy collecting coil and suspension spring in 
different planes enables us to locate the coils at 
where the magnetic flux change is the largest.

Device fabrication has improvements from the 
previous reported results[1][2] in two aspects; one 
is applying the thick electroplated copper coils to 
significantly reduce the internal resistance; the 
plated coil thickness is about 100um and internal 
resistance is only 2 � as shown in Figure 3.  

Figure 3: Electroplated 100um copper coil  

The other improvement is spring fabricated with 
electroplated nickel-iron alloy. Nickel-iron alloy 
has higher yield stress as compared with that of 
copper and thus can sustain larger vibration 
amplitude. 

3 Measurement

The most direct method to test the feasibility of 
wearable MEMS applications is to gently tap the device 
with fingers mimicking the vibration generated while the 
device is weared on a person. As shown in Figure 4, the 
rms output power is measured to be 0.32uW. 

Figure 4: Feasibility of power generation test by direct 
finger tapping caused vibration 

When the prototype micro-generator is placed on a 
sinusoidal vibration test bed with vibration amplitude of 
about 50um, the rms output power of our prototype 
device is about 1.44uW. Figure 5 is the rms output power 
when vibration frequency is sweeped from 50 Hz to 300 
Hz. The peak output power appears at the frequency 
around 100Hz which can be shifted by design. 

Figure 5 rms output power when vibration frequency is 
sweeped from 50 Hz to 300 Hz. 

4 Conclusions

The improvement of coil’s design and spring 
material will increase energy coupling and 
transformation efficiency from vibration to 
electricity significantly. Larger power generation 
was achieved by the increased energy transform 
efficiency from kinetic to electric. This makes the 
electric power generation directly from human body 
movement feasible and promising. 
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Summary:  This paper presents a process for fabricating diaphragms, suitable for use in 
micromachined pumps within the field of micro-fluidics. To enable the actuation of a thick-film 

deposited magnetostrictive material, actuation coils are fabricated onto the non-chamber face of the 
diaphragms. These actuation coils are fabricated using a multilayer deposition approach compatible 

with micromachining processes. The selection of diaphragm and actuation region dimensions has been 

achieved through the use of finite element modeling. The paper also describes the fabrication process 
used to realize the structures. 

Keywords: Magnetostrictive, Thick-Film, MEMS 
Category: 3 (Magnetic physical devices)

Introduction

There is interest in using magnetostrictive materials to 
actuate micromachined pumps for use in micro-fluidic 
systems. An example is the control of small amounts 
of substance, such as that typically used in DNA 
isolation. Published work, such as that of Quandt et al

[1], mainly concentrates on the use of thin-film 
magnetostrictive materials for actuation with the 
magnetic field commonly provided through the use of 
externally mounted coils. 

Current research at the University of Southampton 
is investigating the fabrication of a thick-film 
magnetostrictive material for use with micromachined 
devices. This paper describes a fabrication process, 
which enables the production of actuation coils 
integrated within the surface of the diaphragm pump, 
prior to the deposition of the thick-film 
magnetostrictive material [2]. The advantages of 
using an integrated coil approach, as opposed to an 
external coil, include device compactness and the 
ability to integrate several devices in close proximity 
to each other with minimal cross actuation. 

Prior to fabricating the devices in single crystal 
silicon, the diaphragm and actuator dimensions have 
been determined through the use of finite element 
modeling, which is discussed in the subsequent 
section. This is followed by a description of the 
fabrication process. 

Modeling of Diaphragm Shape

The shape and dimensions of the etched diaphragm 
have been modeled using the ANSYS finite element 
analysis (FEA) software package. The use of this 
modeling approach permits the effects of the 
geometry of the diaphragm on the resulting strain 
distribution within the device to be readily assessed. 

For the purposes of speed of computation, the 
diaphragms were modeled as quarter devices, using 
the symmetry of the structures to extrapolate the 
results to those of the full device. 

The effect of the magnetostrictive thick-film is 
modeled by the inclusion of a suitably dimensioned 
region on the upper face of the diaphragm; the 
magnetostriction of the thick-film material is 
simulated using thermal expansion of this material to 
yield suitable stresses for the simulation. 

Two effects were examined in the test devices; 
firstly, the strain distribution was determined to 
investigate any strain concentrations. Secondly, the 
volume displaced by the whole diaphragm for a given 
strain in the actuator layer was calculated. 

The use of a FEA approach also allows the resonant 
frequencies of the structure to be determined, so that 
the device can be driven at its mechanical resonance 
frequency. 

Fig. 1. Rectangular diaphragm quarter device model 

The two diaphragm shapes evaluated were a plain 
rectangular diaphragm and an oval one. In both cases, 
the etched diaphragm is contained within a chip 
package of rectangular form. The ANSYS models 
used for the rectangular and oval diaphragms are 
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shown in figure 1 and figure 2, respectively. In both
figures, the smaller, darker, region represents the 
magnetostrictive material and the larger, lighter, 
material the micromachined silicon forming the
diaphragm and its associated surroundings and
mountings.

Fig. 2. Oval diaphragm quarter device model 

initial metal layer is then covered with an insulating
layer of silicon dioxide, which is then patterned and
etched to provide access to the buried metal layer at
the desired points. A further metal layer is then
deposited onto the surface, and again patterned using
the lift-off process to generate the second layer of coil
turns which connect to the first layer through the vias
etched into the underlying silicon dioxide layer. An
additional layer of silicon dioxide is then deposited to 
insulate and protect the coils, and again patterned and
etched to permit access to the two layers of metal at
the required points for connection to external drive
circuitry. This final layer of silicon dioxide also 
serves as a suitable interface layer to permit the thick-
film magnetostrictive material to bond reliably to the
device.

A simplified, non-scale, representation of a possible
cross section of the diaphragm with two layers of 
integrated coils is shown in figure 3. The gold layers 

Materials Used to Fabricate Devices

The main section of the device is formed by bulk 
micromachining of microelectronic grade single 
crystal silicon, in the form of double polished 100mm
diameter wafers.

The conductors are formed using evaporated gold
layers of 500nm thickness. To aid the adhesion of the
gold to the silicon and silicon dioxide layers, 
chromium is also deposited to act as an interface layer 
between the silicon and the gold. It also provides a 
more reliable bond and reduces peel-off of the gold
films.

Electrical insulation and mechanical protection of
the integrated coils are achieved through the use of
chemical vapour deposited silicon dioxide layers.

Fabrication Process

The micromachined diaphragms with integrated coils
are fabricated in two phases. The first phase being to 
form the diaphragms, and the second to form the 
integrated coils.

To form the diaphragms, a KOH wet etch is used in
conjunction with nitride / silicon dioxide masking
layers to etch from the back of the wafer until a
diaphragm thickness of 70µm is reached. Once the
diaphragm has been successfully etched, the nitride
masking layers are removed.

With the diaphragms formed, the processing enters
the second phase with the start of the coil fabrication
by the deposition of a 500nm thick layer of gold
combined with a chromium adhesion promotion layer.

indicated in the figure also contain the chromium
interface layer mentioned previously.

SiO
2

Si

Au

Fig. 3. Representation of structure of diaphragm with
integrated coils
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This metal layer is then patterned using a lift-off
technique to provide the first layer of coil turns. This
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SUMMARY

The last few years have seen an enormous interest in the design of microscopic atom traps for manipulating
neutral atoms. Miniature atom traps have potential applications in many fields including quantum computing
and integrated atom optics. Microfabricated current carrying wires can produce magnetic fields suitable for
trapping atoms that are laser cooled to µK temperatures (sketched in figure 1) . Recently, Bose-condensed atom
clouds have been produced using micrometer-sized atom traps fabricated on chips [1, 2]. This paves the way to
a field where microelectromechanical systems and coherent atom optics overlap. Microfabrication can bring a
significant contribution to this field because of the advanced techniques used to fabricate micron scale
structures. The overlap between the two fields will deliver devices for sensing applications such as atom-
interferometry. The purpose of our work is the microfabrication of wires capable of carrying high density
currents necessary to create high magnetic field gradients used for atom trapping.

Keywords: atom guide, gold wires, high density currents

Subject category: Magnetic Physical devices

RESULTS

Miniaturized atom optics is a new field allowing the
control of cold atoms in microscopic magnetic traps
and waveguides. Using microstructures (known as
atom chips), the control of cold atoms on the
micrometer scale becomes possible. This possibility
will lead to the construction of integrated atom
interferometers [3]. The realization of such
structures requires high magnetic field gradients
The motivation of this work is to realize
micromachined high-density current-carrying wires
for atom guides [4, 5]. However, the process can be
used for a variety of applications such as on-chip
inductors and microtransformers. In order to realize
the micromachined high-density current-carrying
wires for atom guides a one-mask micromachining
process was developed.

The fabrication process can be summarised
in the following way: Silicon substrates <100>, p
type, 17-33 Ω cm resistivity and 100 mm in
diameter are cleaned in fuming nitric acid (FNA).
Next, a thin electrical insulating film of silicon
dioxide SiO2 (600 nm) is deposited by wet
oxidation. Then, Cr-Au layers (few hundreds of
Angstroms Cr and 3, 5, 10, 25 µm of Au) were
sputtered on a silicon wafer. Next, the wafers are
primed using hexamethyldisilazane (HMDS) vapor
for 3 minutes. This is followed by spin-coating step

to deposit standard SPRT 510 photoresist using a
hand spinner. Then, the gold layers are

Fig.1: Schematic representation of an atom cloud in the
vicinity of high current density carrying wires

photolithographically patterned with the mask to
form the areas for contacts pads, golden wires of 3,
5, 10, 25 µm thick of Au, and golden mirrors (see
figure 1). The exposure was done with a contact
mask using a Hybrid Technology Group (HTG)
aligner using UV lights source (350-450 nm
spectrum, Mercury lamp) at 1.6-1.9 mW/cm2

intensity. Next step was wet chemical etching of Au
with aqueous KI3 solution and Cr in a mixture of a
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Ceric Ammonium Nitrate (H8CeN8O18) with nitric
acid. The mask design is shown in figure 2.

Fig. 2: The mask used for wires fabrication.

The mask defined four golden mirror areas, contact
pads and four central wires of 100 and 50 µm wide
separated by a gap of 30 µm.
The fabrication process is diagrammatically
illustrated in figure 3. Figure 4 shows the SEM
pictures of the view from the top an atoms guide
prototype device. The full description of the design,
experimental set up and results will be presented at
the conference.

Fig3: Schematic diagram illustrating the fabrication
process

Fig.4 : SEM picture showing the central region
the wires structure.
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Summary:  The flux-gate magnetometers are widespread nowadays in different branches of science and 

industry. The state of the modern electronic components base and available manuals allow to build the 
flux-gate magnetometer with moderate level of parameters practically by every skilfull engineer. But if the 
rigid requirements of low noise level and/or power consumption are imposed the problem to create such 
magnetometer needs special study. The results of such study, both theoretical and experimental, are 
exposed in the report.

Keywords: flux-gate magnetometer, noise, power consumption
Category: 3 (Magnetic physical devices)

1 Introduction

The flux-gate magnetometers are probably the most 
widespread ones nowadays. This is because of high 
level of their metrological and operational parameters 
and high flexibility to the external conditions – they 
can operate in deep space, water, for industry, field 
geophysics etc. There are also many companies in the 
world producing flux-gate magnetometers (FGM),
mostly with comparable level of parameters,
satisfying majority of demands. But in some seldom 
cases there are the consumer’s requirements which are 
not easy to satisfy, first of all it deals about very low 
noise level or sensitivity threshold and power
consumption. The problems connected with the
decreasing of these values are the most difficult to 
solve. The present state of research in these directions 
is reported below.

2 Noise study

The recent progress in electronic components and 
parts allowed to reduce the FGM electronic unit
proper noise so considerably that the FGM sensitivity 
threshold is limited mainly by the flux-gate sensor 
magnetic noise (MN).

The problems of MN calculation and measurement 
require special approach both in theoretic analysis and 
practical implementation. In the result of intensive 
investigations following semi-empirical equations
were proposed for the calculation of MN density b(f) 
and its root-mean-square value ∆Bsq:

b(f) = b0 [1+(f0/f)α] ,           (1)

∆Bsq = { ∫
max

min

f

f

b(f) d f }1/2 = { b0 [fmax - fmin +

+ f0
α (fmax

1-α - fmin
1-α)/1-α]}1/2,           (2)

where f0 is corner frequency, fmax and fmin -
correspondingly maximum and minimum frequencies 

of FGM operation band, b0 - noise density at flat part 
of the noise plot. 

It is seen from (1) that the shape of MN density 
frequency spectrum is determined by b0, corner
frequency f0 and coefficient α. For modern FGM with 
ring-core and race-track sensor the value of f0 in the 
majority of the cases was reduced to about 1 Hz.

It is evident also from the same expression that by 
its character MN is similar to flicker noise, for which 
α=1 is usually taken. However our detailed research 
of MN frequency spectrum for different materials and 
designs in frequency band up to 1 mHz showed that 
the value of α  for advanced FGM often can be 
accepted as low as 0.8.

The main term determining FGM noise is b0 which, 
as experimental study gave it, can be expressed as 
follows:

b0 = CF ⋅ V-1/2,                                 (3)

where CF is an empirical constant ≈5⋅10-28T2m3Hz-1

for good permalloy material of the FGM sensor (FGS) 
core and V is FGS core volume. 

As it is seen, the easiest way to decrease the noise is 
to use the cores with big enough volume V. But this 
possibility is very limited because of the necessity to
have reasonable both sensor size and excitation
power. More efficient is to try to get as low CF value 
as possible. CF is dependent on the quality of the FGS 
core material - its specific magnetic noise value is the 
main factor influencing CF, but not only. The core 
excitation mode and also the processing mode of the 
sensor output signal also have great impact on CF

reducing [1]. The attempts in this direction are still 
continued and very optimistic estimation recently
made as to the possible noise value gives about 0,1 
picotesla at 1 Hz [2]. Unfortunately, it is not informed 
in the referenced paper whether the FGM or though 
the FGM sensor with such a low noise was practiced.

With the use of these theoretical and experimental 
results a set of advanced FGMs is created.
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The technical parameters  of main types of LEMI 
magnetometers as well as the results of their
application for field geophysics are described in
details  at Lviv Center of Institute of Space Research 
web-site [3].

3 Power consumption

The modern electronic components base allows to 
create data acquisition and especially processing units 
with negligible power consumption in comparison
with the power necessary for providing of FGS proper 
operation conditions. That is why the most important 
problem for FGM creation with low power
consumption is to reduce the FGS excitation power. It 
is clear that the excitation power dissipates in two 
ways: the power Pc consumed for the magnetic core 
re-magnetization and the power Pw dissipating in the 
copper winding of FGS. Power consumption Pc in the 
magnetic core depends on parameters of hysteresis 
loop, magnetization frequency and core volume. For 
magnetic materials with rectangular shape of
hysteresis loop this power can be defined as follows:

c
eqseqsc

l
fHB.VfHBP

µ

3

804 == (4)

where Bs - saturation induction; Heq - equivalent
coercive force; µc = l2/(5⋅2sc) - relative permeability 
of the core shape for bar-core and racetrack FGS, l –
core length; sc – core cross-section surface.

The equivalent coercive force Heq value according
to [4] can be presented as follows:
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22 απ
π∆σ
−
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where Hc – coercive force of static hysteresis loop, σ -
specific conductance of ferromagnetic material, ∆ -
thickness of ferromagnetic tape, 2α0 – width of
saturation pulse.

So, the power consumption for remagnetisation of 
FGS core can be defined as follows:
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This expression also confirms low efficiency of 
noise level decreasing according to (3), i. e., using 
FGS core with big volume: the consumed power wi ll
proportionally increase and the noise will decrease 
proportionally to square root of core volume.

The power dissipation Pw in the FGS winding can 
be estimated using the obtained expression:

lKHlH
)k(kkk

)k(
P mm

dwHA

d
w ρρπ 22

22
1

12 =
−

+= , (7)

where kA ≈ 1
0
−α⋅π  peak-factor of the excitation 

current, kw - filling factor of the excitation winding, kd

- ratio between outer and inner diameters of the

excitation winding, Hm- peak value of the excitation 
magnetic field strength, ρ - copper specific resistivity, 
K = const for geometrically similar windings.

It is necessary to say that usually the power
consumption of real excitation circuit is (4 ÷10) times 
more than the calculated value because of poor
matching of excitation generator output and sensor 
impedance. For typical construction of FGS (kd = 1.1 
and µc = 700) the major part of excitation power 
dissipates in the winding at wide range of sensor 
volume. So, the way to considerably decrease the 
power consumption is to increase the coefficient kd or
in other words, the volume of copper winding. It may 
be realized in the easiest way for bar-core FGS. Using 
this approach a set of super-low power consuming 
analog FG magnetometers was manufactured with the 
sensor length about 5 ÷17 mm and power
consumption 1.5 ÷ 15 mW only.

4 Conclusion

As it was stated above, no specific problems arise 
when FGM with moderate level of parameters is
necessary to manufacture. But special cases happen 
rather often when very low FGM noise level or power 
consumption is necessary. The semi-empirical
relations are obtained which show with rather good 
matching to experimental results the ways how to 
proceed in these cases. The discussed results are 
physically transparent and can be useful for every
expert in the field.

In conclusion it is necessary to emphasize still two 
aspects of high class FGM creation. 

• Most important is to use magnetic material with 
as low as possible noise constant CF. Unfortunately, 
due to the complicated technology of melting and 
rather low market demand the alloys with super-low
CF values are no more industrially produced. 

• Even for very good magnetic core material the 
FGS excitation mode has exclusively high influence 
both on noise level and power consumption.

This work was partially supported by STCU grant 
NN-38.
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Summary:  GMI effect in Co-rich amorphous strip, which was thermally processed by temperature of

350°C, has been observed with maximum GMI sensitivity of about 230 % on the frequencies around
20 MHz. A simple contactless current sensor using GMI effect has been constructed. Basic measurements

with and without biasing have been performed. 
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1 Introduction

Giant magnetoimpedance effect (GMI) in
soft magnetic materials has been systematically [1,
2] studied in last years. This phenomenon
consisting of large relative change of HF-
impedance under the application of dc magnetic
field has been observed mainly in ribbons [3], thin
films [4, 5] and microwires [6, 7]. In spite of
growing interest in crystalline Mo – permalloy GMI 
materials [8-10], mainstream interest is oriented to
amorphous and nanocrystalline materials. 

2 GMI strip

Amorphous ribbon with Co67Fe4Cr7Si8B14

composition was prepared by the planar fow-
casting in the Institute of Physics, Slovak Adademy
of Sciences in Bratislava.

Firstly, a short thermal processing of the
strip was performed; the specimen was annealed in
the air atmosphere at the temperature of 350°C for
10 minutes.

GMI strip - Z(B) characteristic Im=10mA/20MHz
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Fig. 1. Z(B) characteristic (Im=10 mA/20 MHz) and detail 
of zero field area (inset)

Secondly, a set of Z(B) characteristics of
10 cm long, 1 mm wide and 20 µm thick strip has
been obtained for the measuring current with
constant amplitude and varying frequency. The
characteristics in frequency range from 100 kHz up
to 30 MHz of the measuring current Im have been

performed by the PC-controlled system comprising
precise RLC bridge HP 4285A, Helmholtz coils and 
DC power supply HP 6642A.

GMI sensitivity vs. frequency 
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Fig. 2. Dependence of GMI sensitivity on frequency

The maximum of GMI sensitivity of about
230 % was observed in vicinity of 20 MHz (Fig 2).
In our further experiments, 1 MHz current was used
for the sake of simpler design. Fig. 1 shows Z(B)
characteristic for measuring current Im of
10 mA/20 MHz where the significant pinhole in
zero magnetic field area can be seen (Figure 1
detail).

3 Current sensor 

A simple contactless current sensor (see
Fig. 3) using the GMI strip has been constructed in
our laboratory. At first, the strip was wound around
a nonmagnetic ring support, and then the biasing
winding was coiled along the circumference of such 
a double-layer ring. The winding shifts working
point out of the pinhole area to the “linear” (flank)
part of Z(B), Z(I) characteristic when DC bias
current is applied on it.

Initially, rough measurements with
measuring current Im=10 mA/1 MHz have been
obtained with the sensor in both modes, with and
without biasing. A PC-controlled system similar to
the first one has been employed to measure the
dependence of impedance Z on measured current I
in range of ± 10 A. According to the assumptions,
the Z(I) characteristic of nonbiased sensor (Fig 4)
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and Z(B) characteristic of strip are alike in vicinity
of zero currents (fields) even if the Z(I)
characteristic is deformed due to bending stress that
has arisen in coiled GMI strip. Thus, the biasing of
the sensor must be used to work in bipolar linear
mode. In lower current measurement range of ± 2 A
(Fig. 5), the achieved linearity error is 4.4 %. To
reduce nonlinearity, applying of compensation
winding to perform negative feedback could be
used.

Bias windingNon-magnetic

ring support

GMI

excitation/detection

contacts

GMI strip

I
Measured

current wire

Fig. 3. Current sensor

GMI current sensor without biasing 
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Fig. 4. Z(I) characteristic – sensor without biasing

Biased GMI current sensor 
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4 Conclusions

A simple contactless GMI current sensor
developed in our laboratory has been tested. First
measurements of Z(I) dependence on relatively low
frequency of 1 MHz of the measuring current were

accomplished. Following steps are aimed to
measurements at higher frequencies, where the
GMI sensitivity is higher (the maximum is
predicted at the same frequency where the
maximum of non-strained strip is).

Future work will be focused on
improvements of the sensor; testing of thermal
processing influence on properties of the strip,
searching of optimal DC biasing, testing the
possibility of AC biasing [7] and development of
negative feedback using the biasing coil.
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Summary: We present impedance measurements in magnetic samples as a function of the frequency, up to 

500 MHz, and its dependence with the applied magnetic field, of high interest for magnetic sensors. The 

stress of the investigation is done in the experimental procedure, in order to get impedance values as 

accurate as possible. We describe an experimental configuration in which the sample is included in a 

microstrip line, like the ones used in RF applications, and the impedance is determined from the reflection 
coefficient. The results obtained in an amorphous ribbon are consistent with theory, indicating that the 

measurements are accurate. The measuring procedure allow us to follow in great detail the frequency 

dependence of the magnetization processes that influence the transport phenomena. 

Keywords: microstrip lines, giant magneto-impedance. 

Category: 3 (Magnetic physical devices)

1 Introduction 

Giant magnetoimpedance (GMI) is the strong 
dependence of the electrical impedance on the 
applied magnetic field that experience high 
permeability magnetic samples. It is a completely 
classical effect that can be described easily using 
Maxwell equations. In short, it is based in the 
changes of impedance caused by the variations in 
the penetration depth of the AC current as a 
function of the applied magnetic field, due to its 
effect in the permeability of the magnetic sample. 
The GMI effect has been extensively studied in 
magnetic wires and ribbons during the last decade, 
and several sensing applications have been 
proposed to take advantage of its huge sensitivity to 
small magnetic fields. GMI based sensors could be 
considered as an alternative to other magnetic 
devices only if batch production is feasible. This 
implies that the samples must be prepared in thin 
films by atomic deposition techniques, with 
thickness in the micron range. The GMI effect is 
then noticeable only at elevated frequencies (tens of 
MHz to some GHz typically), where the penetration 
depth gets close to the thickness. 

The impedance measurements as a function of 
the applied magnetic field that allow to characterize 
the GMI response in ribbons and wires are usually 
performed using a four point geometry. At higher 
frequencies, the external inductance of the 
measuring set-up can greatly reduce the effect. 
Besides, that unwanted contribution to the 
measured impedance hinders the interpretation of 
the results in terms of proposed theories [1].  

To overcome this limitation, in this work we use 
an experimental approach taken from high 
frequency test set-ups. 

2 Experimental 

We have selected a 20 mm long ribbon of 
amorphous (Fe0.06Co0.94)75Si15B10 alloy. It has been 
glued to the transmission line using standard silver 
conductive paint. The transmission line used is a 
microstrip, made by a top conductor line printed 
onto a dielectric substrate covered in its bottom side 
by a ground conductor [3]. Impedance of the 
sample is obtained from the reflection coefficient of 
the line. Static magnetic field applied longitudinally 
to the sample and in its plane was provided by 
means of a pair of Helmholtz coils. 

The test fixture configuration used in the present 
application is shown in Figure 1 (top). The sample 
is situated between two 50 � microstrip lines, both 
of them terminated in SMA connectors. One of 
these ports is loaded with a 50 � termination, and 
the other one is connected through a N-to-SMA 
transition to the Network Analyzer (Agilent 
4395A), thus configuring the measurement plane. 
In Figure 2 (bottom) we show the electrical circuit 
corresponding to the described set-up. The 
microstrip line after the sample does not contribute 
to the reflection coefficient because its impedance 
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Fig. 1. Schematic view of measuring fixture (top) and its 
electrical model (bottom).
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is matched with the 50 � termination. The 
propagative contribution to the impedance comes 
from the elements between the sample and the 
measurement plane (that is, the microstrip line, the 
connector and the transition). The relation between 
the reflection coefficients at the sample and at the 
measurement plane is 

)2exp( ljDUTIN γγγγ−−−−ΓΓΓΓ====ΓΓΓΓ

where � = � + j�, is the propagation constant, and l
is the length of the transmission line. The 
exponential term of the equation can be easily 
determined (simply removing the sample and 
measuring the line in open termination) and 
afterwards numerically corrected to obtain �DUT.
Impedance is then obtained from 

50
1

1
0 −−−−

ΓΓΓΓ−−−−
ΓΓΓΓ++++====

DUT

DUTZZ

where the subtracted 50 � come from the load 
termination. 

The main shortcoming that would limit the use of 
this technique at very high frequencies is derived 
from the configuration of the fixture itself, where 
the sample, together with the ground plane below, 
can be viewed as another section of transmission 
line (in general with a characteristic impedance 
different from 50 �, and in this particular case 
depending on the applied magnetic field). This 
implies that the reflection coefficient is not constant 
along the sample, depending on the relation 
between its length and the wavelength associated to 
the measurement frequency. In the presented 
experiments the minimum wavelength is 60 cm 
(500 Mhz), which is much larger than the length of 
the sample (20 mm), so in this case the measured 
impedance is nearly unaffected by field 
propagation. A possible solution to this problem 
would be the use of coplanar waveguides or 
slotlines, where it is possible to connect circuit 
components in shunt from the conducting strip to 
the ground plane on the same side of the substrate. 
Then the sample could be connected not as a 
transmission line, but as a circuit termination. 

3 Results 

Figure 2 shows a typical measurement result, after 
line correction. It corresponds to the highest applied 
field (6 kA/m), where the sample is close to 
magnetic saturation, being its permeability nearly 
constant, close to µ0. For this situation, it is easy to 
calculate theoretically the impedance of a ribbon as 
a function of the frequency using the Maxwell 
equations [2]. These calculations are presented in 
the inset. The similar overall shape of both 
experimental and calculated curves indicates that 
the measurement is essentially free of stray 
contributions. It is also possible to estimate the 
amount of external impedance to be about 5 nH 
(this value corrects the slope of Im(Z) that must 
coincide with Re(Z) at high frequencies). 

In figure 3, we present some Z(H) curves 
corresponding to increasing frequencies. They show 
how different magnetization processes dominate at 
different frequencies, reshaping the curves. At low 
frequencies, changes in the permeability caused by 
wall displacement feature sharp peaks, whereas 
they disappear at higher frequencies because wall 
movement is hindered. A detailed analysis of the 
results will allow us to obtain a more profound 
insight of the magnetic behavior of the sample. 
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4 Conclusions 

Using a measurement set-up based in a microstrip 
transmission line, we succeed in measuring 
impedance of a magnetic material up to 500 MHz, 
minimizing stray effects that worsen the results. It 
is anticipated that other line geometries could be 
more suitable at higher frequencies. The detailed 
features of the impedance measurements allow us 
to follow the frequency dependence of the involved 
magnetic processes. 
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Magnetostrictive-bimorph sensor based on
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Summary. Magnetostrictive magnetic materials traditionally used in piezoelectric—magnetostrictive
sensors have been amorphous ribbons. The ribbons used to be stuck to the piezoelectric material by a
viscous interface. To avoid the interface in order to improve the magnetomechanical coupling, magnetic
materials have also been grown on the piezoelectric surface. The improvement of mechanical coupling
has however a penalty in the sensitivity because of the small thickness of sputtered films. In this work
we present the results of using thicker Co-P electrodeposited films as magnetostrictive elements of the
sensor.

Keywords: Magnetostrictive-piezoelectric sensor, electrodeposition
Category: 3 (Magnetic physical devices)

1 Introduction
The field of piezoelectric-magnetostrictive hybrid mag-
netic sensors was opened twenty years ago with the
works of A. Pantinakis, D.A. Jackson, M. D. Mermel-
stein and A. Dandridge [1, 2, 3]. During these twenty
years, almost all the magnetostrictive elements were
amorphous ribbons. Amorphous ribbons seemed to
present better magnetomechanical properties than other
magnetic bulk materials[4], so they were appropriate
candidates to be used in these sensors, based on the
crossed piezoelectric and magnetostrictive effects.

-200 -100 0 100 200
H(A/m)

0

10

20

30

Fig. 1: Response curve of a bimorph-magnetostrictive
magnetic sensor

There are however several reports about these hybrid

sensors in which Fe80B20 magnetostrictive amorphous
material had been grown on the piezoelectric surface
by sputtering [5][6]. These sensors presented low sig-
nal response, low signal to noise ratio, poor reliability
due to the small thickness of the magnetic material, and
a high coercive force due to the roughness to thickness
ratio (See figure 1). In spite of the surface of the piezo-
electric element, sputtered films are not a good choice
for these kind of sensors.

In relation to the piezoelectric element, it has been
shown that the surface deformation obtained with bi-
morphs (exciting a flexion mode) is greater than that
of the piezoelectric elements (in which just elongation-
contraction mode was excited) [6]. Besides, mechani-
cal resonance is reached at lower frequencies, which is
more convenient if one faces the possibility of minia-
turizing the sensors. In order to increase the thick-
ness of the magnetostrictive element, electrodeposition
seems to be a suitable technique to use.

2 Results

The sensors we present in this work are bimorphs of
50x2x0.06 cm3 — acting as piezoelectric elements —
in which a Co-P amorphous alloy with a thickness of
several microns has been electrodeposited directly on
the piezoelectric surface under the conditions described
in [7]. The anisotropy of these alloys can be easily con-
trolled during the electrodeposition process by control-
ling the current density[7]. Therefore, we are able to
produce sensors in which the magnetic transducer has
anisotropy perpendicular to the plane(see figure 2.a)
and others with in plane anisotropy (see figure 2.b).
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Fig. 2: Hysteresis loops of sensors in which the magnetic transducer has perpendicular (a) or in plane (b) anisotropy. Note
the different scale in the H axis

Fig. 3: Response curve of sensor in which the magnetic
transducer has perpendicular anisotropy

In figure 3 and 4 it can be shown the response curve
for the two sensors previously mentioned with sensitiv-
ities of tenths of µV/µT and 20 µV/µT respectively.

These sensors present higher sensitivity than the
ones with sputtered magnetic films, they have high sig-
nal to noise ratio, reliability and a really low coercive
force that can be avoided exciting the piezoelectric ele-
ments to a higher voltage.
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Summary: Printed Circuit Board (PCB) integrated inductors have been adapted for operation as fluxgate

sensors. The ring core is made from electrodeposited permalloy sandwiched between the layers of the PCB.
The sensor excitation winding is also integrated into the PCB design. The pick-up coil is wound around the

frame with the PCB core. The sensor characteristics as a function of the excitation frequency and the

sensor sensitivity versus frequency are described. Achieved sensitivity was 2000V/T at 180 KHz with 60 
turns of pick-up coil.

Keywords: fluxgate sensor, pcb technology
Category: 3 (Magnetic physical devices)

1 Introduction 

Iexc

50 T

0 T

The fluxgate sensor is one of the most popular
precise magnetic field sensors [1]. The main
disadvantage is a complicated construction of core
and coils. Recently several research groups have
been seeking solutions for how to reduce the size 
and price of fluxgate sensors using standard planar
technology [2], [3] and pcb technology [4].

This article describes the basic parameters of a PCB
technology fluxgate sensor. The sensor was adapted
from previously developed PCB-integrated
inductors in NMRC, Cork [5].

2 Construction 

The construction is derived from the current sensor
in PCB technology [6]. The magnetic circuit has the
form of a 7mm/10mm ring made of
electrodeposited permalloy. The core is sandwiched
between the layers of the PCB. The sensor
excitation winding is also integrated into the PCB 
design: individual conductor sections in the lower
and upper copper layers are connected by vias, thus
forming 40 turns with a total resistance of 700 m .
1 A of excitation current creates a magnetic field 
intensity of 1.45 kA/m = 18 Oe. [6]
The pick-up coil of the fluxgate sensor was 
implemented using an external winding with 0.2
mm diam copper wire. The coil (60 turns) was
wound around the frame with the PCB integrated
core.
Figures 1 to 3 show the excitation current and the
induced voltage in the pick-up coil for different
excitation frequencies.  In the diagrams;

Top trace is the excitation current (400mA/div)

Middle trace is the pick-up coil voltage for an 
external field, B=50 T

Bottom trace is the pick-up coil voltage for B=0 T,
(i.e. sensor is shielded) 

Fig. 1 - fexcitation=25KHz

Fig. 2 - fexcitation=100KHz

Fig. 3 - fexcitation=180KHz
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Fig. 4 show
of the excitation frequency. Fig 5 shows the sensor
sensitivity versus frequency.

4 Conclusion 

A fluxgate sens
introduced. The sensor response for different
excitation frequency was determined. The
sensitivity dependence versus excitation frequency

will be used in the sensor excitation.
In the full paper tuned excitation with the parallel
capacitor and the noise parameters will be
presented. The integration of the pick-up coil or the

was found. The exc
2.5

integration of a second pick-up coil for compass
with the core material will be discussed.
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The Dose Rate Behavior of SOI Hall Sensor 
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Summary: The dose rate behavior of SOI (silicon-on-insulator) magnetic field Hall sensor was 
investigated under 1.06 µm laser irradiation. The sensitivity of Hall voltage deviation and recovery 
time to the sensor operation mode was obtained. In the voltage mode (constant voltage is applied to 
sensor) the increase of sensor current under pulse irradiation partially compensates the magnetic 
sensitivity deviation. However, the prolonged current decay tends to increase the sensor recovery time. 
In the current mode (constant current is applied to sensor) the initial magnetic sensitivity deviation 
becomes more deep. However the recovery process becomes shorter. 

Keywords: Silicon-on-insulator, Hall sensor, dose rate 
Category: 3 (Magnetic physical devices)

1 Introduction 

SOI magnetic field Hall sensors are prospective 
because of their possible integration with SOI/CMOS 
read-out electronics. Dielectric isolation of elements 
provides their potential hardness to dose rate effects 
caused by accompanying radiation. In this paper we 
study dose rate behavior of a Hall sensor based on the 
original SOI Double Gate Field Effect Cross Resistor 
[1]. Numerical simulations and experiments were 
performed to investigate the Hall sensor magnetic 
sensitivity behavior under dose rate for different 
modes of operation.  

2 Device under test description 

Double Gate Field Effect Resistor (DGFER) is a 
SIMOX SOI structure depicted in Fig.1. The n-type 
<100> silicon layer has 0.2 µm thickness and the 
donor concentration near 1016 cm-3. The thickness of 
the buried oxide layer (SiO2) is 0.4 µm and the n-Si 
substrate's thickness is 500 µm. 

DRFER is a Si - stripe (80 µm in length, 30 µm in 
width) on buried oxide layer, surrounded by thermal 
SiO2 (LOCOS) regions.  

Fig. 1. DGFER cross-section. 

3 Numerical results 

In order to perform a dose rate analysis of DGFER 
behavior the "DIODE-2D" two-dimensional software 
simulator was used [2]. The DGFER behavior was 
simulated under 22 ns “Gaussian” ionization pulse.  

The excess carriers generated by pulse radiation 
change the steady state electrons and holes densities 
and cause the additional photoconductivity current 
through sensor that tends to Hall sensitivity in 
opposite directions [3]. To define the optimal 
operating conditions under dose rate the numerical 
simulation was performed for two modes: 

- voltage mode, where ideal voltage source of 
5V is applied to structure; 

- current mode, where ideal equivalent current 
source supplies the structure. 

Voltage mode.
The results of magnetic sensor sensitivity transient 

numerical modeling under 109 rad(Si)/s ionizing pulse 
are presented in Fig. 2. 

Fig.2. Numerical DGFER sensor transient magnetic 
sensitivity under 109 rad(Si)/s ionizing pulse and 5V bias 

One can see that transient magnetic sensitivity 
behavior in voltage mode is not monotonous. 
Magnetic sensitivity reduces during the ionizing pulse 
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and just after it because of excess carriers growth due 
to dose rate effects. 

Then the excess carriers recombination restores 
the initial density conditions and magnetic sensitivity 
becomes even more than initial. It is connected with 
different dynamic behavior of excess carriers density 
and additional photoconductivity current. After the 
photoconductivity current decay the magnetic 
sensitivity becomes equal to initial. 

Current mode.
In this mode the current through sensor is constant 

during pulse ionization. This feature changed the 
transient magnetic sensitivity behavior of sensor. The 
results of magnetic sensor sensitivity transient 
numerical modeling under 109 rad(Si)/s ionizing pulse 
are presented in Fig. 3. 

Fig.3. Numerical DGFER sensor transient magnetic 
sensitivity under 109 rad(Si)/s ionizing pulse in current 
mode 

One can see that transient magnetic sensitivity 
behavior in current mode becomes monotonous. The 
initial loss of magnetic sensitivity tends to be more 
deep. However, the recovery process is not affected 
by current decay and finishes earlier than in voltage 
mode.  

4 Experimental results 

The experiments were performed using solid-state 
pulsed laser source with 1.06 µm wavelength and 15 
ns pulse width. The laser pulse maximum intensity 
was enough to provide an average equivalent dose 
rate near 109 rad(Si)/s in silicon layer of DGFER 
sensor. 

The measured Hall voltage transient response in a 
voltage mode under magnetic field of 50 mT is 
presented in Fig. 4. The same dependence for current 
mode is shown in Fig. 5. 

We can see the increase of Hall sensitivity 
deviation under pulse ionisation in a current mode of 
sensor. The work in a voltage mode decreases the 
Hall sensitivity deviation. However the prolonged 
current decay increases the sensor recovery time. 

Fig. 4. The measured Hall voltage transient response of 
DGFER sensor in a voltage mode 

Fig. 5. The measured Hall voltage transient response of 
DGFER sensor in a current mode 

Conclusions 

It is shown that SOI Hall sensors transient 
magnetic sensitivity under dose rate depends on its 
electrical mode. In the voltage mode the increase of 
sensor current under pulse irradiation partially 
compensates the magnetic sensitivity deviation. 
However, the prolonged current decay tends to 
increase the sensor recovery time. In the current mode 
the initial magnetic sensitivity deviation becomes 
more deep. However the recovery process becomes 
shorter. 
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Signal sensitivity versus noise sensitivity of magnetic measurement devices. 
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Summary:  This contribution deals with the signal sensitivity and noise sensitivity of the devices for
measurement of magnetic field. Presented ideas are valid for devices based on the induction method. The

theory has origin in the Faraday induction law and the Nyquist theorem. The fact, that electric current is
the measured quantity is assumed. Results of this article enable designers to optimize the winding of

devices with respect to both the noise sensitivity and the signal sensitivity.

Keywords: magnetic devices, thermal noise, induction method, sensitivity

Category: 3 (Magnetic physical devices)

1 Introduction 

Induction method is widely used for measuring a
low frequency magnetic field. The serviceability of
each device is conditioned by its signal sensitivity
and noise sensitivity. The optimization of 
equipment Fig.1 consists of looking for the best
combination of a material of core, a shape of core
and a distribution of coils in winding. The aim of 
this article is the relationship between the winding
and the signal sensitivity and the noise sensitivity,
while the core properties are considered to be
external parameters. This goal is reached by
derivation of formula (11) which is valid for each
core and winding.

Fig 1: The scheme of studied equipment

First, the analytical study based on Faraday
induction law is done. In this step the signal
sensitivity is determined. Investigation of thermal
noise has origin in Nyquist theorem [1] and leads to
the relation for noise sensitivity.   Next the relation
(11) is derived

2 Theory 

2.1 Signal sensitivity

Magnetic flux linking the winding is proportional to 
an flux density of applied magnetic field  and 

a value of electrical current I in the circuit
oB

ILBM o , (1)

where self-induction L and mutual inductance M

are functions of shape and material of the core and 
they depend on a distribution of the coils taken up
on the core. The mutual-inductance M is 
proportional to a number of coils in the winding n

while self inductance L is proportional to , so one
can introduce normed parameters

2n

nMM /1 . (2)2
1 / nLL

Periodical change of flux density with angular
speed  causes a circuit current with amplitude .

Signal sensitivity of the equipment is 
oI

2
1

422

1

LnR

Mn

B

I
k

o

o

S  (3)

with R as a circuit resistance.

2.2 Noise sensitivity

Each electric circuit in thermal equilibrium
exhibits fluctuations. These fluctuations are
superposed to the measured signal as a noise. 
Effective value of Nyquist thermal noise current is 

222

2

2 LR

RTk
I B

ef . (4)

where  is bandwidth of the signal. The noise
sensitivity is

R

M

R

MB

TkI

I
k o

Bef

o

N

2
. (5)

Temperature T, amplitude of measured flux density,
frequency of signal and the bandwidth of amplifier
have nothing common with the winding, so they are 
suspect to be external quantities to the winding.
The winding resistance can be expressed as a 
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function of an electrical conductivity of used
material , the cross area of used wire S and its
length d. The optimal winding can be found under
the condition that the volume of material used for
wire , is a given constant parameter. Then,

the winding resistance is 

SdV

22
2

1
211

nn
V

d

V

d

S

d
RW ,   (6)

where  is length of one coil and  is appropriate

substitution. Adding the resistance of ammeter

one get the total circuit resistance

1d

AR

2nRR A . (7).

Substituting R into (5) one find that the noise
sensitivity is monotonic increasing function of n

and converges to its limit value 1M .

Introducing a new parameter , 1,0  defined by

relation

AR
n

2

2

1
. (8)

and doing a substitution 1Lp
1  one gets a 

relation for noise sensitivity:

x

o

B Tk
N

pL

BM
k

1

12
. (9)

and for signal sensitivity 

y

A L1

Most important is the relation between the noise
sensitivity and the sig

S
p

pM

R
k

24

22
1 11

. (10)

nal sensitivity which can be
xpressed in the forme

41 x
y .   (11)

The result (11) is demonstrated for different values
of parameter p on Fig.2. One can see that
decreasing of parameter p (i.e. using more material
with better conductance) leads to growing of both
the signal and the en

42 xpx

noise s sitivity. This effect is
considerable until 

he black line (p=0) restricts the area of possible

01.0p .

T
situations which can be achieved by changing the
winding properties. Each chosen point on fig. 2.
corresponds to some values of parameters p, .
From p one can calculate the volume of material
used for winding. The number of coils n in the 
winding is determined by the value of  (8). Using
the volume of material and number of coils one
obtain the length and cross area of the wire. 
Resultant noise sensitivity and signal sensitivity is
determined by relations (9) and (10). It is obvious,
that quality of device is qualified by the value of 

ratio 11 / LM , which depends on the material and 

coils on the core.
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Efficiency Improvement of a Chip-Size Antenna for Wireless Microsystems 
Using Bulk-Micromachining Technology 
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Summary: This work reports on the use of bulk-micromachining technology to increase the efficiency of a folded 
shorted-patch antenna. This antenna was designed on two stacked wafers (glass bonded on high-resistivity 

silicon). The analysis was carried out using the HFSS FEM tool. It was shown that bulk-micromachining 

technology could be used together with HRS to increase the antenna efficiency by ~20 %. Also, it can be used to 

allow the use of low-resistivity silicon for antenna substrate. Furthermore, bulk-micromachining technology can 

be used as an option to tune or to select the antenna operating frequency. 

Keywords: Bulk-micromachining technology, chip-size antenna 
Category: 3 

1. Introduction 

A topic of growing interest is the concept of 
integrated antenna. Together with inductances, the on-
chip antenna integration can be an added benefit in 
order to achieve a totally integrated RF microsystem. 
The antenna can be integrated if designed in an IC 
compatible substrate material. Patch antennas on 
high-resistivity silicon (HRS) or on glass are possible 
options [1, 2]. Concerning the antenna efficiency, the 
glass substrate is better, but the silicon substrate is 
desirable as it provides a way to directly integrate the 
RF circuitry. The problem of using HRS is the 
observed high losses, providing an antenna with low 
radiation efficiency [3]. To increase the patch antenna 
efficiency it has been proposed to use bulk-
micromachining technology to remove selectively 
silicon underneath the antenna. Since removing the 
silicon underneath the patch leads to a larger antenna, 
a folded shorted-patch antenna can be used instead. 
This antenna can be built using two-stacked glass 
wafers [4], or with the bottom wafer substituted by 
HRS. In this stack the silicon has much higher losses 
than the glass. The solution is to remove the silicon 
underneath the middle patch to reduce the losses. 

2. Fabrication 

Bulk micromachining technology is used to 
selectively remove significant amounts of silicon 
from a substrate. A silicon nitride membrane is 
previously deposited in order to serve as etch-stop 
mask. 

The bulk-micromachining setup is composed by a 
etch vessel connected to a thermostatic bath for 
temperature maintenance at 90ºC. The silicon wafer is 
etched with an aqueous KOH solution (1.5 Kg of 
KOH in 3 liters of water). The vessel is placed on the 
top of a magnetic stirrer with a magnet placed inside 
the vessel to stir the solution. The silicon wafer is 
mounted face down on an O-ring holder and is 
suspend inside the KOH bath. Keeping the 
temperature in the vessel at 85º C, the silicon etch rate 
is 1.4 µm per minute. 

Fig. 1. Bulk-micromachining setup. 

Fig. 2 shows the backside of a silicon wafer etched 
with an aqueous KOH solution. A silicon nitride 
membrane was used as etch-stop mask. 

Fig. 2. The backside of a silicon wafer etched with an 
aqueous KOH solution. 

3.  Antenna design and analysis 

The cross-section of the proposed antenna 
structure is presented in Fig. 3. It is built with a glass 
wafer on the top of a HRS wafer. This structure is 
favorable for size reduction and at the same time 
offers the possibility to have circuitry placed in the 
HRS wafer. The problem of increased losses should 
now be reduced with the use of bulk micromachining. 
This will partially remove the silicon underneath the 
middle patch. 

dSi

Glass Copper

dSi

Glass Copper

Fig. 3. Cross-section of the micromachined folded patch.  
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The following analysis was carried out with a 
model built in HFSS 8.5. This tool was previously 
used for successful patch antenna design (Fig. 4) on 
HRS and glass substrates [1-4]. 

        a)   b) 

Fig. 4. Patch antennas: a) on HRS; b) on glass. 

Fig. 5 shows the added benefit of using 
micromachining for different values of silicon 
electrical resistivity. When the silicon is completely 
removed underneath the middle patch, the use of low-
resistivity silicon together with micromachining is 
enough to obtain an antenna with ~50 % efficiency. 
Moreover, the use of micromachining can always 
have a benefit of ~10-20 % increase in efficiency. 
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Fig. 5. Efficiency vs. conductivity for d = 500 µm. 

Fig. 6 shows the effect on efficiency for different 
micromachined depths. As expected, the efficiency 
rises when the depth of the removed silicon is 
increased. Also, it is clearly shown the effectiveness 
of micromachining to enable the use of low-resistivity 
silicon as antenna substrate. 

The Fig. 7 presents the return loss for different 
micromachined depths, when all the other dimensions 
are kept unchanged. As it can be observed, the 
drawback is the shift of the operating frequency for 
higher frequencies when the micromachined depth 
increases. 
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Fig. 6. Efficiency vs. micromachined depth. 

This leads to larger antennas when using 
micromachining. On the other hand, we can take 
advantage of this effect. It can be used as a post-
processing step to change, or to tune, the operating 
frequency of a previously designed antenna. 
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Fig. 7. Return loss for different micromachining depths. 

4. Conclusions 

This work shows how silicon bulk-micromachining 
technology can be used to increase the efficiency of a 
folded shorted-patch antenna. Also, it can be used as 
an option to tune or to change the antenna operating 
frequency. The use of bulk-micromachining 
technology allows the increase of the antenna 
efficiency approximately 20 %. It was also observed 
that the use of bulk-micromachining technology to 
etch completely the silicon wafer underneath the 
antenna allows to use regular silicon wafers instead of 
HRS wafers. 
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Summary:  We introduce an Expert System for gas sensor array assembly on a modular algorithm basis. It

is open for various application specific scenarios and for all types of industrial gas sensors. The program

package provides scenario and sensor input, array configuration, algorithm fusion and testing routines and

compiles array evaluation code.

Keywords: Expert System, Sensor Data Base, Gas Mixture

Category: 1 (General, theoretical and modeling)

1 Introduction The objective of our work is to develop methods of 
forming gas sensor arrays for larger varieties of 
scenarios by analytical array evaluation methods
that avoid expensive training, and provide software
based array formation and testing routines.

Our work focuses on specific problems in the
qualitative and quantitative analysis of gas mixtures
for cross-sensitive sensors, e.g. metal oxide
elements. To overcome these problems various
methods of multicomponent analysis have been
employed, like Principal Component Analysis or
Artificial Neural Networks. However, such
solutions can, in most cases, be only set up for
specific applications (scenarios), i.e. they need
training.

Our goal was an easy to use system that connects
the features of an advanced measuring and data 
processing system with a gas sensor database,
which provides as much assistance as possible for
the user.
.

2 Universal Modeling of Gas Sensors for

Arrays

0
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1

1
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1 1 1
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Configuration

Selection of

  sensores

Configuration of

 scenarios

 Sensor

data base

 Scenario

data base

IGM

Control unit

Knowledge

    base

matrix

measuring

sensors

Expert System

Fig. 1 System for measuring Gas mixtures

A new mathematical approach to handle signals
from gas sensor arrays was the matrix method for
individually composable sensor for algorithms
implemented in the IGM earlier described [1].

The signal processing here is an iterative process.
In the first step, the system evaluates the single
signals only with the main sensitivity of the sensors
used. Hence, a first estimation of the result is
possible. After that reevaluation starts with the first
result as an input. This iteration will continue until
the result converges (Fig. 2) [2]. 
The matrix consists of logical rows. These rows are 
special for each gas sensor; so it is possible to store
this information in a database and to build up the
relevant output for each array of sensors.
For modeling a real gas sensor, the manufacturer
has still to measure sensitivities towards various
gases.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Late Posters

432



At the best these matrix rows consist of a sum of
coefficients, that describes the individual
responsivities of the Gas Sensor (complex
mathematical forms are possible) [1].
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Fig. 3 Example of a matrix row for a Gas Sensor

Fig.3 shows the matrix row for a Sensor whose
main sensitivity is NO2 with cross sensibilities to
CO and H2O. A small paragraph of C-Code
represents this row in our system.
By this, the entire configuration manager we
develop puts these individual sensor files together
and allows for convergence testing as well as
scenario simulation.

3 Expert System for Gas Sensors

The Expert System is based on a Microsoft Access
relational data base. It consists of several internal
tables storing information, the relations between the
tables and programmed code for managing,
searching and the in- and output of the data.

Fig. 4 User interface of the database

It is possible to store all the relevant informations in
order to provide a model of  used Gas Sensors to
the testing system

The system supports the user to select the best
possible array of gas sensors for his task. Therefore
we implemented advanced search and rating
routines.

For known scenarios like indoor monitoring, ozone
measurements in urban locations or car cabin air
quality control proposed solutions are stored in the
system. Of course, the user can change the sensors

used. The system will assist him to find the best
configuration of sensors.
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Fig. 2: Sensor matrix for signal processing

For unknown scenarios, the system will use a rating
method to search for the suitable mix of sensors.
After the input of the new scenario, the Expert
System will dynamically evaluate the sensors and
the possible arrays of them.

For that purpose we implemented a rating
mechanism which assigns every sensor in the data 
base a rating number. This number depends on the
mix of gases and the main- and cross-sensitivities
of the involved sensors. For this reason this number
has to be generated dynamically in the search- und
selection process. The best choice for this particular
task is the array of sensors with the lowest sum of
rating numbers.

4 Implementation, results and 

conclusion

Our system is implemented as a relational data
base. Several programmed modules working as user
input, searching and assortment and output routines.

The Expert System is able to combine the matrix
rows of the selected gas sensors, hence they can be 
used by the testing system. The arising files will be
directly executable on the hardware, thus we are 
able to test and improve our analytical descriptions
for a large variety of virtual scenarios.
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Electrochemical analysis of neuropathy target esterase activity 
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neurotoxicity

L.V. Sigolaeva1, L.G. Sokolovskaya1, A.V. Eremenko1, G.F. Makhaeva2,
V.V. Malygin2, I N. Kurochkin1

1Faculty of Chemistry, M.V. Lomonosov Moscow State University, Moscow, 119899, Russia; 
lsigolaeva@genebee.msu.su http://www.enzyme.chem.msu.ru/ecobio

2Institute of Physiologically Active Compounds Russian Academy of Sciences, Chernogolovka, Moscow 
Region, 142432, Russia 

Summary: The 1-methoxyphenazine methosulfate modified tyrosinase graphite paste biosensor was developed. 
Electrode composition and measuring conditions were optimized allowing to detect phenol at –150 mB vs. 

Ag/AgCl reference electrode with the sensitivity of 0,8 A/M*cm2 and the lower detection limit of 25 nM in a flow. 

The biosensor was applied for the assaying of the activity of toxicologically significant enzyme – neuropathy 
target esterase (NTE) produced phenol by the hydrolysis of the substrate, phenyl valerate. High sensitivity of the 

sensor enabled NTE to be assayed in whole blood, whereas the usual colorimetric assay is impossible. In vitro 

and in vivo correlation of NTE activity obtained in brain and whole blood show promise the biosensor NTE 
assay for whole blood as a biomarker of human exposure to neuropathic organophosphorus compounds.  

Keywords: biosensor, phenol, tyrosinase, mediator, 1-methoxyphenazine methosulfate, neuropathy target 
esterase, NTE, blood, OPIDN 

Category: 6 (Biosensors), 10 (Applications)

1 Introduction 

Electrochemical phenol detection by tyrosinase 
biosensors is one of the most sensitive sensor 
systems. Theirs sensitivity to phenol can reach 
nunomolar and ever subnunomolar level. On this 
reason phenolic biosensors have a wide application 
mainly for phenols detection as common 
environmental pollutants. Phenolic biosensors are 
suitable as well for monitoring of enzymatic 
processes proceeding with the release of phenols.

We were first who offer to use tyrosinase 
biosensors for the bioelectrochemical analysis of 
toxicologically significant enzyme - neuropathy 
target esterase (NTE) [1-3]. NTE of vertebrates is a 
specific target for neuropathic organophosphates 
(OP). This neuronal enzyme is used as a 
biochemical marker for screening of OPs with 
respect to their ability to result in organophosphate 
induced delayed neuropathy (OPIDN). The 
inhibition/aging of neuronal NTE within hours of 
exposure to OP predicts potential for the 
development of OPIDN after a delay of 1-3 weeks. 
NTE is a convenient tool for assessment 
neuropathic potential of OPs and prediction of their 
possible neurotoxic hazard to humans as well for 
development methods of biomonitoring for 
neuropathic OPs exposure. 

This report described our last achievements 
both in tyrosinase electrode preparation and NTE 
assay.

2 Results 

2.1. Mediator modified tyrosinase carbon paste 

electrode

Mediator modified tyrosinase carbon paste 
electrode includes tyrosinase catalysis involving 
enzymatic oxidation of phenol via catechol into o-
quinone, the latter being electrochemically reduced 
to catechol directly at the electrode when the 
required potential is applied. However, regeneration 
via mediator facilitates the electrode transport 
allowing the more sensitive phenol detection in a 
comparison to the direct electroreduction of o-
quinone (Fig.1).  

Fig. 1. Principle of amperometric phenol detection by 
MPMS-modified tyrosinase carbon paste electrode. 
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We use 1-methoxyphenazine methosulfate 
(MPMS) as a perspective light-stable mediator for 
the modification of tyrosinase carbon paste sensor. 
Various aspects concerning the electrode 
construction and operation have been studied and 
optimized. The optimum ratio of tyrosinase/MPMS 
was found. The dependences of the response on pH, 
buffer composition, ionic strength and applied 
potential were studied and the stability of the 
biosensor was also evaluated. The main analytical 
characteristics of the biosensor are summarized in 
the Table 1.

Table 1. MPMS-modified tyrosinase carbon paste 
electrode characteristics. 

Analytical parameter Value 
Linear range 0,025 20
Detection limit (S/N=3) 25 n
Sample volume 50 l
Time of analysis 2 
Work stability 90 % during 21 

days 
Storage stability (dry)  12 months 
Reproducibility 25 % 
Accuracy 5 % 

2.2. NTE activity assay 

By now lymphocyte NTE has been used as the 
only accessible biomarker of animal and human 
exposure to neuropathic OP compounds. Despite 
the potential utility of lymphocyte NTE as a 
biomarker, the time, resources and relatively high 
sample volumes required mitigate against using 
isolated lymphocytes routinely to monitor NTE 
activity. Thus, if the need were to arise to assess 
exposures of individuals to neuropathic OP 
compounds, it would be advantageous to be able to 
assay NTE in small volumes of whole blood.  

We showed that the tyrosinase carbon-paste 
electrode improves remarkably the sensitivity of the 
NTE assay compared to the colorimetric method. 

Due to high sensitivity of the biosensor method 
the influence of interfering blood components 
(ascorbic acid, tyrosine and others) is diminished 
by the high extent of sample dilution (1:200 or 
1:500), thus allowing NTE to be detected 
selectively and with high sensitivity in whole blood 
where the usual colorimetric assay is impossible. 

The in vitro specificity of whole blood NTE for 
a number of model neuropathic OP was close to 
that for neuronal and lymphocyte NTE. 

Dose and time dependence of in vivo inhibition 
of whole blood NTE correlates strongly with that of 
brain NTE, as it was demonstrated for experimental 
animals (hens) in 4, 24, 48, 72 and 96 hr after acute 
i.m. treatment with increasing doses of neuropathic 
OP O,O-dipropyldichlorvinylphosphate. 

The obtained results look promising for the 
development of monitoring system that could be 

routinely used for individuals exposed to 
neuropathic OPs. 

2.3. NTE Analyzer 

The pilot example of Analyzer for biosensor 
NTE assay was developed. The Analyzer consists 
of an internal microprocessor, flow-through 
electrochemical cell (supplied with working and 
reference electrodes), pump, sampler, vessels for 
work buffer and waste, liquid crystal display, and 
buttons for manual operation. All functions are 
controlled and monitored by an external computer. 
The software provides measurement monitoring, 
and showing the measured signal in real-time 
format. Data processing is also possible.  

The application of this device is expected to 
enable more rapid assessment of human exposure to 
neuropathic Ops (as a result from occupational, 
environmental, accidental OP contacts or possible 
terrorists acts).

The research was supported by Project #1055.2 
of the International Science and Technology Center 
(ISTC) and Award #RB2-2035 of the U.S. Civilian 
Research and Development Foundation (CRDF). 
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Inflammation Monitoring using a Lipid Bilayer Biosensor
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Summary:  This study confirms a previous report of the detection of complement activation using an
electrically monitored gel-protected bilayer lipid membrane system.  Membrane conductivity increases on 
addition of blood serum together with a complement activator, lipopolysaccharide. It does not change if the 
activator is omitted or if the complement cascade is inactivated by heating.  In a small clinical study
involving 10 patients undergoing open-heart surgery, membrane porating activity was detected in all blood 
samples taken just after cardiopulmonary bypass. Apart from some anomalous cases (membrane failure), 
responses to patient serum were significantly higher immediately after the bypass procedure than just
before or hours after surgery.

Keywords: Complement, Inflammation, Cardiopulmonary bypass, Biosensor
Category: 6 (Biosensors)

1 Introduction

Inflammation leads to activation of the complement 
cascade of human blood [1] culminating in the
formation of membrane attack complex (MAC).
There is a certain amount of evidence that the
resulting membrane damage is the cause of
negative outcomes of open-heart surgery [2]. The
complement activity of blood can be estimated
using time-consuming bioassays [3], but since the
activation is transient, the result is not necessarily 
indicative of the state of the blood immediately
after exposure to the unnatural environment.
There are a number of reports using bilayer lipid
membranes (BLMs) to detect complement
activation [4,5]. Pores even of molecular
dimensions are readily detected electrically, but the 
membranes do not have the durability required for 
practical application. Recently lifetimes in excess
of three months have been demonstrated for
membranes produced by a new technique, with
preliminary evidence that they respond to activated 
complement [6]. The present work rules out
alternative interpretations and presents the results of

Fig. 1. Schematic of Gel-Protected Membrane.

a clinical trial on patients undergoing heart-lung
surgery.

2 Experimental

A schematic of the membrane-electrode
configuration is shown in Fig. 1. Full details have 
been published previously [7]. The membranes
were self-assembled from glycerol monooleate. 
Whole human blood was collected by
venepuncture, allowed to clot and then centrifuged. 
Decanted serum was used fresh. Complement
activator solution was prepared by dissolving
Lipopolysaccharide from Klebsiella pneumonia
(Sigma L4268) in methanol and water, at a
concentration of 10mg/ml.
 Test membranes were allowed to stabilize for at
least 10 minutes, and then droplets of test liquid
were deposited on to the top agar layer. Using a
bipotentiostat, a voltage of 50mV was applied and 
the time response of membrane conductivity
logged.

3 Results
In the absence of activator or with heat-treated
plasma no change in membrane conductivity was
observed over at least 10 minutes. 
Neither the anaesthetic propofol nor the
anticoagulant heparin was found to affect
membrane conductivity when added to test
membranes with plasma. 
Typically, when a membrane is exposed to serum
plus complement activator solution, the
conductivity starts to rise within 2 minutes of
exposure to the test solution and increases in a
series of small and large events. 
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Fig. 2. Typical Clinical Response to Serum and LPS.

Fig. 2 shows a typical response during clinical
testing. There was a large increase in membrane
conductivity approx. 5 minutes after addition of
LPS. Again, there were relatively few events,
ranging in size between less than 1nS and greater 
than 1µS.
The results of 65 membrane tests on 10 CPB
patients are summarised in Figure 3. Each graph
represents a specific testing point during the CPB
procedure, and shows the level of test membrane
conductivity after exposure to a sample of the
patient’s plasma.
 For all post bypass samples tested there was a
significant increase in the test membrane
conductivity, of between 3 and 500nS. For the other 
stages of the procedure there were far fewer
membrane conductivity events. Some of the order
of 10? S were consistent with the complete failure
of the membrane. 

Fig. 3. Typical Clinical Response to Serum and LPS.

Discussion

Over and above membrane infant mortality, which 
occurs only within 24 hours after preparation, there 
was a level of failure for membrane elements
during transport, which does not occur when the
elements are kept stationary or handled normally
[8]. It was therefore necessary to prepare the
majority of the membrane elements on the site of
clinical testing, meaning that some of the failures
observed during testing were due to infant mortality 
rather than complement attack. 
Since activated complement components only have 
short lifetime, activity is lost during the time it

takes for the components to diffuse through the gel 
layer, but less so than during the time for an ELISA 
assay. The use of a thinner top gel layer is
indicated. In the clinical trial there were membrane 
conductivity responses for all samples taken post
bypass. This indicates the likely activation of some 
membrane active process, such as complement,
during the CPB procedure. It also demonstrates the 
suitability of the membrane sensors for detection of 
such activity. Large variations in the total change in 
membrane conductivity were observed between
samples. This may indicate variations in
complement activity between patients.

Conclusion

A larger study linking more detailed patient
information to the test data and results of other
methods for the detection of complement
activation, such as ELISA is needed before more
detailed conclusions can be made. The clinical
testing work has highlighted the need for a more
robust membrane element and a thinner top gel
layer.
The results presented here confirm a previous
report of the response of gel-protected membranes 
to activated complement [6], most likely due to
insertion of membrane attack complexes. Other
interpretations have been ruled out. They indicate
that membrane sensors can be applied to the
analysis of membrane porating activity in blood
samples in a clinical environment, and may be
useful for monitoring the likelihood of organ failure 
in patients who have undergone CPB.
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A Micro-machined Acoustic Sensor for Fuel Level Indication  

R. Osborne, Dr M. Ward and K. Dawkins 
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Summary:  A low cost and reliable acoustic sensor is to be used for the sending of fuel level information 
within a fuel tank. The micro-machined sensor is manufactured from n type doped single crystal silicon 
using electron beam lithography and deep etching techniques. The device will be designed to operate in 
the sub 20KHz frequency range. Post sensor signal processing coupled with mechanical filtering will 
analyse acoustic data and reference fuel volume by following the resonant frequencies within the tank. 

Keywords:   Acoustic devices, Mems devices. 
Category:    Non-magnetic devices.

Introduction 

The automotive market has come under increasing 
pressure to raise standards of automotive sensors. 
An increase in life span is paramount; this has 
driven the industry to look at alternate technologies 
for sensor applications. The problem concerns the 
detection of fuel within a closed tank, allowing for 
slosh, background noise and a variety of fuel 
qualities. This device utilises an acoustic approach 
to the problem and relies on the natural phenomena 
of resonance within a closed end pipe. As the fuel 
level falls this results in a decrease in the frequency 
of the resonant modes in the tank. This scenario is 
used in the fuel tank utilising a small white noise 
source and micro machined silicon microphone. 

Acoustic Sensor Development 

Fig 1. Sensor arrangement within the tank. A noise source is 
situated at point A, microphone at B and liquid level at C. The 

first three resonant modes are seen for the acoustic tube. [1] 

White Noise excites the tube and induces resonant 
modes. Measurements of the modes are limited by 
the microphone sensitivity, which degrades above 
16KHz and the processing electronics which has a 
sample frequency of 48KHz, implying that around 
20KHz is the limiting frequency. 

White noise within the tank excites acoustic tube or 
wave-guide will amplify resonating frequencies and 
dampen the rest. Successive modes of vibration will 
correspond to increasing frequencies and these will 
decrease as the liquid empties from the tank. 
Fourier Transform data showing this may be seen 
in fig 2. The reinforcing resonant modes may be 
seen in black the fundamental note may be seen at 
the bottom.  

Fig 2. A Sonogram showing the fall in resonant frequency of 
each excited mode. Time on the x and frequency on the y-axis. 

Electronics will examine the data and follow the 
trends of the strongest signals; these are the 
resonant modes of the excited space. Calibration 
problems are resolved through the use of a standard 
diameter resonance tube and final data output is 
made by use of a reference table in the processor of 
the device. A method to detect the fluid level could 
be achieved by providing many microphones each 
with a resonating frequency fig 5. As the frequency 
of the mode decreases each microphone will 
resonate in turn. The resolution of the system relies 
on the number resonating microphones. These 
devices are also subject to latching problems due to 
the bias voltage and electrostatic forces between the 
plates. Comparing the electrostatic forces with the 
deflection model data fig 7. A compromise between 
the need for proximity to increase capacitance and 
avoiding latching may be found. The electrostatic 
forces for differing sizes are seen in fig 3. 
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Fig 3. Plot of the electrostatic forces between the parallel plates 
of the microphone capacitor for a range of sizes. 

Fig 4. A plot of resonant frequency against microphone 
geometry (a). Planes correspond to the fist six resonant modes of 
excitation (c). Frequency determined using equation (b) [2] 
where, λ arbitrary transcendental value [2], the diameter, γ is the 
weight per unit area, h the thickness, E modulus and ν Poisson 
ratio. All standard SI units used. 

Fig 5. Four plate microphones in an array. As the size increases 
the resonant frequency decreases.  

Design and Fabrication 

The microphone will be fabricated from a buried 
oxide wafer. This enables the device layer to be 
fabricated using fewer manufacturing steps than 
conventional silicon microphones. An electro resist 
mask has been created with an electron beam 

lithographer. Developing a resist removes 
unwanted portions and exposing the wafer to a post 
bake then hardens the resist prior to etching. Dry 
etching removes silicon and a further wet etch 
removes the buried oxide layer freeing the 
structure. 

Fig 6.  Process route for the microphone device using BESOI. 

The initial design in fig 7 was used to identify the 
processing problems with the device. For instance 
this design does not allow for enough travel of the 
plate, the supporting structure has been developed 
further as in fig 8. 

Fig 7. Microphone geometry showing moving plate, supporting 
arms and the surrounding bulk silicon. 

Fig 7 shows the deflection response with 
application of 1mn to the acoustic plate. It is clear 
that there is not enough translation movement of 
the plate. Fig 8 shows an improvement in design. 

Fig 8. Capacitive microphone awaiting etching to release the 
surface acoustic plate. Total diameter is 800µm. 
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Correlation between structure of tungsten-oxide thin films and their 

performance characteristics for ozone and NOx gas sensors
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Summary: Tungsten oxides thin films were obtained by electron beam deposition and annealed in the 

temperature range 350-800°C for 1-3 h. The structure, morphology and phase composition of the as-deposited 

and annealed films were characterized by X-ray diffraction and AFM. The electrical response towards NO2 and

O3 was studied both experimentally and theoretically. In order to interprete the kinetic characteristics of 

tungsten oxide thin films upon exposure to different gases a model, based on surface adsorption/desorption 

processes coupled with bulk diffusion was used. All tungsten oxide thin films investigated in this work are 

suitable to detect very low concentrations of NO2 (0.05-0.5 ppm in N2 and synthetic air) and ozone (25-90 ppb) 

at very low working temperatures (80-160°C). The films annealed at 400°C for 1-2 h are very selective to ozone 

and the films annealed at 400°C for 3 h and at 800°C for 1 h are very sensitive to NO2 (in N2). 

Keywords: Tungsten oxides, phase and structure transformation, NO2 and O3 sensors

Category: 5 (Chemical sensors) 

1 INTRODUCTION 

Nitrous oxides are typical air pollutants released 
by combustion facilities, automobiles and aircraft. 
In addition, decomposition of NO2 by solar 
irradiation is a source of ozone (O3) production. In 
recent years tungsten-oxide thin films have 
received considerable interest as promising 
materials for highly sensitive gas-sensing devices 
for NO2 and ozone detection in ambient air [1]. 
The aim of this work was the characterization of 
the microstructure, morphology and phase 
composition of tungsten-oxide thin films prepared 
by electron-beam deposition in the as-deposited 
and annealed states as well as the investigation of 
the change in electrical conductivity of the films 
on exposure to NO2 and O3. The correlation 
between film structure and sensor properties was 
established, enabling the development of these 
films with high stability, sensitivity, selectivity 
and reversibility under low-temperature 
conditions. Such films are applicable as low-cost 
and low-power sensor devices for miniaturized 
gas monitoring, as described elsewhere [2].  

2 RESULTS AND DISCUSSION

During film preparation the starting powder 
decomposes and as-deposited tungsten-oxide films 
are composed of a mixture of WnO3n-2 phases, 
WO3 and WO2 as a result of the two follows 
reactions, i.e., WO2.72 (WnO3n-2)+WO2 and 
(WnO3n-2) WO3+WO2, that occur. These films 
consist predominantly of WO2.92 crystallites. 
Films annealed at 350°C for 3 h consist 

predominantly of WO2.90 as a result of two solid-
state reactions, i.e., WO2.72 WO2.92+WO2.90+
WO2 and WO2.90 WO3+WO2, that occur. 
Annealing of the as-deposited thin tungsten- oxide 
films at 400°C for 1h leads to formation of 
predominantly WO2.90 as a result of the two solid-
state phase transformations, i.e., WO2.72+WO2.92

WO2.90+WO2 and WO2.90 WO3+WO2, that 
occur. Extended heat treatment (for 2-3 h) is 
responsible for an acceleration in the solid-phase 
transformation WO2.72 WO2.90+WO2 and
promotes the solid-phase transformation WO2.90

WO3+WO2. In the film annealed for 3 h, the 
relative amount of WO2.90 decreases by a factor of 
4.5 and the relative amounts of WO2 and WO3

increase by  factors of 2.8 and 1.2, respectively, 
compared to the amounts in the film annealed for 
1h.
Annealing at 500°C for 1h leads to a shift in the 
phase equilibrium WO2.72 (WnO3n-2)+WO2+WO3

in the direction of formation of the WO2.72.
Annealing for 2h leads to a shift in the phase 
equilibria WO2.72 (WnO3n-2)+WO2  and (WnO3n-2)

WO2+WO3 in the directions of formation of 
WO2.72 and WO2.92, respectively. In contrast to 
this, the equilibria WO2.72  (WnO3n-2)+WO2 and 
(WnO3n-2) WO3+WO2 are shifted to the 
formation of WO3 and WO2 for 3 h annealing 
time. 
During annealing at 600°C for 1-3 h the solid- 
phase transformations WO2.72 (WnO3n-2)+WO2

and WO2.90 WO2.83+ WO2  occur, resulting in the 
formation of mixed WnO3n-2 (WO2.92 and WO2.90),
WO2.83 and WO2 phases. It can be assumed that 
the reaction WO2.90 WO3+WO2 also takes place 
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under these annealing conditions. 
During annealing at 800°C for 1-2 h WO2.72

undergoes the complete solid-phase 
transformation WO2.72 WO2.92+WO2.90 +WO2. At 
the same time, the solid-phase transformation 
WnO3n-2 WO3+WO2 occurs, whereby the partial 
reaction WO2.92+WO2.90 is in progress after an 
annealing period of 1h. After an annealing period 
of 2h both solid-phase transformations are 
complete [3].  
The direction of the phase transformations for 
different annealing conditions is influenced by the 
very high macrostresses that appear as an 
additional, independent thermodynamic factor.  
The semiconductor phases are predominantly 
formed during annealing at 350-400°C for 1-3 h 
and at 800°C for 1h, whereas the thin films 
annealed at 500-600°C for 1-3h and 800°C for 2h 
consist mainly of phases with more pronounced 
metallic properties.
All investigated thin films can be divided into two 
main groups: compact (as-deposited and annealed 
at 350 - 500°C, for 1-3 h) and porous (annealed at 
600-800°C for 1-3 h) layers.  
The as-deposited thin films and films annealed at 
350°C for 3 h have a relatively dense, smooth 
surfaces. The formation of new phases leads to an 
increase or decrease in the film volume and results 
in an increase in the tensile or compressive macro-
stresses in the film. Due to adhesion between the 
film and the substrate, these macrostresses make 
an important contribution to the microstructural 
rearrangement of the film surface, namely, to the 
formation of agglomerates of crystallites of the 
different phases and boundaries between them at 
400°C. Annealing for 2-3 h leads to an increase in  
grain size and  smoothening of the polycrystalline 
film surface. Contrary to this, the agglomerates 
increase in amount, but their size decrease 
significantly, especially after an annealing period 
of 3 h [3]. 
The formation of the agglomerate boundaries at 
500°C relieves the macrostresses in the thin film 
und can lead to microcrack formation. After 1 h 
these films have smooth surfaces, but the columns 
have loose boundaries between them. When the 
annealing time is increased to 2-3 h, the degree of 
fragmentation of the thin film increases. For an 
annealing time of 3 h, microcracks are formed on 
clearly defined, narrow agglomerate boundaries. 
The formation of pores through the entire depth of 
these films at the agglomerate boundaries is the 
next step in the process of reduction of the high-
order macrostresses arising in the film as a result 
of the solid-phase transformations occuring at 
600-800°C [3].
The gas sensitivity and response time of tungsten- 
oxide films are strongly dependent on the relations 
of the film thickness (H) and crystallite size (Dg)

to the Debye length (Ld) of the electrons [4].
The transducer function of the microstructure of 
the compact thin films (annealed at 400°C) and 
macroporous thin films (800°C for 1h), consisiting 
mainly of semiconductor phases,  is governed by 
the surface trap-limited model. This leads to a 
very high sensitivity and short response times to 
NO2 and ozone [4].  
In order to interprete the kinetic characteristics of 
tungsten-oxide thin films on exposure to different 
gases, a model based on surface adsorption-
/desorption processes coupled with bulk diffusion 
was used. The best fit of the experimental curve 
I(t) for all these films is delivered using the sum of 
two exponentials functions. From this finding, it is 
evident that two adsorption/desorption 
“mechanisms” exist for sensor-gas interaction. 
The lattice defects in the grain boundaries and 
shear planes play the role of molecular sieves. The 
bulk diffusion of NO2 molecules has a negligible 
effect on the sensitivity and response time of 
tungsten-oxide films annealed at 400°C. 
Chemosorption occur on the film surface on the 
least closely packed lattice planes of the 
semiconductor phases. At the same time bulk 
diffusion of ozone has a profound effect. For films 
annealed at 500-800°C, when the defect size in the 
grain boundaries and shear planes increases, the 
role of the bulk diffusion of NO2 and ozone 
molecules becomes more significant [4]. 
All tungsten-oxide thin films investigated in this 
work are suitable for detecting very low 
concentrations of NO2 (0.05-0.5 ppm in N2 and 
synthetic air) and ozone (25-90 ppb) at very low 
working temperatures (80-160°C). The films 
annealed at 400°C for 1-2 h are very selective to 
ozone and the films annealed at 400°C for 3 h and 
at 800°C for 1 h are very sensitive to NO2 (in N2).
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Summary:  The search for existing or past life in the Universe is one of the most important objectives of NASA’s 

mission.  In support of this objective, an ultrasonic based mechanism is being developed to allow probing and 

sampling of rocks and soil.  The novel lightweight Ultrasonic/Sonic Driller/Corer (USDC) used in this study 

takes advantage of its ability to drill with low axial force and low power.  These advantages overcome some of 

the major limitations of planetary sampling using conventional drills in low gravity environments.  Sensors, such 

as thermocouple and fiberoptics, are integrated into the bit and used to perform real-time analysis while 

drilling.   

Keywords: Ultrasonic drilling, piezoelectrics, sensors, fiberoptics 

Category: 10 (Applications)

1 Introduction 

Future NASA exploration missions to Mars, 

Europa, Titan, comets and asteroids are seeking to 

perform sampling, in-situ analysis and possibly the 

return of material to Earth for further tests. For this 

purpose effective instruments that can sample and 

conduct in-situ astrobiology analysis are being 

sought.  As sampling devices, existing drilling 

techniques are limited by the need for large axial 

forces and torques, high power consumption and an 

inability to efficiently duty cycle. Lightweight 

robots and rovers have difficulties to accommodate 

the constraints of existing drills.  To address these 

constraints and the challenges to the NASA 

objective of planetary in-situ sampling and analysis, 

an ultrasonic/sonic driller/corer (USDC) was 

developed [1 – 3].   

1.1 The USDC as a piezoelectric based drill 

The USDC consists of an actuator, free-mass and a 

bit.  The actuator is a piezoelectric stack and a horn 

for the amplification of the displacement.  The 

actuator is driven in resonance at 20kHz and a 

stress bolt holds it in compression to prevent 

fracture during operation.  Unlike typical ultrasonic 

drill where the drill stem is acoustically coupled to 

the horn in the USDC the actuator drives a free 

flying mass (free-mass), which bounces between 

the horn tip and the drilling or coring bit at sonic 

frequencies. The impacts of the free-mass create 

stress pulses that propagate to the interface of the 

bit and the rock onto which the USDC is placed in 

contact.  The rock fractures when its ultimate strain 

is exceeded at the rock/bit interface. Under a 

variety of conditions, this novel drilling mechanism 

has been shown to be more efficient and versatile 

than conventional ultrasonic drills.  The low mass 

of a USDC device and the ability to operate with 

minimum axial load with near zero torque (see 

Figure 1) offers important capabilities for sample 

acquisition and in-situ analysis.  Another important 

characteristic of the USDC is its ability to operate 

in the harsh environments of space, which include 

low or high temperature and/or pressure. 

Fig. 1:  The USDC is shown coring with minimum axial 

force and holding torque (left), and a schematic diagram 

of the USDC components (right). 

1.2 Demonstrated characteristics 

The USDC has been demonstrated to drill 

rocks that range in hardness from granite and basalt 

to sandstone and tuff.  Other media that have been 

drilled include soil, ice and diorite, and limestone.  

This novel drill is capable of high-speed drilling (2 

to 20-mm/Watt hr for a 2.85mm diameter bit) in 

basalt and Bishop Tuff using low axial preload 

(<10N) and low average power (<12W).  Drilling 

using average power levels as low as 5 Watts has 

Ultrasonic Transducer
(Horn/Stack/Backing)

Free Mass

Drill Stem

Rock

Ultrasonic Transducer
(Horn/Stack/Backing)

Free Mass

Drill Stem

Rock
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been demonstrated. The USDC has drilled 25-mm 

deep, 6-mm diameter holes in basalt in a little over 

2-hrs from a 4-kg platform using 10W average and 

25W peak power. It has also drilled 15-cm deep, 5-

mm diameter holes in sandstone in just over an 

hour using similar power as for the basalt drilling. 

2 Lab-on-a-Drill  

The USDC novel characteristics allow it to be 

used not only as a sampling tool where cores and 

dust can be acquired but also as a probing device.  

The sonic and ultrasonic hammering action on the 

bit allows using it as a sounder for probing the 

drilled medium.  Further, the longitudinal 

displacement of the bit without rotation allows 

mounting of sensors for real-time analysis of the 

drilled medium.  The combination of sampling 

probing and sensing allows the USDC to be used as 

a lab-on-a-drill system.  In order to allow effective 

design of the USDC it was analytically modeled 

and predicted drilling rates and power levels were 

corroborated experimentally with a reasonable 

accuracy [1].   

3 USDC with integrated sensor suite 

Since the USDC bit does not turn and its vibration 

amplitude is relatively small one can easily mount 

sensors on the bit and conduct real-time tests during 

drilling or coring.  Two types of sensors were 

successfully demonstrated todate: thermocouple 

and fiberoptic.  The thermocouple was used to 

measure the rate and maximum rise of temperature 

and these values were found to correlate to the 

hardness of the rock being drilled.  Even though 

these thermal variables are dependent on the heat 

conductivity and capacity of the drilled object, one 

can assume with a reasonable accuracy that most 

rocks have thermal properties within a 

comparatively narrow range. Compiling 

temperature rise rate and maxima as a function of 

time for variety of drilled materials has 

demonstrated the feasibility of using a 

thermocouple-on-the-bit as a means of assessing the 

drilled medium hardness (see Figure 2).  

FIGURE 2: The measured temperature maxima and 

initial temperature rate as a function of hardness (inverse 

drilling rate) for variety of media. 

Other tests using an optical fiber that was 

approximately 160 m in diameter was imbedded 

into 10-mm diameter coring bit with a 1-mm wall 

thickness.  Reflection data in the wavelength range 

of 400-1200 nm were recorded.  The results of this 

study will be reported. 

4 Summary 

The USDC is being investigated for potential 

planetary applications as a Lab-on-a-drill.  The 

capability to use it with integrated sensors was 

investigated and two type of sensors were examined 

including thermocouple and fiberoptics.  The 

thermocouple was shown to assess the hardness of 

the drilled medium using the rate and maximum 

rise of the temperature.  Further, reflection spectral 

data was examined using a imbedded optical fiber 

in a coring bit-.  Other fibers using low wavelength 

UV excitation are being considered for detection of 

biological markers using biofluorescence. 
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Ignition and Combustion Investigation On Pyrotechnical Solid
Microthruster
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Summary: Within an European project 1, LAAS and its partners develop energetic microscale devices
using energetic material with a Microsystem. Addressed applications for these kind of power MEMS are
the micropropulsion for space (microthruster), military application (microrocket), smart gas generator or
the electrical generation. The micropropulsion application has been chosen to demonstrate the capabilities
of this pyrotechnical microsystem. The microthruster structure is composed of 4 parts: a silicon nozzle, a
silicon igniter containing specific propellant mixture optimized for ignition, a chamber part containing a
classic propellant and a back-side seal. The ignition process is a key point of this technology and needs a
particular effort to provide the lowest energy to the propellant and constitutes a key for the miniaturization
of this new kind of power MEMS in space applications.

Keywords: Power MEMS, microthruster, microrocket, micro ignition, microthrust
Category: 10 (Applications); 2 (Materials and Technology)

Abstract

Whatever the application, miniaturisation systems is a
permanent effort to save mass, cost and energy.
Following this perspective several research groups[1-3]

in space technology design and develop new small
spacecraft and missions concepts. In this context there
is a real need in developing low cost, reliable
microthruster. LAAS has chosen the solid propellant
based thruster. Their high reliability, simplicity and
long-term storability, make solid propellant thrusters
an attractive solution for low ∆V micropropulsion
module.
The principle of operation is very simple : a low
electrical power feeds a thin film resistor producing
the ignition of a GAP based propellant mixture
contained in the millimetre scale igniters. Afterwards,
the propellant stored in the micro machined chamber
is ignited. The sustained combustion of this propellant
produces energetic gas that are accelerated through
the nozzle (see fig. 3) to generate a force. Technology
of fabrication has already been published several
time[4-5] . In this paper, we present the experimental
results obtained for the validation of ignition energy
and thrust characteristics. Both parameters seem
important because that constitutes a valuable asset of
this technology and system.

Ignition characterization

Different dimensions of resistors and different sizes of
igniter have been investigated to find the dimensional
ignition limits and to determine the optimal ignition
energy and delay for each set of dimensions. Only one
type of propellant will be considered.

To investigate ignition, a large number of tests
samples (see Fig. 2) have been fabricated and tested.
They are composed of 16 non-addressed polysilicon
heaters with a resistance value of about 500 Ω. The
serpentin shape of resistances is realized by Reactive
Ion Etching of doped LPCVD polysilicon (see Fig. 1)
placed at the center of a silicon nitride and thermal
oxide membrane.

Fig.1. 3D view of a polysilicon resistance on a
SiNx/SiO2 membrane

450µm x 450µm

630µm x 630µm

720µm x 720µm

540µm x 540µm

1500µm

1500µm

14,65mm

14,65m
m

Fig.2. Sixteen non-addressed polysilicon heaters. An
array of four size resistors: 450µm x 450µm, 540µm x
540µm, 630µm x 630µm and 720µm x 720µm.
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A Deep Reactive Ion Etching of the bulk silicon is
used to liberate the membrane. The cavity thus
fabricated is filled with the propellant.

Fig.3. 3D view of the micropyrosystem

A programmable power supply delivers an electrical
current to the polysilicon filament. The input current
(I) and voltage (V) are monitored and saved via a PC
in order to get the real ignition curves for each tests :
I(t), V(t), I.V(t). Fig. 4 gives an example of igniters
response. The propellant is ignited when the
membrane breaks and the current becomes null.
The ignition time depends on the resistor and
membrane sizes. For igniters with membrane of
2.25mm² , ignition power is of 150mW and time
ranges from 250ms to 470ms.

Fig.4. Example of ignition curve

Ignition investigations show that when the dimensions
are reduced under the millimetre scale, the ratio
between the chemical heat and the heat losses become
unfavourable to the ignition and combustion. Several
parameters can be optimised during the ignition
phase, the most important are: the ignition source, the
propellant composition, the surface of ignition point
and the propellant surrounding material.

Combustion process and thrust generation

In the area of instrumentation, a thrust balance has
been set up. Particular attention has been paid on the

thrust balance calibration procedure to ensure that
reliable measurements can be obtained.

Fig.5.Photo of a thruster with a nozzle during the
combustion

Fig. 5 represents a combustion for the millimetre scale
device with a nozzle. This thruster has been tested
with the thrust balance and thrust curve results are
compared with modelling results.
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Development of a miniature optical tri-axial force sensor
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Summary: This paper presents the design of an optical tri-axial force sensor that measures the forces on
the pen tip of a computer pen during writing. The sensor consists of a mechanical structure, which
converts the force into a linear displacement. This displacement is optically measured with three LED-
photodiode pairs. To protect the sensor, an overload protection is provided. The design results in a
sensor with the size of 8.4mm x 8.4mm x 45.6mm. The sensor has a range of ±2N, resolution of 0.5%, a
sensitivity of 94.12mV/N, a relative accuracy of 1%, and a resonance frequency of 360Hz.

Keywords: miniature force sensor, optical
Category: 4 (Non-magnetic physical devices)

1 Introduction

This paper discusses the design of a cheap and
mass-producible miniature force sensor for
application in an advanced computer pen [1]. This
computer pen behaves like a normal pen, but the
written text will not only appear on the paper but
also on a computer screen. Its working is based on
the measurement of the pen tip forces during
writing. The miniature optical tri-axial force sensor
is designed to measure these pen tip forces. Its
specifications are summarised in table 1. Although
originally developed for a computer pen, the force
sensor can also be used in robot surgery [2] and
micro-assembly [3].

Table 1. The specifications of the force sensor.

Range ± 2N

Accuracy 0.5% or 0.01N

Frequency range 0…20Hz

Outside diameter 12mm

Inside diameter > 4mm

Robustness Overload protection

Temperature variations 20°±20°C

2. Principle in one dimension

The basic principle of the optical force sensor in
one dimension is shown in figure 1. The force is
applied onto a deformable structure. The resulting
deformation is optically measured with an IR-LED
and a photodiode. A plate, positioned between the
IR-LED and the photodiode, moves together with
the deformed structure. Its movement changes the
amount of incoming light on the photodiode and,

therefore, the electrical current signal of the
photodiode.

Fig. 1. The basic principle of the force sensor in one
dimension.

3. Design of the force sensor

The basic principle in one dimension is
extrapolated to the mechanical structure, shown in
figure 2. To uncouple the forces, the structure
consists of a four parallel bar mechanism for the x-
and y-forces (figure 2a) in cascade with a two
parallel leaf spring mechanism for the z-force
(figure 2b). By gluing stiffening plates to the
structure (figure 2c), the flexibility of the other
parts of the sensor is negligible compared with the
four bars and the two leaf springs. Consequently,
the structure converts the pen tip forces into a pure
three-dimensional translation of the cartridge
holder.

The translation is measured with the optical
displacement sensor, located at the back of the
cartridge holder. A square beam, which is attached
to the end of the cartridge holder, interrupts three
light beams, as shown in figure 3. Besides these
three light beams, an extra dummy light beam,
which is not interrupted by the square beam, is
provided to compensate for temperature effects.
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Fig. 2. The mechanical structure.

Fig. 3. The optical displacement sensor.

The sensor design has some characteristic features:
an equal stiffness in all directions, an integrated
overload protection, and integrated diaphragms to
narrow the light beams.

Figure 4 shows the final sensor. Its size,
without the cartridge holder, is 8.4mm x 8.4mm x
45.6mm.

Fig. 4. The miniature optical tri-axial force sensor.

4. Test results

The sensor was extensively tested. The results for
the x-axis are shown in table 2. Taking the cross-
sensitivity into account, by using a 3x3 matrix
relation between the sensor-signals and the forces, a
relative accuracy of 1% was reached.

Table 2. The calibration results of the sensor (x-axis).

Resolution 0.5%
Repeatability 1%
Sensitivity 94.12mV/N
Cross sensitivity y-axis 3.73mV/N
Cross sensitivity z-axis 1.39mV/N
Relative accuracy 1%
Resonance frequency 360Hz
Temperature dependency 0.8mV/°C

Two methods to compensate the temperature
dependency have been tested. The first method,
based on a dummy photo-LED pair, does not give
acceptable results. The reason for this is that the
dummy pair does only detect changes in the optical
components. A movement of the square beam,
caused by the thermal deformation of the
mechanical structure, is not detected. The second
method, based on the direct measurement of the
temperature, does not suffer from this problem. A
linear thermal expansion model is then stabilising
the sensor-signals.

5. Conclusion

The miniature optical tri-axial force sensor is
designed to measure the contact forces on a pen tip
during writing. The sensor is based on a flexible
structure, which converts the force into a linear
displacement. This displacement is measured with
a simple optical principle: the light of the LED is
partially blocked by a moving beam. The final
design has a range of 2N, resolution of 0.5%, a
sensitivity of -94.12mV/N, an accuracy of 1% and a
resonance frequency of 360Hz
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Digital Processing Technique Applied to a New Ultrasound System for 

Measuring Position and Orientation of Laparoscopic Surgery Tools 
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Summary: A new ultrasound wireless positioning system is developed that gives the surgeon the exact 

location and orientation of the instruments in the patient. The measuring system employ ultrasound markers 
placed on the instruments, outside of the human body. Knowing the dimensions of the usually rigid instruments 

it is possible to calculate their position and orientation inside the patient from the markers’ positions. Using 

the cross-correlation method we obtained a resolution of 0.7 mm in determining the marker positions.
To eliminate wiring to the tools a wireless radio wave (RF) system was used to trigger the ultrasound sensors. 

Keywords: ultrasound system, 3D-detection, cross-correlation
Category: 10 (Applications)

1. Approach 

In minimal invasive surgery usually an endoscope is 
used to show the surgeon what is happening inside the 
human body. However, this view is very limited and 
gives no information of instrument positions outside 
the camera view. 
We focused our efforts on the methods used for 
ultrasonic detection of position. The most widely used 
one is based on a pulse time-of-flight (TOF) 
estimation. In our set-up two pairs of ultrasound 
markers (transmitters) placed on each instrument are 
used to measure 3D position and orientation of the 
instrument [1]. The detection of the marker positions 
is realized by an array of ultrasound receivers.  
The ultrasound transmitters are triggered by radio 
wave signals. For this purpose the marker modules 
include RF receivers that react on the correct 
identification code only. These RF trigger codes are 
sent by a central RF transceiver and are provided by a 
DSP unit, which controls the whole process and 
derives position information from the ultrasound 
signals. The schematic of the whole system is 
described in Fig .1 
With preliminary TOF measurements we estimated 
the influence of temperature, humidity and air 
pressure on the velocity of sound, which is linearly 
correlated to the distance. While humidity and air 
pressure have only very little influence on the 
distance measurement, the temperature has a 
dominant effect. The temperature effect can be 
compensated with a simple equation that correlates 
variations in temperature in a surgical room with 
variations in sound velocity. [2] 
Various methods have been developed to improve the 
TOF measurement accuracy. The simplest and most 
economical of them offer a poor resolution [3]. 
The goal is to investigate the possibility to improve 
our TOF acoustic measurements in a medical 
environment, using digital techniques. One of most 

used techniques for TOF detection is the cross-
correlation method. [3] 
Usually as known from literature the transmitted and 
the received ultrasonic signal are digitized and the 
maximum of the cross-correlation function between 
these two sequences yields the TOF.  
The novelty of our approach is to replace the model 
for the transmitted signal with the last received 
digitized sequence memorized by the DSP. Since the 
time slot between two consecutive ultrasonic signals 
from the same marker is less than 100 ms, the signal 
envelopes will show only minor differences. This 
allows a more accurate correlation.  

2. Results 

The first measurements for the received ultrasonic 
signals were made for a distance marker-receiver of 
1.69 m. 
Two ultrasound transmitters react to two (different)
RF trigger codes generated by the DSP.

DSP

Transmitter
RF

RFRF
Receiver Receiver

40KHz

40KHz

AGC

AGC

A

A

A/D in

trigger

trigger

Oscillator

Oscillator

sens 1 sens 2

sens 3 sens 4

computer

ultrasonic

1-16

1-20

Address 1-20

transmitting address + trigger signal

1 20

1-20

Fig 1. The schematic view of the localizing system 
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Fig.2 The ultrasound bursts received from different 
transmitters, triggered with different RF codes 

Figure 2 shows the ultrasound signals acquired from 
the two different ultrasound transmitters. The 
ultrasound transmitters are reacting exactly to their 
specific code. 
The distance transmitter–receiver for one transmitter 
was changed 5 times with 5mm steps and the received 
signals were acquired and sampled with a 500 kHz 
sample rate. Figure 3 is representing the two bursts 
for two consecutive sensor positions and the cross-
correlation function between them. The cross 
correlation function is obtained using a DSP unit. The 
last graph from Fig. 3 shows the cross-correlation 
function for these two received signals. The 
maximum value of the function is correlated with 5 
mm deviation of the transmitter position. Analyzing a 
set of consecutive cross-correlation sequences related 
to a set of 5mm standard deviations of the transmitter 
position we obtained a resolution of 0.7 mm with a 
sampling rate of 500 kHz of determining the 
transmitter position. Increasing the sampling 
frequency will increase the resolution. The maximum 
absolute error of measurements was about 2.8 mm for 
a distance of 1.69 m. The maximum of cross 
correlation function does not change the position for a 
relative rotation of transmitter and receiver of ± 15o.
This shows that the distance between transmitter and 
receiver is accurately measured even for a large 
change of orientation. 
In this setup the time slot between two measurements 
was 1-2 minutes, because displacements were made 
manually. In the final system the time slot will be 100 
ms or less. This will decrease the relative error.  

Fig 3.The cross-correlation function of two signals received 
after a change of 5 mm in transmitter position

Furthermore advanced DSP filter algorithms could 
reduce the influence of noise and could increase the 
accuracy. E.g. replacing the noisy digitized samples 
situated before and after the ultrasound bursts with a 
constant value, we obtained more accurate results 

3. Conclusions 

The principle of a wireless ultrasound system for 
measuring the 3D position of laparoscopic 
instruments was discussed. By triggering the 
ultrasound transmission with an RF signal and cross 
correlating two consecutive bursts, the relative 
ultrasound transmitter position could be determined 
with a resolution of 0.7 mm.  The maximum absolute 
error of measurements was about 2.8 mm for a 
distance of 1.69 m.  
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POROUS a-Si:H FILMS PRODUCED BY HW-CVD AS 

ETHANOL VAPOUR DETECTOR AND PRIMARY FUEL CELL 
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Abstract

In this work we show by the first time the possibility to use undoped porous silicon thin films

produced by hot wire chemical vapour deposition (HW-CVD) as ethanol detector above 50ppm

and as a primary fuel cell. Silicon thins films produced by HW-CVD technique, under certain 

deposition conditions, have a porous structure [1]. Therefore, in the presence of an alcohol, the 

OH group is adsorbed by the uncompensated bonds behaving as donor-like carriers leading to an 

increase in the current flowing through the material. This current enhancement is bias dependent 

in glass/ITO/i-a-Si:H/Al sensor and increases as the ethanol vapour pressure increases, from 10-1

mbar to atmospheric pressure. The response time of the current of the sensor and its recovery 

time are in the range of 10-50 seconds at room temperature. Apart from that, we also notice that 

this type of structure also behave as a primary fuel cell where a power of about 4 W/cm2 is by 

the first time report. 

Keywords: HW-CVD technique, porous silicon, ethanol detector.
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Abstract:

Bio MEMS technology can be used in any chemical and biomedical application where 
analysis is performed on a sample of a living organism. This is likely to have a major impact 
on the medical world to detect human or animal diseases, but could also enable new products 
for checking food safety, detecting bacteria, toxins or allergens before food is prepared or 
consumed. 

1 DNA Extraction 

The genetic material (DNA) can be extracted from a sample of any living organism -- plant, 
animal, human, bacterium or virus. The template DNA to be amplified is extracted from 
chromosomes of the original cell. The DNA extraction technique include centrifugation, 
filtration, measuring, mixing and dispensing. By integrating all these complex steps, costs of 
the sample preparation would be drastically reduced and quality significantly improved. 

2 DNA Amplification (PCR Method) 

Concentration levels of DNA samples are often too low for direct analysis. Therefore the 
chemical amplification of the sample is necessary to increase the concentration.The 
Polymerase Chain Reaction method is one of the simplest techniques to amplify the number 
of copies of a specific region of DNA. Heating the sample, the DNA denatures and separates 
in two segments of single-stranded DNA. Building blocks called nucleotides bind to their 
complementary base on the DNA denatured. 
Then the presence of an enzyme called Taq polymerase synthezises two new strands of DNA 
so to obtain two double-stranded DNA pieces. The original DNA is duplicated. Applying 
several times the particular cycle of temperature allowing denaturation and duplication 
processes, we get analizable quantities of DNA. 
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3 DNA Hybridization 

The DNA obtained by amplification is denatured in single-stranded DNA and is mixed with a 
synthetic sequence of building blocks called probes. DNA probes complementary to genes of 
interest (target) are generated in the laboratory and deposited, or synthesized in-situ in 
microscopic quantities on the silicon (identification area). The DNA and the probe inserted 
bind together if the DNA contains the complementary base of the probe – this is the DNA 
hybridization.

4 Detection 

One of the most common detection method is the Laser Induce Fluorescence (LIF) method 
where the presence of bound DNA is detected by fluorescence following laser excitation 
through a scanning microscope. 
Thanks to the large quantity of DNA obtained the fluid becomes easily visible 
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Summary: On-chip detection of the hybridisation of cystic fibrosis related probe and target DNA 

sequences was demonstrated via the use of biotinylated target DNA and a post-hybridisation detection 

strategy using on-chip spin valve sensors and  magnetically labeled streptavidin. A 50mer oligonucleotide 

probe corresponding to the anti-sense strand of the CFTR gene, exon 10, was immobilised over on-chip 
sensors and hybridisation was attempted using either a complementary (exon 10 target) or non-

complementary (Rac1) DNA sequence. The detection of hybridised (biotinylated) DNA was shown using 

single 2x6um2 spin valve sensors and two types of magnetically labeled streptavidin (2um microspheres 

and 250nm particles). In the case of the complementary target, visual verification of label binding across 

the chip surface and spin valve binding signals for both types of label were obtained  The chips treated with 
the non-complementary target DNA  showed no label binding and no binding signals were recorded.  

Keywords: DNA chips, biochip, spin valve sensors, cystic fibrosis, superparamagnetic labels. 

Category: 6 (Biosensors) 3 (Magnetic physical devices)

1 Introduction 

The genomics research community has embraced 
the DNA-chip/microarray business to such an 
extent that the projected biochip market value for 
2004 is $2.6 billion (US), with an associated 
revenue for related equipment, such as arrayers and 
scanners, set to top $2 billion by 2008.1However, 
fluorescence-based microarray systems for genetic 
diagnosis still face technical challenges, namely the 
lack of quantitative analysis, the difficulty 
encountered in comparing data collected from 
different microarray platforms and the often 
prohibitively high cost of equipment. Here we 
present a biochip technology based the use of 
magnetically labeled biomolecules and spin-valve 
sensors, primarily used in the read heads of hard 
disc drives. Although still in its infancy, this 
technology has already shown promise as a cheaper 
and possibly more quantitative means of diagnosis 
for genetic diseases. This example is taken from our 
work on the development of  spin valve array chips 
for the diagnostic detection of cystic fibrosis. 

2 Experimental methods 

The spin valve metallic multi-layer was fabricated 
by an ion beam deposition system on a 3 in. Si 
wafer and have the structure Ta 20 Å/ NiFe 30 Å/ 
CoFe 25 Å/ Cu 26 Å/ CoFe 25 Å/ MnIr 60 Å/ Ta 30 
Å/TiW(N) 150 Å.  As deposited the spin valve 
coupon sample has a magnetoresistance ratio (MR) 
of ~7.5 %. The sensors were defined by standard 
photolithographic techniques and by ion milling. 

The spin valve sensors have dimensions of 2 µm ×
6 µm (the spin valve stripe is 2 µm × 14 µm and the 
distance between the leads is 6 µm). Aluminum 
leads, 1µm thick, were used leading to wire-bond 
pads. After processing, the average MR of the 
sensor element is (5.5±0.5 %) due to contact and 
lead resistance. The average sensor sensitivity was 
found to be ~0.06%/Oe (~0.4 mV/Oe). Both 
sensors and leads were passivated with a 2000 Å 
thick sputtered SiO2 layer for protection against 
fluid corrosion during experimentation.  
The superparamagnetic labels used were 2um 
micro-coned, iron oxide filled, polyencapsulated 
microspheres (Micromer®-M,Micromod) and 250 
nm particles of iron oxide bound in a dextran 
matrix (Nanomag®-D, Micromod). The moment 
per label was found to be  ~2×10-12 and ~2x10-13

emu respectively for a 15 Oe magnetizing field. 
The silicon wafer was cut into the individual 
8x8mm2 chips using a dicing saw. Unmounted 
chips were used to test oligonucleotide probe 
immobilisation using 50ul droplets of fluid applied 
to the passivated chip surface. Detection 
experiments were performed on chips mounted in 
40-pin chip carriers. The contacts were made by 
wire bonding protected with a silicon gel (Elastosil 
E41), which also created an on-chip well in which 
to perform all of the fluidic steps of the experiment.
The chip surface was functionalized with amino 
groups using a 15% aq. solution of APTS, followed 
by cross-linking with a heterobifunctional spacer, 
sulfo-EMCS. The 50mer probe was then 
immobilised via a 3’ thiol group. Verification of 
probe immobilisation was made using the same 
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probe with a 5’-fluorescein label, which could be 
observed by fluorescence microscopy.
The immobilised probe DNA was prehybridised in 
a 2.5% BSA solution for 2 hrs followed by 
hybridisation with the target DNA for 12 hrs at 
37ºC. Evaporation of the fluid during hybridisation 
was prevented by reversibly fixing a glass coverslip 
to the chip carrier surface to create a low volume 
chamber. After hybridisation, the unbound DNA 
was washed away using 1xSSC containing 0.1% 
SDS and 1x SSC. 
The chip carriers were then mounted in a small 
breadboard housed within an aluminum noise 
reduction box and co-axial cables were used to 
make the electrical connections to power sources 
and general-purpose interface bus (GPIB) 
controlled multimeters. A small (5 cm diameter) 
planar electromagnet with a Ni80Fe20 circular core 
was positioned over the chip carrier, in order to 
apply an in-plane magnetic field (-15 Oe) to induce 
a moment within the superparamagnetic particles. 
The experiments were performed by measuring the 
voltage drop across single sensors at 8mA sense 
currents with an 15Oe in plane applied field. All of 
the streptavidin binding experiments were made in 
20ul volumes of 100mM phosphate buffer, pH 7.5 

3 Results and Discussion  

Fig.1. Spin-valve detection charts for 2um magnetic 
labels functionalised with streptavidin applied to 
chips hybridised with non-complemetary (top) and 
complementary (bottom) target DNA. The first 
signal peak represents the saturation of the sensor.

The residual signal after the washing away of 
unbound magnetic labels corresponds to the binding 
signal, equivalent to 2-3 bound 2um labels2.

Fig.2. Spin valve detection charts for 250nm 
magnetic labels functionalised with streptavidin 
applied to chips hybridised with non-complemetary 
(top) and complementary (bottom) target DNA. The 
binding signal of ~1mV corresponds to ~100 labels 
bound to the sensor surface.

Conclusions

We have shown that a specific DNA probe can be 
hybridised on-chip and conveniently detected using 
a post-hybridisation detection method based on the 
binding of magnetically labeled streptavidin3 to 
biotinylated hybridised DNA bound over a spin-
valve sensor. Our present goal now lies with the 
successful integration of spin valve arrays on-chip 
to simultaneously detect hybridisation of target 
DNA at multiple different DNA probe sites. 
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A NEW COMPOSITE REDOX POLYMER-CLAY HOST MATRIX FOR 

THE IMMOBILIZATION AND ELECTRICAL WIRING OF NITRATE 
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Summary: We describe herein a new bioelectrode design for the immobilization and electrical wiring of Nitrate 
Reductase (NR) in laponite clay combined with poly(pyrrole-viologen) films. The resulting biosensor 
performance for nitrate determination was investigated by cyclic voltammetry. The biosensor sensibility and its 
detection limit are 94.7 mA M-1 cm-2 and 0.5 M respectively. The apparent Michaelis-Menten constant of the 
bioelectrode is 0.21 mM. 
Keywords: Biosensor, polypyrrole, nitrate reductase, viologen

Category: 6 (Biosensors) 

1 Introduction 
Nitrate is a well-known environmental contaminant 
largely encountered in ground, stream water and agro-
alimentary. Besides conventional methods such as 
spectrophotometry, ionic chromatography, polarogra-
phy, potentiometry, voltametry [1], some bioassays 
based on nitrate reductase have been developed. 
Nitrate Reductases (NR) are multiredox center 
enzymes responsible to the biological conversion of 
nitrate to nitrite. Since NR can use reduced methyl 
viologen as an artificial substitute for feredoxin and, 
these enzymes have been involved in the nitrate 
determination by electrochemical biosensors [2]. 
Nowadays the stable immobilization of 
macromolecular biomolecules on conductive 
materials with complete retention of their biological 
recognition properties still remains a crucial problem 
for the development of biosensors [3]. This paper 
presents here a new concept of enzyme 
immobilization that combines biocompatibility and 
electrical connection. This two-step procedure 
consists first in the physical entrapment of NR in 
highly hydrophilic inorganic clay. The latter was used 
as a template for the subsequent 
electropolymerization of a new water soluble pyrrole-
viologen derivative assuring the electrical wiring of 
immobilized NR.

2 Electrode design 
Glassy carbon electrodes were modified by 
electropolymerization of a hydrophobic pyrrole-
viologen (1), N-methyl-N’-(12-pyrrol-1-yldodecyl)- 
4,4’- bipyridinium ditetrafluoroborate. Then an 
aqueous mixture of enzyme and laponite particles was 
spread on the underlying poly(pyrrole-viologen) film. 
Water was removed under vacuum, leading to the 
formation of an adherent NR/laponite film in which 

NR was entrapped. No cross-linking agent like 
glutaraldehyde was used. Finally, a new hydrophilic 
viologen, the N-methyl-N'-[N(13 pyrrol-1-yl-4',7',10' 
tri-oxatridecanyl)-propionamido)]-4,4' bi-pyridinium 
ditetrafluoroborate (2), was electrochemically 
polymerized on the resulting modified electrode. 

         Scheme 1: The new NR modified electrode 

3 Results 
Thanks to the cation exchange properties of laponite, 
the dicationic viologen (2) was incorporated within 
the holes and microchannels of the bio-inorganic 
coating. The monomers were then polymerized 
around the immobilization NR in the interlamellas 
space of the clay that plays the role of a "template" for 
the electrogenerated redox polymer. The resulting 
electrode was studied by cyclic voltammetry in a 10 
ml of 0.1 M Tris solution pH 7.5 (Figure 1). In the 
absence of nitrates, a stable quasi-reversible peak 
system appeared relative to the one-electron reduction 
of the polymerized viologen groups. In contrast, the 
presence of nitrates (5 mM) induces a marked 
increase in cathodic current associated with a decrease 
in anodic current of the dication / radical cation 
system of the polymerized viologen (V2+/.+). Such 
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phenomenon unambiguously indicates an 
electrocatalylic reduction of nitrate by the laponite-
NR-poly (2)/poly (1) electrode. Taking the increase in 
cathodic current ( Ipeak) as an amperometric signal of 
the rate of the enzymatic reaction, figure 2 presents a 
calibration curve of Ipeak versus concentration of 
nitrates in the analyte solution. The cathodic Ipeak of 
the biosensor was linear with nitrate concentration 
from 5 to 163 µM, while a pseudo-plateau was 
reached for higher concentrations (above 2.5 mM). 
The detection limit of the bioelectrode is 0.5 µM and 
the sensitivity, calculated from the linear portion, is 
94.7 mA M-1 cm-2. KM

app value, determined from the 
Lineweaver-Buck plot (1/ Ipeak vs 1/C), is 0.21 mM.

Figure 1: Cylic voltammetry of a new NR modified 
electrode in de-oxygenated 0.1 M of Tris solution (pH 7.5) 
in the absence (A) and presence (B) of 5 mM KNO3; scan 
rate 5 mV.s-1.

Figure 2: Cathodic Ipeak versus NO3
- concentration 

resulting from cylic voltammetry performed in a de-
oxygenated solution of 0.1 M of Tris solution pH 7.5 at a 
scan rate of 5 mV.s-1.

4 Discussion 
The observed catalytic behavior of the enzyme 
electrode in the presence of nitrate as well as the 
Michaelis-Menten shape of the related calibration 
curve demonstrate an electrical wiring of the 
immobilized enzymes. This indicates that the 
efficiency of the electrical communication between 
the underlying polymerized vilogens, poly (1) film 
and the viologens subsequently polymerized in the 
clay template, poly (2) film. These phenomena also 
illustrate the electron shuttle between the electrode 
surface and the NR molecules by electron happening 
between the polymerized viologen groups. Viologen 
dications are reduced into viologen radical cations at 

the electrode surface and re-oxidized by NR that 
catalyzes the reduction of  nitrates (See reactions). 
The smaller Km

app value than those encountered for 
similar biosensors means that the immobilized NR 
processes higher enzymatic activity and the present 
electrode exhibits higher affinity to nitrates. [4]. Then 
the clay template provides a biocompatible 
microenvironment around the enzyme molecules. 
Thanks to the hydrophilic character of the laponite 
particles and the absence of chemical reaction for the 
enzyme retention, no NR denaturation was thus 
observed. In comparison with other NR biosensors, 
this also reveals the absence of steric constants for the 
diffusion of nitrates and nitrites. The large 
permeability of the inorganic coating was not 
therefore decreased by the subsequent 
electrogeneration of the wiring polymer, poly (2). A 
preliminary study of the biosensor stability showed 
that it keeps 100% of its efficiency during 48 hours. 
Next, the loss of viologen signal and the enzyme 
denaturation decrease the efficiency to 68 % after 72 
hours and 80.2 after 96 hours. 

2  V2   2 e- Electrode
2 V

2 V   NO3
-  H2O

NR
2  V2   NO2

-  2 OH-

5 Conclusion 
A new bioelectrode design providing the successful 
immobilization and electrical connection of NR was 
described. This biosensor fabrication was based on 
the "in situ" electrogeneration of a wiring redox 
polymer within an inorganic template allowing the 
soft enzyme immobilization. The final device 
represents in terms of biocompatibility and enzyme 
activity, a considerable advance over the previous 
designs of NR biosensors based on hydrophobic 
polymers. 
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Detection of proteins using a piezoelectric/biosensitive film
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Summary: Most piezoelectric biosensors use thin piezoelectric crystals, either as longitudinal acoustic
waves devices (e.g. quartz crystal microbalances, QCM), or as bulk/surface acoustic waves (SAW) devices. A

system is described in which acoustic waves are launched in very thin (25 microns) polymer films to produce

a transversal acoustic waves device. A film system, made of PVDF and a porous membrane, to be used in

protein detection has been tested. Current work with this system is presented.

Keywords: Biosensor, Piezoelectricity, PVDF.
Category: Biosensors

1 Introduction

Thin quartz crystals for the detection of small
additions of bound mass to its surface have been used
over a period of more than 40 years. This paper
illustrates a related technique where a film system
made of a piezoelectric polymer (PVDF Solef, from
Solvay) and a porous membrane (Immobilon-P, from
Millipore Co.), with a high protein binding capacity,
are used to produce an oscillatory resonant device.
The Immobilon-P membrane is a special type of
porous PVDF.

2 Operating principle

Fig.1 shows a schematic of a generic piezoelectric
film clamped between two pairs of electrodes: one set
of electrodes acts as the transmitter and the other as
the receiver. The central part (without electrodes) of
this film will act as the biosensitive area. When a
voltage signal is applied to the transmitter an acoustic
wave is launched across the film, due to the
piezoelectric effect, whose velocity is given by
v=(ρsE

11)
-1/2 [1], where sE

11 is the elastic compliance
and ρ is the density of the film (for PVDF:
sE

11=2,7x10-10 m2/N and ρ=1,8 g/cm3 ). If  L  is the
length of the film between the clamping electrodes,
the resonance frequency of the film is given by:

fo=(1/2L) (ρsE
11)

-1/2 (1)

The deposition of a small mass in the surface of the
film has the effect of changing the film density. It can
be shown [2] that there will be a change in the
resonance frequency given by:

∆f/f=-(1/2)∆m/m (2)

Where ∆f is the change in the original frequency f

produced by an addition of a mass ∆m to the surface
of the film with a surface mass of m. By connecting

this set-up to an appropriated electronic circuit, an
oscillatory resonant device is obtained.

Fig. 1. A piezoelectric film  clamped
 between two pairs of electrodes.

3 Polymer film system

Fig.2 shows a schematic of the film system used in
our device. In the central part of a PVDF Solef strip
(typical dimensions 7 cm x 1 cm x 25 µm) the
aluminium electrodes are etched off. After cutting, a
piece of Immobillon (length 5-20 mm) is thermally
‘glued’ in this central part by applying a very small
pressure at a temperature of about 170 C. In the end,

Fig.2. PVDF/Immobilon/PVDF film system.

film systems of PVDF/Immobilon/PVDF are obtained
(typical dimensions are 7 cm x 1 cm). The areas of the
aluminium electrodes that will be in contact with the
solution are protected with a thin plastic layer. The
Immobilon acts as the biosensitive area and the
piezoelectric PVDF in the extremities is responsible
for the film oscillation. Fig. 3 shows a schematic of
the film container and oscillating circuit used with
these films.

4 Oscillating circuit

A block diagram of the oscillator electronics is
shown in Fig. 3. The charge produced in the receiver
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goes to a charge amplifier where it is converted to a
voltage and fed to a phase shifter. The phase shifter
ensures that the signal being applied to the transmitter
is at the correct phase so as to reinforce the acoustic
wave travelling back and forth in the film. With the
correct phase and sufficient gain in the feedback loop
self-sustained oscillation in the film is achieved. The
output from the circuit is its frequency of oscillation.

Fig. 3. Oscillator schematic of the

PVDF/Immobilon/PVDF system.

5 Experimental

The response of the device illustrated in fig. 3 was
tested with the protein bovine serum albumin (BSA).
Fig. 4 shows typical results for the oscillation
frequency of the device over time. The film starts
oscillating in air. After stabilization of the oscillation
frequency, the Immobilon-P (in the central part of the
film) is wetted with methanol (to become hydrophilic,
so it can adsorb proteins). As expected [2], a sudden
drop in the oscillation frequency is observed. After 2
minutes the film is totally immersed in phosphate
buffered solution (PBS) and again there is a small
drop in the oscillation frequency. After frequency
stabilization, a certain volume of a BSA solution of
known concentration is added to the container.
Immediately a rise in the oscillation frequency is
observed (the inserted graphic in fig. 4 shows this
more clearly). The absorption/adsorption of protein in
the films was verified with a protein staining protocol.
Several experiments of this type were made, where
the BSA concentration was varied. Fig. 5 shows
results obtained is these experiments, where it can be
seen that this device has a frequency response related
to the BSA concentration.

Fig. 4. Typical results for the oscillation frequency

over time in the experiments with BSA solutions. The

inserted graphic shows an ampliation of the frequency

scale.
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6 Current work

Currently, work to ensure the reproducibility of
results is being done by establishing well defined and
precise measurement protocols.  Also, the device is
being tested with other types of proteins, like
antibodies and antigens, in order to establish
calibration curves for different proteins. After this
step, work in the detection of antibody/antigen
binding will be undertaken.

As it can be seen in the graphic of fig. 4, the device
reacts to BSA with an increase in the oscillation
frequency. However, as predicted by Sauerbrey
equation (eq. 2) a decrease should be observed. But
this equation can be applied if there is only adsorption
of mass over the surface of the film. In our films there
is not only adsorption of mass in the surface of the
film, but also absorption of mass in the bulk of the
film. Thus, a more complicated situation results, and
other factors like the elastic properties of the film
must be evaluated. Work in the development of a
theoretical model that accounts for this behaviour
needs to be done in the future. Towards this goal,
electromechanical characterization of these films is
currently being done.

7 Conclusion

We showed that the proposed device has a
frequency response related to the BSA protein
concentration. Therefore, this system can be suitable
for protein detection (such as antibodies and
antigens). After conclusion of current work we expect
to be in a position that allows us to design and build a
comercial prototype.
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Summary:  Inductive-based devices integrated with standard CMOS Si technology for high sensitivity bio-

sensing applications have been designed and fabricated. Sensing principle is related to the changes of the coil

inductance determined by the presence of a certain density of magnetic particles (MP’s) in the device. These

particles act as markers of the bio-molecule to be detected. The experimental data show that it is possible to

detect less than 3 particles by 100x100 µm
2

active sensor surface, which is compatible with high sensitivity

bio-sensing detection. The introduction of a ferromagnetic layer in the device design leads to an important

increase in the sensitivity of the device.

Keywords: biosensor, magnetic particles

Category: 6

1 Introduction

The changes of the magnetic inductance determined
by the presence of different densities of Magnetic
Particles (MP’s) in the active area of an integrated
device can be used as source for sensor signal. This
opens an interesting option for the detection of
biomolecules. For it, both, MP’s and the sensor
surface, have to be functionalised with specific
antibodies, and the MP’s have to be fixed onto the
surface by the formation of antibody-analite-
antibody sandwich complexes [1]. In comparison
with other kinds of magnetic biosensors [2], such as
magnetic resistive or AFM based sensors, the
proposed devices are characterised by their very
high simplicity, a full compatibility with standard
Si technology and materials, and a high flexibility.
In this work, inductive-based integrated sensors
fabricated using standard CMOS Si technology are
presented for the development of low cost and high
sensitivity biosensors.

2 Design and simulation

Figure 1 shows the simulation of the inductance
variation for a device with a radius R=500 µm, 50
rings and two metal levels, versus the value of
permeability µ. This simulation has been performed
by finite elements (ANSYS) with the simple model
reported in [3]. In  this model, the presence of a
certain density of MP’s is modelled assuming a
continuous layer with an effective magnetic
permeability µ . As shown in the figure, changes in
µ as small as 0.1 (in relation to µ=1) could be
detected assuming an experimental resolution for
the measurement of L of about 2 nH. This is related

to the maximum device sensitivity of  about 19 nH
per  unit change of µ, obtained at µ = 1. This
suggests a high sensitivity of the device to the
presence of a low number of MP's’, for which the
effective magnetic permeability would be close to
1.

Fig. 1. L and dL/dµ simulated versus the effective
magnetic permeability of the 1 µm thick active layer
located on the coil.

An improvement in the device sensitivity can be
obtained by the introduction of a ferromagnetic
layer.  Figure 2 shows the results of the simulation
of the devices with and without a ferromagnetic
layer (µ=1000, thickness 1µm) located at the back
surface of the devices. This implies that the coils
have to be fabricated onto a thin  SiO2 membrane.
As shown, the maximum sensitivity of the device
still occurs at µ= 1 and increases up to 40 nH per
unity change of µ.
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Fig. 2. Simulation comparison between the device
sensitivity with or without the ferromagnetic layer

3 Fabrication and characterisation of

the device

The devices have been fabricated with standard
CMOS technology, using Al metal tracks and with
the lowest separation between metal tracks
technologically available in our laboratory (Figures
3, 4 and 5). The electrical analysis of the devices
confirms the validity of the model developed for the
simulations.

Fig. 3. Photographic view of a cell with the integrated
devices

Fig. 4. Optical microscope cross-section image of the
device

Fig. 5 Interferometric microscopic image of a coil with
MPs.

The experimental data show that the biggest coils
(R=500 µm) with the highest number of turns (N =
50) are sensitive to the presence of the MP’s, being
possible to detect up to 2,5 particles by 100 x100
µm2 active surface. For this, commercially available
paramagnetic particles have been used [4].
According to the sensitivity estimation proposed by
Baselt et al [2], this would lead to a minimum
detectable concentration of the analyte as low as
5x10-16M which is much better than sophisticated
biological instrumentation. These first data
corroborate the ability of the proposed sensor
technology for very high sensitivity bio-sensing
detection. First devices have also been fabricated
onto micromachined Si membranes, for the
electrochemical deposition of a ferromagnetic film
(Fe, NiCo) at the back membrane surface. This has
also required an optimisation of the process to
minimise stress gradients in the membranes. The
first data on the enhanced sensitivity of the devices
to the presence of the MP’s will be presented and
discussed.
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Silicon Microfluidic Devices Manufactured by

Deep Reactive Ion Etching 

Andreas Menz 

Protron Mikrotechnik GmbH, Universitätsallee 5
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Phone: +49-421 / 22348-18 (-19), Fax: +49-421 / 22348-20 
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1 High Aspect Ratio Etching 

Deep Reactive Ion Etching (DRIE, Deep RIE, or ASE; patented by Robert Bosch GmbH) is a 
silicon etching process enabling the manufacturing of structures with high aspect ratios. The process 
bases on an alternating of ion etching and sidewall passivation of structures.
Protron's engineers have many years experience in development and manufacturing of MEMS with 
Deep RIE. The process is the most versatile silicon bulk micromachining process in microsystem
technologies. It allows the realization of 3-dimensional structures with a high degree of design 
freedom. Protron uses the process for the realization of devices in almost every field of MEMS 
applications, such as microfluidics, microoptics, sensors, and actuators. 

Fig.1 Comb drive manufactured with DRIE. Fig. 2 Mircofluidic titerplate manufactured
with DRIE. 
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New technology for the fabrication of a micropipette driven by ferrofluids

R. Pérez-Castillejos, J.A. Plaza, J.Esteve

Centre Nacional de Microelectrònica IMB-CNM-CSIC
Campus UAB, 08193-Bellaterra (Barcelona) SPAIN, e-mail: raquel@cnm.es

Summary:  This paper presents the fabrication  process of a new micropipette driven by ferrofluids. The

micropipette consists of a microchannel fabricated on polysilicon with a diameter of 4x1 µm.

Perpendicular micropippette apertures are achieved by Focused Ion Beam. In addition, a new method

based on controlled rupture of the microchannels due to stress concentration has been also developed,

obtaining good and reproducible results. Advantages of ferrofluids are very suitable for disposable and

easy replacement of micropipettes. First results will be presented during the conference.

Keywords: microfluidics, ferrofluids, Microsystems technology, FIB

Category: 2 (Materials and technology); 7 (Fluidic devices)

1 Introduction

During the last decade, traditional chemistry has
been shaken up by the incorporation of
microfluidics. Chemistry of the nano- and picoliter
range takes advantage of the reduction of sample
volumes and of response time, and especially the
possibility of increasing the throughput and
automation of the processes for it allows massive
parallel chemistry to be performed.

In this paper, a novel micropipette is presented
based in ferrofluidic pumping action. The pipette
consists of a channel shared by both the ferrofluid
and the reactant (fig. 1). When the volume of
ferrofluid is shifted by means of an external
magnetic field, over- and under-pressures are
generated at the nozzle of the pipette, thus, shifting
the reactant together with the ferrofluid. Under
pressures can be used to grip micrometric bodies,
e.g. cells. At the pipette end opposite to the nozzle,
a reservoir is connected to the channel in order to
allow the ferrofluid insertion. The length of the
pipette was designed to prevent the ferrofluid and
the reactant from contacting
.
2. Fabrication technology

Ferrofluids were chosen as the driving agent
because, as a magnetic material, they can be
controlled through an external magnetic field
allowing to dynamically seal the channels up to
pressures of 0.2bar, with minimum wear [1, 2]. As
liquids, ferrofluids allow hermeticity of the sealing,
independently of the channel shape and size, at
least, down to a few microns -ferrofluid flowing in
a  6µm-deep silicon cavity anodically bonded to
glass due to a NdFeB magnet below is shown in
fig.6.

The micropipettes were fabricated as described in
fig. 2. First, the body of the pipette was built by

structuring a layer of deposited PSG oxide
(~1.5µm). Second, the oxide layer was protected
with Si3N4 during the fabrication of cavities in the
backside of the wafers (TMAH). Part of the cavities
will be the ferrofluid reservoirs whereas the rest
will serve to release the pipette nozzle, leaving it
standing-alone (fig. 3). Then, the nitride was
removed and a layer of polysilicon (0.5µm) was
deposited. At this point, the body of the pipette is
completely surrounded by polysilicon.

In order to obtain a channel, the PSG oxide has to
be eliminated, leaving only the polysilicon walls.
Hence, windows in the polysilicon layer have to be
opened to allow the access to the PSG oxide layer.
Three different approaches were proposed to open
the windows: localized anisotropic wet-etching,
Focused Ion Beam (FIB) etching, or simply causing
the pipette nozzles to break at pre-determined
points. The first technique is specially indicated to
open windows at the insertion cavities for they are
intrinsically reservoirs. The second (FIB etching)
allows to etch extremely small and well-defined
windows in the pipette nozzle (fig. 5) whereas the
effectiveness of the controlled rupture technique is
demonstrated in figure 4. FEM simulation (4a) and
obtained results (4d) coincide perfectly.

3. Conclusions
A novel design of micropipette is presented, that
have neither movable parts nor electric contacts.
These two characteristics facilitate enormously the
use and fabrication of the micropipette, even
allowing to consider it disposable. The micropipette
can generate both over- and under-pressures, thus,
allowing it to operate in both dosing and gripping
functions. Detailed results of the fabrication process
and of the characterization of the multiple devices
fabricated will be presented.
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Figure 2. Fabrication flow-chart.

Figure 4. Pre-determined rupture of the nozzle: mechanical simulation (a),
mask (b), prior to the polysilicon deposition (c), and obtained rupture (d).

Figure 3. Photograph of a µpipette
nozzle 11µm-wide and 2.5µm-high
(inner diameter: 10 x 1.5µm2)

Figure 5. FIB perforation
(1x1µm2) of a PolySi nozzle.

Figure 6. FF control in a 6µm-
high cavity (NdFeB magnet).
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Novel Low Temperature SOI-Based Fabrication Process of 
HF - Microelectromechanical Resonators

J. Bartholomeyczik, P. Ruther, A. Buhmann, K. Steffen1, and O. Paul
IMTEK - Microsystem Materials Laboratory (MML), University of Freiburg

Georges-Koehler-Allee 103, D-79110 Freiburg, Germany
e-mail: bartholo@imtek.de phone: +49 761 203 7195 fax: +49 761 203 7192

1IMTEK - Process Technology

Summary: We report on the fabrication, simulation, measurement setup, and preliminary testing of micro-
electromechanical high frequency filters (HF) using a novel micromachining technology. The fabrication
process features the combination of (i) silicon-on-insulator (SOI) substrates, (ii) bulk silicon micromachin-
ing applying the ASE® process, and (iii) electroplating. Key features of the microelectromechnical filter are
200 nm wide transducer electrode gaps, a single crystal silicon (SCS) resonator structure and low tempera-
ture, CMOS compatible processing. In combination with an improved theoretical model these structures
allow for the systematic analysis of damping effects of HF resonators.

Keywords: resonator, filter, SOI, equivalent network simulation
Category: (2) Materials and technology

1 Introduction

Several approaches to fabricate microelectromechani-
cal high frequency filters have been reported in the
past. Most of the applied fabrication processes either
use thick polysilicon layers in combination with elec-
troplating [1] or SOI silicon electrode and resonator
structures [2]. While yielding excellent high-Q resona-
tors, the first approach is not post-CMOS compatible
due to high processing temperatures. The second
approach is not capable of producing high-Q resona-
tors due to the fact that the relevant transducer gaps
are limited by the available lithographic resolution and
the maximum aspect ratio of the anisotropic etch pro-
cess. Proposed concepts of post-processing gap adjust-
ment [3] require high DC operating voltages to
maintain the reduced transducer gap and so far have
only been fabricated in combination with polysilicon
structures. Thus none of these approaches is capable of
producing CMOS compatible resonators that at the
same time offer high-Q values.

2 Resonator Design

The realized microresonators feature 10 µm thick,
SCS, clamped-clamped resonating beams. The beams
are flanked by electroplated Au input and output elec-
trodes. The beam is electrostatically actuated into

mechanical resonance through the input electrode. The
change in capacitance between the beam and the out-
put electrode converts the mechanical oscillation back
into an electrical signal. A large variety of resonator
structures with designed resonance frequencies
between 480 kHz and 526 MHz have been fabricated.
To inspect the influence of different damping effects
several resonators with different beam widths have
been designed for each resonance frequency. 

3 Fabrication

Figure 2 shows a schematic representation of the rele-
vant process steps of the novel fabrication technology.
A 10 µm thick SOI layer is structured using anisotro-
pic silicon etching (ASE® process) to define beam and
anchor structures (Fig. 2(a)). Afterwards a 200 nm
thick sacrificial layer is deposited in a CVD process
(Fig. 2(b)). To allow for electric contacting of the
beam, this layer is patterned using thick
DNQ/Novolak photoresist on top of the non-planar
substrate (Fig. 2(c)). The seed layer for electroplating
of the electrodes and beam contacts is deposited in a
sputter process. As shown in Fig. 2(d), following thick
resist pattering with critical dimensions in the
micrometer range, a metal etch step is used to remove
the seed layer covering the resonator beam. Finally, a

Output electrode

Beam

Anchor

Input electrode

Beam contact
SOI

Transducer

Electroplated

Electroplated

beam

Electroplated

Released beam

(a) (b) Gap to substrate (c)

Fig. 1: SEM micrograph of (a) wire bonded resonator test chip, (b) top view of resonator with a 200 nm wide trans-
ducer gap, (c) clamped-clamped beam released from the substrate with part of an electroplated Au electrode.

electrode

electrode

electrode

gap
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20 µm thick photoresist is patterned for subsequent
electroplating of the transducer input and output elec-
trodes (Fig. 2(c)). To release the resonator beam and
electrically isolate the electrodes, the seed and sacrifi-
cial layer are removed in a wet etching processes
(Fig. 2(f)). The entire fabrication process uses stan-
dard clean room equipment. Figure 1 shows several
SEM micrographs of realized microresonators. 

4 Modelling and Measurement

The resonators and their measurement setup are simu-
lated using an electrical network simulation program
as described in [4]. The electromechanical device
characteristics are extracted from an non-linear finite
element simulation using ANSYS®. In contrast to [4]
a coupled electrostatic and mechanical simulation in
combination with anisotropic mechanical properties
for silicon is used. This leads to higher non-linearities
and slightly different resonance frequencies. The four
dominant Q-factors QTED , Qclamping , Qvolume and
Qsurface as described in [5] were modelled for the
given structures.

Since simulation and preliminary testing showed
that external amplification and measurement of the
device does not allow for resonance detection, a small
size, two stage, low noise amplifier circuit board as
shown in Fig. 3 (b) has been fabricated. The resonator
die is mounted directly onto the printed circuit board.
All the electric paths are shorter than one hundreths of
the signal wave length at the resonance frequency. Pre-
liminary testing with a low frequency resonator to ver-
ify the working principle of the devices, using a
voltage amplification at constant charge, have reso-
nances shown as an example in Fig. 3 (a). 

5 Conclusions

We have successfully developed a new low tempera-
ture fabrication process for HF microelectromechani-
cal resonators. The designed resonators were
systemically varied to allow for detailed analysis and
modelling of the dominant dissipation phenomena
which need to be well understood for optimal high-Q
designs. After showing the functionality of these struc-
tures further evaluation is needed to characterize the
behavior of the fabricated devices.
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Fig. 2: Schematic representation of process steps for
resonator fabrication: (a) ASE process to structure the
SOI layer, (b), (c) deposition and patterning of a sac-
rificial layer, (d) seed layer deposition and pattering,
(e) electroplating, and (f) seed layer and sacrificial
layer removal. The cross section is given along
line A-B.

Fig. 3: (a) Diagram of the pressure dependence of a
low frequency resonator and (b) PCB with a SMD, two
stage amplifier and an attached resonator die.
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High-aspect-ratio Three-dimensional Microstructures Fabricated by  

Two-photon-absorption Photopolymerization of SU-8  

W.H. Teh1,2, U. Dürig2, M. Despont2, U. Drechsler2, R. Harbers2, G. Salis2, R. F. Mahrt2,
C.G. Smith1 and H.-J. Güntherodt3
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Email: wht21@cam.ac.uk 

2IBM Zurich Research Laboratory, 8803 Rueschlikon, Switzerland 
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Summary: We report the use of femto-second-pulsed near-infrared (λ = 796nm) laser for sub-diffraction-limit 
micro/nanofabrication via two-photon-absorption photopolymerization of SU-8. By scanning the focal volume 
through the interior of the thick (~1µm-500µm) SU-8 resist, high-aspect-ratio, three-dimensional (3-D) 
microstructures are fabricated on a shot-by-shot basis. Preliminary results suggest that even with low numerical-
aperture optics (10x magnification, 0.30 NA) and off-the-shelf SU-8 resist, lateral spatial resolution of, but not 
limited to 950nm was realized, allowing photoplastic pillar structures with an aspect-ratio of up to 50 to be 
constructed. In certain cases, we have also exploited the low NA optics and high photopolymerization threshold 
to fabricate 3-D ‘wavy’ microflags, demonstrating real 3-D capabilities of the two-photon-absorption technique. 

Keywords: SU-8, Two-photon-absorption, Photopolymerization 
Category: 2 (Materials and technology)

1 Introduction 

The fabrication of high-aspect-ratio photoplastic 
micro/nano-structures based on SU-8 [1,2] are 
building blocks of many innovative devices, such 
as microgears, AFM/SNOM probes, microscanners, 
photonic crystals and microfluidic channels. 
However, it is difficult for conventional 
photolithography to fabricate high-aspect-ratio 
objects, especially real three-dimensional (3-D) 
structures smaller than the diffraction limit. This is 
solved by exploiting the non-linear absorption to 
femtosecond pulses through two-photon-absorption 
(TPA) photopolymerization. 3-D sub-diffraction-
limit (SDL) resolution microstructures have been 
made previously [3-5] owing to the quadratic 
response of the TPA process. We further extend 
this method for the fabrication of SDL high-aspect-
ratio 3-D photoplastic microstructures with the 
popular SU-8 ultrathick resist. 

2 Results and discussion 

For these experiments, we chose SU-8 2, 10 and 50 
(Micro resist technology GmbH) to provide 
different thicknesses (~1-500µm) of SU-8, a 
negative resist consisting of a photoinitiator that 
polymerizes an organic resin. Here, we use an 80-
MHz, 796-nm mode-locked Ti-sapphire laser 
oscillator as the light source, and a mechanical 
shutter to set the exposure time (4ms to 2s). The 69-
70 fs laser pulses with a controlled average power 
of between 50 mW-400 mW, corresponding to laser 
pulse energies (LPE) of 0.63 nJ/pulse – 5.00 
nJ/pulse and a peak power of 9.13 kW/pulse – 
72.46 kW/pulse are used for the experiments. These 

laser pulses are focused by a 0.30 NA, 10x 
objective lens with a calculated Rayleigh 
diffraction limit of 3.24 µm. The SU-8/Si substrate 
is placed on a two-axis translation stage controlled 
by hand. BHF treated (100) Si substrates were used 
to improve the adhesion of SU-8. 

Fig 1. Voxel (a) height and (b) diameter as a function of laser 
exposure time. The same data are presented using both linear 
(solid symbols; bottom axis) and logarithmic (open symbols; top 
axis) coordinates. 
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Fig. 1 shows the characterization results (measured 
by atomic force microscopy) of TPA-exposed and 
PGMEA-developed voxels made by 1.88nJ/pulse 
(average power 150mW), 69fs laser pulses on a 
5.4µm thick SU-8 10 as a function of exposure 
time. We see a threshold-like behavior of two-
photon-photopolymerization, and a logarithmic 
dependence of the height and diameters on the 
exposure time similar to [3,5] for a different resin.   

Fig 2.  SEM micrographs of (a) a TPA exposed voxel with an 
LPE of 0.63nJ (Ave. P: 50mW) for 2 s. Inset: a typical laser 
induced damage to the SU-8 when using an LPE of 5.00nJ (Ave. 
P: 400mW) for 3 shots of 2 s exposure time, and (b) a TPA 
exposed rod with LPE of 3.09nJ/pulse (Ave. P: 247mW) moving 
at about 10-40µm/s. Inset: Laser-induced-damaged SU-8 when 
using LPE of 4.3nJ/pulse (Ave. P: 345mW) at the same speed. 

Fig. 2 shows the SEM micrographs of TPA exposed 
voxels and rods, and compares them to typical 
laser-induced damage caused by high doses. Fig. 2 
(a) shows voxel with a diameter of about 2.0µm, a 
dimension 62% of the diffraction limit imposed by 
the laser beam diameter. This opens up the potential 
of going far beyond the SDL in fabricating 
photoplastic microstructures, especially when 
higher NA optics and optimized SU-8 are used. We 
also see highly periodic (a periodicity of about 
240nm) patterns caused by the standing waves of 
the laser light. Using the refractive index of SU-8 to 
be 1.67, this periodicity reveals an incident wave 
with λ ~ 798nm, similar to our laser wavelength. 
Fig. 3 shows the extremely high aspect-ratio (up to 
50) of SU-8 pillars, made with an LPE of 3.75nJ 
with an average power of 300mW on a 500µm 
thick SU-8 50 resist. Here, the focal spot of the 
laser is moved up at a rate of about 1-3µm/s from 
the base. No pedestals around the pillars are found, 
verifying the sharp rise of the TPA threshold. 

Fig 3.  SEM micrographs of high-aspect-ratio SU-8 photoplastic 
pillars made by TPA photopolymerization with LPE=3.75nJ. 

Fig 4.  SEM micrographs of 3-D SU-8 photoplastic microflags 
made by TPA photopolymerization with LPE=3.75nJ. 

Preliminary attempts to fabricate real 3-D 
microstructures are shown in Fig. 4.  For these 
fabrications, we exploit the low NA optics and the 
high photopolymerization threshold to make 
suspended high aspect ratio vertical rods, which 
forms the ‘wavy’ flag. This is done with single shot 
exposures of the SU-8 by firstly scanning the laser 
focal spot in the vertical direction (to make the flag 
pole) and then followed by the horizontal direction 
(the flag). Because SU-8 is transparent to near-IR 
light, it allows the light to non-destructively 
penetrate into it, reinforcing the suitability for SU-8 
as the transparent media. The quadratic dependence 
of the TPA rate on light intensity confines 
absorption to a highly localized area at the focal 
spot of the laser. This principle is used to fabricate 
real 3-D microstructures without the need to pile up 
2-D layers to make a 3-D structure.
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UV photosensitive elastomer as a new mask for powder blasting 

microfabrication
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Summary: We report the use of a new photosensitive elastomer as a mask material for the three-dimensional 

microstructuring of glass using powder blasting technology. Spin-coated elastomer masks provide a promising 

alternative to metallic contact masks for the definition of microstructures. Mask thicknesses up to 100 m with 

feature size down to 15 m are obtained. We have investigated the resistance and selectivity of the elastomer 

mask to powder blasting and the effect of mask feature size on the glass micropatterning process. 

Keywords: powder blasting, elastomer, mask technology 

Category: 2 (materials and technology)

1 Introduction 

The technique of powder blasting, 

historically used for glass decoration and surface 

cleaning from paint, has been introduced as a new 

advanced technology for microstructuring of brittle 

materials [1,2]. Powder blasting is a process, which 

removes material from the surface of a component 

by successive impact of abrasive particles. This 

technique has the advantage to extremely fast etch 

brittle materials such as glasses [1,2], ceramics [3] 

and ferrite materials [4]. There are only few other 

techniques that can be used to structure such 

materials in three dimensions. Figure 1 is a 

schematic diagram of the experimental set-up. 

Figure 1. A schematic view of the powder blasting 

set-up. 

The use of powder blasting to fabricate 

three-dimensional structures on the micrometric 

scale requires the use of a specific mask. It must 

have a good resistance and selectivity to the powder 

to allow the fabrication of micrometric structures. 

Metals have a good resistance to powder blasting 

and are favorable candidates to be used as a mask. 

Although metallic contact masks can be machined 

by laser ablation, only specific geometrical forms 

can be used. As the metal is not optically 

transparant, it is difficult to align the mask with 

respect to structures already existing on the 

substrat. To overcome this limitation, metallic 

masks have been fabricated by copper 

electrodeposition [5]. The main disadvantage of this 

solution is the time necessary to obtain a thick 

copper layer which resists well to the powder 

exposure. A third solution has been proposed which 

consists in using elastomer materials as a mask for 

powder blasting technology [6]. We have 

investigated in detail this last solution.  

2 Photosensitive elastomer mask 

technology

 We developed a mask technology based 

on a photosensitive elastomer material. In addition 

to its good resistance to powder blasting, the 

elastomer presents other very intersting properties: 

first, it is in liquid form and can be applied directly 

to the substrate by spinning. This allows to control 

the thickness of the masking layer. Second, its 

sensitivity to ultraviolet (UV) enables structuring 

by standard photolithographic techniques, third, it is 

a transparent material which makes alignment 

possible, and finally, arbitrary and disconnected 

objects can be microstructured in the glass 

substrate.  

Different parameters have been optimised 

to obtain a very thick photoelastomer layer with a 

good photolithographic resolution. We use the 

flexopolymer LF55GN (a poly-urethane) [7]. This 

material is a photosensitive negative resist, which 

we pattern with standard UV radiation and is 

applied in thick layers as high as 100 m. It is not a 

conventional resist, but a liquid elastomer, so 

before exposure, it needs to be protected with a 

cover layer of polypropylene (100 m) to avoid 

mask contamination and to avoid direct contact 

Substrate

Mask

Powder particles 

Arc-shaped 

support

Nozzle

Pressurized air
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with oxygen, which inhibits the polymerization 

reaction. The process is schematically presented in 

figure 2. After exposure, the elastomer is simply 

developed in water as this exposed material is 

water-soluble.   

Figure 2. Schematic view of the elastomer masking 

technology.

3 Experimental results

Figure 3 shows clearly the high quality and 

good lateral resolution of the mask obtained using 

the photosenstive elastomer. The mask layer has a 

thickness of about 80 m and has a vertical 

sidewall which is very smooth and straigth. This 

very intersting result can be explored to use this 

material for many applications where a thick resist 

layer and good lateral resolution are required.  

The erosion rate of both the glass substrate and the 

elastomer mask has been investigated for different 

experimental parameters.  The results demonstrate 

that the elastomer presents a high resistance to 

powder blasting. The ratio of the erosion velocity of 

the glass substrate to the elastomer mask, the 

selectivity, is  as high as 1000.   

Figure 3. SEM photograph of a thick UV 

photosensitive elastomer layer after UV exposure 

and development. 

The high quality of the photosensitive elastomer 

mask and its high erosion selectivity for etching 

brittle materials, have been combined to fabricate 

different sensors in glass, ceramics and magnetic 

materials. Accelerometers in glass have been 

realized by etching through 500 mm thick glass 

layer and are under test. Figure 4 presents an array 

of columns with square shape realized in a 1 mm 

thick soda lime glass substrate.

Figure 4. SEM photograph of an array of columns 

(100x100 m2 with interspacing of 100 m) on glass 

material.  

4 Conclusions 

We have employed an elastomer material 

as a mask for powder blasting technology. We find 

that this material presents very interesting 

properties: direct application of the mask by spin 

coating, photo-sensitivity which permits the 

definition of arbitrary features, a high mask aspect 

ratio and an etching selectivity of 1000 with respect 

to glass, allowing to realize three-dimensional 

structures in mm thick glass substrate.  
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Sensor system to determine the supersaturation in industrial batch processes 
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Summary: The supersaturation is an essential parameter to control industrial batch crystallization proc-
esses. Until now a quantitative online measurement of supersaturation was not possible. A new sensor sys-

tem consisting of an interdigitated capacitor (IDC) and a surface acoustic wave transducer is mounted on

top of a peltier element, which allows a thermal cycling around the crystallization temperature. Together
with a multivariate signal evaluation the online measurement of the supersaturation could be demon-

strated.

Keywords: Interdigitated capacitor (IDC) sensor, surface acoustic wave (SAW) sensor, crystallization

process, multivariate signal evaluation, Partial Least Square (PLS)
Category: 10 (Applications)

1 Introduction 

Crystallization processes are widely spread in basic
industries with a spectrum from adipic acid to
pharmaceuticals. Most of the crystallization proc-
esses are batch processes with a certain supersatura-
tion of the solution. The quality of the products
(e.g. grain size and shape) is strongly dependant on
the exact control of the supersaturation [1]. Until
now an online measurement of the supersaturation
was not possible.

2 Sensor head and measurement method 

The measurement method is an anticipation of the
crystallization in a certain volume and the detection
of the beginning of the crystallization at the sen-
sor’s surface. The physical parameters of the fluid
(viscosity, permittivity) affect the properties of the
sensor. The sensor head consists of two planar sen-
sors:

1) Interdigitated capacitor (IDC) with a grid
width of 10 µm [2].

2) Surface acoustic wave element (SAW, 

sors have an anticorrosive coating of

resonance frequency of 52 MHz) [3].

Fig. 1. Sensor head with SAW and IDC Sensor

Both sen SiC
a peltier (silicon carbide) and are mounted on top of

element, which allows a cyclic thermal process,
which crosses the crystallization temperature TC.
The beginning of the crystallization process at the
sensor’s surface allows the determination of the
crystallization temperature TC. Using the known
slope dC*/dT of the solubility curve and measuring
the solution temperature TS with the sensor system,
the supersaturation C can be calculated [4]:

)(
*

CS TT
dT

dC
C   (1)

ounted in a housing for crystalli-
ure 1 shows the sensor head.

The sensors are m
zation vessels. Fig

rate
unit outside of the batch crystallization unit, shown

Fig. 2. experimental setup with a crystallization vessel

An experimental set up was mounted in a pilot
plant station. The electronics is placed in a sepa

in Figure 2.

Sensor-
surface

Thermo-
sensor
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The temperature cycle (shown in the solubility dia-
gram Figure 3) has the following parts:

1. Equilibration
2. Cooling with phase transition
3. Heating
4. Equilibration

e
n
tr

a
ti
o
n
 C

 [
k
m

o
l/
m

]
3 c*

pt
=

const.

Supersaturated

Temperature
cycle

Fig. 4. typical sensor response (potassium nitrate with
different concentrarions in water , SAW sensor) 

The complexity of the physical and chemical proc-
esses around the crystallization temperature hin-
dered an analytical calculation of TC using the sen-
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3. temperature cycle of the sensor in the soluability

S

ram

temperature cycle the sensor’s surface was suffi-
ciently cleaned from crystals, deposited at the cool-
ing step (2.). Throughout the temperature cycle the
resonance frequency and the damping of the SAW
sensor and the complex impedance of the IDC sen-
sor (at ca. 16 kHz) are recorded.

3 Results 

Most experiments have been performed with a solu-
tion of potassium nitrate (KNO3) in water. An solu-
tion of 126.12 g up to 159.5 g KNO3 in water
achieves a crystallization temperature Tc from 14
up to 20 °C. Figure 4 shows typical sensor re-

sor signals. Therefore, a multivariate calibration
with the partial least square method (PLS) was ac-
complished [5]. After some optimizing steps the
Partial Least Square (PLS) evaluation delivers a
reasonable result with an error with

-6000

complished [5]. After some optimizing steps the
Partial Least Square (PLS) evaluation delivers a
reasonable result with an error with
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Fig. 5. Evaluated / nominal comparision for potassium 
nitrate

Experiments with 13 different substances proofed
the results obtained with potassium nitrate.

4 Conclusion 

The cyclic temperature variation of the sensor pro-
vides a sensor response ahead of the equivalent
process in the batch reactor, so that an online con-
trol of the supersaturation is possible.

Fig. 5. Evaluated / nominal comparision for potassium 
nitrate

Experiments with 13 different substances proofed
the results obtained with potassium nitrate.

4 Conclusion 

The cyclic temperature variation of the sensor pro-
vides a sensor response ahead of the equivalent
process in the batch reactor, so that an online con-
trol of the supersaturation is possible.
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Improving the functionality of a prosthetic hand 

through the use of thick film force sensors

A. Cranny, P.H. Chappell, S.P. Beeby and N.M. White 

University of Southampton, Dept. Electronics and Computer Science, Southampton, SO17 1BJ, UK
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Summary: A prosthetic hand has been instrumented with a range of sensors to measure grip force
with the primary objectives of detecting touch and the onset of slippage of an item grasped by the

hand.  Two types of sensor have been used for this purpose: piezoresistive sensors to measure and 

monitor static forces and piezoelectric sensors to measure and monitor dynamic forces.  All sensors
have been fabricated using thick film printing techniques and their location and placement upon the

prosthetic hand has been modelled for optimal performance.

Keywords: artificial hand, piezoelectric, piezoresistance, prosthesis, thick film 

Category: 10 (Applications)

1 Introduction If the object begins to slip from the grip of the hand,
the vibrations produced through friction are detected
by the dynamic force sensors located in the palm of 
the prosthetic hand. This information is then used to
re-activate the drive motors of the hand and increase
the grip force, with the process being constantly
monitored by the static force sensors.

An obvious problem with the majority of prosthetic
devices is a lack of feedback control.  In the case of a 
prosthetic hand, the user is unable to feel an item 
within its grasp – the user has no sense of what it is
that they are holding beyond that which can be
visually assessed.  In certain situations, this could
prove to be detrimental (e.g. the user would be
unaware if they were holding a very hot or very cold
item, possibly resulting in damage to the prosthesis or
operator).  More generally, the inability to monitor the
grip force imposed on a grasped item means that the
user can not be totally sure of the security of the grip
and could be unaware (or have too little time to
respond) should the object begin to slip from their
grasp.

2 Mechanics of the prosthetic hand 

The prosthetic hand used in this project (see Fig. 1) is
a prototype myoelectrically driven device designed at 
the University of Southampton and described
elsewhere [3].  In use, the hand is controlled by the
electrical signals produced by any convenient flexor-
extensor muscle pair: one signal to open the hand and
the other to close it.  Each finger on the hand is
individually controlled by its own dedicated motor,
allowing independent flexion and extension of each
mechanical digit.

In attempting to remedy this problem, a number of 
dynamic and static force sensors have been located
upon the inner surfaces of the mechanical digits and
palm of a myoelectrically controlled prosthetic hand. 
Both piezoresistive and piezoelectric sensors have
been utilised for this purpose, and both types of
sensor have been fabricated using thick film printing
techniques [1, 2].

When the hand closes around an object, the initial
moment of first contact between the object and the
inner surfaces of the prosthetic hand is detected by 
both the dynamic (near instantaneously) and static
force sensors.  As the hand continues to close, the
static force sensors located in the mechanical finger 
tips directly measure the forces exerted upon the
object.  Continuous measurement of the grip forces
allows the decision as to when the action of closing
the hand should cease (and the current grip force be
maintained) to be made by some local intelligence
and thus remove the responsibility from the operator. Figure 1. The Southampton-Remedi prosthetic hand [3].
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The fingers are constructed from a number of 
interconnecting links, which when driven by the 
motors cause the finger to open or close in a natural 
curl pattern.  The finger links are fabricated from a 
carbon fibre epoxy composite (to reduce the overall 
mass) except for the finger tip which is machined 
from stainless steel so that thick film sensors may be 
directly printed upon its surface. 

The thumb is a two part assembly controlled by two 
orthogonal motors giving 2 degrees of freedom in 
movement.  Moving the thumb in combination with 
any number of the finger units allows a range of 
natural grip postures to be adopted. 

The palm of the prosthetic hand is also made from a 
carbon fibre epoxy composite to minimise the mass.  
The palm provides a common base for the location of 
all the finger motors as well as providing space for the 
attachment of force sensors and some electronic 
conditioning circuitry. 

3 Sensor design 

The static force sensors are used to directly measure 
the forces involved in a grip posture.  The sensors 
exploit the piezoresistive properties of commercially 
available thick film resistive pastes.  When printed 
and fired with electrically conductive end 
terminations in a planar configuration, these pastes 
form electrical resistors that exhibit a proportional 
change in their resistance with applied strain (gauge 
factor typically ranging from 8 to 10 [4]).  The 
resistors are directly printed upon stainless steel 
cantilever structures located on the inner face of the 
distal tip of each mechanical finger.  When a force is 
exerted upon the inner surface of a finger tip, the 
mechanical cantilever that supports the sensor is 
deflected and the resultant strain causes a proportional 
change in the sensor resistance which is easily 
detected by a simple resistance bridge circuit. 

The piezoelectric sensors are used to monitor changes 
in grip force patterns.  These sensors are fabricated 
from PZT (lead zirconate titanate) that has been 
rendered into a form that is suitable for thick film 
printing [5].  Multiple layers of this material are 
printed and fired upon an underlying electrically 
conductive pad on a separate supporting substrate 
before a final conductive pad is printed upon the top 
surface to yield a vertical stack.  After polarization 
(electric field strength approximately 4 MVm-1 and 
temperature in the range 150C to 200C) these multi-
layered devices exhibit a d33 piezoelectric coefficient 
of the order of 300 pCN-1, which is somewhat lower 
than the equivalent bulk material coefficient.  The 
piezoelectric sensors are located at various positions 
over the upper surface of the palm and respond 
directly to any vibration (e.g. as an object slips from 
the grip of the hand).   

An estimation of an object’s temperature held within 
the prosthetic hand can also be ascertained by the use 
of thick film resistors or thermistors printed upon the 
surfaces of the mechanical hand at locations of 
constant (or zero) strain.  Such devices additionally 
provide first order temperature compensation for the 
other force sensors. 
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Summary:  In this paper, we present a low-g accelerometer for advanced automotive applications which is 

capable of monolithic multiple-axes integration. For the target application a high offset stability and an 

over-critical damping of the sensing element are required. With simple design changes the squeezed-film

damping of the sensor can be adjusted within a wide range (5 Hz to 400 Hz) using atmospheric pressure 

inside the cavity. Due to its symmetrical design and the differential readout principle, an offset drift of less 

than 50mg over the full temperature range (-40°C … 120°C) was achieved. The sensor principle presented 

in this paper can be utilized to realize a sensitivity axis parallel to the wafer surface as well as 

perpendicular to the surface. Furthermore, monolithic integration into a two-axis (x/z) or a three-axis

(x/y/z) sensing element is possible. The tri-axial element exhibits a four-mass design providing redundancy 

and thus an ongoing self-test capability

Keywords: Accelerometer, low-g, multi-axial sensor, inertial measurement unit, bulk -micromachining

Category: 10 (Applications)

1 Introduction

The acceleration sensor presented in this paper
consists of a silicon seismic mass suspended from 
two torsional beams. An applied acceleration
results in a torque and thus in an inclination of the 
mass. The change in distance with respect to a pair 
of electrodes in the cap wafer is detected with a 
differential capacitive principle, thus reducing
cross-axis sensitivity and enhancing offset stability. 
All readout electrodes are on one side of the
seismic mass thus increasing the symmetry of the 
design, and reducing the influence of packaging 
stress. The electrical connection to the sensing
electrodes is provided by a special feedthrough

technology resulting in a hermetically sealed sensor 
and in a nearly standard setup for the bonding pads. 
The fabrication is based on a bulk micromachining 
process including KOH wet chemical etching for 
the seismic mass, RIE etching for the torsional
beams, and anodic bonding of glass wafers for
wafer level packaging of the device.

By introducing slight modifications in the design 
a sensor with a sensitivity axis in wafer plane (x- or 
y-sensor) or perpendicular to the wafer surface (z-
sensor) can be realized, respectively. Fig. 1 shows 
the principle setup of such a sensor with a
sensitivity axis parallel or perpendicular to the
wafer.

Fig. 1. Principle of the capacitive low-g sensor for a sensitivity axis in plane (x-sensor) and 
perpendicular to the wafer plane (z-sensor).
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2. Multi-Axial Low-g Sensor

For future applications a major interest lies in the 
integration of several sensitive axes on one single 
chip in order to reduce size, cost, and alignment 
errors. The presented concept allows the integration 
of two or four sensing elements in a x/z or in a x/y/z 
configuration, respectively.

The basic idea as shown in [1] is a sensing element 
with a sensitivity axis which has an inclination with 
respect to the wafer surface. This is realized by an 
asymmetric suspension of the torsional beams with 
respect to the center of mass. Thus, the sensing 
element has a sensitivity in x-direction (parallel to 
the wafer surface) and z-direction (perpendicular to 
the wafer surface) as well. A design with equal 
sensitivities in x- and z-directions results in a
sensitivity direction of 45° with respect to the wafer 
surface. For special applications it is also possible 
to implement a sensing element with different
specified sensitivities in the different directions
(resulting in a inclination angle different than 45°). 

By using two sensing elements rotated by 180° with 
respect to each other two signals U1 and U2 are 
obtained from which the corresponding
accelerations ax and az in x- and z-direction can be 
calculated (Fig. 2).

Fig. 2: Cross section of a dual-axis accelerometer. 

The above concept is easily extended to a four-mass
design which exhibits a pair of x/z and a pair of y/z 
sensing elements (Fig. 3). With this  configuration 
the acceleration in all three directions x, y, z can be 
calculated with the shown principle. All sensors 
have identical layout and are monolithically
integrated in plane on one chip. Due to the
redundancy of the z-signal an ongoing selftest
function can be implemented.

Fig. 3: Schematic top view of a tri-axis acceleration 
sensor with self-test capability consisting of one 
pair x/z and one pair y/z dual axis elements.

3. Conclusion

A new low-g acceleration sensor suitable for an
inertial measurement unit was presented. The
design allows a customization of the mechanical 
cut-off frequency between wide limits (5Hz to
400Hz). A small bandwidth is essential for some 
vehicle applications in order to suppress vibrational 
noise. The measured values for linearity error and 
offset drift over temperature are well within the 
specified limits of the target application. The sensor 
principle can be extended to realize planar dual axis 
(x/z and y/z) and tri-axis elements (x/y/z) based on 
the same fabrication technology. Due to the four 
mass design of the tri-axial sensor, an ongoing self-
test capability is available
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Comparative study between gas sensors arrays device, sensory evaluation 

and GC/MS analysis for QC in automotive industry 
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Summary: Odours of new cars are important today for the consumers’ comfort. Due to the interior 

trim parts’ manufacturing process and to their petrochemical compounds based, many rubbers and 
foams used in automotive materials result in a “new car odour” mostly enjoyed but sometimes felt 

as unpleasant by customers. The use of olfactory sensory panels, especially trained to describe 

odours, is only one way of addressing that issue. Although they offer interesting characterisation 
methods, olfactory sensory panels may also have some drawbacks. 

The odours of several PVC skins were described by human assessors and the corresponding 

volatile organic compounds were also characterised by a commercially available electronic nose 
technique, based on QMB sensors, whereas their identification was carried out by GC/MS analysis. 

Finally, a confrontation of the three types of obtained data was performed and showed the 

existence of correlations as well as the interest of gas sensors device for automotive industry. 

Keywords: electronic nose, chemical sensor, automotive, PVC skin 

Subject category: 10 (Applications) 

1 Introduction 

Since a few years, “electronic nose” technology 
has appeared in a new field of application : the car 
industry which is confronted with a lot of polymer-
based elements that contribute to the “new car odor”. 
Different types of chemical gas sensors have been 
already tested on this kind of materials : a first 
generation ones like MOS, MOSFET and CP sensors 
[1], as well as a second generation ones like QMB and 
MS-based chemosensors [2]. 

Quartz crystal MicroBalance gas sensors (QMB) 
is the chosen technology for our study. They present 
some advantages upon the above mentioned devices, 
as their smaller size. 

Multiple gas sensors devices, abusively qualified 
“electronic noses”, have long been supposed to react 
like artificial olfactory systems being able to 
mimicking the olfactory receptors mechanisms of 
human nose, with nevertheless a lower selectivity. 

However, detection mechanisms of “electronic 
noses” are still difficult to predict. And the recurrent 
question remains, is to say : “Does gas sensors 
technology correctly transcribe the olfactory 
sensations perceived by human nose ?” 

To answer this question, a sensory analysis of 
different PVC skins was performed by trained panel 
members using the olfactory referential “The Field of 
Odours ®” developed by Jaubert [3]. 

The present paper aims to evaluate the relevance 
of the discriminations between PVC skins obtained 
using gas sensors system. In this way, relationships 
between electronic nose measurements and sensory 
attributes were established and discussed according to 

chemical characterisation. The experimental 
procedure and the results obtained are reported below. 

2 Materials & Methods 

Materials & Sampling. 3 PVC skins (G, V and VO - 
cut up and sampled in the form of 12 mm circles), 
issued from different manufacturing processes, were 
analysed. Their characteristics are described in Table 
1.

Table 1. PVC skin sample description. 
Code Characteristics

G Charcoal grey polymer coating on a white tissue 
V Multicoloured polymer coating on a white tissue 
VO Multicoloured polymer coating on a white tissue 

Strong onion odour due to a migration product of the 
injected polyurethane foam 

Static headspace optimisation. A central composite 
experimental design was set up (20 experiments), and 
carried out by using a HP 6890 GC / HP 5973 mass 
detector (Agilent Technologies) coupled with a 
headspace sampler (HP 7694). The column (DB-5MS 
(J&W), 30 m x 0.25 mm i.d., 0.25 µm d.f.) was 
programmed from 40 to 290°C (5 min isothermal) at 
5°C/min. Injection port and detector temperatures 
were 150 and 290°C, respectively. Plastic samples 
were introduced in 22 mL vials and analysed as 
mentioned above. 

The studied sampling parameters were : 
temperature (30 to 131°C), equilibrium time (120 to 
960 min) and sample quantity, equalling to occupy a 
particular height in the vial (0.32 to 3.68 cm). 
Recorded responses were total peaks area and number 
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of peaks. Data were processed by using
UNSCRAMBLER v7.5 (CAMO ASA, Oslo).

“Electronic nose” analysis. The analysis was 
conducted with VOCmeter device (AppliedSensors
GmbH, Reutlingen) using 8 QMB gas sensors. The
headspace generation was permitted by coupling a HS 
40 XL sampler (Perkin Elmer) to the VOCmeter
system, and realised under optimised conditions.

The sequence of the analysis was : sample
acquisition time 60s; recovery time 540s. PVC skins
were analysed in 10 replicates, averaged for data
analysis

Sensory analysis. The sensory analysis was performed
by an in-house expert panel composed of 8 assessors
from RENAULT company, on the basis of the
olfactory referential “The Field of Odours ®”. The
procedure of sensory analysis is detailed in [3].

The followed method is based on the D49 3001
[4] test method carried out by RENAULT. A six
levels intensity scale is used to evaluate the perceived
odour. The 3 PVC skins were analysed in 3 replicates.
Then replicates assessments were averaged.

GC/MS analysis. Same instrumentation than the one
used for static headspace optimisation was employed.
Mass spectra were obtained by EI ionisation at 70 eV
over the range of 35 to 550 a.m.u.

Each PVC skin was analysed in triplicates and 
replicate peaks were averaged.

Data Processing. The statistical data treatment was 
done by Multiple Factorial Analysis (MFA). 

3 Results & Discussion

The drawing of isosresponse curves have allowed
to determine the optima of the main parameters
governing the headspace generation in the studied
experimental field : one-third of the vial is filled by
sample and heated at 80°C during 540 min.
Theoretical model was successfully validate. 
Furthermore, the achievement of the thermodynamic
equilibrium showed itself verified by the study of a
kinetic follow-up [2].

A previous comparison of the distribution of an
explained variance over dimensions of separated
Principal Component Analysis (PCA) on each data set 
(sensory attributes, gas sensors and chemical
compounds) were carried out. It showed that the
information brought by electronic nose system is
mono-dimensional whereas information delivered by
sensory and physico-chemical analyses is shared
among 2 dimensions regarding PVC skin samples.

Relationship between chemical QMB gas sensors
measurements and sensory attributes are illustrated on 
the first plan of the MFA (Figure 1). The first plan
showed 100% of the explained variance and firstly
discriminated PVC skins between themselves

according to their nature (PC 1). On the other hand, 
PC 2 allows, also, to distinguish them according to
their olfactory perception, is to say “G” and “V”
samples between “VO” malodorous sample.

QMB gas sensors (associated with PVC skin 
“G”) were high correlated (r>0.7) with “methyl
isobutyl ketone” and “phenol” chemical compounds.
Sample “V” is correlated with “phenoled” descriptive
term and “N,N-dimethyl formamide” and “2-ethyl
hexanol” chemical compounds; while sample “VO” 
point out a good correlation with “sulphured” and
“global intensity” sensory descriptors and “2,3,5-
trimethyl 1,4-benzenediol” chemical substance. 

Fig. 1. PVC skin samples and gas sensors projections on the
first plan of the MFA.

4 Conclusion 

The chemical gas sensors device evaluated in this
work transcribed only a part of the information
provided by sensory analysis. Nevertheless, this study
provided interesting correlation between QMB
sensors type and sensory attributes, and especially
between these electronic nose measurements and 
chemical identified compounds. However, much work
needs to be done in the future to improve this
situation.
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Summary:  Emulsions are used in various areas ranging from industrial applications to consumer 

products like foods. Besides the classically known (macro-)emulsions featuring droplet sizes of a few 

microns and above, artificially produced micro-emulsions gain increasing attention in colloid science. 
Recently we discussed the suitability of permittivity and microacoustic viscosity sensors for the monitoring 

of water-in-oil emulsions. It turned out, that permittivity sensors could be used to simply determine the 

water content of the emulsion whereas microacoustic viscosity sensors measure the viscosity of the oil 

phase instead of the averaged “macroscopic” viscosity of the emulsion. This behavior was attributed to the 

ratio of the size of the water droplets in the emulsion to the penetration depth of the ultrasonic wave excited 

by the sensor. In this contribution we validate this theory by investigating micro-emulsions featuring a 
much smaller droplet size. Moreover the results provide further insights into the applicability of these 

sensors for macro- and micro-emulsions. 

Keywords: Microacoustic Sensor, Permittivity Sensor,Viscosity Sensor, Emulsion, Microemulsion 

Category: 10 (Applications)

1 Introduction 

In our recent work [1] we considered permittivity- 
and microacoustic viscosity-sensors as possible 
physical sensors for monitoring water-in-oil (W/O) 
emulsions. Both sensors are suitable for the 
implementation in small and compact on-line 
monitoring equipment. Potential applications range 
from the automotive field (water contamination of 
engine oil, fuel-water emulsions) to consumer 
applications (process monitoring in food 
production). In this contribution we describe further 
investigations with macro- and microemulsions, 
which were performed in order to achieve a better 
understanding of the underlying mechanisms and to 
explain the behavior that we observed earlier. 

2 Theory 

In [1] we found that a permittivity sensor can be 
used to determine the water content of a (macro-) 
emulsion as the permittivity εr,m of the W/O 
emulsion can be obtained from the simple 
approximate formula  

).31(,, formr +≅ εε    (1) 

Here εr,o is the permittivity of the oil and f denotes 
the water fraction by volume. This equation was 
derived from the Maxwell-Garnett mixing rule [2] 
and was verified experimentally. 

Experiments with a microacoustic viscosity sensor 
(a “transverse shear mode” or “TSM” resonator) led 
to the surprising result, that the measured viscosity 
was hardly affected by the water content and only 
led to a slight decrease in the detected viscosity 

with increasing water content. This result is in 
contrast to the expected behavior requiring an 
increase of the viscosity with increasing water 
content (as can be verified using a classical 
viscometer). As a possible explanation we consider 
the ratio of the typical size of the water droplets in 
the emulsion to the penetration depth δ of the 
damped shear wave excited by the sensor [3]. If 
these two quantities are in the same order of 
magnitude or if the water droplets are even larger 
than δ, then the sensor possibly does not detect the 
macroscopically apparent increase in viscosity due 
to the interaction of the water droplets [1] (see Fig. 
1).

oil

water

water

water

water
droplets

shear oscillations at the device surface

δ  δ  δ  δ  

Macroemulsion Microemulsion

Fig. 1: Distribution of water droplets in the evanescent 
shear wave excited by the microacoustic sensor. 

Instead, the sensor will measure the viscosity of the 
continuous phase, i.e. the oil. Occasionally in some 
experiments, water droplets may adhere at some 
spots of the sensor surface, which, due to the lower 
viscosity of water compared to oil, would 
effectively yield a lower viscous loading of the 
resonator compared to the case where no droplets 
adhere to the surface. These considerations would 
explain the behavior observed in our earlier 
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experiments. To verify this theory, we conducted 
further experiments with microemulsions featuring 
much smaller droplet sizes. 

3 Experimental 

For our experiments we prepared macro- as well as 
microemulsions consisting of water in diesel fuel. 
Such emulsions are considered as promising 
candidates for a novel type of fuel yielding 
increased engine power and lower emissions at the 
same time [4]. In contrast to cloudy or milky 
macroemulsions, microemulsions are typically clear 
solutions, as the droplet diameter is approximately 
100 nanometers or less (see [4] for details on the 
preparation process). 
For our experiments we used diesel/water 
emulsions based on two different diesel types (#1 
and #2) having the same permittivity but different 
viscosities. Fig. 2 shows the resulting permittivities 
measured with a coaxial capacitive sensor. As in 
our previous experiments, the macroemulsion 
conforms to (1), whereas the microemulsions show 
an approximately linear increase in the permittivity 
with increasing water content, where the slope is 
somewhat larger than predicted by (1). Based on a 
linear fit, the factor 3 in (1) empirically would have 
to be replaced by 5.3. This different behavior for 
microemulsions could be caused by the influence of 
the surfactants and/or the microstructure, which 
apparently makes some of the assumptions 
underlying the Maxwell-Garnett rule [2] invalid. 

Fig. 2: Measured permittivity vs. water content in % for 
water-in-diesel micro- and macroemulsions. 

For the viscosity measurements we examined 
microemulsions prepared on the basis of diesel #1 
and diesel #2, and a macroemulsion prepared using 
diesel #1. To measure the viscosity, the damping of 
a 6HMz TSM microacoustic resonator has been 
evaluated. The upper graph in Fig. 3 shows the 
obtained viscosity in arbitrary units compared to the 
viscosity measured by using a classical rotational 
viscometer (both at 22.5°C). For the macroemulsion 
prepared from diesel #1, the rotational viscometer 
yields a slight increase compared to pure diesel #1, 
whereas the microacoustic measurement yields a 
slight decrease. This confirms to the anomalous 
behavior that has already been observed in [1]. 

However, for the microemulsion both measurement 
methods consistently yield a strong increase in 
viscosity. To confirm this behavior, 
microemulsions from a second type of diesel (diesel 
#2) have been measured yielding a distinct 
correlation between the two measured viscosities, 
which is also confirmed by the linear fit shown in 
Fig. 3 (lower graph). 

Fig. 3: Viscosities obtained from the TSM sensor (ηSensor)
compared to a rotational viscosity measurement (ηrot).

4 Conclusions 

Based on our experiments, we conclude that the 
water content of W/O macro- and microemulsions 
can be determined using permittivity sensors, where 
in case of macroemulsions the Maxwell-Garnett 
rule can applied. For microemulsions a modified 
rule has to be considered. The results from 
microacoustic viscosity measurements strongly 
depend on the droplet size in the emulsions. For 
microemulsions, we found that the measured 
viscosity correlates well with classical viscosity 
measurements, whereas in case of macroemulsions 
the sensor yields values somewhat lower than the 
viscosity of the continuous phase (depending on 
droplet adhesion at the sensor surface). 
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Summary:  The ability of the computer screen photo-assisted technique (CSPT) to evaluate color samples 
through its light transmittance profiles is demonstrated by using liquid crystal displays (LCD) as light 

sources. Transmittance profiles are more drastically affected by angular dependencies than those obtained 

with CRT illumination. A local light reference computation is introduced to counteract this effect yielding 
equivalent profiles for both kinds of displays thus allowing for a broader universe of platforms to perform 

CSPT experiments, including mobile devices. 

Keywords: colorimetric assays, (bio) chemical sensors, computer screen illumination 

Category: 10 (Applications)

1 Introduction 

Colorimetric (bio)chemical assays are typically 
evaluated with dedicated micro-plate readers, 
comprising monochromatic light sources and two 
dimensional micro-positioned detection. For the 
purpose of home tests, it has been recently 
proposed an alternative method that allows to 
measure distinctive light absorption features [1] at a 
fraction of the cost. 

The computer screen photo-assisted technique 
(CSPT) uses a computer screen to display a 
controlled sequence of colors that illuminates a 
sample (evaluation of light absorbing bioassays of 
different nature has been demonstrated so far 
[1,2,3]). The sample is concurrently observed with 
a web camera. In this way, different sample colors 
within a constrained set of possibilities can be 
identified by their light absorption features enabling 
home assays evaluation with a broadly available 
platform. 

The technique has been demonstrated with cathode 
rays tube (CRT) monitors, but the extension to 
liquid crystal displays (LCD) comprises additional 
advantages, as applications based on palmtops or 
mobile telephones. 

In this contribution we evaluate an array of color 
samples with LCD aided CSPT. The results are 
contrasted with CRT measurements enabling us to 
determine inherent accuracies and to optimize 
calibration procedures. 

2 Experimental 

A CRT computer screen (NEC MultiSync FE950+) 
and a TFT-LCD monitor (Sony Vaio FX505, 
XGA), are used as light sources displaying a 
sequence of colors sorted to match the perception of 
the visible spectrum. The light source is a digital 

video file (AVI format) run with any commercial 
media player, which displays colors at 1 frame/s. 

The sample, in this case an array of 24 different 
printed colors (Fig.1a), is placed in front of the light 
source, and a web camera (Logitech QuickCam Pro 
3000) captures the light transmitted though it. The 
software provided by the manufacturer is used to 
capture 1 frame/s in synchronism with the 
illumination, and to compose a video file as result 
from the measurement. 
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Fig. 1a) color samples and reference spots. b) 
Transmitted intensity profile through sample 20 as 
observed with the web camera for the 250 colors 
sequence used for illumination. 

A MatLab program decompose the video file in 
individual frames extracting the information of light 
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intensity (evaluated as grey levels [1]) in all the 
pixels composing the image of each sample spot 
and calculates the average (Ii) value and standard 
deviation (evaluated over 314 pixels). 

Repeating the procedure for all frames a distinctive 
intensity vs. color index (i) profile of each spot is 
composed (Fig.1b). 

Taking a transparent spot as reference (Iref
i) the 

transmittance profile can be composed according 
to: 

ref

i

i
i

I

I
T  (1) 

Typically the reference was taken as a fixed spot 
for the whole array of samples [1,2,3], which 
relates to measurements performed with CRT 
screen. In the present case, involving LCD displays 
as well, the references has been taken both in the 
traditional way and locally around each sample spot 
(four transparent spots around each sample spot). 
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3 Results and discussion 

Fig. 2a, shows the correction introduced in different 
absorption profiles of blue samples by taking the 
reference intensity close to each particular sample 
spot (local reference) instead of a single reference 
(sample 6 for all spots in the array, fixed reference).  

For the CRT screen the effect of this correction is 
lower than 10% (20%) averaged along the whole 
profile (maximum), which shows the low angular 
dependency of the emitted light in this kind of 
screens (Fig.2c) (broad viewing angle). 

In the case of LCD screens, even modern TFT 
displays like the present, have a narrower viewing 
angle, that if not corrected by approaching the 
reference illumination to each particular sample 
induces spurious features (like transmittances 

bigger than one) that disturb the ability of CSPT to 
recognize color substances. 

The use of the present calibration procedure allows 
generating transmittance profile with LCD displays 
which are equivalent to those obtained with CRT 
screen. In this way the technique is made available 
to a broader universe of platforms which include 
even palmtop devices or mobile telephones as light 
sources. 
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Summary : The project LIFE-Environment EUTROPH MONITOR (1/09/2001 – 31/08/2004) aims at the

development of a suitable concept for on-line monitoring of characteristic parameters of river eutrophication, in
the region SAAR-LOR-LUX. A net of on-line measurement stations is installed to monitor water quality

parameters in a context of international cooperation. Stations are equiped with a datalogger that stores and

transmits data to a central PC. The paper presents : the significance of sensors implementation for river
eutrophication monitoring, the conception of on-line measuring stations and measuring methods, the quality

assurance system implemented to ensure good measurements and the firsts results obtained.

Keywords: river, eutrophication, on-line measurement, sensor

Category: 10 (Applications)

1 Introduction

The goal of the project is to monitor continuously,
with automatically working analysis stations
coupled to a remote transmission system, the input
of eutrophicating substances from various sources
and their effects on the river water quality (growth
of phytoplancton). The investigation area of the
project covers the catchment areas of the cross-
border river Nied on the German (SAAR) and
French (LOR) sides, and the river Sauer on the
Luxembourgian (LUX) side (see Fig.1).

Fig. 1. Investigation area and eutrophication of la Nied

Allemande (France).

The data collected will be transmitted immediately
to the authorities responsible for the surveillance of
the environmental condition in chosen regions. A
system of data evaluation will be implemented to
provide a basis for decisions to be taken.

The project is to establish a means to comply with
the guidelines of the EU especially according to the
EU water Framework Directive 2000/60/EU.

2 Significance of sensors implementation

for river eutrophication monitoring

Eutrophication results from excessive discharges of
nutrients (nitrogen, phosphorus) from various
origins (domestic, agricultural) in the river. The
consequences are an abnormal growth of the river
productiveness, the development of bloom algae, a
disturbance of water uses (leisure, production of
drinking water, etc.)[1]. The manifestations of river
eutrophication are mainly speedy growth of
phytoplancton, accentuation of the daily cycle of
oxygen content, reduction of water transparency.
Implementation of sensors is quite suitable to
monitor river eutrophication because of the
quickness of apparition of bloom algae according to
environmental conditions (ambient temperature,
period of sunshine). Thus we want to show that the
nitrate and total phosphorus load as well the growth
of the phytoplancton, can be continuously
supervised , even in case of short term changes,
with a combination of sensors and analysers.

3 Conception of on-line measuring

stations and measuring methods

A net of several similar measuring stations is
installed in the catchment area of the rivers Nied
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and Sauer. The parameters measured in each station
are the following ones :
- basic physicochemical parameters : pH,

temperature, conductivity, dissolved oxygen,
- nutrients, cause of eutrophication : NO2

- + NO3
-,

NH4
+, PO4

3- and Pt,
- effects of eutrophication : chlorophyll.
Some additional parameters are measured in the
first station, in order to investigate their
significance for eutrophication problems and their
correlation with the basic parameters : TOC (total
organic carbon), SAK (spectral absorbance
coefficient), turbidity, redox.

Fig. 2. On-line measurement station for eutrophication.

The stations are containers where sensors and
analysers are installed. River water is pumped
continuously with an emerged peristaltic pump.
Process analysers and probes measure continuously
the different parameters. Every station is equipped
with a data acquisition unit that stores all measured
values on a data basis. They can be called upon and
evaluated or deferred as data block to a central
computer via broadcasting (see Fig.2).
The devices used for on-line measurements are
systems available in trade. The measuring methods
depend on parameters :
- probes for pH, conductivity, dissolved oxygen,

nitrates (photometry), chlorophyll (fluorimetry),
- chemical analysers for phosphorus and

ammonium.

4 Quality assurance system implemented

to ensure good measurements

Some used analysers comply with normalised
methods, however such systems are not yet
available for all the parameters to be determined.
Besides there is a general trend in favour of using
probes, that present the advantages of low
maintenance and no consumption of reagent. In
order to guarantee the accuracy of measurements
realised, various procedures are implemented,
besides the auto-calibration of some analysers :
- weekly maintenance of the station, including

check of probes by calibration with standard
solutions,

- control analysis of water samples by normalised
methods in the laboratory, at a precise frequency.

The data from on-line measurements will be
assessed with respect to their accuracy. Fig.3 gives
an example for such measurements in late autumn.

5 First results of data and interpretation

In conclusion, first measurements in various
conditions will be done (rain event, dry period). We
will try to bring to the fore some correlations
between measured parameters and eutrophication
phenomenona, by means of signal treatment
algorithms.
The main guide lines of a model based on a G.I.S.
that is being developed to help to interpret data will
be presented [2]. The model calibration will be
realised with on-line measurement data.
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Fig. 3. Comparison of nitrates content in the Nied with
flow after a raining period shows a one day lag-timefor
washing out effects in the catchment area
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A Portable Chlorophyll Sensor (PCS) for Predicting Chlorophyll Content
in Potato Leaves
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Summary: A prototype of handheld spectrometric sensor was developed and evaluated to predict
chlorophyll content of potato leaves. The sensor consisted of a microspectrometer
(MicroPacTMCS600), with an integrated light chamber.  Tests were conducted on 37 randomly selected
leaves.  A signal processing algorithm was developed to process the acquired signals and to obtain the
second derivative of the spectral signature.  Two statistical models were developed using principal
component regression (PCR) and partial least square regression (PLSR). A hybrid neural network
(NN) model was developed, optimized, and evaluated.  The highest average accuracy (out of the three
prediction model) obtained using the training data set was 99.3 %, while the highest average accuracy
obtained using the test data was 78%.

Keywords:  Portable sensor, spectrometer, neural networks, signal processing, Chlorophyll, PCR, PLS
Category: 10 (Applications)

1 Introduction and objective

Nitrogen is a very important nutrient for many
crops including potato. Effective nitrogen
management can have several benefits in terms of
environmental as well as economical. Thus, it
becomes improtant to determine the nitrogen (nitrate)
content of plant leaves duirng their growing season.
This information can allow the growers to
selecetively apply the required amount of nitrogen at
the specfic location in the field.

Lee et al. reported that chlorophyll is the primary
absorber of light energy needed for photosynthesis,
which relates to the N2 availability to the crops [1].
Hence, chlorophyll can be used as an index of
diagnosing the nitrogen status of the food crop.
Generally, measuring red reflectance for canopy and
branches is affected by both chlorophyll content and
vegetation biomass. Previous works for estimating
chlorophyll content used optical and radiometric
techniques.  Non-destructive techniques used leaf
reflectance at 675 nm [2, 3, 4]. Previous researchers
have identified leaf reflectance to be a good estimator
of nitrogen content of sweet pepper leaves [5] and
other crops, including maize [6].  They found the
green band (550 nm) to be a better indicator of
nitrogen content in leaves than either the blue (450
nm) or red (670 nm) bands.  The reflectance was
inversely correlated to the nitrogen broad-leaf with
73% reflectance variability [7].  The reflectance was
also observed to be inversely correlated to leaf
chlorophyll content of eight crops, including corn,
cotton, cantaloupe, cucumber, lettuce, grain sorghum,
spinach, and tobacco with 39 to 95% of the
reflectance variability [6].  Optical sensor based crop

indices (PNSI) are also accepted as a very useful
means for evaluating crop nitrogen stress. Siza et al.
collected spectral reflectance patterns under variable
cloud cover and solar angles using a fiber optic
spectrometer and SPAD (specialty product
agricultural division of Minolta Corporation of Japan)
meter [8]. The backpropagation neural network based
model showed strong correlation between actual and
predicted chlorophyll meter readings (R2 = 0.91).
However SPAD meter has limitations for real-time
measurements. We developed a research project to
develop a portable chlorophyll sensor that would use
spectrometric system to obtain multiple wavelengths.
Our initial goal was to develop a sensor that could be
used both in the field and in the laboratory condition.
This paper focuses on the development and testing of
a portable sensor for predicting chlorophyll content of
plant leaves (potato).

2 Methodology

A prototype of the portable chlorophyll sensor
(PCS) was developed. A microspectrometer
(MicroPacTMCS600; OCLI, Inc., Santa Rosa, CA)
enclosed in a metal box worked as the detector unit of
the sensor and it was further integrated with a light
chamber.  The microspectrometer was placed at an
angle of 40 degrees to the horizontal plane and a light
source was placed vertically above the leaf.
Additional design configurations were provided so
that the reflectance signal from the leaf of the plant
was received by the spectrometer.  A laptop computer
was used to acquire the digitized signals from the
spectrometer.
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Fig 1. Comparison of actual versus predicted chlorophyll in conventional unit
with the developed sensor predicted by the hybrid NN model (test data).

Potato plants (variety Russet-Burbank) grown in the
research plot of North Dakota State University
(NDSU, Fargo) were used for this experiment.
Leaves were randomly selected based on color
difference. Based on the visual color difference of the
plant canopies (green to yellow), the spectral
signature (reflectance) of 37 randomly selected plant
leaves was taken.  The actual chlorophyll contents of
potato leaves were determined using the standard
measurement methods in laboratory conditions.

The acquired signals were further processed suing
different mathematical and statistical techniques
including second-derivate technique. The second
derivate reflectance values were used as the inputs to
different prediction models. For this study, we used
three different predictions models. They were: 1)
Principal component regression (PCR), 2) Partial
Least square regression and 3) Hybrid neural network
model respectively. Out of a total of 37 samples,
measurements from 28 leaf samples were used as the
training data and those from other 8 leaf samples
were used as test data set.

3 Results and Conclusions

 PCR model provided an average accuracy of 84%
and 63% on the training and test data respectively.
One the other hand, the PLSR model provided
average accuracies of 99% and 73% on the training
and test data respectively. The hybrid neural network
model consisted of two separate networks based on
backpropagation architecture and they were called;
primary and secondary neural network model. The
hybrid neural network model provided average
prediction accuracies of 91% and 78% on the training
and test data respectively. Figure 1 shows the
correlation between the actual and predicted

chlorophyll contents on test data sets. A correlation
coefficient of 0.93 with a slope of 1.1 (close to 1)
shows the good performance of the hybrid NN model.
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Summary:  Cyanide and it derivatives are widely used in metal mining and metal plating industry. But also

many medicinal and food plants are toxic for man because of their content of cyanogenic glycosides. In the

present investigation, a cyanide-specific biosensor exploiting immobilized cyanidase (EC 3.5.5.1) has been
developed. Enzymatically formed ammonia was detected by a potentiometric sensor based on an ammonia 

electrode or a pH-sensitive electrolyte / insulator / semiconductor (EIS) layer structure made of Al/p-

Si/SiO2/Si3N4. It could be demonstrated with both methods that this biosensor is sensitive enough to detect 
cyanide in sub-toxic concentrations. The detection limit was determined in the micromolar range. 

Keywords: cyanidase, EIS structure, potentiometric ISE, silicon-based biosensor, cyanides

Category: 6 (Biosensors)

1 Introduction 

Salts and derivatives of cyanide (CN-) are 
worldwide used in metal mining and metal plating
industry. For instance, sodium cyanide is employed
in mining to release precious metals-gold and silver
from the ore. But there are also natural sources for
cyanide release. Because of their content of
cyanogenic glycosides, many medicinal and food 
plants are toxic for man [1]. Cyanogenesis is known
to occur in the plant genera Prunus, Sambucus,
Linum, Carica, Phaseolus and Manihot. Mainly
plants belonging to the genera Phaseolus and 
Manihot are widely used as food. Typical
cyanogenic glycosides like amygdalin, linamarin,
and lotaustralin, are shown in Figure 1. If plant
material containing cyanogenic glycosides gets
disintegrated, cyanide is liberated by the action of 
different enzymes. Cleavage of the glycoside
residue by –glycosidases is the most prominent
step in this procedure. Especially in developing
countries, chronic poisoning by cyanogenic plants
after the consumption of “Manihot” is a serious
problem. These poisonings are either cause by
insufficient heating of food or by manihot with high
levels of cyanogenic glycosides.
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Fig. 1. Typical cyanogenic glycosides of plants. 

Cyanide is acutely toxic to any animal and
human. Very small amounts of cyanide can kill 
fish. For example, cyanide at a concentration as low
as 20-80 ppb can take life of rainbow and brown 

trout. Therefore, cyanide in often used for fishing in
Asia. Birds and mammals that drink water or feed 
on cyanide-poisoned wildlife can be killed if they
are exposed to cyanide at between 40-200 ppm. The
same amount would be lethally toxic to humans.

Because of this wide abundance of cyanide in the
environment, a rapid and precise method for the
determination of these compounds should be
developed. A biosensoric system based on an 
ammonia electrode and the enzyme cyanidase [EC
3.5.5.1] seems to be an effective analytical method
for this class of substances and a promising
alternative to an ion-selective cyanide electrode [2]. 
Cyanide catalyses the hydrolysis of cyanide into
ammonium and formiate. Moreover, a miniaturized
sensor should be developed on the basis of a pH-
sensitive electrolyte / insulator / semiconductor-
structure.

2 Results and Discussion 

In order to simplify treatment of cyanide
containing samples and to reduce time of single
measurements, a new method based on
immobilized cyanidase and an ammonia-gas
electrode as part of a flow-trough apparatus should
be developed. The ammonia electrode was mounted
on a specially designed flow-through cell with an 
adjustable inner volume of 2 µL [3]. In a first set of
experiments, cyanidase (Alcaligenes xylosoxidans,
Novo Nordisk SP 379) was filled into a small
cartridge with an inner volume of 1 mL and 
operated at a flow rate of 0.5 mL/min using buffer 
solutions at pH 7.0 (60 mM). Shortly before the
buffer stream reaches the electrode, pH was
increase to pH 13 to allow ammonia detection. The
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inner electrolyte of the electrode was diluted 1:9
with water. Temperature of the flow-through cell
was stabilized at 36.0 °C. The analyzer was fully 
computer-controlled allowing automatic over-night
measurements.
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Fig. 2.  Calibration plot of the cyanide biosensor based on 
an ammonia electrode. The linear calibration range is
marked by arrows. 

The detection limit of this sensor (see Fig. 2) was
observed at 6 µM. Quantitative determination of
cyanide could be carried out in the linear range 
between 20 µM and 300 µM. The detection limit
corresponds to 0.16 mg/L cyanide (6 ppm). This
sensitivity is sufficient for concentrations, which
are toxic for humans.

SiO2

p-Silicon

Si N3 4

Cyanidase

Reference

Electrode

Fig. 3. Experimental set-up used for C/V and CONCAP 
measurements of the cyanide biosensor (EIS).

In order to further miniaturize this sensor, 
findings described above were transferred onto a
further potentiometric sensor based on an EIS
structure. The pH-sensitive layer of this
semiconductor is formed by Si3N4. Fabrication and
production of theses structures were described in
ref. [4]. The detection principle can be explained by
the presence of amine (NH2) and hydroxyl (OH) 
groups at the surface of a hydrated Si3N4 layer. The
ionization states of this layer depend on the
surrounding H+-ion concentration. The resulting
potentiometric response was recorded and 
correlates with the pH, which is determined by the
reaction products of the cyanidase.

With the intention to examine the potentiometric
response of the sensors, the prepared EIS structures

were mounted in a measuring cell sealed by an O-
ring as shown in Figure 3. About 6 Units cyanidase
(recombinant cyanidase from Pseudomonas stuzeri)
were trapped by a semi-permeable membrane at the 
top of the pH-sensitive layer. The sensor was
contacted on its front side by an Ag/AgCl reference
electrode, and at the rear Al-contact by a gold pin.
The characteristics of the biosensor were studied by
capacitance/voltage (C/V) and constant capacitance 
(CONCAP) measurements.

Again, the sensor was operated in the flow-
through mode with phosphate buffer, pH 7.5 (10 
mM). In contrast to experiments described above, 
an open cell design was used. Good results were
achieved with an inlet diameter of 1 mm, an outlet
diameter of about 2 mm and a flow rate of 0.25
ml/min during measurements. The sensor was 
sensitive to cyanide concentrations as low as 1 µM
(Figure 4). However, it must be assumed that the
detection limit of the EIS sensor is in the nanomolar
range. This sensitivity would be high enough even
to perform analysis in the ppb-range.

Fig. 4. Typical CONCAP plot of the cyanide biosensor
with cyanide concentrations between 1 µM and 50 µM.

References

[1] J. Vetter. Plant cyanogenic glycosides. Toxicon

38 (2000) 11-36.

[2] A. Ipatov, M. Ivanov, S. Makarychev-
Mikhailov, V. Kolodnikov, A. Legin, Y. 
Vlasov.Determination of cyanide using flow-
injection multisensor system. Talanta 58 (2002),
1071-1076.

[3] I. Krest, I. M. Keusgen, M. Biosensoric Flow-
Through Method for the Determination of Cysteine
Sullfoxides. Analytica Chimica Acta 469 (2002), 
155-164.

[4] M. Thust, M. J. Schöning, J. Vetter, P. Kordos, 
H. Lüth. A long-term stable penicillin-sensitive 
potentiometric biosensor with enzyme immobilized
by heterobifunctional cross-linking. Analytica
Chimica Acta 323 (1996), 115-121.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers BioChemical Sensors

487



Fibroblast cell-based biosensor for sensing glucose

C. Tlili 1,3, K. Reybier 1, Alain Géloën2, L. Ponsonnet1, C. Martelet1, H. Ben Ouada3, M. 

Lagarde2, N. Jaffrezic-Renault1

1Laboratoire d’Ingénierie et de Fonctionnalisation des Surfaces, UMR-CNRS 5621, ECL-Lyon, BP 163, 69131

Ecully Cedex, France; email : laurence.ponsonnet@ec-lyon.fr

2 Laboratoire U352 Biochimie et Pharmacologie de la médiation lipidique, INSERM-CNRS,

3 Laboratoire de Physicochimie des Interfaces, Université de Monastir, Avenue de l’Environnement, 5019
Monastir, Tunisie.

Summary: The aim of this work is to demonstrate the feasibility of glucose sensing by fibroblast cells

using impedancemetry analysis. Equivalent circuits are used to model the electrical flow through the
interface. Cells are cultivated on Indium Tin Oxide (ITO) semiconductor electrodes. The variation of the

electrical properties of fibroblasts as a function of glucose concentrations are measured by electrochemical

impedance spectroscopy (EIS). This variation is not observed with carbohydrates not metabolized by cells 
such as D-mannitol. Moreover, inhibiting glucose uptake by cytochalasin B, a specific inhibitor of glucose

transporters, abolishes the EIS signals. This demonstrates the specification of the sensor.

Keywords: cell-based biosensor, impedance spectroscopy, glucose

Category: 6 (Biosensors)

1 Introduction 

Diabetes is diagnosed exclusively by demonstrating
a persistent increased glucose concentration in the
blood. Amperometric biosensors based on glucose
oxidase are the most widely used biosensors.
Biosensor response is generally based on the
electrochemical oxidation of H2O2

1, 2. This kind of
biosensor is often used in short-term evaluation3, 4

due to an activity loss of the enzyme and the 
relative toxicity of  H2 2O  for biological entities. The
use of living cells as sensor elements provides the
opportunity for high sensitivity in a broad range of
biologically active substances which affect the
response of the cells. This paper describes a new
fibroblast based sensing device for the
determination of glucose using impedance
spectroscopy. Indeed, 3T3-L1 fibroblasts are able
to metabolise glucose through the activation of
specific glucose transporters (Glut 1 and Glut 4).

2 Results and discussion 

2.1 Impedance spectra of fibroblast cell layer on

ITO electrode

Figure 1 shows the Bode impedance plot
corresponding to the cell monolayer covering the

ITO electrode. These plots are interpreted in terms
of equivalent circuits. The impedance spectrum of
this system can therefore be analysed using an
equivalent circuit that consists of a resistor and a 
constant phase elements (CPE) (replacing the 
capacitor) in series.  The resistor R0 is mainly due
to the conductivity of the bulk solution and the wire 
connection whereas the CCPE represents the
dielectric properties of the electrode/electrolyte and 
additional qualitative information on the surface
morphology of the ITO electrode. In the case of 
figure 1, R0=486.8 and CCPE=68 F cm-2.
Moreover, R=6.5 K  cm2, C=45 F cm-2 are the
resistor and the capacity of an interfacial layer and 
Rc=5.425  cm2 and Cc=0.76 F cm-2 corresponds
to the cell layer. 
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Fig. 1. Impedance spectrum of ITO electrode

covered with fibroblast cells (3T3-L1). 
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2.2 Impedance measurements for glucose

detection

Figure 2 shows the effect of glucose addition on the
impedance spectra of the fibroblast cell monolayer.
In this case, the Nyquist diagram representation is 
used since such a representation allows a more
sensitive analytical treatment. Measurements are 
performed in a wide range of glucose
concentrations  (1 mmol to 23 mmol) which is
wider than the physiological range. Each glucose
addition induces a change of the Nyquist diagram,
due to a change both in the resistance and in the 
capacity of the cell monolayer.
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Fig. 2. Nyquist Diagram of  the effect of D-Glucose on 
confluent monolayer of fibroblast cells.

Fig. 3 shows at glucose concentration below 14
mmol, a typical calibration graph of the absolute
impedance response at 4 kHz of fibroblast/ITO
electrode versus glucose concentration is produced.
But when the concentration goes over 14 mmol, the
system reaches a saturation. In order to highlight
the specificity of the cells towards glucose and to 
reinforce the hypothesis of an impedancemetric
signal correlated to glucose uptake by fibroblasts,
the same experiments are performed with D-
mannitol instead of glucose, a sweetener not
metabolized by the cells. No variation is observed
with D-mannitol additions in the range from 1 to 15
mmol.
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Fig. 3. Calibration plot of the glucose biosensor.

2.3 Impedance spectra of inhibited cells 

To strengthen our hypothesis we inhibited the
glucose transporters of the 3T3-L1 fibroblasts by
using cytochalasin B which inhibits Glut 1 and Glut
4 mediated glucose uptake32. After glucose
additions, the curves are superimposed which
indicates that the resistance and the capacitance of 
the cell monolayer are not modified and 
consequently that glucose is no larger incorporated
into the cells. These results demonstrate that the
changes in the resistance and in the capacity of the
cell monolayer directly result from glucose uptake
and metabolization of glucose by the cells.

3. Conclusion 

The present study shows for the first time the
feasability and specificity of glucose sensing by
fibroblasts over the physiological range of glucose
concentrations, using impedancemetry analysis.
Further studies, over a wider frequency range, are
under way in order to improve the performance of
the sensing device. Such  biosensor could be
applied to a more fundamental study of cell 
metabolism.
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Summary: This work gives a short description of how LTCC (Low Temperature Cofired Ceramics)
technology is a suitable material system for a FIA (Flow Injection Analysis) meso-analytical system
fabrication of heavy metal detection system for biological and environmental fluids. The paper presents 
design and fabrication issues of a LTCC manifold integrated with sensor electrodes. The requirement of
on-line measurement tests with high sensitivity for heavy metals has motivated the development of sensors
for electrochemical stripping techniques in flow. Preliminary bench results, using a pre-concentration
scheme, for mercury concentration, indicate a lower detection limit of 10 µg/, which is much lower than the 
maximum tolerable concentration for fresh waters and urinary fluids.

Keywords: LTCC, Chemical Sensors, FIA, Heavy metal detection.

Category:  5

1 Introduction

In the Biomedical, Biotechnology & Chemical
fields there are increased needs for analytical
systems with new requirements and functionalities 
as: on-line in-flow measurement in decentralized
fashion, better sensitivity, lower dead volumes,
shorter response time, smaller sizes, lower power
consumption, multi-sensor devices and low cost. 
Flow techniques have been widely used in the
analysis of environmental and Biomedical
parameters, to which they are particularly adapted. 
In the E. Hansen [1] database with more than 700 
citations related to the FIA practice we found
several FIA approaches, but many of them are
intended for off-line instrumentation. The meso-
analytical system to be manufactured comprises a
FIA for chemical sensing associated to other type
of sensors as temperature, PH, DOB and a control,
acquisition and transmission electronics integrated
in a LTCC substrate to acquire the required
environmental or biomedical data.
Our LTCC research has been focused on meso
analytical system implementation in the last five
years [2]. Such period has let us to design, simulate,
fabricate and test several devices such as: flow
sensors [3], passive flow controllers [2], micro-
valves [2] and passive Mixers [4]. Fabricated
devices may be integrated, using LTCC technology 
in a hybrid way, into a single meso system with
enhanced functionality. The desired analytical
meso-system is at present in development, so
studies, simulations and tests are in progress, in
order to develop remaining system parts.

At this time we would like to report a LTCC
manifold with integrated sensor array for the
proposed task.

2 LTCC Technology

LTCC ceramic tapes are glass - ceramic composite 
materials. They are produced in flat tapes of
thickness usually in the range of 100 to 300 µm.
One important feature of LTCC technology is the
possibility of fabricating 3D devices using multiple 
layers fabricated in the green (before firing) with
whatever feature in the form of vias, cavities,
channels, internal electrical thick film elements are
needed for the overall function of the structure.
The processing of the green ceramic tapes is
usually done in three steps: 1) Machining and
patterning of individual layers with via holes,
cavities, resistors, conductors or dielectric pastes;
2) Collation and lamination of the tapes under
pressure and temperature and 3) Co-firing of the
entire laminate to sinter the material.

Fig. 1. LTCC layers for Manifold and sensor array.
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3 Manifold and sensor array

A manifold for various tasks was designed, we
include the possibility of mixing two fluids (if a
reagent is needed) and implement a spiral coil used
as a mixing/reaction chamber. DuPont 951 LTCC
tapes with layer thickness of 250 µm were used to 
fabricate 1mm width microchannels, see figure 1.
A multi-electrode sensor array for electro-chemical
measurement was fabricated using thick film
deposition. The sensor array is composed of a
silver/silver chloride reference electrode, a gold
counter electrode and two gold detection electrodes
(L=300µm, W=2mm). Figure 2 demonstrates
electrode geometry for chemical sensing.

Fig.2. In flow sensor array geometry.

A ceramic green tape manifold will integrate the
electrochemical detector using the auto-packaging
capabilities of the LTCC technology. Figure 3
illustrates the fabricated manifold and integrated
sensor array (four devices in a 3 x 3”LTCC tapes).

Fig.3. Fabricated Manifold with sensor electrodes.

3. Sample preparation, analytical

techniques and results

All the solutions were prepared with deionized (18 
MΩ) water obtained from a Milli-Q system
(Millipore). The mercury stock solution (1000
mg/L, 1 wt. % nitric acid, atomic absorption
standard solution, Aldrich) was diluted as required,
just before their use. Hydrochloride acid solution
(0.05 mol/L) was used as supporting electrolyte,
prepared by dilution of Suprapur grade (Merck)
concentrated hydrochloric acid. Nitric acid
(suprapur) and hydrogen peroxide were purchased
from Merck and used without further purification.
Potentiometric stripping analysis and cyclic
voltammetry were performed with an
Electrochemical System (Autolab PGSTAT 20, Eco 

Chemie - Utrecht) connected to a Pentium 200
MHz computer. 
We added continuously 10µg/L of the stock
solution to achieve 60µg/L. The pre-concentration
potential was –0.35V, 30min, and sweep potential 
from 0.35V to –0,65V. We observed a mercury
oxidation peak around 0.626V. The calibration
curve obtained shown in figure 4.

Fig.4. Manifold bench test results.

Conclusions

An LTCC manifold integrated with sensor
electrodes for heavy metal detection meso-system
suitable for biological and environmental fluids was 
fabricated and tested. Bench test indicates
sensitivities for Hg of about 10 µg/l allowing
biological and environmental fluids in-flow tests
practicable.
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Naphthalene Detection by a Bioluminescence Sensor
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Summary: A bioluminescence detection system using Ps. fluorescens HK44 was applied for naphthalene
measurement in a range 0 - 0.5 mg L-1, lower than the maximum of 1mg L-1 recommended by EPA.. Diluted 
sample injections of naphthalene were added to 0.2 g L-1 or 0.4 g L-1 cellular concentrations used in the 
measurement medium. The same system was applied to a waste water effluent collected from a
hydrocarbon contaminated site (2.4 mg L-1) which includes naphthalene. The output signal of the biosensor
system for the effluent was fully compatible with the results obtained for the naphthalene solutions.

Keywords: bioluminescence, effluent, naphthalene, Ps. fluorescens HK44
Category: 6 (Biosensor)

1 Introduction

Polycyclic aromatic hydrocarbons (PAH) are a
well known group of carcinogenic compounds
widely distributed in the environment. Naphthalene,
one of those PAHs, enters the environment from
industrial uses and incident spills. Exposure to large 
amounts of naphthalene may cause several harmful
effects and possible damage or destruction of some
of red blood cells. Due to the low level of exposure 
suggested by Environmental Protection Agency
(EPA) of 1 mg L-1, the quantification of this
compound is of great interest.

Bioluminescence of genetically engineered
microorganisms (GEMs) [1-5] is becoming a
potential alternative to conventional technologies,
where the bioluminescence response to naphthalene
contamination is measured in real time
Pseudomonas  fluorescens HK44 represents the
first GEM approved for field testing in the United 
States for bioremediation purposes. Strain HK44
harbors an introduced lux gene fused within a
naphthalene degradative pathway [1], thereby
allowing this recombinant microbe to
bioluminescence as it degrades this specific PAH.

A biosensor using strain HK44 has been applied
in this work for naphthalene detection at the
concentration range 0-0.5 mg L-1, lower than the
maximum concentrat ion recommended by EPA.
This system has also been extended for the
detection of naphthalene in contaminants present in
a real waste water effluent.

2 Methods

2.1 Bacterial strain

A bioluminescent catabolic reporter strain,
Pseudomonas fluorescens HK44 [1]  was purchased
from DMSZ, Germany. The bacterial strain is able
to emit light as it degrades naphthalene, allowing

this PAH compound catabolism to be monitored.
Ps. fluorescens HK44 was incubated in YEPG
medium [2] with addition of 15 mg tetracycline L-1

(pH 7.0). After growth at 28oC, cells were
centrifuged and resuspended in 0.01% yeast extract 
solution.

2.2 Bioluminescence assay

Sampling lines of the cellular suspension (0.2 or
0.4 g L-1) were continuously pumped (2 mL min-1)
through a flow cell (work volume = 0.4 mL)
located in a black chamber to minimize background
light (Fig. 1). 

Fig. 1. Schematic diagram for bioluminescence
sensor system

Time zero corresponded to the time of addition of
a known volume of naphthalene solution to achieve
0-0.5 mg L-1 working range concentration [2].The
light intensity signal for each sample was
subtracted from the reference level signal of the
aqueous cell suspension without naphthalene. 

2.3 Light measurement
A PTI (Photon Technology International)

digital display model 814 with a Hamamatsu
photomultiplier tube model R4220 was used for all
light measurements.  Light detection was measured
as a current (nA) from a photoelectric effect and
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was sensitive to 10-9 A of induced current. The
photomultiplier was connected to a computer
through a National Instruments data acquisition
card (model Lab-PC), allowing continuous
sampling of photomultiplier output over long
periods of time.

3. Results

In order to detect concentrations below the
maximum value (1 mg L-1) recommended by EPA
for waste water, all experiments were conducted for 
a maximum of 0.5 mg naphthalene L-1 . On line
measurements showed an increasing light emission
until 0.28 mg naphthalene L-1 with a cell
concentration of  0.2 g L-1 (Fig. 3).
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Fig. 2. Bioluminescence response to naphthalene (0.02-
0.28 mg L-1) with cell concentration = 0.2 g L-1

Average values of output signals
(bioluminescence) achieved at steady state light
emission against naphthalene concentrations were
plotted in Figure 3, showing a saturated response
with 0.2 g cell L-1.
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Fig. 3. Biosensor system calibration curves for (  ) 0.2 g 
L-1 and ( λ ) 0.4 g L-1 cell concentrations.

A real effluent was also collected from a
hydrocarbon (HC) contaminated site (2.4 mg L-1 )
to verify the bioluminescence response of strain
HK44. As total HC concentration was low, cell

concentration used was 0.2 g L-1. As shown in
Figure 4, output signals were obtained with diluted
solutions of the effluent, for the range 0-1.2 mg L-1

of HC concentration.
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Fig. 4. Biosensor system response for a real effluent with 
cell concentration = 0.2 g L-1

Considering that naphthalene concentration in
this real effluent is in the range 1:10, the
bioluminescence response obtained is in accordance
with the calibration curve shown in Figure 3. 

4. Conclusions

On line tests carried out using a biosensor system 
with a flow through cell and sample injections were 
successfully used to detect naphthalene in
concentrations lower than 1 mg L-1. A cell
concentration of 0.2 g L-1 showed a good
performance in the detection of low naphthalene
concentrations present in a real effluent.
Bioluminescence produced by Ps. fluorescens
HK44 is a sensible analytical technique with
potential to be used in the detection of PAH
environmental contamination.

References

[1] J.M.H. King , P.M. DiGrazia, B. Applegate, R. 
Burlage, J. Sanseverino, P. Dunbar, F. Larimer and
G.S. Sayler. Science 249 (1990) 778-781.

[2] E. Valdman, B. Valdman, S.G.F. Leite and F.
Battaglini. I Jornadas Nacionales AAQA - Rosário,
Argentina (2001) 27.

[3] C.J. Kelly, C.A. Lajoie, A.C. Layton and G.S.
Sayler. Wat. Environ. Res., 71 (1999) 31-35.

[4] O. Bechor, D.R. Smulski, T.K. Van Dyk, R.A.
La Rossa and S. Belkin. J. Biotechnol. 94 (2002)
125-132.

[5] B.M. Willardson, J.F. Wilkins, T.A. Rand,  J.M. 
Schupp, K.K. Hill, P. Keim and P.J. Jackson. Appl.
Environ. Microbiol. 64 (1998) 1006-1012.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers BioChemical Sensors

493
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Summary: The interface chip presented in this paper is a dedicated chip designed for fish data loggers,
that converts sensor signals from 7 sensors into an 11 bit digital signal. A full-custom prototype chip was
fabricated in a 0.6 µm Complementary Metal Oxide Semiconductor (CMOS) process. Designed for a 5V
battery supply, the chip has a power consumption less than 1.5 mW. The chip can be used to interface a
large variety of sensors such as pressure, acceleration, temperature and light. In order to demonstrate
the functionality, a hybrid system containing a pressure sensor and the interface chip was tested. This
measurement showed a fine separation of different pressure levels and a linearity over a pressure range
from 0 to 12 bar.

Keywords: Interfacing, multi sensor, ADC
Category: 9 (System architecture, electronic interfaces, wireless interfaces)

1 Introduction

Current demands on the data loggers for fisheries re-
search have made it necessary to integrate multiple
functionalities without sacrificing low power consump-
tion, small size and portability. The original applica-
tion of the present chip is to interface sensors placed
on a fish to be used as a data logger. Some important
physical parameters to be gauged in this task are pres-
sure, temperature, acceleration/tilt, light intensity and
conductivity. These parameters, for instance, can sup-
ply information about swimming depth, tail movement
frequency, water salinity, hunting and escape behavior
of the fish. A data logger on a fish is battery driven,
and the interface is therefore optimized for battery sup-
ply and low power consumption. The chip could also
be used in other applications, where a general sensor
interface is needed [1].

2 Description of the Design

The chip can process seven external sensor signals and
one internal temperature sensor signal, all of which are
interfaced to high-impedance inputs. A block diagram
of the interface chip is seen in Figure 1. The inputs are
connected to an input multiplexer, and one of the inputs
is passed to an instrumentation amplifier according to
three input selection bits. If the first input is selected,
the internal temperature sensor output is processed. In
order to be able to communicate with a broad range of
sensors, regardless their transduction styles and signal
levels, the gain in the instrumentation amplifier can be
set to 1, 10 or 100 times through two gain control bits.
The output voltage from the amplifier is related to an
internal reference voltage of 2.50 V below the supply
voltage, which normally is in the range of 4.5 to 5.5 V.
The amplified differential signal is then applied to the
input of an 11-bit dual-slope integrating Analog Digital
Converter (ADC) [2]. Since the conversion speed is

not an issue, the obvious choice was a dual-slope ADC
thanks to its precision and low-power consumption.

The ADC uses the same reference voltage as the am-
plifier meaning that the precision of the conversion is
independent of changes in the supply voltage. Since the
converter is an integrating type, an oscillator is needed
for the internal counter of the ADC. In order to make
the interface easy to use in a large variety of applica-
tions, an internal ring oscillator with a free-running fre-
quency of 1 MHz is included in the chip. An external
port allows to reduce the oscillation frequency, thereby
increasing the resolution of the ADC. Since the data
logger is a battery operated portable system, the inter-
face circuit has to consume low-power. Using a sup-
ply voltage of 5V, the system is designed to consume
1.5 mW (drawing 300 µA of current) in the worst case.
With this power consumption, the interface chip can
fill 16 MB of data with a standard 5 mAh battery, cor-
responding to 16.7 hours of memory time.
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Fig. 1: Block diagram showing the contents of the inter-
face chip.

In order to eliminate mismatch of the components, a
common-centroid layout was designed for analog parts.
Figure 2 shows a micrograph of the fabricated proto-
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Fig. 2: Die micrograph of the fabricated prototype. Active chip area measures 1 mm×0.7 mm.

type using 0.6µm double poly, triple metal CMOS pro-
cess from Austria Micro Systems. The layout is divided
into two blocks containing analog and digital circuits
respectively. This is done to avoid coupling of digital
signals to the analog circuits. Separation of the sup-
ply voltages for the digital and the analog blocks helps
to reduce the coupling and noise between these blocks.
The chip die has an area of 0.7 mm2 and the chip uses
43 bonding pads.

3 Measurement Results

As a measure of performance, the chip was interfaced
to a differential pressure sensor with a piezoresistive
Wheatstone bridge giving an analog output voltage in
the range from 0 to 50 mV for pressure levels from
0 bar to 12 bar. The digital output from the interface
as a function of the pressure applied to the sensor is
shown in Figure 3. The digital words are converted
into voltages to yield in Figure 3, where the 11 bit full
scale value equals 2.500 V. The pressure applied to the
sensor was measured in bar with three decimals of pre-
cision, and the digital result was found for pressures
in the range from 0.5 bar to 12 bar, emulating a fish
swimming at water depths from 5 m to 120 m. Taking
the sensor signal level into account, an amplification
of 10 and a clock frequency of 200 kHz were chosen
for the best resolution. Three conversions were made
at each pressure to find the maximum repetition error
which was found to be 1 bit. Extrapolation over the ex-
perimental data reveals possibilities of separating pres-
sures down to 0.05 bar in a pressure range from 0 to
93.4 bar.
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Fig. 3: Results from measurements with a pressure sen-
sor applied to the interface chip.

4 Conclusion
A low-power, battery driven, portable sensor interface
circuit was successfully designed and tested. Operating
with a battery supply of 5 V and consuming 1.5 mW,
the chip has shown to satisfy the requirements set by
the fisheries research applications. Experimental char-
acterization of the chip was performed along with a
pressure sensor resulting in a maximum bit error of
1-bit.
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Summary: A general concept for the linearization of impedance bridges with circuit 

components changing in only one polarity is presented. A trans-admittance properly designed 

and matched to the nominal value of the bridge components reduces non-linearity from 9% to 

0.4% over ±20% of bridge imbalance. This approach can conveniently be integrated with the 

readout circuit resulting in a highly linear sensor readout.

Keywords: Sensor bridge, linearisation, OFA 

Category: Electronic Interfaces

1 Introduction 

Impedance bridges (Wheatstone bridges the in case of
resistors) are universally applied for precision
measurement and the read-out of sensors. A general
feature of a bridge configuration is its simplicity. In case
the nominal values of the components are well matched,
the bridge also enables rejection of common-mode signals
and improves power supply rejection. Moreover, parasitic 
transduction effects (notably temperature dependencies)
can be compensated for. However, a linear output is 
obtained only in the fully-symmetric bridge configuration
shown in Fig. 1a. The output voltage is described by:
Uo/U= Z/Z, provided that the load impedance of the
bridge (= the input impedance of the readout circuit) is
much higher than the output impedance of the bridge. The 
main problem of this conventional Wheatstone bridge is
that both an increasing and a decreasing (e.g. Z+ Z and

Z- Z) impedances have to be available in opposite bridge
arms. This is achieved eg. in some differential capacitive
transducers [1]. However, for practical or cost reasons 
often only increasing or decreasing component values (Z,
Z+ Z or Z, Z- Z) are available, for example
piezoresistors in a membrane [2]. This paper demonstrates
that linear readout can nevertheless be obtained by
designing readout using a uniquely determined trans-
impedance.

Non-linearity compensation concept

Figure 1b shows the non-symmetric half and full bridge
configuration with Z+  elements only. The transfer
function of this bridge can be derived as:

2
1

O

b

U Z

U Z
Z Z Z

Z

(1)

For Z= Z(1+ ) and Zb» 2Z the bridge transfer function can 

be written as: 
2

OU

U

Fig.  1.a   Conventional fully-symmetric impedance bridge.

        1.b   Full-(#) and half –bridge(*) only Z+ Z values.

A relative change of the active bridge components of 
results in a non-linearity in the output

voltage of the bridge of about 9%. Equation (1) implies
that the bridge non-linearity can be controlled by the load
impedance Zb. For a linear response Zb should be equal to:
Zb= –2Z. This negative impedance can be electronically
synthesized and combined with the bridge read-out, as is
demonstrated in the next paragraph.

Read-out amplifier principle 

Figure 2 shows the basic block diagram for bridge readout
with simultaneous realization of a negative load
impedance. The general transfer function of the
differential input/output amplifier is  given by:

o iv i

m io i

U UA Z

Y Ai i

Since Ui = Uo and if the current gain Ai and the input
impedance Zi are designed for very high values, the
desired transfer function is a trans-admittance with:
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where Z denotes the nominal value of one of the four 
bridge impedances. A linearized Wheatstone bridge thus
requires a voltage-to-current converter with a trans-
conductance:
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Figure2, Bridge and read-out amplifier.

Generally, it can be concluded that for a full bridge with
linear output, the read-out amplifier should be realized
using a floating voltage-current converter with a trans-
conductance equal to twice the value of one of the bridge
components.
Table 1 shows an overview of various bridge
configurations with the required amplifier transfer
function for a linear response.

Bridge/Readout

Transfer [Uo/U]

Required trans-
admittance [Io/U]

Full bridge 

Resistive R/R -1/(2R)

Cap.( , A) C/C or A/A -j (C+ C)/2

Cap.( d 2 d/d -j C/2

Inductive L/L -1/(2j L)

Half  bridge 

Resistive R/R -2/(3R)

Cap ( , A) C/4C , A/4A -(2/3) j (C+ C)

Cap ( d 2 d/d -(2/3) j C

Inductive L/L -2/(3j L)

For capacitive bridges, devices with change in
permittivity ( r/ r) or plate area ( A/A) and sensors with
plate distance variations ( d/d) as the measurand can be 
distinguished. The bridge-amplifier combination provides
a linear response in both cases, using the values of the
trans-admittance from Table 1.

Realisation

The differential voltage-to-current amplifier can be 
implemented in many ways depending, on the required
accuracy and frequency range of the bridge excitation 
signal. Figure 3 shows a full-floating voltage-to-current
converter [4], using two differential input-output
amplifiers (OFA’s) for readout of a Wheatstone bridge.
The circuit  can operate at bridge excitation voltages
between DC and several MHz,. The value of the trans-
conductance should be set by two resistors that are well-
matched with the nominal values of the bridge
components, which is relatively easily achieved in
integrated sensors. Positive feedback of the amplifier is
required for synthesizing the negative trans-conductance.

Figure3. Resistive bridge readout using two operational
floating amplifiers (OFA’s). 

An important issue is therefore the stability of the entire
system. The loop-transfer function is the product of the
trans-conductance Gm of the read-out amplifier and the 
bridge output impedance Zo. It can shown that it is a 
function of the bridge unbalance only and always
smaller than –1 with maximum of -2/3 for = 1  ( R=R).
The frequency response of the amplifier has to be 
carefully compensated to ensure a sufficient phase 
margin. The circuit has been implemented both for
capacitive and resistive bridges in a CMOS process. The
chip layout is shown in Fig. 5. The design predicts a non-
linearity smaller than ±0.4% over ±20% bridge imbalance,
which is an improvement by a factor 22 as compared to a
conventional readout.

Conclusions

A technique for linearization of various half- or full
impedance bridges is presented. The method presented
can be implemented in a conventional bridge and is
combined with basic readout. Accurate low-noise trans-
conductance amplifiers  in CMOS and floating voltage-to-
current converters in bipolar technology have been
designed and are now fabricated to experimentally verify
operation.
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The field of artificial olfaction has been
significantly fruitful in the latest years with the
introduction and study of new electronic noses and
applications in several different areas, such as food
and agriculture, industrial production and medicine.
The need for a miniaturized nose, providing low
cost, low weight, low power consumption, has
driven our research on an innovative electro-optical
system, made up of a photodiodes matrix, coated by
metalloporphyrins as chemical interactive materials
with interesting optical properties.

����������	���	�����	���	�������
,	������������������

The working principle of the optical sensor is based
on the optical properties of the chemical sensing
layer employed: in presence of a volatile
compound, metalloporphyrins modify their
absorption spectrum by shifting it towards
higher/lower wavelengths and by changing the peak
value amplitude (Fig.1) [1,2]. These CIMs are
deposited by evaporation on silicon photodiodes
(750�m�1010�m) able to detect the change in the
light intensity they collect in their active depletion
region (710�m�710�m). The devices employed in
this first prototype have a responsivity peak around
900 nm, corresponding to 0.15 A/W in the Soret
band. The photodiodes matrix is bonded in a
dedicated package, with a glass transparent top to
let the light of the blue led source pass and with two
lateral holes for the gas flow (Fig.2);

the transduction array is then included in a simple
circuit that converts the generated reverse current
output into an amplified voltage signal by using an
operational amplifier with a 15M� feedback
resistor (Fig.3).

Fig. 1. Transmission spectrum of Zn-heptyloxy-TPP with
no TEA and after 2’,4’,12’ from TEA injection. The
amplitude variation is reversible.

Fig. 2. Top and lateral view of the metal package
containing the coated photodiodes array.
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Fig. 3. Measurement circuit made up of the reverse
biased photodiode as current generator, an operational
amplifier to produce a voltage output and a low-pass
filter to increase S/N ratio.

��-.��	�����������������+������

The packaged chip has been lodged into a closed
black PVC cylindrical chamber provided with holes
for electrical connections to the circuit, for locating
the light source in front of the matrix and for the
tubes carrying the gas flux to be detected. The first
experiments were performed with ethanol, using a
two channels flux-meter to change the gas
concentration and a bubbler. Nitrogen was
employed as carrier and to clean the chamber after
each cycle. Fig.4 and 5 shows the results obtained
by employing, respectively, a Co-
T(hexadodecyloxy)PP with a blue LED operated in
continuous mode and a Zn-T(heptyloxy)PP with a
white lamp followed by a monochromator,
selecting the wavelength of 427nm. This second
experiment allowed the detection of 5% EtOH,
proving the importance of adjusting the source on
the wavelength corresponding to the maximum
variation in the transmission spectrum.

Fig. 5. Output voltage versus time while 2 measurement
cycles at 20% and 5% EtOH concentrations are
performed.
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Fig. 4. Output voltage versus time while 7 measurement cycles at decreasing EtOH concentrations are performed.
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An Inductive Powering System with Integrated Bidirectional 

Datatransmission 
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Summary:  An inductive powering system is presented, capable of powering implantable monitoring and 

stimulating devices.  The system is capable of delivering at least 50 mW, with an efficiency of 36 % over a 

distance of 3 cm. The power transfer frequency is 700 kHz.  Optimisation of the power transfer efficiency 

and the misalignment tolerance was obtained using a self-developed design tool.  Moreover, a bidirectional 

datatransmission is integrated in the same system: amplitude modulation is applied for the downlink 

transmission, passive telemetry for the uplink transmission.  Our new system is capable of a maximal bit 
rate of 60 000 bits/second is achieved. 

Keywords: inductive powering, wireless datatransmission 

Category: 9 (System architecture, electronic interfaces, wireless interfaces)

1 Introduction 

In this paper, we present a new inductive powering 
system which is equipped with a bidirectional 
datatransmission.  It has been optimised towards 
maximal power transfer efficiency and 
misalignment tolerance: a minimal amount of 
power transfer is guaranteed within certain limits 
for coil separation and lateral and angular 
misalignment.  A new addition is the possiblity to 
use the inductive powering link also as a 
bidirectional communication tool, using ampiltude 
modulation of the downlink, and load variations for 
the uplink transmission.  The system is developed 
for a “smart” orthopedic implant [1]: using this 
downlink datatransmission, the algorithms for the 
processing, storage and transmission of the 
measured data can be reprogrammed in situ, while 
the measured data can be transmitted to a PC base 
station, using the uplink data-transmission.  In 
general, the proposed system, that consists of two 
coils only, can be used for the powering, control 
and data retrieval of both implantable monitoring 
and stimulation devices. 

2 Inductive Link Principles 

An inductive link consists of two coils, forming a 
loosely coupled transformer.  The primary coil, 
placed outside the body, generates a magnetic field, 
that is partly picked up by the secondary, implanted 
coil.  In this way, power is transferred 
transcutanously. 
A design tool for the calculation of the electrical 
and magnetic properties of inductive links is 
implemented in MATLAB.  The tool includes the 
influence of parasitic effects such as skin and 
proximity effect and parasitic capacitance.  The 

design tool is used for the optimisation of the 
inductive link towards maximal efficiency and 
misalignment tolerance.  Maximisation of the 
misalignment tolerance yields the optimal coil 
dimensions.  A rule of thumb is that maximal 
efficiency is achieved for a primary coil diameter 
equalling twice the distance between the two coils.  
The operating frequency is set at 700 kHz in order 
to avoid biological tissue damage. 

3 Design of the Complete Inductive 

Powering System 

The inductive powering system with integrated 
bidirectional datatransmission is depicted in Figure 
1.  The primary coil is driven by a Class E 
amplifier.  The Class E topology was chosen for its 
high efficiency.  Taking into account the parasitic 
losses, such as the resistance of the RF Choke LRFC

and the on resistance of the switch S, an efficiency 
of up to 80 % is obtained. 
The secondary circuit consists of a simple rectifier 
and regulator circuit.  The capacitor C2 is added to 
the secondary coil to form a resonant receiver 
circuit at the operating frequency.  In this way, the 
power transfer efficiency is increased.  The chosen 
topology consists of a minimal amount of 
components in order to minimise the dimensions of 
the implantable circuit. 
The inductive powering system is designed to 
deliver 50 mW to the implantable device, at an 
internal regulated voltage of 5 V.  The total power 
transfer efficiency, which is given by the 
multiplication of the primary circuit efficiency, the 
link efficiency and the secondary circuit efficiency, 
is 36 %.  The supply voltage of the Class E 
amplifier is 2 V. 
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Fig. 1. Overview of the inductive powering system with integrated bidirectional datatransmission. 

4 Integration of Bidirectional 

Datatransmission 

For downlink datatransmission amplitude 
modulation of the Class E amplifier is applied, 
using a MOS transistor SAM, acting as a switch and 
a resistance RAM.  The major drawback of this 
technique is the power dissipation.  However, it is 
still preferred to frequency or phase modulation for 
its basic encoding and decoding circuits, as this 
approach allows the dimensions of the implantable 
circuit to be kept small.  The decoding circuit 
consists of an envelope detector, a bandpass filter 
and a comparator.  All blocks are built using 
commercially off-the-shelf compononents operating 
at 5 V, and can be powered by the inductive 
powering system.  The capacitor C2 from Figure 3b 
is split up into C21-C22 and the high impedance 
input of the decoding circuit is connected to it. 
Passive telemetry is used for uplink 
datatransmission [2].  A MOS transistor SPT is 
introduced in the secondary circuit of the inductive 
powering system.  By varying the gate voltage of 
the transistor SPT, the input impedance of the link 
Zlink is varied.  This impedance variation acts as a 
load variation on the Class E amplifier and can be 
‘sensed’ by measuring the current through the 
primary coil L1.  Therefore, a transformer L3-L4 is 
introduced in the primary circuit.  The current 
variation through the coils L1-L3 is now transformed 
to a voltage variation over L4.  This signal can then 
be decoded, using the same circuit as the decoding 
circuit for the downlink amplitude modulation.  A 
second diode DPT is also added in the secondary 
circuit to avoid the stabilisation capacitor Cstab to 
discharge through SPT when it is conducting. 
The major advantage of using passive telemetry for 
uplink datatransmission is the low power 
consumption: the secondary circuit is not acting as 
a transmitter and power transfer is still possible 
during datatransmission.  The major drawback is a 
limited transmission range. 

The gate voltage of SPT is chosen in such a way that 
the modulation depth is 5 %.  Due to the load 
variation, the Class E amplifier detunes from its 
ideal operation into Class CE regime.  This reduces 
the efficiency of the amplifier, but an overall power 
transfer efficiency of 23.4 % is still obtained. 
By integrating the downlink amplitude modulation 
and the uplink passive telemetry in the inductive 
powering system, a half-duplex communication link 
is achieved.  The maximal bit rate achieved under 
test was 60000 bits/s, with a carrier frequency of 
700 kHz.  For practical applications however, the 
bit rate is set to 19200 bits/s such that an RS232 
link to a PC can be connected. 

5 Conclusion 

This paper presents a unique inductive powering 
system, that combines power transfer with 
bidirectional data transfer. The design of the system 
has been highly automated, using a dedicated 
design tool.  Although low cost commercial off the 
shelf components were used, an efficiency of 36% 
was obtained for the delivery of 50mW over a 
distance of 30mm.  Moreover, bidirectional 
datatransmission at 60000 bits/s is integrated, 
which makes the system suitable for implantable 
monitoring and stimulating devices. 
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Summary: This paper presents a novel readout method for resonant sensors that is easily implemented in a 
digital CMOS process and which efficiently eliminate parasitic crosstalk between the excitation signal and 
the detection circuitry. Our method utilize a semi-digital excitation scheme that lacks the second harmonic 
and have an advantage in that it is more accurately generated, controlled and adjusted than a sinusoidal 
excitation signal. The novel readout method have been evaluated by the design of an excitation and 
detection ASIC manufactured in the 0.8-mm CMOS CXQ process from AMS. The functionality and the 
performance of the manufactured ASIC shows excellent agreement with theory. 
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1 Introduction and theory 

The semi-digital excitation scheme presented in this 
paper is suitable for sensors with a resonant readout 
that is resistively or electrostatically actuated.  

Figure 1 illustrates the working principles of the 
two commonly used methods to minimize the 
parasitic crosstalk, and the novel method presented 
in this work. First, Burst drive [1] that separates the 
excitation and detection signals in time, which only 
can be used for sensor with very high Q-values. 
Second, sinusoidal drive [2] that utilizes the 
inherent frequency doubling that appears in 
electrostatic and resistive actuators actuated 
symmetrical around a common bias.  
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Fig. 1. Three ways to minimize parasitic crosstalk. The 
burst drive separates the driving and detection signals in 
time. The other two methods utilize the frequency 
doubling of the driving mechanism for frequency 
separation of the signals.  

Third, the semi-digital drive method presented in 
this work, which also works according to the 
frequency doubling principle to eliminate the 
crosstalk, but having the additional advantage that 
the excitation signal is much more easily generated 
and adjusted. Since digital switches are used for 
signal generation and mixing the implementation 

becomes very robust and insensitive to fabrication 
process tolerances.  

The Fourier coefficients of the semi-digital 
excitation signal are given by eq.1. 
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Here VHi and -VLo are the high and low excitation 
voltages respectively. From eq. 1 it is easily seen 
that the second harmonic (n=2) equals zero with 
VHi equal to VLo. The sensor, on the other hand, has 
its mechanical operation frequency on that 
frequency. Thus, the only double frequency signal 
on the chip is the one from the detection signal, and 
no traces from the excitation signal can electrically 
leak into the detection circuitry. 

2 ASIC implementation 

The architecture of the fabricated ASIC is outlined 
in Figure 2. The VCO is realized as a relaxation 
oscillator that is rough and fine-tuned by two 
analogue voltages. The VCO generates control 
signals for the power output as well as for the two 
mixers. The mixers operate with 90 degrees phase 
shift creating output signals that contain 
information of the amplitude as well as the phase of 
the sensor signal. Two individual analogue voltages 
control the VHi and VLo voltages, and thus the 
amplitude, of the excitation signal. The mixers as 
well as the power output circuitry are built from 
digital CMOS-switches. All amplifiers and filters 
are based on analogue standard-cell operational 
amplifiers provided by the manufacturer with added 
feedback netorks. The ASIC was fabricated in the 5 
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volts, 0.8 µm CMOS CXQ process at AMS 
(Austria Mikro Systeme International AG). 
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Fig. 2. The architecture of the readout ASIC. 

3 Measurement results  

The functionality and the performance of the ASIC 
have been evaluated, showing excellent agreement 
with theory. It can operate with detection 
frequencies from 50 kHz up to 300 kHz, 
corresponding to excitation frequencies between 25 
kHz and 150 kHz. The gain of the detection 
circuitry (amplifiers, filters and mixer) was 
measured to 23 000 (RMS input to DC output), or 
87 dB. The input-referred noise floor is 52 
nVRMS/√Hz at a detection frequency of 100 kHz.  

As a verification of the detection circuitry, Figure 3 
shows the characterization of a Sallen-Key low-
pass filter with a high Q-value using the ASIC as 
well as an HP4395A network analyser. The 
discrepancy between the two measurements is 
expected and can be accounted for since it reflects 
the band-pass characteristic of the ASICs 
preamplifier. 
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Fig. 3. Comparison between the fabricated ASIC and an 
HP4935A network analyser. The measured object is a 
Sallen-Key low-pass filter with Q=6. The discrepancy 
reveals the BP-characteristic of the ASICs preamplifier. 

Conclusions 

A novel low-crosstalk concept for readout of 
electrostatically or thermally actuated resonant 
sensors has been proposed, implemented, and 
evaluated. The readout principle provides high-
resolution readout with robust electronics that is 
easily implemented in a low-cost CMOS process. A 
readout ASIC suitable for sensors with resonance 
frequencies ranging from 50 kHz to 300 kHz has 
been fabricated. Evaluations show that the principle 
works as expected. Due to the robustness and low 
cost this implementation it is a promising readout 
alternative for future resonant sensors applications. 
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Summary:  An all digital interface application specific integrated circuit (ASIC) has been developed for

the control and data sampling of a quartz crystal microbalance (QCM)-based electronic nose. The ASIC is
capable of measuring QCM resonant frequency between 0 – 11 MHz with a resolution of 1 Hz and +/- 1 Hz

precision. The ASIC has been used to control polymer coated QCM sensors, in conjunction with

polymer/carbon-black coated microresistor ( R) sensors, in the detection of primary alcohols.
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1 Introduction

Several different electronic noses have been
successfully developed based on Quartz Crystal
Microbalance (QCM) sensor technology [1]. A
variety of different interface electronics designs,
based on multiple discrete components such as
FPGAs and frequency-voltage converters, have
been successfully constructed and implemented
[2,3]. A QCM-based electronic nose interface
digital application specific integrated circuit (ASIC)
has been developed at the University of Glasgow.
This offers advantages of compactness and reduced
power consumption in comparison to existing
implementations, and is of particular value in
battery-powered portable applications.

2 ASIC construction

The ASIC is capable of measuring QCM resonant
frequency over a range of 0 to 11 MHz, with a
resolution of 1 Hz and +/- 1 Hz precision, and
generates 10 frequency measurements per second.
The ASIC interface is fabricated using Austria
Mikro Systeme’s CUP 0.6 m mixed-signal
complimentary metal oxide semiconductor
(CMOS) process, and consists of three main
components (Fig. 1). Firstly, a CMOS oscillator (a
standard library component) to which the QCM
sensor is connected. This is linked to a frequency
counter block, consisting of a counter incremented
by the oscillator, which rolls over to zero every 1011

counts. Finally, the counter's output is sampled
every 100 ms and fed to an output block which
converts the counter output to the measured
frequency. This stores the 11 most recent counter
values in a first in, first out (FIFO, Sn to Sn-10) and
performs the following operation:

If  Sn >= Sn-10 then  Frequency = Sn - Sn-10 else
Frequency = Sn - Sn-10 + 11x10

6

to obtain the frequency measured over 1 second.
The output is generated as a 24-bit parallel output
that is sent to an 8255 I/O card within a personal
computer (PC) for data acquisition and logging.

QCM
sensor

CMOS
oscillator

4 MHz
external clock

Output
block

To
PC24 24

Frequency
counter
block

Fig. 1. ASIC block diagram.

3 Alcohol detection

The ASIC has been tested using a 10 MHz QCM
sensor, in conjunction with a micro-resistance ( R)
sensor, comprising interdigitated finger electrodes,
within an electronic nose system (Fig. 2). Both
sensors are polymer-coated with poly(ethylene-co-
vinylacetate) (PE-co-VA), containing carbon black
in the case of the micro-resistor sensor [5].

Headspace sample bottle

Pumping system Detector
flow cell

Electronics
interface

Controlling
personal computer

Fig. 2. Electronic nose apparatus consisting of an infusion/withdrawal pumping system, a detector flow cell, detector
electronics interface and a controlling personal computer. Analyte gasses are introduced to the sensors from a headspace
sample bottle.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Sensor Interface Electronics

504



The electronic nose system has been used to
produce headspace analysis of alcohol vapors,
CnH2n+1OH, where n = 1 to 8 and 10. Plots of the
ratio of the response from the QCM and R sensor
pairs, Sfr, versus relative molecular mass (RMM)
and alcohol liquid density (Fig. 3) show a linear
relationship for alcohols where n > 2, despite the
very non-linear response for f and R produced
by the respective sensors (inset).
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Fig. 3. Sfr versus RMM and alcohol liquid density
calculated using, inset, R and f upon the introduction
of primary alcohols CnH2n+1OH to QCM and R PE-co-
VA coated sensors (n = 1 to 8 and 10). A linear
relationship is seen for both the RMM (solid line) and
liquid density (dashed line) for alcohols where n > 2.

As the QCM response is proportional to a change
in mass, and the R response is proportional to a
change in volume, Sfr can be defined as [4, 6],

A

c
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V

m

RR

ff
S

0

      (1)

where f and R are the change in frequency and
resistance of the QCM and R sensors respectively,
fc and R0 are, respectively, the QCM resonant
frequency and the baseline resistance value, m and
V are the mass and volume change of the polymer
deposited on the QCM and A is the density of the
adsorbed analyte. Also,

A

p

fr RMM

kS

S

1       (2)

where, S is a gas/polymer sensitivity coefficient, k’’

is a geometric constant related to the R sensor
electrodes, p is the polymer density and RMMA is
the relative molecular mass of the analyte.

Repeated measurement of methanol (n = 1) vapor
at concentrations of approximately 800 ppm and
1600 ppm (Fig. 4) reveals that Sfr is independent of
concentration change, in contrast to f and R
(inset). This concentration independence, allied to
the linear properties of Sfr when detecting alcohols
suggest that this system could be useful when
designing electronic nose systems based on arrays
of sensors for the detection of similar analyte
gasses.

A full system on a chip (SoC) electronic nose is
currently under development at the University of
Glasgow, making use of IP from the nose ASIC,
and featuring arrays of QCM and resistive sensors,
along with on-chip processing and communications
functionality.
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Fig. 4. Sfr for 12 repeat introductions of approximately
800 ppm ( ) and 1600 ppm ( ) of methanol to a pair of
PE-co-VA sensors. The means (solid lines a and b) are
plotted for each concentration. Upon removal of the
outlier (c) using Dixon’s Q-test, the mean of the 3.42x10-

3 mol dm-3 measurements increases (dashed line d) to a
value close to that of the 1.71x10-3 mol dm-3

measurements. Inset, R and f for the 12 repeated
introductions.
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Sensing of CO in H2-rich gases
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Summary: Differently doped thick film SnO2 sensors were investigated in reducing atmospheres with high 

H2 content. Such atmospheres appear in hydrogen reforming processes frequently used for the production 

of hydrogen for the operation of fuel cells. The thermodynamic stability of SnO2 against reduction to the 

metal limits the operation temperature to temperatures below 320°C. Pt, Pd and Au doped SnO2 -sensors 
showed sensitivity to CO at around 220°C. A maximum sensitivity was found for SnO2 sensors doped with 2 

wt% Pt. The cross-sensitivities to hydrogen, carbon dioxide, and water are much lower. Typical response 

time to changes in the CO content of about 2 sec were found.  

Keywords: tin oxide, CO gas sensor, reformed gas, reducing gas 

Category: 5 (Chemical sensors)

Introduction 

SnO2 based semiconductor gas sensors are widely 
used to measure CO in the presence of O2. Only a 
few studies related to the operation in oxygen free 
or reducing atmospheres are available [1-2]. CO 
detection in H2 rich gases originating from the 
reforming reactions of methanol or methane is an 
important task for the operation of PEM fuel cells. 
Since the PEM fuel cells operates satisfactorily 
only at very low CO levels, CO detection and 
control plays a major role. Our work was therefore 
focused on the detection of CO in reforming gases. 
Typical gas compositions for the steam reforming 
of methanol at 280°C and methane at 880°C are 
shown in Table 1. The sensing properties of 
differently doped SnO2 sensors were tested in these 
environments.  

Table 1. Typical gas concentrations behind a steam 
reforming reactor for methanol or methane operated at 
280°C (methanol) or 880°C (methane). 

gas methanol 
reformer 

methane 
reformer 

MeOH 1% - 

methane - 1% 

CO 2% 15% 

CO2 22% 4,5% 

H2 68% 61,5% 

H2O 7% 18% 

Experimental 

Sensors were fabricated by screen printing 
electrodes and a sensitive layer on the front side 
and a Pt-heater on the back side of an Alumina 
substrate (thickness of 0.63 mm). One example is 

shown in figure 1. Different electrode geometries 
have been tested. The temperature was controlled 
by adjusting the heater resistance to constant 
values. Up to 20 sensors were measured in parallel. 
The whole measurement chamber was kept at 
140°C to prevent water condensation. The gas 
mixing bench and data acquisition were driven by a 
Agilent VEE program. Changes of CO 
concentration were balanced with CO2.

Fig. 1. View of the gas sensor structured by screen 
printing on Alumina substrate.  

Results and discussion 

1. Stability of SnO2 versus reduction  

It is important to maintain the SnO2 phase during 
sensor operation. The reduction to the metal may 
occur by reaction with hydrogen or CO according 
to 

0,5 SnO2+H2 ↔ 0,5 Sn+H2O (1) 
0,5 SnO2+CO ↔ 0,5 Sn+CO2 (2) 

The calculated phase diagram (data sources from 
[3-4]) for the reduction with hydrogen is shown in 
figure 2. Up to about 320°C SnO2 is thermo-
dynamically stable in both reformer atmospheres 
with respect to the reduction with H2. XRD-
measurements with samples kept for 1 month in the 
stability area of Sn have confirmed the reduction to 
metallic Sn of our SnO2-sensors.  
The reduction with CO is critical in the case of a 
methane reformer, because SnO2 is thermody-
namically not stable. The reaction, however, seems 
to be strongly kinetically hindered. A similar 
behavior was found by another group in N2 with 
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few % of CO [1-2]. With Mössbauer spectroscopy, 
the existence of Sn in the oxidation states +2 and +4 
but no metallic Sn was found in nanocrystalline 
SnO2 powder (undoped and Pd doped) at 
temperatures below 650 K. 
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Fig. 2. Stability of tin oxide against reduction by 
hydrogen in two different gas mixtures.

2. CO sensing properties 

The response of SnO2 doped with Pt, Pd and Au are 
shown in figure 3. The Pt-doped samples show the 
largest sensitivity to CO.  
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Fig. 3. Sensor signals of different 2 wt% doped sensors, 
operated at 220°C and 200 ml/min in the 1% methanol 
containing reformed gas.  

Figure 4 shows the resistance of a Pt doped sensor 
over a larger CO concentration scale. In opposite to 
the operation in air, an increase in the sensor 
resistance with increasing CO content is generally 
observed. This behavior is finally not really 
understood, but it is evident that the sensing 
mechanism is different to the one in air. In air, 
chemisorbed oxygen species play a major role in 
the sensing mechanism. In the hydrogen rich gases 
chemisorbed oxygen species are absent due to the 
extremely low oxygen content (the calculated O2

mole fraction is around 10-40).
Cross sensitivities to CO2, H2O, methanol and H2

are shown in figure 5 as a function of temperature. 
In order to minimize the cross-sensitivities an 
operation temperature of 220°C was chosen. Under 
this conditions cross sensitivities were 20 to 60 

times smaller than the CO sensitivity. The response 
times (t63-time) were found to be essentially 
constant in the temperature range 190°C – 250°C 
with values of approximately 2 seconds.  
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Fig. 4. Resistance change of 2 wt% Pt doped sensor, 
operated at 220°C and 250 ml/min in the 1% methanol 
containing reformed gas. 
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Summary: Nanocrystalline WO3 films were produced by advanced reactive gas deposition for gas-sensing 
applications. The metastable tetragonal crystal structure of deposited films changed gradually to a 
monoclinic phase as the sintering temperature increased from 400 to 600 oC. H2S sensitivity in dry air of 
films sintered at 300 oC was highest at low operation temperatures. Maximum sensitivity was found at 
about 400 K. H2S sensitivity was studied also in atmospheres having different oxygen concentrations. A 
decrease of  the response time was found for intermediate oxygen concentrations. H2S sensitivity was 
studied also in argon atmosphere with only a few  ppm of oxygen. The temperature corresponding to the 
maximum sensitivity to H2S was found to increase with decreasing oxygen concentration in the atmosphere. 

Keywords: gas sensor, WO3, electrical properties, nanocrystalline ceramics 
Category: 5 (Chemical sensors)

1 Introduction 

The gaseous pollutants from automobiles, industrial 
smoke-stacks and other sources have become a 
matter of urgent public concern. Several types of 
chemical detectors have been developed and many 
groups are working on research and development of 
new kinds of sensors and sensing materials for 
pollution monitoring. Semiconductor gas sensors 
serve as a posibility for the purpose. 
Nanocrystalline materials have been studied for 
various purposes during the last years owing to 
their many improved properties in comparison with 
those of  conventional coarse-grained structures. 
The surface-to-bulk ratio for a porous 
nanocrystalline material is much greater than for a 
material with large grains which yields a large 
interface between the solid and a gaseous medium 
and may be very useful in the case of a 
semiconductor gas sensor. 
Here, we apply a high-temeprature route employing 
advanced reactive gas deposition for structure 
engineering of WO3 nanoparticles in making 
nanocrystalline films for gas sensing applications. 
WO3 is an n-type semiconductor. Structure 
engineering is a possibility in the case of a very 
fine-grained n-type semiconductor oxide film to 
increase the electrical conductivity of the film up to 
a level which is useful for the room temperature 
operation. The reactive gas deposition as a high-
temperature fabrication process makes it possible to 
produce nanocrystalline WO3 films in matastable 
tetragonal crystal structure which has a stable layer 
structure with two formula units in the unit cell and 
terminal W=O bonds at the surface [1,2]. The films 

were found to be very sensitive to H2S in air 
already at room temeprature [3,4].     

2 Experimental 

Nanocrystalline WO3 films were made by reactive 
gas deposition using an Ultra Fine Particle 
equipment (ULVAC Ltd., Japan). Details on the 
method of deposition are available in Refs. 3 and 4. 
The nanocrystalline WO3 films were deposited on 
alumina substrates with pre-printed gold electrodes 
and a Pt heating resistor printed on the reverse side. 
The average thinckness of the films was ~10 µm. 
The deposited nanocrystalline films were sintered at 
different temperatures up to 600 oC.  When as-
deposited films were sintered above 400 oC, the 
tetragonal phase started to change to a monoclinic 
phase. The average crystallite size for as-deposited 
films, derived by applying Scherrer’s formula, was 
around 10 nm. After sintering at 600 oC, the 
monoclinic phase was dominating, and the 
crystallite size was ~35 nm. SEM observations 
from as-deposited nanocrystalline WO3 films show 
about the same grain size of ~10 nm which was 
found for the average crystallite size from the line 
witdhs of x-ray diffraction patterns. This means that 
the WO3 nanoparticles were grown without any 
agglomeration. In addition, the WO3 nanoparticles 
show a porous network-like struture which is an 
important characteristic for gas sensing with the 
films. The electrical conductance as a function of 
temperature and its response to H2S were measured 
using a gas blender connected to a test chamber. 
Synthetic air and argon as carrier gases flowed at a 
constant rate of 1 l/min through the chamber.  
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3 Result 

Some result are shown here for a nano-structured 
tetragonal WO3-film sample sintered at 300 oC. The 
conductance of the sample as a function of 
temperature in dry synthetic air is shown in the 
insert in Fig. 1. During heating the conductance 
starts to increase from the room-temperature value 
of about 5 nS and above about 400 K the increase is 
exponential with an activation energy of about 0.4 
eV. After mixing of 5 and 10 ppm of H2S with 
synthetic air, the conductance increases at room-
temperature by factors of about 250 and 2000, 
respectively, as shown in the insert in Fig. 1. The 
maximum sensitivity of the sample to both 5 and 10 
ppm of H2S in dry air is at about 400 K where the 
conductance curves in Fig. 1 have sharp peaks. In 
addition, shoulders are shown in both conductance 
curves around about 500 K in Fig. 1 and also in the 
Arrhenius plots in the insert of Fig. 1. It is also see 
in Fig. 1 that the H2S sensitivity of the sample is 
small above abount 600 K where the conductance 
values corresponding to the two H2S concentrations 
of 5 and 10 ppm again start to increase with 
increasing temperature. In the case of 10 ppm of 
H2S, the conductance decreases below the room-
temperature value at its minimum temperature of 
about 650 K. 

300 400 500 600 700 800 900
0.0

9.0x10-6

1.8x10-5

2.7x10-5

3.6x10-5

4.5x10-5

L
og

(G
)

1000/T (K-1)

    H2S Conc.
 0   ppm 
 5   ppm 
 10 ppm

C
on

du
ct

an
ce

 (S
)

Temperature (K)

1.0 1.5 2.0 2.5 3.0 3.5

-8

-7

-6

-5

-4

Strong thermal
effect and low 
   sensitivity

Fig. 1. Conductance of a tetragonal WO3-film sample 
sintered at 300 oC as a function of temperature in 
synthetic air mixed with 0, 5 and 10 ppm of H2S, 
respectively. The Arrhenius plots of the three 
conductance curves are shown in the insert. 

The effect of oxygen content in the carrier gas 
mixed with H2S was also studied with the sample 
sintered at 300 oC. Pure argon with only a few ppm 
of oxygen was now used as the carrier gas which 
was mixed with both oxygen and H2S. It was found 
that the conductance increase with decreasing 

oxygen content in argon is related to a decrease of 
the activation energy of conductance with 
decreasing oxygen concentration. At 800 ppm of 
oxygen in argon, the activation energy of 
conductance was decreased to a value of about 3.6 
eV. The behaviour of the conductance as a function 
of temperature is show in Fig. 2 for three gas 
mixtures where 10 ppm of H2S is mixed with 
synthetic air, argon and with a mixture containing 
800 ppm of oxygen in argon, respectively.  
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Fig. 2. Conductance of a tetragonal WO3-film sample 
sintered at 300 oC as a function of temperature in gas 
mixtures where 10 ppm of H2S is  mixed with argon, a 
mixture of 800 ppm of oxygen in argon, and synthetic air, 
respectively. The Arrhenius plots of the three 
conductance curves are shown in the insert. 

It is seen from the results in Fig. 2 that the 
sensitivity of the sample to H2S increases with 
decreasing oxygen concentration. The temperature 
corresponding to the conductance maximum of the 
conductance curves in Fig. 2 also increases with 
decreasing oxygen concetration and the shoulders 
in the curves are now more pronounced at lower 
oxygen concentrations.
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Summary: IR thermal imaging in the wavelength range of 3µm<λ<5µm with a comparable lateral pixel 
resolution had been used to study the dynamic behaviour of porous silicon micromachined, membrane-type 
microfilament structures for gas sensing application.
Keywords: microfilaments, calorimetric gas sensors, thermal response  
Category: 5 (Chemical sensors) 

1 Introduction 

Calorimetric devices in gas sensing,  flow and 
vacuum-metering require the accurate knowledge 
of the actual temperature, in order to assess the 
deviations from the set value. In case of 
combustion-type gas sensing the heat developed by 
the exothermal catalytic reaction on the active 
surface of the device will determine the actual 
temperature. In a pellistor [1] the temperature 
changes are detected indirectly, by measuring the 
change of the filament resistance, usually in a 
bridge arrangement. Nevertheless, it is absolutely 
required to know the thermal behaviour of the 
filament structure coated by the porous, usually 
ceramic matrix, containing the finely dispersed 
catalyst particles. 

2. Thermal imaging 

For characterisation of thermal response generally 
high-resolution thermal imaging is an emerging 
technique. Thermosensorik GmbH developed the 
technique used in this work. It is based upon the 
detection of the thermal radiation from the surfaces 
at elevated temperature. The thermographic 
technique operates with a cooled, highly sensitive 
mercury cadmium telluride (MCT) focal plane 
array detector of 384X288 pixels at T=70K, in the 
IR range of 3µm<λ<5µm. The image information 
of the camera is digitally captured by a frame 
grabber. The image is digitised in the detector head 
with an accuracy of 14 bit at a rate of 16 MPixel/s, 
allowing a full image frame rate of up to 140Hz.  

Since the actual microdevice under test has 
dimensions in the µm range, the thermographic 
information at maximum lateral resolution had to 
be collected via a specially adjusted optics. Even 
so, all changes were restricted to a limited area of 
the array. This in principle allows an increase of the 
frame rate up to 800 Hz. The system is thereby 
capable of tracking fast changes in temperature. 
The method is of course prone to emissivity 
changes of the radiating surfaces; i.e. surfaces at 

equal temperature having black and bright 
appearance correspond to higher and lower detected 
intensity, respectively. Without an accurate 
calibration of the intensities vs. temperature, only 
surfaces of similar emissivity can be compared 
from the point of view of dynamic behaviour. 

3. Microfilament structures tested 

Single side bulk-micromachining with porous 
silicon sacrificial layers was used in fabricating the 
integrable membrane heater elements [1]. The 
microphotograph of a pellistor-type sensor element 
is shown in Fig.1. Note the pair of symmetric 
elements, one of, which is the active catalytic 
device, while the other serves as a thermal 
reference for the sensing. 

Fig. 1. Microphotograph of part of a sensor array chip 
with two pellistor-type sensors.  

In the experiments three different isolation 
schemes have been used. The simplest makes use of 
the reduced thermal conductivity of porous silicon, 
formed underneath the SiNx membrane, containing 
the Pt heater. The other two form suspended 
bridges, using full or partial air-gap isolation. 

In Fig. 2 the SEM image of these both other 
methods for isolation are presented. After releasing 
the membrane-filaments by selective dissolution of 
the porous silicon sacrificial layer, the isolation 
airgap is formed, as seen under the filament in 
front. In order to increase the mechanical stability 
of the suspended hotplate a thin silicon support in 
the lengths axis was formed by a novel method [3, 
patent pending], as illustrated in the filament 
behind. 
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Fig. 2. SEM view of an unsupported, suspended bare Pt-
heater resistor in front, and another one with a supporting 
vertical thin silicon pillar in the background.  

The heat loss is controlled by heat transfer to the 
bulk silicon via heat conduction in the suspending 
beams, by heat conduction and convection in the 
surrounding gas and radiation from the hot surfaces. 
Latter mechanism is exploited in the thermographic 
technique used in the present study. 

4. Filament thermal response 

For the analysis of the thermal response of 
microfilaments a square wave heating of the 
resistors with an appropriate fill-factor was used. A 
narrow sampling window was than shifted “across 
the heating-pulse” for obtaining the IR information 
from the filament in the rising, stable and falling T 
regime. The sampling pulse width was 10ms, 
accordingly, the integration time, i.e. the number of 
sampling cycles had to be adjusted for the 
intensities detected. The amplitude of the heating 
current pulse was 5mA. The fill factor selection had 
to ensure the driving of the device to full 
temperature saturation with all compared structures. 
In this way temperature vs. time profiles of 
differently heated filaments could be recorded on 
the samples for a number of heating conditions.  

Typical results are shown below for the three 
isolation schemes with a driving current amplitude 
of 5mA at 3V. In the free suspended filament in 
static mode this corresponds to T≅400°C. The 
driving pulse width of 100ms was set for reaching 
saturation. All presented results were obtained on 
bare filaments. 

The rise and fall times of the temperature in the 
three cases for 90% of maximum and 10%, 
respectively are summarised in Table 1: 

Isolation rise time (ms) fall time (ms) 

unsupported 4 1.3 

supported 4.2 1.4 

PS 7 3.3 
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Fig.3. Time dependent response of the different heater 
filaments to a power drive of 18mW and 10ms. 
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different heater filaments to a power drive of 18mW and 
10ms.

Conclusions 

The thermal response of bulk micromachined 
filament heaters, built with three different isolation 
schemes for calorimetric sensing applications, had 
been compared at similar driving conditions by 
means of fast thermometry. The use of Si support in 
released membrane heaters did not affect the speed 
of T setting. Mechanical stabilisation was achieved 
at the cost of a mere 10-15% temperature loss via 
the additional heat sink. 
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Summary: A variety of new sensing materials on the basis of phosphine oxides for solvent polymeric 

sensors have been developed and studied. It was found that phosphine oxide sensors exhibit good 

sensitivity to Cu2+, Zn2+, Cd2+ and Pb2+ ions in solutions, their sensitivity patterns being significantly 

different from those of solid-state sensors. Both polymeric and solid-state sensors were comprised into 
electronic tongue sensor arrays that demonstrated advantageous behavior in mixed solutions of these ions. 

Such sensor arrays are highly promising for environmental and industrial sensing. 

Keywords: cross-sensitive chemical sensors, phosphine oxides, electronic tongue, heavy metals 

Category: 5 (Chemical sensors)

1 Introduction 

Chemical sensor arrays based on the principles of 
electronic tongue have been widely applied to the 
analysis of heavy metals, particularly metal ions 
(Cu2+, Pb2+, Cd2+, Cr(IV), Fe(III), Tl+, etc.) in the 
environment, industrial processes and waste 
treatment [1-2]. However, the sensors available for 
detection of most of heavy metals are traditionally 
based on solid-state materials, either crystalline or 
vitreous [2]. Along with obvious advantages, such 
as chemical durability, all solid-state materials 
exhibit certain drawbacks, e.g. sensitivity and 
selectivity patterns of these materials are rather 
similar. Since the selectivity of solid materials, 
either crystalline of vitreous, is determined mainly 
by the energy of metal interaction with 
chalcogenide sites, there is little hope that 
selectivity patterns can be changed more 
significantly by material modifications. On the 
other hand there is a number of sensing materials 
on the basis of organic polymers and especially 
solvent polymeric PVC membranes that were 
reported being sensitive to different heavy metals, 
but were scarcely used in multisensor arrays. 
Polymeric metal sensors may exhibit sensitivity and 
selectivity patterns very different from solid-state 
sensors, thus enabling new possibilities in heavy 
metal sensing in complex liquids, such as natural 
water or waste effluents. Of particular interest is 
utilization of a combined multisensor system, 
where solid-state sensors and polymer sensors 
might be fruitfully used together. 

2 Experimental 

2.1 Materials. Trioctylphosphine oxide (TOPO) 
and triphenylphosphine oxide (TPPO) were 
obtained from Fluka (Buchs, Switzerland). A 

number of different diphenylphosphine oxides with 
different third radical (ether (DPhOPO), thioether 
(DPhSPO), amine (DPhNDB), carbamoyl 
(DPhNCO)) were synthesized and purified in 
Chlopin Radium Institute (St. Petersburg, Russia). 
Bis(2-ethylhexyl)sebacate (DOS) and o-
nitrophenyloctyl ether (NPOE) in Selectophore®

grade; high molecular weight poly(vinyl chloride) 
(PVC), purum, were obtained from Fluka. 
Tetrahydrofurane (THF) from Merck (Darmstadt, 
Germany) was freshly distilled prior to use. All 
salts were obtained in p.a. grade from Ekros (St. 
Petersburg, Russia). Doubly distilled water was 
used throughout all experiments. 

2.2 Membrane Preparation. The weighted 
amounts of membrane components: polymer 
(PVC), plasticizer (DOS or NPOE) and phosphine 
oxide were mixed in freshly distilled THF. The 
concentration of phosphine oxides was 0.1 mol/kg 
of plasticizer. Membrane cocktail was intensively 
stirred for approximately 15 min until all 
components were dissolved. Resulting 
homogeneous liquid was poured into Teflon 
beakers and left for 48 hours for solvent 
evaporation. Disks were punched from the resulted 
film and the sensors were made according to the 
conventional procedure. The membranes were 
mounted onto PVC tubes; 0.01 M solution of 
sodium chloride as internal filling and internal 
reference Ag/AgCl electrodes were used.  

2.3 Potentiometric Measurements. Potentials 
were measured with a 30-channel mV-meter with 
high input impedance made in house, connected to 
PC for data acquisition and processing. 
Measurements were carried out in the galvanic cell: 

Ag⏐AgCl, KClsat⏐sample⏐sensor 
membrane⏐NaCl, 0,01M, AgCl⏐Ag 
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Figure 1. pH-dependence of the electrode response of TOPO based sensors plasticized with NPOE in 
solutions of Zn(NO3)2 .
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Calibration measurements were carried out in the 
range 10-6–10-2 mol/L of heavy metal ions Cu2+,
Zn2+, Cd2+ and Pb2+. All presented data comprise 
averaged responses of 3 sensors of the same 
composition. All potentiometric measurements 
were performed at room temperature (20±1 °C). 

3 Results and Discussion 

All phosphine oxide sensors exhibited response in 
solutions of Cu2+, Zn2+, Cd2+ and Pb2+ (Table 1). 

Table 1. Sensitivity of phosphine oxide sensors 
(sensor response slope, mV/dec) plasticized with DOS in 
solutions of heavy metal ions on 0.1 M KNO3

background.  

Phosphine oxide Cu2+ Zn2+ Cd2+ Pb2+

TOPO 11.9 52.3 48.7 37.7 
TPPO 11.2 3.0 2.5 13.6 

DPhOPO 8.2 19.7 17.9 32.6 
DPhSPO 11.5 9.4 10.2 31.3 
DPhNDB 7.9 6.9 17.0 20.0 
DPhNCO 16.5 9.1 7.2 25.1 

Sensitivity pattern to the four heavy metals is 
distinctly different for different phosphine oxides, 
thus demonstrating a promise for applying the 
obtained sensors in multisensor arrays. The 
response in all solutions was stable and 
reproducible and the sensors did not exhibit 
memory effects depending on the sequence of 
measurements in metals.  
Calibrations of phosphine oxide sensors in zinc 
nitrate solutions with different pH adjusted by 
hydrochloric acid were made and the slopes of the 
linear parts of the calibration curves were 
calculated. It was found (Fig. 1) that the response 

slope changes from slightly anionic at pH 2 to 
Nernstian cationic at pH 6. Anionic slopes can be 
attributed to the protonation of phosphine oxide at 
low pH values resulting in formation of positively 
charged complexes in the membrane that can act as 
ion-exchanging sites for NO3

-. At higher pH values 
phosphine oxides display typical properties of 
neutral carriers and ‘normal’ cationic response is 
observed. This feature of phosphine oxide sensors’ 
response can be also potentially valuable for 
multisensor arrays of “electronic tongue”. 
Sensors with phosphine oxides membranes 
displayed cross-sensitivity to heavy metals were 
comprised into the sensor array for determination of 
mixtures of aforementioned metal ions along with 
sensors with chalcogenide glass membranes. 
Measurements with the sensor array were made in 
the mixed solutions of copper, lead, cadmium and 
zinc. Compositions of the solutions were chosen 
using fractional and Taguchi design with the aim to 
reduce number of calibration solutions. Data 
processing was done by partial least square 
regression. It was demonstrated that sensors with 
membranes containing phosphine oxides allow to 
improve system performance. 
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Summary: We used SnO2 gas sensors for monitoring ethylene in the range of interest for fruits ripening. The
effect of atmospheric humidity on the sensor conductance and rensponse towards ethylene was quantitatively

measured. The results of our observations proved useful for the application of chemoresistive sensors for agro-

alimentar monitoring.

Keywords: chemoresistive sensors, agro-alimentar monitoring, humidity

Category:  chemical sensors

1. Introduction 

Ethylene monitoring is relevant for agro-alimentar
applications. Feeding of this gas into storage
chambers leads to rapid fruit ripening. The gas-
concentration for monitoring highly depends on the
kind of fruit of interest. As an example, a typical 
concentration level of ethylene for apples and pears
is 100 ppm; for acid fruits the level is some ppm
and only some ppb for kiwi. Quantification of
ethylene concentration in a gas mixture is the aim 
of this work. Particular enphasis will be given to the
study of interference with humidity, which has been
recognized to play crucial role. 

2. Experimental 

We used a set of four SnO2 gas sensors, two pure
samples, annealed at 650°C and 850°C, and two
Au-doped ones, annealed at 650°C and 850°C.

The sensing layers were deposited through thick-
film technology onto miniaturized laser pre-cut
alumina substrates equipped with a heater on the
backside, a Pt-100 resistor for the control of the
sensor operating temperature and a golden front
interdigitated contacts. The pastes used for screen-
printing were a mixture of the nanometric powders,
an organic vehicle together with a small percentage
of glass fritt to improve the adhesion of the layers 
to the substrates. SnO2 powders were produced
through sol-gel techniques [2]. The films were fired
for 1h at 650 or 850°C in air. The thickness of the
deposited layers was about 20-30 m.

The flow-through technique was used to probe
the sensors. Ethylene was supplied by certified
bottles (100 ppm concentration) and fed into a test 
chamber. In order to control the environmental
climatic parameters, we have equipped the test 
chamber with both relative humidity and 
temperature sensors. A device based on vapour
saturation was used to humidify the carrier gas to a 
wanted level ranging within 0-70%.

The response to the gases has been defined as
G/G0 , where G and G0  are the conductance values
in the air+gas mixture and in air, respectively.

3. Results 

Ethylene measurements were performed in two
different ways: the first one is obtained at a 
constant level of humidity; in the second one the
amount of ethylene is kept constant and humidity
was varied. A typical record of this second case is 
shown in Fig. 1 in the case of a pure SnO2 for
ethylene in the range 1-8 ppm with RH from 2% to
64%.

The mechanism of detection of ethylene at the 
surface of a metal-oxide semiconductor follows this
route: after an initial physisorption stage, with 
several arrangements of the molecule, ethylene
undergoes oxidation to acetic aldehyde according to
the reaction [1]:

2 4 2 4adsC H O C H O

The influence of humidity in the ethylene response
is evident: it does not change the shape of the
curves but only affects their slope.

Basically humidity appears to damp the oxidation
of ethylene probably because the formation of an
hydroxilated layer decreases the surface
concentration of the oxygen ions available for
interaction with ethylene molecules.

The measurements on catalysed SnO2 sensors
show a qualitatively similar behaviour, but also an
increase in the response with respect to the pure 
SnO2 sample, for both ethylene and humidity; as an
example at RH=64%, G/G0 is about 1.4 for the pure
sensor, while is about 2.4 for the catalysed one. 
This is probably caused by the catalytic activity of
gold at the surface.

Prior to on-field operation, an analysis aimed to 
determining the effect of temperature and humidity
on the sensors response has been carried out. As
one might expect, absolute humidity (AH) rather
than RH does affect the sensor’s conductivity.
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Fig. 1.  Response to ethylene at different RH on a pure 
SnO2 sensor annealed at 850°C. The effect of humidity
results in a lowering in the response.

Fig. 2.  Response to ethylene at different RH on a Au-
catalysed SnO2 sensor annealed at 850°C. The effect of 
humidity results in a lowering of the response.

Fig. 3.  Time dependence of: 1. partial pressure of water
vapour  (proportional to AH); 2. RH; 3. Au-cathalysed
SnO2 sensor, annealed at 650°C; 4. pure SnO2 sensor, 
annealed at 850°C; 5. pure SnO2 sensor, annealed at
650°C; 6. Au-cathalysed SnO2 sensor, annealed at 850°C; 
7.  temperature inside the chamber. The responses of the
sensors follow the trend of AH rather than that of RH. 

A typical situation for four SnO2 sensors exposed
to humid synthetic air is reported in Fig.3: the
chamber is subject to the natural overnight decay of

temperature though RH is kept constant. This
causes a decrease in AH, which can be calculated
by Clapeyron equation and compared to
experimental data.

Thus, the partial pressure of water, p, can be
integrated in the form of Eq.1, with a and b as
parameters to be fit with the saturated steam
diagrams of water in the temperature range of 
interest.

( )
b

Tp T a e  (1)

Thereby, in Fig.3, the partial pressure of water, 
i.e., the absolute humidity, can be regarded as a 
function a function of time according to:

( )( ) ( )
b

T tp t RH T t a e  (2)

where [ ( )]RH T t  is relative humidity vs. time. It

comes out that the response of the sensors falls off
with time during the night, following the trend of
AH, as shown in Fig. 1.

Finally, compensation of the variation of the
relative humidity and temperature, which are 
expected to take place in storage chamber, can be
compensated for via a simple RH measurement
unit. The algorithm for compensation can be easily 
implemented on a microchip in the control
electronics of the sensors.

4. Conclusions 

SnO2 is a material suitable to ethylene monitoring
in the range of interest. Humidity effects are
important in spite that they are weakened by a
catalyst. Moreover the catalyst leads to a larger
response to ethylene.

Absolute humidity rather than relative humidity
is the crucial parameter that determines the effects 
of humidity on the sensor’s response.

A simple algorithm based on the Clapeyron
equation allows the compensation of the humidity
effects.
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Summary: Different methods for obtaining WO3 powders suitable for gas sensing have been developed. Aqueous 
and alcoholic solvents proved to be the most promising media to grow nanometric particles. Morphological 

characterization highlighted that ethanol and a di-chetone, led to a finer grain with a more homogeneous size 

distribution. Thick films of WO3 responded to NO2 with high sensitivity. In particular the samples arising from 
ethanolic solution proved to be the most performing layers. 

Keywords: Chemoresistive sensors, tungsten trioxide, NO2 detection 
Category: 5 (Chemical sensors)

Introduction 

The new European environmental legislation, 
beginning from the Council Directive 96/62/CE, 
allows the assessment of air quality through 
alternative instruments with respect to the 
traditional analytical techniques. Thus innovative 
equipment based on a low-cost compact and mobile 
array of solid-state gas sensors could be useful for 
the purpose. 

For this aim several transition metal oxides have 
been studied as potential candidates. In particular, 
WO3 behaves as an n-type semiconducting oxide 
due to non-stoichiometry [1]; it has been proved as 
an excellent candidate material as far as 
chemoresistive sensors are concerned. Among the 
major pollutants, nitrogen dioxide is particularly 
harmful and its detection in the range of 
environmental standard (less than 100 ppb) has 
remained a challenging goal. In particular tungsten 
trioxide has been shown to be highly effective in 
NO2 detection [2]. 

This work is devoted to the preparation of WO3

powders through several routes and their deposition  
as thick films. Finally, the layers are comparatively 
tested towards NO2.

Experimental

Preparation of nanometric WO3 powders has 
been performed through several synthetical routes 
by using aqueous, hydrocarbonic and hydro-
alcoholic solvents. Commercially available starting 
materials and solvents were used without further 
purification. A preliminary overview on the 
morphology of the whole set of powders showed 
that suitable nanomaterial candidates for gas 
sensing can be produced by a sol-gel process and 

precipitation, using water and short-chain alcohols 
as solvents. 

1) Precipitation. 1a) Water medium: 2.4 milli-
moles of dodecilbenzensulfonic acid (sodium salt) 
were added to a 0.01 M solution of WCl6 (Aldrich, 
99.9+%; ultra pure water) and was subjected to 
ultrasonic treatment at 50°C for 3 h. The pale-green 
precipitate was cleaned and dried under vacuum, 
then annealed for 1 h at 850°C. The final yellow 
powder yielded a bimodal grain-size distribution 
ranging within 300-450 nm and >1 m. 1b)

Alcoholic medium: reaction of 8 milli-moles of 
WCl6 with EtOH abs (Carlo Erba) and PTN (2,4 
pentanedione, 0.08M in EtOH abs) resulted in a 
paramagnetic blue W(V) complex, whose 
stoichiometry has not been completely clarified. 
After a warm treatment in a sonic bath, the solution 
was stationary for 2 h at RT and a precipitate was 
formed. The blue powder was dried and then 
annealed at T=850°C for 1 h, leading to a yellow 
powder with more homogeneous and lower grain-
size distribution than 1a).

2) Sol-gel, alcoholic medium: WCl6 reacts with 
ROH (R=CH3-, C2H5-, 0.02 M solutions) leading to 
a paramagnetic blue W(V) complex. After an 
ultrasonic treatment carried out at T=40°C for 2 h, 
3.2 g of PTN was added and a blue gel occurs. The 
evaporation of the solvent yielded a dry blue gel 
which was crushed into a powder and annealed for 
2 h at 850°C. The final yellow powder exhibited 
particle size ranging between 500 nm and 1 m. 

Results

Powder and film characterisations have been 
carried out by means of TG-DTA, RBS, SEM, 
TEM and XRD. Fig.1 shows the TG-DTA curves 
performed on the 1b precursor of pure WO3. The 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Chemical Sensors

516



transformation from the precursor to the trioxide
takes place through three different exothermic
processes with a 24% weight loss. The powder 1b

has been calcinated at various temperatures ranging
within 450-850 °C in order to study coalescence of
the grains and porosity of the film. The othorombic
phase for WO3 was found in the range 450-550°C
while the monoclinic phase occurs at temperature
higher than 650°C. In the intermediate range of
temperature the transition between the two phases
takes place. TEM analysis showed considerable
coalescence probably assisted by phase transition.
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Fig. 1. TG-DTA analysis of 1b WO3 precursor. 

Fig. 2. TEM image of the nanosized WO3 powder
calcined at 450°C. The electron diffraction pattern shown 
in inset indicated the WO3 orthorombic phase.

Fig. 3b shows the temperature dependence of 
conductivity in dry air of WO3 1b and SnO2 thick
films. Measurements were carried out by changing
the temperature from 100 °C to 500 °C at the
heating rate of 3 °C/min. Both samples exhibited
three regions of conductance as usual for SnO2

sensors [3]; indeed WO3 samples highlight a large
increase in conductance and, in turn, a significant
decrease in the energy barrier (see Fig. 3a). Such a 
difference could explain the ability of tin dioxide to 
sense either reducing agents at high temperature or
NO2 at low temperature, whilst tungsten trioxide is 
capable of sensing only oxidizing gases. In fact, it
was previously observed that addition of W to SnO2

resulted in a decrease of the response to CO and in 
an increase in respect to NO2 [3]. Pure WO3 shows
no response to 100 ppm of CO within 200-250°C, a 

temperature at which the response to NO2 is the
highest (see Fig 4 at 200 °C working temperature)
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Fig. 3 a, b. Temperature dependence of the film 
conductance and the energy barrier.
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Conclusions

Different methods for obtaining nanometric WO3

powders have been studied. A proper choice of the
solvent act as a tailoring effect on the shape and the
dimension of the grains. The ethanolic medium
synthesis proved to be the best among the tested
preparations. WO3 material shows good responses
versus oxidizing gases, without any interference
from reductant gases, even in the environmental
sub-ppm range concentration of NO2.
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Summary:  In this paper, we show the influence of two doping agents Palladium and Platinum on the 

sensitivity for CO sensing of the nanoparticular SnO2 sensors at an operating temperature of 450°C. It is 
well known that the evolution of the conductance of the sensitive layer is largely modified by doping. A 

study carried out to measure the influence of humidity demonstrates that if un-doped sensors show a 

variation of same sign but less important than in dry air, doped sensors display a very different behavior. 
Indeed, we obtain a point of null sensitivity between 0 and 10%RH (RH = relative humidity) and a strong 

inverse sensitivity above 15% RH. These results demonstrate the presence of unexpectedly different 

chemical operating modes for CO sensing according to the rate of humidity. 

Keywords: gas sensors, SnO2, nanoparticles, doping, sensitivity. 

Category: 5

1 Introduction 

 At present time, most of the gas sensors are either 
electrochemical or metal-oxide semiconductors in 
thick-film [1] or in thin-film [2] technology. The 
main problems of these techniques are : moderate 
level of sensitivity, low reproducibility, low 
selectivity, long stabilization periods and high power 
consumption for the thick layer. However, the 
sensor technology has integrated for a few years the 
development of nanomaterials. 
 This article deals with a new generation of 
nanoparticular SnO2 gas sensors (Fig. 1). This new 
technology allows a very high surface-on-volume 
ratio and then may display a high level of sensitivity 
due to the reduction of grain size in agreement with 
Yamazoe et al.[3]. 
 However different aspects of this kind of sensors 
have to be studied to acquire the sensing principles 
and to improve their actual performances. 
A new technical method has been achieved to obtain 
a surface doping with nanocrystals of PdO and PtO2

fixed on the tin oxide nanoparticles [4-5]. Electrical 
characterization under CO of these new sensors 
should produce a comparison of sensors’ 
sensitivities according to the different doping agents. 
Then, the influence of moisture will be discussed. 

2 Description of the sensor 

The sensor used in this study is formed by a 
microhotplate platform and a nanoparticular SnO2

sensing layer. The microhotplate architecture was 
initially developed for Motorola and presently 
exploited by Microchemical Sensors S.A. A SiOxNy

membrane of 2 m of thickness supports a 
polysilicon heater of 600 m x 430 m. Dimensions 
have been optimised to achieve good thermo-
mechanical reliability and good homogeneity of 
temperature on the active area. The heater can reach 
temperatures of 500oC with a power consumption 
lower than 100mW. 

Fig. 1. SEM images of the sensing layer. 

The metal-oxide used in this sensor is a crystalline 
SnO2 nanomaterial synthesized by the 
decomposition and oxidation of a tin based 
organometallic precursor ([Sn(NMe2)2]2), the mean 
grain size obtained is 15 nm of diameter. Doping is 
achieved by decomposing an organometallic 
precursor M(dba)2 (M=Pd, Pt; dba = dibenzyli-
deneacetone) under dihydrogen at the surface of the 
tin/tin oxide preformed particles. Upon heating in 
situ on the platform the tin material is transformed 
into SnO2, whereas the doping agents are oxidized 
into PdO and PtO2 nanocrystals which mostly 
remain at the surface of tin (Fig. 2). This material is 
then deposited using a microinjector technique over 
the two electrodes placed in the homogeneous 
temperature region of the heater. This heater permits 
the full oxidation into SnO2 with a controlled 
temperature cycle from ambiant to 500°C. 
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Sn/SnOx

nanoparticle 

PdO nanocrystal 

Fig. 2. HRTEM image of the Pd-doped SnO2.

3 Experimental results 

The experimental set-up consists of a gas delivery 
system, an exposure glass vessel and an electronic 
circuit for resistance determination through voltage 
measurements.  

Before any test sequences, all sensors have to be 
subjected to several heating cycles in dry air.  

The optimal operating temperature has been 
determined near 450°C for all tested sensors under 
500ppm of CO. But, this temperature must not be 
exceeded to avoid electromigration problems from 
contact pads metal through polysilicon layer. 

The sensitivity of the sensor is determined by S = 
(Rgas-Ro)/Ro where Ro is the sensitive layer 
resistance without CO and Rgas the resistance 
measured under CO. 
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In figures 3 and 4 it can be seen that the response of 
doped sensors in humid air is inversed compared to 
that one in dry air. Secondly, doped and undoped 
sensors display the same variation (in term of sign) 
in humid atmosphere as it is observed in literature. 

So, the doped-sensor sensitivity is null for a relative 
humidity about 5%. 

4 Discussion 

This inversion of sensitivity is surprising and, to the 
best of our knowledge unprecedented. The 
correlation with the rate of humidity is clear and the 
observation of a point of zero sensitivity confirms it. 
The origin of this behavior is as yet unclear but 
probably results from different catalytic properties 
of the doping nanoparticles according to the 
presence of humidity. The surface chemistry of this 
system has therefore to be studied in detail. An 
hypothesis would be the variation of rates of CO 
oxidation on the catalyst and absorption on SnO2

according to the rate of humidity. 

5 Conclusion 

 A new generation of gas sensors based on 
nanoparticular SnO2 sensitive layer with two doping 
catalysts - Palladium and Platinum - has been 
elaborated and tested. The maximal sensitivity to 
carbon monoxide has been obtained at the upper 
temperature 450oC for all of the sensors. First results 
in dry air reveal that the palladium is the best doping 
agent for CO detection, but, at the moment, that in 
wet ambiant air, the best sensitivity is achieved for a 
Pt-doped sensor in agreement with the litterature [6].  
 The inversion of sensitivity from dry to wet air 
introduces firstly, a new concept of electrochemical 
operating mode between oxygenated gases and the 
superficially doped sensing layer and secondly, an 
opportunity to increase the selectivity using a sensor 
array. 
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Selective Gas Sensor Systems based on Temperature Cycling and  
Comprehensible Pattern Classification: a Systematic Approach
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Summary:  Semiconductor gas sensors offer low cost solutions for many measuring problems but often 

lack selectivity. Temperature cycling greatly improves selectivity without requiring frequent recalibration 
like static sensor arrays. Optimization of the temperature cycle and of the subsequent signal evaluation is 

however difficult and very time consuming. We present a systematic approach allowing step-by-step design 

of intelligent gas sensor systems based on temperature cycling and hierarchical pattern classification. 

Keywords: gas sensor system, selectivity, temperature cycling, pattern classification 

Category: 5 (Chemical Sensors)

1 Introduction 

Semiconductor gas sensors offer high sensitivity, 
good reliability and low cost making them attractive 
for a wide range of applications ranging from air 
quality control to safety applications like explosion 
warning or fire detection. Major drawbacks are the 
sensors lack of selectivity and poor long term 
stability. Sensor arrays offer better selectivity but lead 
to increased cost and require frequent recalibration. 
An attractive alternative is the extraction of multiple 
data from a single sensor (e.g. by temperature modu-
lation or impedance measurements) leading to virtual 
multisensor systems. Temperature cycling especially 
has proven a very powerful approach improving both 
selectivity and stability [1]. However, development of 
a sensor operating mode requires comprehensive cali-
bration and the subsequent signal evaluation to extract 
the required information offers a score of options (for 
an excellent overview see [2]). Design and validation 
of sensor systems based on temperature cycling is 
therefore a complex process restricting its use to high 
price applications even though hardware requirements 
are low [3]. In addition, many intelligent signal pro-
cessing techniques present a kind of black box, where 
even small changes in the sensor characteristics lead 
to unpredictable results. 

2 Systematic Approach 

For efficient development of selective and stable sen-
sor systems, our procedure for choosing operating 
modes and adapted comprehensible pattern classi-
fication is based on the following systematic steps: 

2.1 Selection of gas sensors and operating mode 

An automated test bench is used to closely simulate 
the conditions expected for the chosen application 
(i.e. temperature and humidity, gases and interferents 
at the expected concentration levels). Multiple sensors 
are operated with a complex temperature cycle 

(T-cycle) comprising several temperature levels and 
steps (based on manufacturer suggestions and users 
experience) and the resulting raw data are gathered in 
a data base. This process is speeded up considerably 
by using concentration ramps in a flow through test 
system providing a large data basis within compar-
atively short time. Then, linear discriminant analysis 
(LDA) [4] is used to ensure that the information 
content in the raw data is sufficient for the required 
task (i.e. discrimination between organic solvents). 
The LDA coefficients also allow the identification of 
the most relevant data for the classification, thereby 
making a selection of the most useful sensor(s) and 
operating temperatures possible. 

2.2 Optimization of operating mode 

For the most suitable sensor(s) the T-cycle is adapted 
by reducing it to those temperature levels and steps 
which are useful for classification. A high tempera-
ture phase often reduces sensor drift and should be 
included even if it is not necessary for classification 
[3]. Of course a compromise has to be found between 
required information content and cycle duration/ 
complexity based on the application. After calibration 
in the test bench, LDA is again used to check the 
validity of the T-cycle, i.e. its information content.  

2.3 Comprehensible pattern classification design 

Signal pre-processing (e.g. normalizing the response 
curves by division through their mean, Fig. 1) is used 
to achieve more stable data and to suppress the in-
fluence of relative humidity. Then, secondary features 
describing the shape of the response curves, which 
have proven superior to DFT and wavelet features [5], 
are generated. With these features a hierarchical 
decision tree is designed using LDA: Fig. 2 shows an 
example for the discrimination of six organic solvents 
over a concentration range from 2 to 200 ppm, where 
two solvents can be clearly separated from the other 
four. These are therefore grouped and the first deci- 
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Fig. 2. LDA plot allowing separation of Benzene and iso-
Pentane from four other organic solvents. For each gas 160
measurements with concentrations between 2 and 200 ppm
are shown, 80 each for 30% and 70% r.h. 
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Fig. 3. Second decision of the classification discriminating
between Methanol and three ethers; the arrow indicates
increasing concentrations from 2 to 200 ppm. Changes in
r.h. reproducibly shift the values for Methanol. 

sion only separates between this group, iso-Pentane 
and Benzene (air has already been filtered out). The 
classification itself is performed using 2d-territorial 
plots of selected secondary features, as shown in Fig. 
3 for the second decision (identification of Methanol). 
These plots offer simple visual control of classifica-
tion performance, signal trends and eventual prob-
lems. By repeating this process for the remaining un-
identified substances a complete decision tree is built 
for the desired application. Note that a quantitative 
estimate is easily possible after classification using a 
feature with good correlation to the concentration.  

3 Conclusion and Outlook 

The systematic approach presented here has proven 
very efficient for the development of intelligent 
sensor systems offering high selectivity and stability. 
It can also be used for microstructured gas sensors 
which allow much faster temperature cycling and  

therefore faster discrmination. Examples will be 
presented  for different applications.  

In case of insufficient classification quality, further 
improvement of the system is possible by switching 
on-line to a different T-cycle. Thus each decision can 
be based on a different T-cycle, which can also be 
designed on the basis of the first calibration run.  
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Summary: Temperature cycling of semiconductor gas sensors is a very powerful tool for developing gas 

detection systems with high selectivity and stability. Microstructured gas sensors - due to their low thermal 

mass - have very low thermal time constants in the range of 10 ms. Based on these sensors, development of 

fast and highly selective gas detection systems is possible using temperature cycles with ten or more 

temperature levels and an overall duration of only a few seconds. For efficient evaluation of these systems, 

we have developed a versatile hardware platform which provides accurate temperature control for 
arbitrary temperature control and fast, high resolution data acquisition either in stand-alone operation or 

connected to a PC. Based on this hardware platform, we demonstrate a system consisting of a micro gas 

sensor and intelligent signal processing for fast discrimination between gasoline and diesel vapors. 

Keywords: virtual multisensor system, temperature cycling, fuel discrimination 
Category: 5 (Chemical Sensors) or 10 (Applications)

1 Introduction 

Semiconductor gas sensors offer high sensitivity, 
good reliability and low cost making them attractive 
for a wide range of applications ranging from air 
quality control to safety applications like explosion 
warning or fire detection. In addition, modern micro-
structured sensors offer low cost and low power, 
opening new markets especially for mass applications 
and handheld devices. Major drawbacks today are the 
sensors lack of selectivity and poor long term stabi-
lity, which prevent a wider use especially in safety 
relevant applications. To overcome these problems 
without multiplying cost and complexity of the 
resulting systems, temperature modulation of the gas 
sensors combined with intelligent signal processing is 
a very promising technique allowing vastly improved 
selectivity and significant drift reduction [1]. Discri-
mination between six organic solvents was possible  
over a wide concentration range using a single sensor 
[2]. For faster detection and identification microstruc-
tured sensors are very attractive, as they have very 
short thermal time constants due to the extremely low 
mass of their active membrane thus allowing much 
faster temperature changes.  

2 Experimental 

2.1 Hardware platform 

To make full use of the potential offered by modern 
microsensors, accurate temperature control, arbitrary 
temperature cycles as well as fast high resolution data 
acquisition are necessary (at least during development 
to optimize sensor operating mode and signal eval-
uation). We have developed a versatile hardware 
platform named GaSTON (Gas Sensor T-cycle 
Operating uNit) for the effective development of gas 

detection systems based on microsensors and T-cyc-
ling. GaSTON combines an analog temperature con-
trol circuit with a digital set-point and a data acquisi-
tion system allowing stand-alone operation as well as 
master-slave operation with a host PC. The control 
circuit regulates the heater resistance RH and thereby 
the temperature of the sensor. The desired temperature 

Fig. 1: Performance of the temperature control circuit with a
microstructured gas sensor (MiCS 5110, [4]): (a) a new set 
point is reached within 30 msec even for large temperature 
changes, (b) a 100°C change in the ambient leads to a
sensor temperature change of approx. 5°C.  
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is set by the micro-controller based on the known 
RH(T) characteristic using a digital potentiometer. 
This allows the definition of arbitrary temperature 
cycles (T-cycles) using nearly identical hardware for 
many different sensors as well as fast adaptation to 
new sensor elements. The hardware was tested with 
sensors based on alumina substrates with platinum 
heater [3] as well as microstructured sensors with thin 
film heaters [4]. Although the temperature coefficient 
of RH is rather low for the microsensors, a high tem-
perature stability was achieved. Fig. 1a shows the 
dynamic behavior (time required for a step change is 
30 ms), Fig. 1b the accuracy of the temperature 
control during changes in ambient temperature.  

The data acquisition offers two AD-channels with 
16 bit resolution allowing measurement of either 
sensor resistance, heater voltage or heater current with 
a maximum rate of 150 Hz for one channel. Thus, the 
system can be used not only for resistive sensors but 
also for micro hotplate sensors measuring combus-
tible gases by determining the heater power necessary 
for a given sensor temperature. Special emphasis was 
placed on data correctness and integrity, i.e. each 
measurement value is given an exact time stamp and 
missing values, which can be caused by timing errors, 
are logged. This is essential for intelligent signal 
processing, which extracts information from the time 
and temperature dependence of the sensor signal [2].  

2.2 Fast discrimination of fuel vapors 

The improved selectivity achieved by T-cycling is 
demonstrated in Figs. 2 and 3: a commercial micro-
structured metal oxide gas sensor (MiCS 5131, [4]) 
was operated using a simple T-cycle with 10 set 
points over a range of about 260°C. The temperature 
dependence of the sensor conductance shows a char-
acteristic behavior in clean air and when the sensor is 
exposed to gasoline and diesel vapors, respectively, 
Fig. 2. Sensor raw data were normalized by dividing 
through their mean over the entire cycle. Note that 

this signal pre-processing often suppresses sensor 
drift considerably [2]. Using only the average value 
for each temperature of the normalized response 
curves, the vapors can be classified perfectly, for 
example using linear discriminant analysis (LDA) [5], 
Fig. 3. Note that the identification takes only a few 
seconds: even for the first cycles after exposing the 
sensor to the fuel vapors a clear signal trend is already 
visible as indicated by the arrows in Fig. 3. By 
shortening the cycle, i.e. using fewer T-levels with 
shorter duration, fuel identification will be possible in 
less then one second. This system could therefore be 
used to prevent filling a car tank with the wrong fuel. 

3 Conclusion and Outlook 

We have shown that temperature cycling of micro-
structured gas sensors allows fast identification of fuel 
vapors. Similarly, differentiation between H2 and CO 
and even measurement of r.h. are possible by extrac-
ting suitable parameters from the T-cycles. Additional 
information, i.e. the slope of each T-level, could be 
used to further improve the selectivity, for example to 
suppress interferents. In addition to improving selec-
tivity and stability, T-cycling can also reduce power 
consumption by turning off the heater between cycles 
while still achieving a data rate sufficient for most 
applications. We therefore expect many interesting 
new solutions based on this concept in the near future. 
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Fig. 2: Normalized response curves of a MiCS 5131 micro-
structured sensor in air and exposed to fuel vapors. The
cycle consists of ten temperature levels between approx 160
and 420°C each held for 200 ms. The average value of each 
T-level is used for the linear discriminant analysis in Fig. 3.
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Summary: In this paper are presented the experimental results obtained in the preliminary study done 

about the effect produced by the use of the mobile telephones on the ISFETs (Ion Sensitive Field Effect 

Transistors) and MEMFET (Membrane Field Effect Transistors) sensors feedback. The mobile 

telephones emit an electromagnetic radiation that modifies the initial ISFET threshold voltage and 

also generates the sensor feedback instability. The experimental results presented show that this 

feedback instability can be eliminated when the sensor is exposed to ultraviolet radiation and besides 

the effect of this electromagnetic radiation can be minimised when the ISFET sensors are polarised 

with a high enough drain-source voltage (Vds).  

Keywords: ISFET, MEMFET, electromagnetic radiation, sensing electromagnetic radiation. 

Subject category: 5 (Chemical sensors) 

1. Introduction

The ISFETs main drawbacks are the temporary drifts, 
the hysteresis and the thermal dependency, at least the 
main ones taken in account until now. All of them can 
be compensated or minimised to obtain a proper 
measurement interpretation. But the ISFETs feedback 
can be influenced by other external factors that they 
have not been considered until now. One of the 
external factors that it has not been considered until 
now is the electromagnetic radiation emitted by the 
mobile telephones. Nowadays is widely spread the 
use of the mobile telephones and the radiation effect 
on humans beings is a study priority area, but this 
radiation also can affect to other electronics devices 
modifying its working behaviour. As it can be seen in 
the experimental results presented later on, the 
electromagnetic radiation emitted by the mobile 
telephones deeply affect the ISFETs sensors 
modifying its inherent electrical characteristics and so 
on its feedback. This electromagnetic radiation effect 
on the ISFETs sensors was detected during our study 
to design and develop a novel ISFET conditioning 
circuit [1] and a novel ISFET measurement method 
[2]. In this paper are presented the main experimental 
results that allow to know how deeply the 
electromagnetic radiation affects the sensor feedback 
and how this effect can be avoided or, at least, 
minimized.  

2. Experimental set-up. 

The experimental measurement system used during 
the study can be seen on Fig. 1. The instrumentation 
system and the novel conditioning circuit used are 
explained in detail in reference [3]. The novel 

measurement method used to obtain a stable sensor 
feedback for long time measurements and temperature 
variations can be found in reference [4]. 

Fig. 1.- Measurement instrumentation system.

3. Experimental results.

The experimental study was done with ISFET and 
MEMFET sensors and in both of them the 
electromagnetic radiation had the same effect. The 
typical test stability MEMFET (sodium ion sensitive) 
feedback can be seen on Fig. 2. The stability test 
consist on studying the sensor feedback during long 
time periods maintaining constant the polarization 
conditions (voltage-Vds-and current-Ids-), the 
environmental temperature and the pH value of the 
solution in which the sensor is sunk. The 
experimental results show that the sensor feedback is 
stable. But when the mobile telephone is used close to 
the experimental measurement system (sensors 
included) (Fig. 1) and the same sensor pass again the 
same stability test, its feedback is completely 
unstable, as it can be seen on Fig. 3. On the radiated 
sensor feedback can be detected random peak 
voltages reaching values of 4 mV. These peak 
voltages are completely unacceptable in any of the 
measurements methods that can be used with 
ISFET/MEMFET sensors, because these peak 
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voltages means that the pH value of the solution has 
been changed and this fact is not true following the 
stability test. With any of the measurements methods 
[5, 6] that can be used with ISFET/MEMFET sensors 
we were misunderstanding the real meaning of the 
measurement done with the sensor.  

Fig. 2.- Sodium ion MEMFET (Na25) temporary feedback. 

Fig. 3.- Sodium ion MEMFET (Na25) temporary feedback 
after it has been radiated with a mobile telephone 
electromagnetic radiation. . 

When this unusual feedback was detected on the 
sensors it was decided to study again its 
transconductance graphs. In all the studied cases the 
initial sensors threshold voltage had suffer an 
important variation on its value. In some of the 
studied sensors the threshold voltage was increased in 
200 mV.  
The first step done in order to minimize the 
electromagnetic radiation effect observed on the 
sensors, was to increase the polarization voltage (Vds)
applied to the sensors. As it can be seen on Fig. 4 the 
transconductance graph is improved when the Vds is 
increased.

Fig. 4.- Na21 MEMFET sensor transconductace graph for 
different Vds, after it has been radiated with a mobile 
telephone electromagnetic radiation 

All the sensors radiated with electromagnetic 
radiation had the same effects: threshold voltage 
variation and instability feedback. The first effect 
made us think that both effects could be due to 
trapped charges in the gate dielectric generated by the 
electromagnetic radiation. Taking in mind this 
possibility it was decided to irradiate all the sensors 
affected by the electromagnetic radiation with 
ultraviolet light, like it is done with the CMOS 

memories. All the ISFET sensors irradiated with 
ultraviolet light almost recovered their initial 
feedback stability and threshold voltages, as it can be 
seen on Fig 5. After the ultraviolet radiation the ISFET 
voltage random steps were of 0.1mV instead of the 
previous 25mV after it was radiated with 
electromagnetic radiation.  

Fig 5.- ISFET test stability feedback before and after the 
ultraviolet radiation. 

Conclusion
The electromagnetic radiation due to the widely 
spread use of mobile telephones, seriously affects the 
working behaviour of the ISFETs/MEMFETs sensors. 
This radiation changes the ISFETs/MEMFETs 
threshold voltage and causes a strong instability. The 
experimental results presented prove that there is a 
novel environmental factor to consider when the 
ISFET/MEMFETs had to be used: the mobile 
telephone electromagnetic radiation. 
It has been outlined a possible explication to this 
effect and how it can be corrected.
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Summary:

Calcium-selective CHEMFET devices based on plasticized membranes have been developed. The Diethyl

N,N'-[(4R,5R)-4,5-dimethyl-1,8-dioxo-3,6-dioxaoctamethylene]bis(12-methylaminododecanoate) (calcium

ionophore I (ETH 1001) ) molecule has been used as the sensing. A new technique of treatment of surfaces

has been used to increase the adherence between the gate of ISFET and the sensitive membrane. The

designed sensors exhibit good linearity responses in the range 2-6,69 of pCa with a slope of 28,38 ± 1 mV 

decade
-1

. These microdevices can be applied in the determination of the total calcium concentration in 

human blood serum.

Keywords: Chemically modified field effect transistor (CHEMFET); Calcium; Functionalisation

Category: 5 (Chemical Sensors)

1 Introduction

The concentration of calcium ions in the blood is of 
great importance in a number of physiological
functions, including the contractility of the heart, 
stability of the cardiac rhythm, neuromuscular
transmission and blood coagulation. For the
assessment of total calcium, atomic absorption
spectrometry (AAS) and colorimetry predominate 
in daily use. However, AAS is rather complex for 
clinical environment and colorimetry necessitates 
an extended and involved sample treatment. Several 
components interfere with the colorimetry
detection. Potentiometric sensors based on
chemically modified field effect transistor
(CHEMFET) [1-3] would offer an attractive
alternative for the previously mentioned techniques,
because these devices exhibit a fast response time, a 
low output impedance, small size and relatively
high robustness.

Fig.1: Calcium ionophore I (ETH 1001) [4]

In this work we study the behavior of Ca2+-selective
CHEMFET based on PVC plasticized membrane 
containing calcium ionophore I (ETH 1001) as
cation-sensitive receptors (Fig.1).

2 Experimental

Membrane and CHEMFET preparation

ISFET

The ISFETs devices have been fabricated using a 
CMOS-compatible technology at Centro Nacional 
de Microelectrónica, Spain. The detailed
manufacturing process has been described
elsewhere [5]. The gate insulator of such devices is 
a combination of SiO2 (800 Å) and Si3N4 (1000 Å ).
They were mounted on a specially designed printed 
circuit board, wire -bonded and encapsulated with 
an epoxy resin, leaving only the gate exposed to 
liquid solution. To improve the adherence of
plasticized membrane, the ISFET gate in
functionalised with a silane-based compound.

Process of the functionalisation

The method for functionalising the gate of the
ISFET consists in mixing 95 % ethanol with 5% 
water. Later, this cocktail is adjusted to the pH 4.5-
5.5 by means of the addition of acetic acid. The N-
2-Animoethyl-3-aminopropylmethyldimethoxy -
silane is added with stirring to yield a 2% final 
concentration. The ISFET devices are dipped into 
this solution, agitated gently, and removed after 2 
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minutes. Next, the excess silane is eliminated by 
dipping during 5 minutes in ethanol. Finally, the
devices are cured to a temperature of 100 ºC during 
8 minutes to eliminate the remains of the solvents .

CHEMFET preparation

The membranes have been prepared by dissolving 
the calcium ionophore I (ETH 1001) (Fluka, 10
wt%), 2-Nitrophenyl octyl ether (Fluka, 89 wt%)
and Sodium tetraphenylborate (Fluka, 1 wt%) in 
tetrahydrofuran (THF, Merk). The membrane
solution (approximately 4 µl) was deposited on the 
silalyted gate of FET using a transferpette. The 
introduction of such silane layer between a
hydrophobic membrane and the gate nitride layer 
has the purpose to increase the adherence among 
Si3N4 and polymeric membrane. After membrane 
solvent evaporation the CHEMFETs were
conditioned at least 24 hours in a 10-3 M Ca Cl2
solution.

Results

Preliminary in vitro characterisation of the Ca2+-
CHEMFET has been performed by dipping this
device in a solution having different concentrations 
of Ca2+, together with a reference electrode using an 
HP4145B semiconductor parameter analyser. At the 
various pCa values , a series of single Ids-Vgs

(Gm=∆Ids/∆Vgs) curves are registered as given in 
Fig.2. The shape of the curves is identical to a 
conventional MOSFET. It can be said that the Ca2+-
CHEMFET is still an electronic component which 
can be operated and used in a similar manner to the 
MOSFET.

Fig.2: Electrical characteristics (drain current and 
transconductance as a function of gate-source
voltage) of Ca2+-CHEMFET in different
concentrations (between pCa 2 and 6).

A sensitivity of 28,38 ± 1 mV decade-1 with a good 
linearity between pCa 2 and 6,69 has been obtained.
The chemical characteristics on the Ca2+-
CHEMFET are comparable to the corresponding 
PVC-based microelectrodes devices [6-8], however, 
the detection limit of the microelectrodes are lower 
by about one order of magnitude.

In summary, the feasibility of fabricating a Ca2+-
CHEMFET using the N-2-Animoethyl-3-
aminopropylmethyldimethoxysilane as a silanizing 
agent in order to increase the adherence between 
the gate of ISFET and the sensitive membrane has 
been demonstrated. Work will continue on studying 
the effect of pH and the interferences on the
response of the devices before used in vivo.
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Peculiarities of Response to CO of Pt/SnO2:Sb Thin Films 
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Summary. The gas-sensitive properties of carbon monoxide gas sensors based on thin (50 – 100 nm) 
tin oxide films have been reported. It was shown that temperature and gas concentration dependencies 

of sensitivity and response time have complicated shape. These peculiarities are caused by CO 
reaction with the different species of adsorbed oxygen on the surface of Pt/SnO2:Sb thin films. The 

optimal operating temperatures (230 – 250 oC) providing fast response times and permitting to utilize 

sensors for measuring of gas concentrations in the range of 10 - 1000 ppm in air are determined. 

Keywords: Gas sensors, tin oxide, thin films, CO, resistance 

Category: 5 (Chemical sensors)

1 Introduction 

In recently years SnO2 thin films have been 
extensively investigated because of its applicability to 
an integrated gas sensor that has many advantages in 
terms of cost and reliability [1-4]. We studied gas-
sensitive properties of tin oxide thin films with the 
additives in semiconductor volume and catalytic Pt on 
their surface in order to create reducing gas sensors 
[5,6]. In this study the research results of the 
sensitivity and response time of CO sensors in a wide 
range of temperatures and gas concentrations in air 
are reported. 

2 Experimental 

SnO2 films with a thickness of 50 and 100 nm were 
prepared by cathode sputtering of the tin target with 
addition 1.5 at. % of antimony in oxygen-argon 
plasma. The films were deposited on Al2O3 substrates 
with a thickness of 150 µm. The contacts to tin oxide 
layer and a heater on a back side of a substrate were 
fabricated prior to the deposition of the semiconductor 
by a sputtering of platinum (Pt) with subsequent 
photolithographic processing. The area of a sensing 
element is 1 mm2, whereas the area of all the sample - 
1,5 mm2. The superthin layers of catalytic platinum 
were received also by cathode deposition. After the 
sputtering process the films were annealed in an air 
for 24 h at 400 C. The response is defined as relative 
variation of the electrical resistance at a given gas 
concentration level, that is (R0/R1 - 1), where R0 is 
measured resistance of a sample in pure air, R1 – 
resistance in CO-containing atmosphere. Response is 
measured in static conditions at introduction of air 
containing given gas concentration. 

3 Results and discussion 

The typical temperature dependencies of thin films 
resistance in pure air (curve 1) and response to 

exposure of 160 ppm CO mixture with air (curve 2) 
are shown in Fig. 1.  
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Fig.1. Resistance (curve 1) and response (curve 2) to 160 
ppm CO of Pt/SnO2:Sb thin films as function of operating 
temperature.

As one can see, at heating from room temperature 
up to 150-180 o , the resistance is decreased due to 
ionization of shallow and deep impurity centers in 
part of a film, not depletion by charge carriers. At 
temperatures above 150-180 o , there is a growth of 
resistance, which is resulted to surface 
transformations providing increase of a negative 
charge and depletion layer thickness : at 160  the 
transitions 2

-  O- are possible; at 230-300  - 
transitions O-  O2-; at 250-400  there is a 
desorption of water [4]. At room temperatures the 
high response occurs (curve 2), that reduced at 
heating up to 100 - 120 . Apparently at these 
temperatures, there is a CO interaction with OH--
groups, which usually present on a surface of the 
semiconductor. The further increase of temperature is 
accompanied by sharp increase of response reaching 
maximum at 160-200 . Then the response again is 
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Fig. 2. Gas-sensing response as function of the CO concentration, for various thickness of Pt/SnO2:Sb thin films: (a) 50 nm; 
(b) 100 nm. 

reduced and other maximum takes place at 300-350 
.

The concentration dependencies of response for 
Pt/SnO2:Sb thin films by thickness 50 and 100 nm, 
measured at different temperatures, are demonstrated 
in Fig. 2a and 2b, respectively. The curves are built in 
a logarithmic scale, as it is known [4], that the 
relations have power character: (R0/R1 - 1) = CCO

m,
where the value of power low exponent 0 < m < 1. It 
can be observed that in the temperature range of lower 
200 -220 , the anomalies occurred: on curve 1-3 
(Fig. 2a) and 1-4 (Fig. 2b) there are segments of sharp 
growth of response (m > 1) as increase of CO 
concentration in air. These features can be partially 
due to active participation of molecular oxygen 2

- in 
oxidizing reaction of carbon monoxide. It is known 
that this reaction rate constant is decade two lower 
than that with atomic oxygen O- [7]. 

It is probably, that in the high gas concentration 
range shortage atomic oxygen take place, 2

-groups 
reacts with CO-molecules, and therefore sensitivity 
and response time are increased. The difference in 
thickness of researched structures (Fig. 2a and 2b) has 
an effect only for an absolute value of response, as the 
sensitivity of sensors is determined by a ratio between 
depletion layer width and thickness of film. 

At temperatures above 200 , power law 
concentration dependencies of response are observed 
(Fig. 2a, curves 4-5 and Fig. 2b, curves 5-6), and 
parameter m = 0.5 is in some agreement with the 
literary data for detecting CO in air at 250-350 
[4,5]. 

The response time does not depend on gas 
concentration and is equal 30 - 40 s, that corresponds 
to saturation time of gas concentration in the 

chamber. It is possible to assume, that in the 
temperature range above 200 – 220 oC, O- and O2

-

balance on SnO2 surface sharply varies, and reaction 
CO takes place with O- exclusively. 

That fact is interesting, that at realization of similar 
researches on interaction of tin oxide thin films with 
hydrogen, the concentration dependencies have a 
usual view with value m < 1. 

These results indicates, that at operating 
temperatures 230 – 250 oC CO sensors based on thin 
oxide thin films have high sensitivity and fast 
response time and will be used for measuring gas 
concentration of 10 to 1000 ppm. 
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Summary: A small-size thermoelectric hydrogen sensor was prepared with the combination of 
thermoelectric effect of SiGe film and Pt catalyst reaction to hydrogen. Amorphous SiGe film was 

deposited by RF-sputtering method and transparent glass substrate was used for the convenience of 
aligning different patterns in the preparation of the small-size hydrogen sensor. SiGe film was crystallized 

with the Ni-induced effect at the glass-endurable temperature. The sensitivity to 3% H2 at the operating 

temperature of 100  is 0.7 mV, and the detectable concentration is from 0.1% to 5%.  

Keyword: thermoelectric effect, hydrogen sensor, glass substrate, Ni-induced SiGe film 
Category: 5 (Chemical Sensors) 

1 Introduction 

Thermoelectric effect is one of highly reliable 
working principles. With the working mechanism, 
McAleer has fabricated the first thermoelectric 
hydrogen sensor with the basis of thermoelectric 
effect of SnO2 bulk and hydrogen-catalyzing 
effect of Pt film [1]. During recent years, 
hydrogen sensors with normal-size based on 
thermoelectric effect of screen-printed Li, 
Na-doped NiO thick film or sputtered SiGe film 
was also successfully demonstrated by our 
research group [2, 3]. The successful application 
of SiGe film in the thermoelectric hydrogen 
sensor provided a good basis for the development 
of a new type micro-structured sensing element 
due to its simple structure and its high 
compatibility with lithography transfer technology. 
As the catalyst area was closely related to the heat 
generated by the hydrogen-oxidation reaction and 
in turn determined the available temperature 
difference in a certain extent, the performance of 
the sensing element with a small size become 
concerned before taking it into microfabrication 
development.  

   In this paper, a small-size thermoelectric 
hydrogen sensor was fabricated by using 
low-temperature crystallized SiGe film as 
thermoelectric material. The crystallization 
condition of the SiGe film with the Ni-induced 
effect and the hydrogen-sensing properties of the 
sensing element were investigated.  

2 Experimental  

For the fabrication of the sensing element, 3 m
thick SiGe film with L pattern was first sputtered 
on a glass substrate (corning 7059 sheet, 10mm
10mm). The length of the pattern is 5 mm, and its 
width is 0.8 mm. Due to the amorphous state of 
the as-deposited SiGe film, a 30 nm-thick Ni-film 
was sputtered on the SiGe film so that it could be 
crystallized at a glass-endurable sintering 
temperature with the metal-induced effect. 
Transparent glass substrate was utilized for the 
convenience of aligning different patterns and 
simplifying the element fabricating process.  

   With the formation of crystallized 
thermoelectric SiGe film, a RF-sputtered Pt heater 
with thickness of 1 m were formed on glass 
substrate by using a 50 nm thick  Ti adhesion 
layer. And then a pair of Au electrodes connecting 
with the two end-sides of SiGe film for the 
measurement of sensing output voltage signal and 
the catalyst Pt film were in sequence sputtered. 
The deposition of different layers of SiGe film, Pt 
catalyst and Au connecting electrodes were 
conducted with the aids of metal-mask. The 
measurement of hydrogen-sensing properties 
were carried out in a gas flowing system, and an 
IR camera included in the measuring system was 
utilized to record the surface temperature 
variation for the evaluation of catalyst activity. 
The operating temperature of the sensing element 
is varied from 80 to 120 .
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Fig.1 FE-SEM morphology of SiGe film

3. Results and discussion

XRD results indicated that the Ni-induced SiGe
film could be crystallized when the sintering
temperature was above 520 . FE-SEM
observation as demonstrated in Fig.1 shows that
the grain size of the SiGe film sintered at 550 
was about 70 nm.

Fig.2 Hydrogen sensing properties for 3% H2

The crystallization of thermoelectric SiGe film
is essential for the enhancement of its 

thermoelectric properties, which was proved by
the measurement of normal-size sensing element
in our previous work [2, 3]. Due to the decrease
of the mass of the present small size element, a 
high catalyst activity with a temperature increase
of 60 at the catalyst side was observed. At the
operating temperature of 100 , the sensitivity
related to 3% hydrogen was about 0.7 mV as 
shown in Fig.2. The detectable hydrogen
concentration for the hydrogen-sensing element is 
from 0.1% to 5%. The response and recover time
corresponding to 90% voltage change were all
less than 50s. Based on the measured temperature
difference between the two end-sides of the SiGe 
film and its output voltage signal corresponding to
the element being exposed in hydrogen-contained
atmosphere, the calculated Seebeck coefficient is
about 140 V/K.

The results obtained in this work indicated
that the catalyst activity is much related to the
mass which sharing the heat generated by the
exothermic catalyst reaction. And the heat transfer
from the hot side to the cold side has produced
serious influence on the sensing properties. Its
improvement could be expected by
micro-fabricating the sensing element to optimize
the sensor structure with the utilization of 
lithography transfer technology.
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Summary:  A novel gas sensor has been designed and fabricated using SOI technology. The device
comprises of a thin SOI membrane in which has been embedded an FET heater.  The device can operate up 

to a maximum temperature of ca. 350 C with a typical power consumption of 40 to 70 mW.  Here we report
upon a novel process that has been developed to deposit thin films of both vanadium and tungsten oxide at

temperatures compatible with CMOS technology for use in resistive or FET based sensors.  The CVD films

are characterized and their response to CO and toluene investigated.

Keywords: SOI sensors, gas sensors, CVD films

Category: 5 (Chemical sensors)

1 Introduction 
The MOSFET is ideal as a micro-heater because its 
power and hence its operating temperature, can be
easily controlled via its gate potential. The
MOSFET has a negative temperature coefficient
(the current decreases at high temperatures due to
reduced channel mobility) thus offering a good
thermal stability. The SOI membrane and LOCOS
provide vertical and lateral isolation respectively.
Metal electrodes are placed above the micro-heater
to form the resistor and isolated from it through
subsequent IDLs (inter dielectric layers). In the
FET sensor case the FET micro-heater surrounds
the sensing element, with the gate oxide exposed
through the IDLs. 

In the last two decades, there has been increasing 
demand for mobile, hand-held gas monitors with
wide application in the environmental, automotive
and medical industries. Presently, solid-state gas 
sensors tend to suffer from high power
consumption (ca. 1 W) - especially for metal-oxide
resistive gas sensors that require very high
temperatures (e.g. 300 C or more) [1]. In addition
these sensors cannot detect accurately low levels
(e.g. < 100 PPM) of some important hazardous
gases. This makes them an impractical option for
application in battery-operated units and less than
ideal for automotive units. To overcome these
disadvantages, we proposed and patented [2] a
novel design of gas microsensors compatible with 
current CMOS technology, and have developed the
concept within this joint EPSRC project. Our goal
here is to combine an SOI CMOS resistive (or FET)
gas sensor developed at the Universities of
Warwick and Cambridge with a novel low-
temperature post-CMOS chemical vapour
deposition (CVD) process developed at University
College London (UCL).

The SOI device has been fabricated at SUMC 
(UK) and the resistive version is illustrated in Fig 2.
The handle silicon was removed using either an 
isotropic dry deep RIE process or an anisotropic
wet etch to leave a thin SOI membrane, shown in
figure 3.  The complete membrane comprises of a
thin silicon layer together with an oxide/nitride
passivation layers; the overall thickness being
between 1 - 2 m.

2 SOI Gas Sensors 
Heater/sensor

areas
Temp. sensorsFig 1 illustrates the basic structure of the SOI

CMOS gas sensor. In place of a passive resistive
heater (e.g. platinum or polysilicon), an active n-
channel MOSFET is used.

 The DC power consumption of the SOI devices
has been measured and compared with other SOI
devices fabricated via Europractice using a 0.8 m
MATRA process. The power consumption depends

Fig. 2. Photograph SOI resistive gas sensing device and
off-membrane temp sensors (5 mm by 5 mm) 

Fig. 1. Design of a smart SOI gas sensor employing an
n-channel MOSFET heater (resistive type).
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upon the thickness of the SOI membrane; measured
values range from 40 to 140 mW at 300 C.

Fig. 3 Photograph of SOI MOSFET heater inside a
thin translucent SOI membrane (DRIE process)

3 Thin Film Deposition

UCL have established reaction conditions for
atmospheric pressure (AP) or aerosol assisted (AA) 
CVD that are attractive for large scale, rapid
production of a variety of widely adopted gas
sensing metal oxides (e.g. V2O5, WO3, SnO2) [3,4].
In addition, materials have been deposited via

APCVD that are expected to exhibit interesting
sensing and/or optical properties (e.g. VO2, Ti1-

xMxO2 (M = W, Nb, V, Cr, N, Mo)). In each case,
deposition using a cold-wall horizontal bed reactor
was possible at 400 C (in some cases as low as 350 
C), temperatures well below the melting point of

aluminum. In general, the films showed good,
uniform coverage across the substrate with high
deposition rates (assessed by cross-sectional SEM 
to be ca. 0.5-1.0 m/min).

We summarize here the results for the deposition
of V2O5 (via APCVD) and WO3 (via AACVD).
Reaction of VCl4 or VOCl3 with water under
APCVD conditions at 350-400 C produced
uniform, clear yellow films. Film characterization 
by glancing angle X-ray diffraction (XRD) showed
only the orthorhombic phase of V2O5 (indexed unit
cell dimensions a = 11.527(5), b = 4.382(5), c =
3.557(5) Å lie within  0.005 Å of literature).
Depth profile studies of the film surface using X-
ray photoelectron spectroscopy (XPS) showed the
presence of vanadium and oxygen only (beyond the
first few atomic layers). The binding energies
recorded are in excellent agreement with literature
(516.0 eV for V 2p3/2 and 530.5 eV for O 1s) and
show a notable absence of chlorine contamination
as well the presence of only one vanadium species
(V5+) residing in a single chemical environment.
XRD/XPS analyses therefore suggest the direct, 
single step deposition of a single (orthorhombic)
phase of V2O5. This is confirmed by Raman
spectroscopy, which shows identical patterns to
bulk and magnetron spluttered V2O5 (with bands at
697, 524, 478, 401, 300, 283, 194, 145 and 103 cm
–1). SEM showed the films to be comprised of sub-
micron platelets, suggesting film growth proceeds
from the substrate surface and via an ‘island
growth’ mechanism. AACVD has been used
successfully to deposit thin, uniform blue films at

substrate temperatures of 300-400 C from the
decomposition of a single source precursor tungsten
hexa-phenoxide, W(OPh)6 (see Figure 4). 
Characterization by XPS shows the films to be a
single phase of WO3-x, with the results being in
excellent agreement (  0.05 eV) with literature.
Species present: W

6+ 4f7/2 = 35.6 eV; W6+ 4f5/2 = 
37.8 eV; O 1s = 530.0 eV; W 4f doublet shoulder at
lower energies assigned to W4+/5+ cations). Carbon
contamination was assessed to be low, at ca. 2 %,
by XPS. Post-annealing the films in O2 at 
temperatures  400 C afforded pale yellow films
within 30 min, characterized by XPS as WO3 (i.e.
no W

4+/5+ cations present) with minimal carbon 
content (< 0.5 %).

Annealing

at 400 °C 

in air

Deposition

at 300 °C
Deposition

at 400 °C

WO3

WO3-x

x ~ 0.2

Stoichiometry confirmed by XPS

WO3

WO3-x

x ~ 0.2

Stoichiometry confirmed by XPS

Fig. 4 Photograph of CVD films on glass substrate

 Further characterization of film stoichiometry
before and after annealing was carried out by XRD
and Raman for films deposited at 300 & 400 C.
Raman spectroscopy shows bands of amorphous
WO3-x for deposition at 300 C. At 400 C a more
crystalline film forms, with the WO3-x spectrum 
dominated by additional bands that coincide with
monoclinic -WO3. Upon annealing at 400 C,
Raman confirms the presence of fully oxidized,
crystalline monoclinic -WO3 with removal of the

bands assigned to the reduced species.

3 Conclusions 
A low-temperature CMOS compatible process has 
been developed in order to deposit thin films of 
vanadium and tungsten oxide on to thin SOI micro-
hotplates. Allowing circuit integration with metal
oxide sensing materials. The response of these
novel resistance and FET gas sensors to CO and
toluene is reported. The low power, high
temperature operation will make these sensors ideal
for a range of gas detection applications.
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Summary:  The present interest on the use of chemocapacitors with planar electrodes draw us to the need 

for a better understanding of how its capacitance changes with the geometric parameters of the electrodes 

and the properties of the medium surrounding the electrodes. In this work we present a conformal mapping 
based model to find analytical expressions for the sensor capacitance. This model can be applied for any 

electrode width and spacing as well for any thickness of the sensitive layer. The capacitance for a 

particular sensor configuration is a function of the dielectric permittivity of the materials, the electrode 

length and two geometric adimensional parameters: the ratio between the electrode width and the spatial 

sensor wavelength and, the ratio between the thickness of the sensitive layer and the spatial sensor 

wavelength. 

Keywords: Chemocapacitors, interdigital electrodes, e-nose. 

Category: 5 (Chemical sensors).

1 Introduction 

Typical Chemocapacitors are made of an inert 
substrate over which the two comb electrodes are 
deposited. One chemical sensitive layer (usually a 
polymer) is then deposited over the electrodes (see 
Fig. 1). Polymers have been used for organic vapor 
sensing because they exhibit rapid reversible vapor 
sorption and are easy to applied as thin or thick 
films by a variety of techniques [1]. The polymer 
layer can be chosen according to its affinity to a 
particular molecule or set of molecules one wishes 
to detect. If several sensors with different polymer 
layers are used to make a sensor array it is then 
possible to evaluate complex organic vapor samples 
[1]. These sensor arrays can be part of an electronic 
nose for a particular application depending on the 
sensitive layers that are chosen. 

V=0 V=0 V=0V=0V=0V=0V=0

-V+V+V -V +V +V-V -V

substrate

sensitive layer

electrode

electric wall

W G

λ

Fig. 1. Sensor cross-section. 

The change in capacitance depends on the 
changes in the dielectric permittivity and on 
swelling of the polymer (sensitive) layer due to the 
ad/absorption of the analyte. The correct design of a 
Chemocapacitor requires closed form expressions 
for the computation of capacitance, based on the 
geometry of the electrodes and the properties of the 
substrate and chemical sensitive layer(s). These 
expressions enable the correct design of the sensor 

and they can be integrated into the 
chemical/physics of the analyte/polymer 
interactions to give an overall description of the 
sensor performance. 

2 Modeling 

The gaps between electrodes have a width of 
Gwhile the fingers have a width of W. Each 
electrode is connected to a fixed potential (either 
+V or –V) and has a number of fingers of length L.
The sensor spatial wavelength is ( )GW += 2λ  and 

the sensitive layer as a thickness of h. For 
convenience two adimensional parameters are 
defined: (1) The metallization ratio h = (2W)/λ, and 
(2) the ratio between the sensitive layer thickness 
and the sensor spatial wavelength r = h/λ.

For symmetry reasons, the capacitance of one 
single semi-infinite layer can be evaluated as a 
function of (1) CI - half the capacitance of one 
interior electrode relative to the ground and, (2) CE

- the capacitance of one outer electrode relative to 
the ground plane next to it (Fig. 2 shows an 
example for a sensor with six electrodes). 

-V+V

CI CI CICICICI CE

-V

CI CICE

+V+V

2C C /(C +C )+3C /2E I E I I

-V

C C /(C +C )E I E I C C /(C +C )E I E IC /2I C /2I C /2I

LMN LMN LMN LMN LMN

Fig. 2. Equivalent circuit for evaluation of the 
capacitance of a semi-infinite top layer. 
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Using network analysis to evaluate the equivalent 
circuit of Fig. 2 one can find the total capacitance 
between the negative and positive electrodes of a 
semi-infinite layer sensor to be equal to:  

( )
EI

EII 2
2

3
CC

CCC
NC

+
+−= , (2) 

provided that N > 3 where N are the number of 
electrodes. The capacitance for the lower half plane 
is calculated in the same way and adds to the 
capacitance calculated for the upper half plane to 
obtain the total capacitance of the sensor. 

For the calculation of CI and CE we use 
conformal mapping techniques to map an 
appropriate space region of the sensor onto a 
parallel plate capacitor geometry (see Fig. 3) for 
which the capacitance value is known as well as the 
equipotential and electric field lines. Details of the 
conformal transformations were reported elsewhere 
[2].

λ/4 
G/2

1 3

5

h

2

4z  plane

1 2

34
w  plane

G/2 h

1 2 3

4
z  plane

1

23

4

w  plane

CI calculation

CE calculation

Fig. 3. Conformal tranformations on Argand plane for the 
calculation of CI and CE.

3 Results and Discussion 

Figure 4 shows the dependence of the capacitance 
on the metallization ratio η (the simulation 
parameters are as written on graph). 

 In Fig. 5 is shown the capacitance of a sensor 
having a sensitive layer over the electrodes, as a 
function of the adimensionalized thickness r for the 
present model and with finite element methods 
(FEM) (the simulation parameters are written on 
graph). The capacitance reaches a saturation value 
for a value of r=0.5 (h=λ/2), which means that the 
sensor is not sensitive to changes in the permittivty 
occuring at a distance from the electrode plane 
greater than about half the sensor wavelength. The 
behavior of the capacitance value as evaluated by 
FEM is in agreement with our model, reaching the 
saturation [i.e. 99.5% of ( )∞=hC ] for the same 

value of r.
To help the design of a particular sensor (fixing 

the sensor wavelength) one can make a contour plot 

for the capacitance density as a function of the 
parameters η and r (see Fig. 6). 
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Fig. 4. Sensor capacitance as a function of the η.
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Summary: In this work, the selective sorption property of sindyotactic polystyrene (SPS) in the nanoporous 

crystalline ?  phase toward polluttants like chlorinated compounds and BTEX (benzene, toluene, ethylbenzene

and xilene) has been used to develop an optoelectronic sensor based on fiber optic technology suitable for the 

monitoring of air and  waters. 

In particular, a sensor probe has been made casting a thin SPS film in “delta” phase on the cleaved end of a 

standard fiber optic and reflectance measurements have been carried out to detect very low concentrations 

(ppm) of chloroform and toluene in water.

Keywords: optoelectronic sensor, syndiotactic polystyrene, clathtrate, fiber optic

Category: Chemical sensors 

1 Introduction

A long standing challenge in the field of the
chemical detection is the development of
environmental microsensors higly selective to
target chemicals. The combination of suitable
sensitive materials and sensing techniques are the 
key points for the designing of microsensors based 
detectors. To this aim, attention has been focused 
on the use of polymeric materials as selective
layers1. In particular, the sorbent polymers special 
tendency to collect and concentrate analytes
molecules make them reliable  materials to be
employed in the microsensors designing 

As sensing mechanism, an optoelectronic approach 
based on the use of fiber optic technology has been 
developed. This choice seems to be suitable in light 
of unrivaled advanatages associated to this class of 
sensors such as immunity to electromagnetic
intereference, the dual functionalities related to
their capability to serve as transducers and sensing 
data transportation systems. 

In particular, thin film of “delta” phase
syndiotactic polystyrene  was cast upon the tip of a 
standard silica optical fiber. Reflectance
measurements directly related to refractive index
change have been, then, carried out to detect very 
small amounts of chemicals, in water
concentrations of few ppm.

2 SPS in “Delta” chrystalline phase as 

sorption selective material.

Among the possible crystalline structures that SPS 
can form (for instance two forms, alfa e beta
consisting in planar zig-zag chains and two others
and gamma and delta consisting of s(2/1)2 TTGG 
helical chains)2 special attention must be addressed 
to the “delta” phase that forms only when solvent 
are used. This is due to the fact that in this structure 
SPS can clathrate solvent molecules housing them 
between the helical chains. When suitable solvent 
treatment are imposed the removal of the guest 
molecules can be obtained. This results in the
formation of a metastabile nanoporous structure
able to absorb molecules of feasible size and  shape, 
even present at very low activities, while the
absorbing property in the other crystalline forms 
and in the amorphous phase is present at much 
lower extent. Thus allowing SPS in “delta” phase
to be successfully used as polymeric coating for 
chemical sensing.

3. Experimentals

The sensor  probe was prepared by stripping the 
fiber optic protection coating few centimeters from 
the fiber end and washing the nude part in
chloroform in order to remove any residual of
coating. Then the fiber was cleaved with a precision 
cleaver to obtain a uniform and plane cross section. 
Following the cleaved fiber tip was dipped into a 
SPS chloroform solution (1%b.w.) and the clathrate 
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thus formed was finally exposed to acetone vapors 
in order to extract chloroform and obtain an empty 
delta chrystalline SPS layer. 
Pellet-type of SPS was kindly supplied by Institute
G. Donegani (inglese)" of Enichem .
Reflectance measurements have been performed by 
ligthing the sensing fiber with a broadband light 
source, to this aim a superluminescent diode (40nm 
bandwidth) operating at 1310nm has been used (fig. 
1). A 2x2 in fiber coupler provides the necessary 
connections between light source, sensing interface 
and two receiving channel: one for reflected signal 
detection and the other one for power monitoring in 
order to obtain well compensated intensity
measurements. To enhance system performances, 
sinchronous detection has been imp lemented. Here 
the light source has been externally amplitude
modulated at 500Hz and the sensor outputs have 
been retrieved by using a dual channel lock in 
amplifier. Normalization procedure consists in
taking the ratio between reflected signal and power 
monitoring one, in this hypotesis, normalization
output is directly related to interface reflectance
that in turn depends on polymer refractive index, 
thickness and external medium (air or water)
refractive index3.
Experimental measurements  consisted in recording
the change in the normalized sensor output as the 
sorption of the hazards in the nanocavities alters the 
polymer layer refractive index. The SPS sorption 
tendency toward chloroform and toluene in water 
was tested on the same sensor probe in two
different successive solutions once ensured the
reversibility of the  probe.
Measurements were made immerging the SPS
coated probe into a thermostated becker, (25°C)
containing first pure distilled water. By successive 
additions of chloroform and toluene solution
concentrations enriched of 5ppm per addition were 
obtained. Solutions were always magnetically
stirred in order to ensure the maximum dispersion 
of the hazards in water. 

Fig. 1 Optoelectronic Set-up

3. Results and Discussion
Response of fiber optic sensor to sequential step 
changes of concentration (step changes of 5 ppm 
each) of chloroform and toluene in aqueous
solution, are reported in figure 2. The different 
kinetics is related to the different mass transport 
behavior of the two substances in SPS: apparently 
sorption kinetics is faster for chloroform. This
results in an overall increase of the signal in the 
order of  3.2 and 4.4 % for chloroform and toluene 
respectively, for a total concentration equal to 15 
ppm. The behavior of the chloroform sorption curve 
shows a clearly visible progressive diminution of 
the equilibrium step response to each 5 ppm
increment of concentration. For toluene the
decrease in sensititvity is less pronounced.
Such a behavior can be ascribed to the progressive 
saturation of the crystalline nano-cavities of SPS
and/or  to the thermodynamic of the water-solvent
mixture. In fact, concentration could be misleading 
and it would be more appropriate to refer to solvent 
activity of the mixture.
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Fig. 2. Sorption curves of choroform and toluene. Each 
step corresponding to a 5ppm enhancing of the solute 

concentration in water.
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Summary: Solid-state potentiometric CO2 and SOx sensors were fabricated using Nasicon

(Na3Zr2Si2PO12) or ZrO2:Y2O3 (8 mole% of Y2O3) as solid electrolytes, fused carbonates or sulphates
as sensing electrodes and Na2Ti6O13-Na2Ti3O7 two phase system or porous platinum as reference

electrodes. The influence of solid electrolyte on performance and long-term stability of sensors was

determined. The CO2 sensors with Nasicon as a solid electrolyte exhibited stable signal during long-
term experiments. However, the unstable behaviour was observed in case of the SOx sensors. This

long-term instability of investigated cells is discussed in terms of possible reactivity of solid

electrolytes with electrode materials.

Keywords: electrochemical gas sensors; CO2; SOx; Nasicon; stabilised ZrO2; carbonates; sulphates

Category: 5 (Chemical sensors)

1 Introduction

The solid-state potentiometric gas sensors for the
detection and monitoring gases emitted during
combustion processes are the most promising ones.
The simplicity of construction, low cost during serial
production, compatibility with classical electronic
devices, short response time, good selectivity and
known dependence of measured signal on gas content
(Nerstian behavior) are the best recommendation. The
main disadvantage of the proposed electrochemical
sensors for CO2 or SOx monitoring is the signal
instability during the long-term use. Numbers of
works have been done to propose the best systems
exhibiting the stable behavior. Also, many papers
concerned the theoretical aspects of working
mechanism of investigated cells. Different solid
electrolytes, sensing and reference electrodes were
proposed and tested to the large extend [1-4].

The aim of this work was to compare the
performance and working mechanism of
potentiometric gas sensors prepared using two solid
electrolytes: Na+ ion conductor (Nasicon) and O2- ion
conductor (ZrO2:Y2O3). The comparison was made
for sensors designed for detection of CO2 or SOx.

2 Materials and measurements

Powders of ZrO2:Y2O3 (8mole% of Y2O3, Tosoh
Corp.) and sol-gel prepared [5] Na3Zr2Si2PO12

(Nasicon) materials were used. Powders were formed
in pellet die (75 MPa), isostatically pressed (250
MPa) and sintered at 1673 K (5 h) in case of ZrO2

and 1500 K (24 h) in case of Nasicon.
Both Li2CO3-BaCO3 and Li2SO4-CaSO4 (2:3 molar

ratio)  were used to form the electrodes sensitive to

CO2 and SOx, respectively. Porous platinum or
Na2Ti6O13-Na2Ti3O7 mixtures were used in
construction of reference electrodes. Na2Ti6O13

-Na2Ti3O7 materials were prepared by solid-state
reaction of TiO2 (anatase, Cookson Technology) with
sodium carbonate (Sigma-Aldrich).  The details are
given in [6].

The electromotive force (EMF) of prepared cells
was measured as a function of temperature
(300-500 oC), CO2 (10-1260 Pa) or SO2 (0.1-10 Pa)
partial pressures and time. The details concerning the
experimental setup are given in [7].

Additionally, XRD (X-ray diffraction), DTA & TG
(Differential Thermal Analysis and Thermo-
gravimetry), SEM (Scanning Electron Microscopy)
and MS (Mass Spectrometry) techniques were used to
assist the interpretation of obtained results.

3 Results and Discussion

3.1 CO2 sensing characteristics

The CO2 sensor has the following electrochemical
cell structure:

CO2, O2
(1), Ag| Li2CO3-BaCO3| SE | B(Na), Pt, O2

(2)

where SE is a solid electrolyte, B(Na) denotes
Na2Ti6O13 - Na2Ti3O7 mixtures (used when Nasicon
was as SE). Superscripts (1) and (2) denote sensing
and reference electrodes, respectively.

The obtained results were fitted using Nernst
equation. The determined parameter n (corresponding
to the number of electrons in electrode reaction) was
found to be between 2.2 and 2.8. The observed
discrepancy of the parameter n from theoretical value
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(n=2) may be explained by mixed conductivity either
of sensing carbonates or electrolyte phases [7,8].

Short time experiments have indicated that the
performance of sensors based on ZrO2 and Nasicon as
a solid electrolyte was comparable. For example, the
determined response times (t0.95) were below 60 s in
case of both types of cells.

3.2 SOx sensing characteristics

The SOx sensors were prepared analogously as in
the case of CO2 sensors. The following
electrochemical cells were prepared:

SOx, O2
(1), Me, Li2SO4-CaSO4| SE | B(Na), Pt, O2

(2)

where SE is solid electrolyte, Me denotes Ag, Au or
Pt, B(Na) denotes Na2Ti6O13 - Na2Ti3O7 mixtures
(used when Nasicon was SE).

It was found that in case of cells with silver
(Me=Ag) no acceptable sensor characteristics was
obtained. The observed EMF changes with the
changes of SOx partial pressure were not reversible,
and most probably caused by SOx gas corrosion of
silver.

The replacement of Ag by Au was also
unsuccessful, and typical sensor characteristic was
not observed. Only use Pt at sensing electrode led to
stable sensor characteristics. The Mass Spectroscopy
indirect measurements has confirmed that used Pt
connection catalyses completely oxidation of SO2

into SO3 above 673 K. The obtained results well
correspond to thermodynamic data for the system
SO2+O2.

Fitting obtained data of EFM to Nernst equation
allowed determining the n parameter values. They
were found to be above  the theoretical value of 2, as
in the case of CO2 sensors.

The response time of investigated SOx sensors was
longer than in case of CO2 sensors (t0.95 = several
minutes).

3.3 Sensors  stability

The CO2 sensors with Nasicon as the solid
electrolyte showed stable behavior for long-time
(above 6 months). On the other hand long-term drift
of the sensing signal was observed for CO2 sensors
with stabilised zirconia as the solid electrolyte. Both
thermodynamic considerations as well as DTA, XRD
and SEM analysis indicate that observed instability
may result from the chemical reaction between
carbonate and stabilised ZrO2 phases.

In case of both types of SOx sensors a long-term
drift of electromotive force was detected during the
experiments carried out for several weeks.
The observed drift cannot be explained by the
uncontrolled chemical reaction in solid state phase, as
in the case of ZrO2 based CO2 sensors. The
performed thermodynamic analysis excluded
possibility of reaction of used sulphate phase with the

solid electrolyte. So, further studies are necessary in
order to explain observed instability of SOx sensors.

4 Conclusions

The experimental results concerning
potentiometric CO2 and SOx sensors have been
described in this work. Most of the sensors exhibited
reproducible signal during short-time experiments
(<24 h). The measured electromotive force (EMF) of
the investigated cells was found to be linear with the
logarithms of CO2 and SOx concentration in the
measured ranges of concentration (100-12600 ppm of
CO2 and 1-100 ppm of SOx). The sensors exhibited
quasi-Nernstian behavior, with the n parameter value
higher than theoretical value (n=2). The operating
temperature range was 300 oC - 500 oC and 500-550
oC for CO2 and SOx sensors, respectively. The
response time was found to be below 60 s and several
minutes for CO2 and SOx, respectively.
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Summary. Several gas sensing applications, such as odour source finding in mobile robotics, demand
short time responses which at the present time lack on low price metal oxide gas sensors (MOx). This
paper presents a processing technique that allows on line estimation of the present gas mixture, using
transient data acquired from an electronic nose. Results showing the early estimate are presented.
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Category: 5 (Chemical Sensors), 10 (Applications)

1 Introduction

Nowadays, it is completely accepted that electronic
noses present the ability of recognising odours, iden-
tifying gaseous components of a mixture and quantify
some of these components. However most of the exist-
ing algorithms for olfactory signal processing, present
a considerable restriction to their utilisation in tasks
that demand a very fast response because they are based
on the processing of the steady state response of the
gas sensor array. The ability to estimate the presence
of a mixture from the first samples taken from the tran-
sient stage is a remarkable step for applications such
as olfaction based mobile robot navigation [5], puff de-
tection in air, automated cooking or real-time chem-
ical process control. For other applications it may
bring outstanding results because some gaseous mix-
tures cause a very slow change in the sensors resis-
tances which leads to a considerable delay between the
sample presentation and the return of classification re-
sults. This abstract reports a pre-processing technique
that allows the estimation of the mixture presently in
contact with the sensors independently of the initial
(previous) mixture.

1.1 Previous Related Work

The problem of shortening the attainment of a clas-
sification/quantification of a gas mixture has already
been addressed by other authors. Osuna [1] has mod-
elled transient responses as a sum of exponential curves
which are related to absorption, desorption, surface
chemical reaction and free electron localisation in the
bulk material. The process consists on fitting a func-

tion of form � � � � 
 � �� � � � � � � � � �  to each transient.
Galdikas [2] successfully applied a similar method to
evaluate meat freshness. Others [3][4] applied other
discrete transforms to the identification problem and
showed that the classification is clearly enhanced when
compared to other methods.

The present setup is composed of four Figaro gas
sensors, installed in a closed chamber, a vacuum-pump
that was used to pull the air through one of the six bot-
tles containing calibrated liquid mixtures.

2 The Data Processing

The pre-processing consisted of transforming each of
the four transients using the continuous wavelet trans-
form (CWT). Similarly to short time Fourier transform,
a function (wavelet1) is multiplied with the signal at
several scales (which allows the attainment of a fre-
quency description) and at several moments (allow-
ing the temporal localisation of the frequency occur-
rences). However, here the FT is not performed. Ev-
ery peak is seen as corresponding to a sinusoidal signal
in that frequency. The most remarkable fact related to
CWT is that the window width varies with frequency
enabling a good signal representation for all the spec-
tra. The CWT can be summarised as:

! # % '( * � , . / � 0 2 4 � 
 78 9 4 9 ; = / � � � > @ B � D 04 G I �
(1)

in which J is the sensor index, = � � � is the transient
signal, 0 is the translation coefficient (defines shift in

1The term wavelet appears in literature as a word defining small
wave or well localised wave-like functions
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Fig. 1: Series of transients. The top row shows a random sequence of transient signals. The bottom row shows the
probability returned by the classification algorithm

time), � is the scale coefficient (defines the support of
the wavelet) and � � � � is the mother wavelet (i.e. pro-
totype for all window functions). For each transient
between mixtures there will be a set of CWT matrixes
containing the coefficients � 	 
 �  (one per sensor � ). In
this case � � � � � � � � � � � . Taking the vectors:

� 
 �  � � ��� 
� !
 � � "
 � 

...� $ 
 � 
% '''( (2)

i.e. we will have a matrix like:� �
���� 

� !! � ! � !! � " � � � � !! � * � !" � ! � � � � !, � *� " ! � ! � " ! � " � � � � " ! � * � "" � ! � � � � " , � *
...

...
...

...
...

. . .
...� $ ! � ! � $ ! � " � � � � $ ! � * � $ " � ! � � � � $ , � *

% '''(
(3)

which will be the input to our recognition system. The
first three main components obtained with principal
component analysis (PCA) are presented in figure 2.
Here we can see that there is a tenuous grouping that
allow us to implement a classification algorithm over
this data. A probabilistic neural network has been used.
The training was performed using the coefficients pro-
vided by several transients between the six mixtures
obtained randomly with varying time between mix-
tures. The sample rate was about 0.5 seconds. Fig-
ure 1 shows the classification (2 - / row) for the pre-
sented transients (1  1 row).

Although the current algorithm presents some lack
of robustness, the results are quite encouraging as it
shows that it is possible to extract features from tran-
sient signals that constitute a unique pattern related to
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Fig. 2: Principal Component Analysis of 2 . 3 - water;4 - 25% ammonia, 75% water; 5 - 25% ethanol, 75%
water; 6 - 10% ammonia, 10% ethanol, 80% water; 7 -
20% ammonia, 10% ethanol, 70% water; 8 - 10% am-
monia, 20% ethanol, 70% water;

the present mixture in contact with the nose. Robust-
ness with temperature, humidity and other external fac-
tors are yet to be tested.
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Summary: An electronic tongue capable of discriminating the basic tastes by means of a chemical sensor
array is presented. A purposely designed impedance meter was used to acquire data from sensors immersed

in the testing solutions at a frequency of 150Hz. The whole measurement process was automated for an

optimum control of experimental conditions and reproducibility. The sensor array was composed of six 
partially selective chemical sensors based on carbon nanotubes,  carbon black dispersed in polymeric

matrices and doped polythiophenes. A three-step data analysis process based on the principal component

analysis and an artificial neural net allowed a fair discrimination of the solutions.

Keywords: Electronic tongue, chemical sensors, array, impedance measurement

Category: 5 (Chemical sensors)

1 Introduction 

In the last fifteen years a new approach has been
gaining importance within measurement technology
based on the use of arrays of partially selective
sensors and multivariate analyses techniques [1]. A 
fundamental stimulus to this kind of research was 
supplied by food industry, for its need to forecast
consumer satisfaction for new products without
using expensive, slow and unreliable human panels.
A large amount of literature is available on 
electronic noses, but only recently similar concepts
have been described for the analysis in liquids.
Various measurement principles can be used for
these so-called electronic tongues, such as 
voltammetric, potentiometric, conductometric or 
spectrophotometric techniques [2].

In the present work a different approach was
chosen, based on the impedance measurement of 
various types of sensors.

2 Material and methods

Five sensors of three different types were prepared.
In the first one, a gel system composed of a base
material (polyvinyl alcohol) and a supplier of
charged groups (polyacrylic acid and
polyallylamine respectively) was added to single
walled carbon nanotubes. In the second type carbon
black, was dispersed in polymers (polyactide and 
40% azobenzene substituted polylysine) according
to the method described by Lonegarn [3]. In the
third case, an alkoxy-substituted polythiophene was 
doped with sodium dodecyl sulphonate [4]. A
reference sensor with the bare electrodes was also 
included in the array. The electric impedance of the
sensor array was monitored at a frequency of 150 
Hz, which had been previously chosen on the basis
of a preliminary set of measurements as capable of 
guaranteeing the best discrimination. An automated

measurement system composed of an impedance
meter, a mechanical arm, a rotating platform and a 
data acquisition card was designed and realized.
A multiplexer allowed the sequential scanning of
the sensors for the impedance measurement, while
the array was automatically dipped into the baseline
and test solutions by the coordinated movements of
mechanical arm and rotating platform. The whole
device was controlled by a PC running a software
developed in a Labview™ environment. A block
diagram of the system is shown in figure 1.

Figure1

3 Results and discussion

A high number of measurements was planned and
carried out to assess the discrimination capabilities
of the system and to avoid the risk of false
classifications. In particular, 106 repeated
measurements were carried out on each of fifteen
test solutions in six measurement campaigns
spanning a six month period.
The solutions represent the five basic tastes at three
concentration levels, chosen as to cover the human
sensitivity range:

1
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so fifteen different samples were tested. Five
solutions were measured at each run, while the
sixth available position on the rotating platform was 
occupied by distilled water. The following
measurement protocol was adopted:

a) Sensors in ambient air, start of data
acquisition;

b) Sensors dipped in distilled water; 
c) Sensors in ambient air;
d) Sensors in solution 1;
e) New cycles a)-d) for solutions 2 to 5;
f) Sensors in ambient air;
g) Sensors dipped in distilled water; 
h) Sensors in ambient air, stop data acquisition.

At the end of this run of measurements, 36 values
of both modulus and phase were acquired for each
solution relevant to air (16 data), distilled water (10
data) and solution (10 data). All the solutions were 
repeatedly measured in random order, and the data
were inserted in a database.
Data analysis was carried out in three successive
steps, namely feature extraction, principal
component analysis (PCA) and artificial neural net
(ANN). Feature extraction was carried out by
submitting suitable queries to the database. After a 
few trials, it was decided to use for all the sensors
the steady state values of both phase and modulus, 
that were used as input variables for the PCA 
algorithm.
Results of a PCA analysis performed on 450
measurements belonging to one of the experimental
campaigns are shown in figure 2. It can be seen that
this algorithm allows a good separation of the
different type of samples, notwithstanding the high
number of measurements. Similar results could be
obtained for each of the experimental campaigns,
but if the whole set of data is considered the PCA
plot becomes messy.
To overcome this problem and to obtain an idea of 
the number of possible correct classifications
achievable by this system, a third data processing
step was added.

The values of the first 5 principal components were
fed as input to a three-layer perceptron based on the
back propagation algorithm. The whole set of 1590
measurements (106 repeated measurements × 15 

solutions) was randomly split in three homogeneous
subsets that were used to train and test the net and 
to evaluate the percentage of correct classification.

Table II

Results are reported in table II. There are a
significant number of cases in which the net was 
not able to give a response (2nd column), but the
rate of correct answers in case of response is very 
promising. The system is currently under evaluation
and the data set is being continuously increased.

Conclusions

An artificial tongue based on impedance
measurements is reported. The device uses a 
variety of sensors which have different response
mechanisms. Solution identification was performed
using a three-step pattern recognition technique,
with acceptable results. The authors are confident
that solution discrimination can be improved
through the use of a larger array and more
sophisticated data processing methods.
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SUMMARY

Thin films of tungsten trioxide (WO3) have been

deposited by reactive R.F. magnetron sputtering in

view of exploiting their gas sensing properties. The

electrical properties of oxide tungsten thin films are 

described and discussed. Ozone adsorption on films 

leads to a decrease of conductivity. This effect is

used to design sensitive, fast and reversible ozone

gas sensor, operating at different temperatures.

Keywords : WO3, gas sensor, Ozone

Category : 5 (Chemical sensors)

1 – Introduction

The electrical properties of semiconductor oxides
depend on the composition of the surrounding gas 
atmosphere. Based on this effect, the development of 
conductometric gas sensors using thin films of metal
oxides, such as ZnO1 and SnO2

2, started in 1962.
However, this type of gas sensor presents an inherent 
lack of selectivity, because more or less any type of 
reducing and oxidizing gases are detected by this 
mechanism.
Recents studies showed that WO3 sensors seem to be 
very sensitive for ozone detection3. Tungsten oxide is 
an n-type metal oxide semiconductor, whose electron 
concentration is determined by the concentration of 
defects such as oxygen vacancy present in material.
It is known that these vacancies play a significant 
role in the process of detection.
In this paper we report electrical  responses of a
metal oxide based gas sensor architecture :
WO3/SiO2/Si with Pt electrodes.

2 – Experimental

WO3 films were sputtered on SiO2/Si substrates with 
interdigitated platinum electrodes. The electrodes
were obtained from a sputtered Pt film using
photolithography and lift off processes . The
experimental set-up used for the deposition of the 
WO3 thin films was a reactive magnetron radio 
frequency sputtering device.

Grazing incidence X-ray diffraction (XRD) was
applied to check the crystallinity and structure of the 
films .
The sensor characterization device was designed to 
measure the response of the sensors at various
working temperatures and under different gas
compositions.

3 - Results and discussions

Chemical Composition, Structure, and

Morphology : after annealing at 400°C during one 
hour, X-ray diffraction patterns showed that the films 
were polycrystalline with the stable monoclinic
structure.

Ozone Adsorption and Sensor Properties.

A typical dependence of the electrical resistance of 
the sensor on ozone partial pressure is shown in 
figure 1.
In presence of ozone the sensor resistance first
increased very fast and then slowly. 
The fast response is consistent with the hypothesis of 
a surface effect, especially related to ozone
adsorption at the WO3 surface. The time dependence 
of the slow one can be fitted with a square root  law 
which is typical for a diffusion behaviour probably 
due to oxygen diffusion through the WO3 thin film.

1,0E+03

2,1E+04

4,1E+04

6,1E+04

8,1E+04

1,0E+05

1,2E+05

0 5 10 15 20 25

time square root (s
1/2

)

R
e
s
is

ta
n

c
e
 (

 Ω
 )

O3

O3 off

figure 1 : transient response of the sensor for 0.8 ppm 
of ozone at 200°C. Resistance versus time square
root.
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In order to design a very fast sensor, it will be so 
interesting to study only the first step transient
response, and not to wait for the saturation.

The effect of temperature on the sensor performance,
was also study. The sensor responses were measured 
between 150°C and 400°C. It appears, and with a 
good reproducibility, that the best answer was
obtained at 300°C. 

The sensor responses to different concentrations of 
ozone were then studied at 300°C (figure 2). The
signal was reversible and proportional to the ozone 
concentration. The detection below 0.03 ppm is a 
crucial threshold. We can also notice the very fast 
response of the sensor which is about one second.
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Figure 2 : normalized conductance variation versus 
time for WO3 films exposed to small step-varying
concentrations of O3 at 300°C temperature.

4 - Conclusion

A high sensitive ozone gas sensor, can be designed 
using WO3 thin films. The decrease of conductivity
is the result of ozone reduction. The fast and
reversible response and the high sensitivity of the 
developed ozone gas sensor make it clearly
competitive with usual commercial sensors.
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Summary: Influence of phase composition, structural peculiarities and grain size of Fe2O3-SnO2 (Fe:Sn

1:9, 1:1, 9:1) nanocomposites on their gas-sensitive properties has been studies in this abstract. The 

characteristics of thin film sensors were obtained with regards to NO2 and CO. Behaviour of thick film 

sensors were estimated in C2H5OH ambient. High sensitivity of Fe2O3-SnO2 samples containing highly 

dispersive amorphous Fe2O3 phase has been revealed. The composites consisting of both α-Fe2O3 phase 

and Sn(IV)–α-Fe2O3 solid solution demonstrate maximum sensitivity to ethanol. Mechanisms of the 

processes which determine gas-sensitive behaviour of SnO2-Fe2O3 composites are considered.

Keywords: Fe2O3-SnO2 nanocomposites, structural characteristics, gas sensitivity

Category: 5 (Chemical sensors)

1 Introduction

The existing literature reports that the materials 
based on SnO2-Fe2O3 composite posses s high
sensitivity to ethanol. As it has been established by 
Yamazoe, the metal cations which are characterized 
by electronegativity lower than electronegativity of 
Sn(IV), increase the sensitivity of SnO2 based
sensors to ethanol [1]. The value of
electronegativity determines oxide activity in acid-
base reactions. But the phase composition and the
structural features of an oxide system and its
activity in reduction-oxidation reactions are not 
taking into consideration [2].

The aim of the work was to elucidate the
influence of structural peculiarities of SnO2-Fe2O3

system on its gas -sensitive behaviour regarding
certain gases.

2 Experimental

Fe2O3-SnO2 samples (Fe:Sn 1:9, 1:1, 9:1) have
been prepared by mixing Fe(III) and Sn(IV)
hydroxides in required proportions followed by
annealing of the dried species at different
temperatures.

Structural investigations were carried out by
XRD, ESR, TEM and Mössbauer spectroscopy.

Gas-sensitive properties of thick film sensors
were studied regarding 1 ppm NO2 and 50 ppm CO;
thick film sensors were measured in humid ethanol 
vapors, modeling alcohol content in human being’s
expirated air.

The sensor response was calculated as (Igas-Io)/Io
at fixed U value for thin films and as (Ro-Rgas)/Rgas

in the case of thick film sensors.

3 Results and discussion

Fe2O3-SnO2 nanocomposites of different
dispersity and phase composition have been
obtained by sol-gel technology. The samples with 
different Fe:Sn ratio have different structure (Table 
1). Thus, annealing of Fe2O3-SnO2 composite with 
Fe:Sn ratio 1:9 and 1:1 at 500-600°C leads to the 
formation of Fe(III)–SnO2 solid solution, while in 
the case of Fe2O3-SnO2 (Fe:Sn 9:1) composite,
Sn(IV)–α-Fe2O3 solid solution is typical. Besides, 
amorphous highly dispersive Fe2O3 phase is also 
present in Fe2O3-SnO2 (Fe:Sn 1:1) sample.

Table 1. Phase composition and grain size of simple Fe2O3 and SnO2 oxides and Fe2O3-SnO2 nanocomposites depending on 
temperature of annealing

Fe2O3-SnO2

(Fe:Sn 9:1) (Fe:Sn 1:1) (Fe:Sn 1:9)

T, °C SnO2

d, nm
Fe2O3

d, nm

Phase d, nm Phase d, nm Phase d, nm
300 2 Amorphous Amorphous – SnO2 2 SnO2 2
500 6 15 Fe2O3 35 SnO2 3 SnO2 3
600 10 25 – – SnO2 4 – –
800 40 70 Fe2O3

SnO2

50
10

SnO2

Fe2O3

10
25

SnO2

Fe2O3

10
35
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Thermal treatment of the composites at 800°C
results in partial decomposition of sample structure 
and isolation of simple oxide phases – the species 
become heterogeneous.

100 150 200 250 300 350 400

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

2

3

1

S

T,
o
C

Fig. 1. Temperature dependent response (S) to 1ppm
NO2 of thin film sensors: Fe2O3-SnO2 (Fe:Sn 9:1) (1), 
Fe2O3-SnO2 (Fe:Sn 1:9) (2), Fe2O3-SnO2 (Fe:Sn 1:1) (3), 
RH = 40 %.
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Fig. 2. Temperature dependent response (S) to humid 
ethanol vapors (0.025 ‰) of thick film sensors: Fe2O3-
SnO2 (Fe:Sn 9:1) (1), Fe2O3-SnO2 (Fe:Sn 1:1) (2), SnO2

(3), α-Fe2O3 (4), Fe2O3-SnO2 (Fe:Sn 1:9) (5).

According to the available ESR data, two types 
of Fe(III) centers exist in Fe2O3-SnO2 (Fe:Sn 1:1)
composite: i) isolated Fe(III) ions within SnO2

crystal lattice (signal g = 4.3, ∆B = 4 mT);
ii) microinclusions of Fe2O3 amorphous phase
(signal g = 4.3, ∆B = 4 mT). As it was found, the
amorphous Fe2O3 only participates in NO2

adsorption; isolated Fe(III) ions within SnO2 lattice 
are inactive.

Mössbauer spectra of the samples represent a
broadened doublet, which is the evidence of
superparamagnetic Fe2O3 particles (d ~ 3-4 nm)
formation. The parameters of Fe2O3-SnO2 spectrum 
are different from the parameters, which are typical 
for the spectra of both α-Fe2O3 and γ-Fe2O3 bulk 
phases. However, the values of isomeric shift (δ) 

and induction of magnetic field (B) for amorphous 
Fe2O3 are closer to the parameters of cubic γ-Fe2O3

rather than trigonal α-Fe2O3. The coordination of 
Fe(III), which is specific for oxide/hydroxide iron 
compounds possessing cubic structure of unit cell
(γ-FeOOH, γ-Fe2O3) preserves within Fe2O3

amorphous phase. This fact explains considerable 
activity of the mentioned species in gas adsorption 
process. Moreover, gas-sensitive and electro-
physical properties of thin- and thick film Fe2O3-
SnO2 are substantially determined by Fe(III) state. 
Thus, isolated Fe(III) ions substituting Sn(IV) in 
points of SnO2 lattice decrease considerably
electrical conductivity of SnO2 films and their
sensitivity to both oxidizing (NO2) and reducing 
(C2H5OH) gases. High sensitivity regarding NO2 of
Fe2O3-SnO2 (Fe:Sn 1:1) is caused by the presence 
of highly dispersive Fe2O3 amorphous phase. The
interaction between Fe2O3 and SnO2 at the phase 
interface, which is accompanying with the
formation of Sr–O–Fe and Sr–OH–Fe bonds leads
to decreasing of contact resistance and increasing of 
electrical barrier transmissibility of the materials.
Doping of Fe2O3 with Sn(IV) ions results in
increasing of free electron concentration and
enhancement of oxide layer conductivity. Fe2O3-
SnO2 nanocomposite which has a structure of
Sn(IV)–α-Fe2O3 solid solution shows high response
to ethanol vapors due to the presence of two types 
of adsorption centers – Sn(IV) and Fe(III). The two 
centers are characterized by different activity in the 
course of both reduction-oxidation and acid-base
reactions. The mechanism of ethanol molecule
detecting at the surface of the Fe2O3-SnO2

composite is oxidizing dehydration, in which
Sn(IV) functionates like a catalyst. Due to low Fe–
O bonding energy and increased basicity of Fe2O3

in comparison with SnO2, Fe(III) centers promote
further oxidation of the intermediate products of 
ethanol molecule transformation. Moreover, high
dispersity of Sn(IV)–α-Fe2O3 solid solution
provides efficient electron exchange between the
cations: Fe(III) ↔ Fe(II). All this produces greater 
conductivity drop of an active layer and,
consequently, improves sensor performance.
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Water detection in oily emulsions by means of a trapping electrode 
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Summary:  This paper presents the concept of a trapping electrode structure. This measuring concept can 

in general be used to increase the sensitivity when measuring impedance in emulsions of liquids with

widely differing conductivities and/or dielectric constants. The increase in sensitivity is obtained by
adapting the geometric structure of the measuring electrodes in such a way that they facilitate

concentration of the species of interest on the electrodes. The trapping electrode structure method is

demonstrated for oil-water mixtures.

Keywords: emulsions, trapping electrode structure, impedance

Category: 5 (Chemical sensors)

Introduction

Oil quality is a constant concern in various
applications. Conditions vary from quality
measurements in lubricating oil to well monitoring
in the oil industry. Water presence in lubricating oil
decreases the viscosity and compromises the 
lubricating properties of the oil. For the oil industry,
water content is an issue for example in multi-phase
flow meters [1], and in optimizing the efficiency of 
the oil well. Under certain conditions the salt 
concentration in water-oil emulsions may also be an
issue to prevent corrosion in the system.

Known technologies for such detection challenges
are for example ultrasonic detection of
particles/droplets [2], or surface acoustic wave
devices for measurement of viscosity.
In this article we propose the concept of a water-
trapping electrode structure, which may be used to
realize a high-sensitivity water in oil detecting
device. We also demonstrate the limitations when
this structure is used for salt measurements by
means of conductivity measurements of the trapped
water droplets.

Theory

Due to the high dielectric constant of water, 
capacitive measurements are an obvious way of
assessing low quantity water presence in oil.
Measurements with conventional probes however
result in a limited sensitivity. This is caused by the
formation of non-connected water bubbles in the
oil. When measured with a macro-electrode, the
droplets cause a local dielectric shortcut, but change
the total dielectric path between the 2 electrodes
only in a minor way, causing a very low sensitivity
for capacitive measurements [3,4].

A way to circumvent the poor sensitivity caused by
this effect is to choose an electrode configuration 
with a small enough spacing to trap water droplets
between the electrodes. The droplets in direct
contact with the 2 measuring electrodes allow for a
much higher sensitivity for detecting water then
macro electrodes.

Results

A 2-electrode probe with a surface area of 1.6*10 
mm was realized with a spacing of 0.35 mm. This
probe was positioned in a beaker with the emulsion
on a magnetic stirrer. The stirrer was adjusted in a 
way that the flow in the beaker passes between the
2 electrodes of the probe.
The realized electrode structure visibly trapped the
water droplets (Fig. 1). This mechanism worked for
both the high viscosity of silicon oil as well as a 
crude oil fraction. Figure 1 shows an optical
photograph with on the left clearly visible some
trapped water droplets between the 0.35 mm spaced
electrodes.

Fig. 1. The electrode structure with trapped droplets. 
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The probe electrodes were connected to a Rhode & 
Schwarz vector network analyser. The instrument
displays the real part G and the imaginary part C
of the conductivity independently.

Fig. 2 shows the real part of the conductivity
measured on the probe with various oil-water
emulsions.
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Fig. 2. The real part of the conductivity measured in samples of 2% water of various salt concentrations in oil. 

Conclusions

The water trapping electrode structure is very
suitable for a conductivity measurement on a
water/oil emulsion. Impedance curves show a very
good distinction between pure oil and oil containing
small amounts of water. The presence of salt in the
water dispersed in the oil can also be recognized  on
the experimental curves. 
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PORTABLE CHEMICAL GAS SENSOR PROTOTYPE FOR 

NITROAROMATIC COMPOUNDS DETECTION
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Summary: This poster presents the conception and development of portable gas sensor prototype for
nitroaromatic compounds detection. It is based on Quartz Crystal Microbalance principle and a data processing.
The sensitive material is a polymer which was choosen for his good sensibility and robustness. This prototype is
able to detect 3 ppm of nitroaromatic compound with a high selectivity.
Keywords: gas sensor, nitroaromatic compounds, quartz crystal microbalance, prototype.
Subject category: Chemical sensors

For 10 years, many studies have been performed on
the detection of nitroaromatic compounds using
chemical gas sensors. The compounds that are the
most often studied are trinitrotoluene (TNT),
nitrobenzene or dinitrotoluene (DNT).

For each of these sensors, the sensitive material is a
polymer (polypentiptycene [1], polysiloxane [2]) or a
macrocycle (calixarene, phtalocyanine), which is 
deposited on an appropriate substrate.

In the CEA-Le Ripault research group, detection of 
other nitroaromatic compounds (scheme 1) by 9
MHz quartz crystal microbalance (QCM) 
transduction system, is studied.

(NO2)n

R

Scheme 1: Nitroaromatic compound A

Many sensitive materials were tested for 
nitroaromatic detection, but we have selected a 
polymer 1 for his good sensibility, reversibility and
robustness. In fact, a 10 minutes exposure at 3 ppm
of nitroaromatics, trigger a frequency shift of about
400 Hz (scheme 2). The selectivity is excellent. The
compounds detected are nitroaromatic A (3 ppm),
dichloromethane (580000 ppm), methyl-

ethylketone (126000 ppm) and toluene (38000
ppm).

Scheme 2: selectivity results with polymer1

(after 100 days of storage under air)

After 6 months of ageing under ambient air, the 
polymer 1 can detect the compound A with a 
frequency shift of about 300 Hz (scheme 3).

Scheme 3: Variation of the detection of the

compound A during 6 months

We choose to develop an algorithm able to
discriminate the compound A from the other gases
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We can see that the shape of the gas response is
different between compound A and solvents. We
use this property to discriminate the gases with the
derivative of frequency signal.
First, we must average the signal to erase the
instability observed for solvents detection. The next
step is the derivative of the frequency, which gives

the result F. If F is included between two limits,

the function returns F else 0. One of the limits can
be fixed by the user.
The returned value is saved in a turning buffer
whose lengh can be adjusted. We look at the first
and the last value of the buffer, if they are different
from 0, we conclude that the gas A is present.
For this algorithm, we can adjust 4 parameters:

- Number of points for the average
- Frequency of the acquisition
- Limit value for the derivative
- Length of the buffer

Scheme 4: Data processing from the average to the

response

This model can be applied for other materials
(which present the same type of response to A and
solvents) with modification of the parameters.

Scheme 5: The prototype

The prototype (scheme 5) has the size of a cellular
phone and weights 225g. It is composed of a LCD
screen, a buzzer, a 5V alimentation and a chip, 
which contains the program.

The validation tests are very heartening because we
can verify that the response time is less than 60s.
The solvents are not detected in the operational
conditions. The response to the compound A gives
a message on the screen with concentration
detected and emits a sound. 

At this time, the prototype is able to detect 3 ppm of
A in fewer than 1 minute. In the future, we will add
a battery to transform the system in a wireless
system and we will study his performance for lower
concentrations.
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New design of thick film gas sensors with active filter

H. Teterycz, B. W. Licznerski1, K. Nitsch, T. Sobanski, K. Wisniewski,
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Summary: The authors present results of research studies on thick film gas sensors with SnO2 and SnO2/Rh

multilayer gas sensing films. The use of planar sensor’s construction with four measuring electrodes made

it possible to investigate the electrical parameters of each layer and to evaluate the mechanisms of gas
detection. Electrical parameters of different combinations of gas sensitive layers were measured using

thermostimulated conductance and impedance spectroscopy. Preliminary long-term stability of sensors was

also examined.

Keywords: thick-film; gas sensor; tin dioxide;
Category: 5 (Chemical sensors)

1 Introduction

Gas sensitive layers of chemical resistive sensors
are made from different metal oxides of
semiconductive nature [1]. However, regardless of
the kind of used material, they have constantly had
a problem with unsatisfactory selectivity and long-
term stability [2].

During sensors performance, gas sensitive
materials that constitute a catalytic-gas sensitive
layer are subject to the influence of atmosphere
with its very changeable content. They react to
vestigial amount of substances which constitute air
pollution and gradually lose their sensitivity
because of the process of the blocking the surface
active centres. References described methods [3]
how to protect a gas sensitive layer from the
influence of variouos harmful agent, but they are
not satisfactory. Having analysed the processes
occuring in gas sensors, the authors of the paper
have come to the conlusion that if the layer
protecting an active layer is to be the most efficient
one, it should include an aditional layer made from
different gas sensitive composition. This additional
active layer should adsorb harmful substances while
not desactivating an essential detecting layer. In the
sensor of such a construction, the detecting layer
made from pure SnO2 is not directly subject to gas
atmosphere. The first layer (SnO2+Rh)selectively
clean the gas that is measured on the second layer
(SnO2 pure).

The paper presents a new design of a gas sensor
and measurement results of properties for constant
and alternating current. The designed and executed
multilayer sensors are characterised with different
sensitivity. Additionally, as it is seen from
conducted long-term research studies, the proposed
design has enabled to improve long-term stability.
The application for patent was filed for on 10 April
2002.

2 Experiment

Sensors of the new design were made according to
standard thick-film technology. Gas sensitive layers
were made from pure tix dioxide and tin dioxide
doped with rhodium because of this material’s
interesting properties. Powders of tin dioxide were
obtained with modified Okazaky method. Dopping
with rhodium was performed with the impregnation
process. The SnO2 powder doped with rhodium
chloride was dried at the temperature of 50ºC, then
calcinated at the temperature of 600°C for 0,5h. The
powders were mixed with organic vehicle, giving
paste of rheological properties. No glass was added.

Sensors with the dimensions of 2,5·25mm2 were
made on 250µm thick alundum substrates (Fig. 1).

Layer 2 SnO2+Rh

Layer 1 SnO2

Alumina substrate

Au electrodes

Pt heater

Fig. 1. Diagram of a multilayer gas sensors: a)
appearance form the side of a heater, b) from the side of
an active layer, c) cross section. D,G – golden electrodes.

The platinum heater that simultaneously played the
role of a temperature sensor was placed on the
bottom side of the substrate. Directly on the upper
side of the substrate there were made two golden
electrodes with the screen print method. A gas
sensitive layer of pure tin dioxide was twice printed
on them and fired in standard conditions at the
temperature 850°C. Then, the whole area of the
sensor, apart from the gas sensitive layer and
contacts, was covered twice with a dielectric that
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was fired in standard conditions. Two golden
electrodes were again printed on such a prepared
construction and covered twice with a printed layer
of tin dioxide doped with rhodium. The main sensor
was fired at the temperature of 850°C for 2h.

Measurements with the method of
thermostimulated conductance and impedance
spectroscopy were performed in a test chamber for
the range of temperatures from 200 to 700°C.
Long-term studies consisted in period control of
parameters of sensors working in air (laboratory
conditions) at the temperature of 550ºC.

The conductance or impedance of the sensor of
presented design was measured between: lower
electrodes found under the gas sensitive layer of
SnO2 (D-D), lower electrode found under gas
sensitive layer of SnO2 and upper electrode lying on
SnO2 (D-G) layer or upper electrodes found
between SnO2 layer and SnO2+Rh layer which has
direct contact with the atmosphere of the
surroundings (G-G) (Fig.2).

Layer SnO2

Dielectric

Layer SnO2+Rh

DielectricG G

D D

Fig. 2. Cross section of a thick film gas sensor

3. Results and Discussion

While analysing the structure of resistive gas
sensors, it was noticed that their unstable work
might have been caused by two elements: heater or
gas senstive layer. Previous aging research studies
of the layered heaters used in our sensors have
shown that their resistivity changes by 1% during
1,5 year of constant work at the temperature of
550°C.

Research studies performed with the method of
thermostimulated conductance and impedance
spectroscopy have shown that changes in
conductance and sensitivity clearly depend on the
array of measurement electrodes.

Neither for synthetic air nor for methane, there
were observed significant differences in the course
of conductance measured between electrodes found
under SnO2 (D-D) layer and D-G electrodes.
Impedance spectra known from measurements of
alternating current have uncovered the existence of
a single time constant which may be modelled by
R(RQ) circuit. However, the course of measured
impedance was significantly different between G-G
electrodes found at SnO2 layer. For measurements
with alternating current, there was observed the
existence of two time contants which were
modelled by R(RC)(RQ) circuit.

In consequence, the sensitivity stated for
electrodes found under SnO2 (D-D) layer and D-G

electrodes is very similar (Fig. 3). However, there
has been observed a distinct decrease and
expansion of sensitivity peak of the layer found
between upper (G-G) electrodes (Fig. 3). It worth
noticing that only SnO2+Rh layer found on the
surface of the whole construction has a direct
contact with the atmosphere of the surroundings.
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Fig. 3. Sensitivity dependence of a multilayer sensor on
temperature for different configurations of measurement
electrodes.

4. Conclusions

The SnO2 sensitivity of the newly designed sensor
with a gas sensitive layer as a filter was higher than
in a sensor of standard construction. The SnO2+Rh
composition used as an active filter was also
characterised by completely different sensitivity
than for sensor of standard construction [5]. The
sensor with presented construction was
characterised with better stability in comparison to
standard structure.

The authors think that presented solution with
an additional layer playing the role of an active
filter will also improve other electrical parameters
of gas sensors. Currently there are being conducted
further research studies to explain the processes
ocurring first of all at the threshold of different
layers that constitute the structure of a sensor.
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Summary:  This work is concerned with both dc- and ac-measurements of gas sensors with active

layers prepared by pulsed laser deposition (PLD) technology. The main interest was focused to following

problems: measurement of real and imaginary part of complex impedance for frequencies ranging  from 100 Hz 
to 10 MHz, construction of Nyquist diagrams, definition of an alternative phase-angle sensitivity Spa (based on 

phase shift).  The influences of Spa vs. temperature and Spa  vs. frequency are also discussed.

Keywords: gas sensor, pulsed laser deposition, impedance spectroscopy
Category: 5. Chemical sensors

1 Introduction 

The significant group of chemical sensors
operates on the principle of surface dc-sensitivity 
changes. It is well known that the active layers of
these sensors usually consist of three components:
basic material (mostly metal oxides, some organic
systems with delocalised -electrons), dopants
(metalic ions influencing above all resitivity and 
crystalinity of the active layer) and catalysts (noble
metals in the form of small, non-aggregated
particles reducing activation energy of the
chemisorption and shifting of the Fermi level on the
surface of the active layer). 

A different approach considering properties of
chemical sensors may be derived from ac-
measurements [1]. These measurements are 
valuable tool for material characterization (grain 
size, conduction mechanisms, character of junction
between the active layer and the metallic contacts).

In this contribution a new, alternative phase-
angle sensitivity resulting from these ac-
measurements is proposed. 

2 Abstract preparation 

The dc-sensitivity of the chemical sensor active
layer (Sdc) was evaluated as a ratio of the layer 
resistance in air Rair and that in the atmosphere
containing detected gas Rgas at given temperature
[2].

gas

air
dc

R

R
S    (1) 

The ac-properties of these systems were 
classified by ac-impedance measurements. These 

measurements were carried out on a HP 4194A 

impedance phase analyser in the frequency range 
from 102 to 108 Hz with the voltage testing signal
amplitude not exceeding 500 mV and with the help 
of the two-wire connection. This connection was 
selected from the practical point of view (the most
common configuration of a sensor) although the
results are affected by electromagnetic field non-
homogeneities. The phase-angle sensitivity Spa is 
evaluated at the given temperature of the active 
layer and the given concentration of the detected
gas component. It was defined as a difference of
phase angles  of complex impedance Zair of the
layer in “pure” synthetic air  ( air = arccos [Re (Zair)
/ Zair ] ) and complex impedance Zgas of layer in a 
given concentration of detected gas ( gas = arccos 
[Re (Zgas) / Zgas ] ).

Spa = air – gas    (2) 

The definition of Spa is illustrated on Figure1.
This figure is a Nyquist diagram i.e. the imaginary
part of the complex impedance vs. the real part of
the complex impedance for different frequencies.
From the Nyquist diagram, according to the
definition (2) the dependence of the phase-angle
sensitivity Spa on frequency is constructed.

The following systems were investigated (basic 
material/dopant/catalyst): SnO2, SnAcAc, SnAcAc
/Pd (3.5nm), SnAcAc/FeAcAc(0.1%)/Pd (3.5nm)
and SnAcAc/PdAcAc(1%)/Pd (3.5nm). These 
systems were selected according to reasons
mentioned before [2,3]. The comparison between
Spa and Sdc values for various systems is in Table 1.
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Figure 1: The response of SnAcAc based sensor to reducing (1000 ppm of hydrogen in argon), 
inert (argon) and oxidizing (synthetic air) atmosphere. The figure shows evaluation of Spa

according to equation (2). The Spa values were evaluated at 1 MHz because of unambiguous
graph interpretation and maximal method sensitivity.

Material Spa (deg) at 22 °C Spa (deg) {at Tmax *} Sdc {at Tmax *}

SnO2 ~ 0     10.3 {571 °C}         5 {571 °C}

SnAcAc ~ 0     16.7 {430 °C}       28 {430 °C}

SnAcAc/Pd 3.5     10.2 {383 °C}     174 {383 °C}

SnAcAc/FeAcAc(0.1%)/Pd 12     36.7 {413 °C}     111 {413 °C} 

SnAcAc/PdAcAc(1%)/Pd 4       6.0 {310 °C}       15 {310 °C}

Table 1:  Overview of ac (at 1 MHz) and dc sensitivities to 1000 ppm H2 for various material 
systems (* Tmax is a temperature of maximal dc sensitivity).

3 Conclusions 

Some general comments to our results:
The acetylacetonic systems shows lower
temperature of maximal sensitivity Tmax.
The addition of Pd catalyst decreases
temperature of maximal sensitivity Tmax and
hence working temperature of the sensor.
The increase of the temperature leads to the 
increase of  Spa values in all cases. 
The SnAcAc and SnAcAc/FeAcAc/Pd 
systems give the absolute maximum of Spa

sensitivity.
There is not significant correlation between Spa

and Sdc values. 
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Optical Fiber Oxygen Sensor for in vivo NMR application 
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Summary: An optical fiber sensor, for monitoring dissolved oxygen in in vivo Nuclear Magnetic Resonance 

(NMR) application, is presented. Oxygen detection is based on the dynamic quenching of the fluorescence 
of a Ruthenium complex trapped in the porous structure of a sol-gel silica film. Oxygen concentration is 

determined by phase-modulation fluorometry. A high brightness blue LED is used as optical source along 

with a standard high gain photodiode for detection. Preliminary results concerning the characterization of 
doped sol-gel thin films deposited by dip coating in glass slides and in optical fiber probes with different 

configurations are presented. Some considerations regarding optimal configuration are addressed. 

Keywords: Optical fiber, oxygen sensor, phase fluorometry. 

Category: 5 (Chemical Sensors)

1 Introduction 

The on-line knowledge of dissolved oxygen (DO) 
concentration for in vivo NMR applications is 
crucial. Standard methods for O2 detection are 
invasive and oxygen consuming. Also, the effect of 
an intense electromagnetic field in the NMR probe 
restricts the use of oxygen electrodes. The 
combination of recent fluorescence spectroscopy 
techniques with optical fibers has promising 
characteristics regarding remote monitorization of 
chemical parameters. A popular method for optical 
oxygen detection is based on dynamic quenching of 
the luminescence of Ruthenium complexes[1, 2]. 
The presence of oxygen quenches both the 
intensity, I, and the excited state lifetime, , of the 
flourophore. O2 concentration is related to these 
parameters by the Stern-Volmer (SV) equation: 

      
2

00 1 OK
I

I
sv

        (1) 

where I0 and 0  are respectively the intensity and 
the lifetime in the absence of quencher, KSV is the 
SV constant and [O2] the concentration of oxygen. 
Direct measurement of either the intensity or the 
lifetime has problems associated that can be 
avoided using the phase modulation technique[3]. 

Applying a sinusoidal modulation to the optical 
source results in a phase delay, , in the fluorescent 
emission that can be related to the lifetime: 

f2tan         (2) 

where f is the modulation frequency, which can be 
tuned, according to the luminescence lifetime, for 
optimum sensor sensitivity. 

2 Proposed configuration 

The proposed sensor can be seen in figure1.  
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Fig. 1. Experimental set-up. 

Light from a high brightness blue LED (470 nm - 
Nichia) was coupled to a silica glass multimode 
optical fiber (550/600 m). The LED emission was 
sinusoidally modulated at 90 kHz (lock-in limit). 
The sensing complex, Tris(2,2’-bipyridine) ruthe-
nium (II) chloride hexahydrate [Ru(bpy)3], was 
immobilized in a silica sol-gel film dip-coated on 
optical fiber probes. The resulting fluorescent 
signal was long pass filtered ( cutoff =550 nm)
before detection. A reference signal, from the LED 
modulation, and the detected fluorescence signal 
were fed into a lock-in amplifier. The lock-in 
output was a phase signal proportional to the 
oxygen concentration. The sensing probes were 
placed in a gas chamber connected to O2 and N2

supplies. A standard O2 meter monitored the 
oxygen level in the chamber. 

The Sol-gel films were fabricated following 
standard procedure: a precursor, tetraethoxysilane 
(TEOS), was mixed with a solvent (Ethanol) in a 
volume ratio of 1 and with water (0.01 M HCL) in a 
molar ratio of 4. After stirring, the ruthenium 
powder was added to this solution (0.01 M).
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Films were dip-coated (3 mm/s) in glass slides, in 
the tip of multimode optical fibers and in optical 
fiber tapers. Drying of the films was performed at 
20ºC. The fiber tapers were fabricated by etching 
the fiber with 40% HF. All sensing devices were 
tested as sensing probes in the set-up of figure 1. In 
order to compare the devices sensitivity the 
following parameters were evaluated: 

2

22

N

ON

I

II
Q          (3) 

where IN2 and IO2 are the fluorescence intensities in 
N2 and O2 saturated atmospheres respectively, and: 

22 ON
        (4) 

where N2 and O2 are the excited state lifetimes in 
saturated atmospheres of N2 and O2 respectively. 
Lifetime was estimated by plotting tan[  as a 
function of modulation frequency. 

3 Experimental results 

Coupling radiation with maximum efficiency into 
the optical fiber is of critical importance. The best 
result was obtained by butt-coupling the fiber to an 
LED with a partially removed polished capsule. A 
3-fold increase in coupling efficiency was obtained 
as compared with standard coupling methods. 

Preliminary tests were performed using coated 
glass slides. The up mentioned parameters were 
evaluated as a function of the solution aging time. 
Thermal treatments were also tested. The slides 
were placed inside the sealed chamber. The 
excitation and detection was performed trough the 
optical fiber coupler. In this configuration the 
detected fluorescence emission was very weak. Due 
to a low signal to noise ratio (SNR) the phase signal 
was unstable. Q parameters between 30% and 40%

were obtained. Values for  between 77 ns and 
176 ns were recorded. These parameters increased 
with increased aging time. The unquenched lifetime 
decreased with increased aging time (mean value of 
600 ns). These behaviors result from increased film 
porosity and easier oxygen diffusion into the 
matrix[4]. The resulting SV plots were non-linear 
indicating film heterogeneity. After a thermal 
treatment for 3 hours @ 80 ºC, a great improvement 
in linearity was obtained at the expense of a slight 
decrease in Q values. 

Some coated fiber tips were also tested. Because 
a solution drop formed in the tip of the fiber during 
the coating process, the resulting films were too 
thick and presented some cracks. In spite of that, 
due to increased thickness and a more efficient 
fluorescence coupling, a significant increase in 
SNR was observed (IN2 increased by 1.8). Finally a 
fiber taper configuration was tested. The cladding 
was removed by etching the fiber with 40% HF.
Further etching, with slow immersion in the acid, 
allowed the fabrication of a fiber taper with 
thickness decreasing from 600 m to 300 m at the 

tip. The taper was then dip coated with the 
fluorescent solution. A uniform film resulted in the 
side of the taper. The ‘drop effect’ was greatly 
reduced because of the smaller tip area. A great 
improvement in the SNR was observed (IN2

increased by 3.5 relatively to glass slides). A Q

value of 66% was obtained.  was increased to 
350 ns. The phase response to saturation with O2

and N2 can be observed in figure 2. The SV plot 
obtained from phase measurements with the taper 
configuration is shown in figure 3. 
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Fig. 2. Fiber taper response to O2/N2 saturation cycles. 
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Fig. 2. Stern-Volmer plot obtained from the phase 
response of the fiber taper. 

The SV response is clearly non-linear, indicating 
film heterogeneity. Linearity can be improved with 
an adequate thermal treatment. Encouraging results 
were obtained in gaseous O2 measurements. To 
measure DO, several features can be improved. 
Fiber tapering is clearly a step towards sensor 
optimization. Work is in progress to determine 
optimal taper configuration. Hybrid precursors can 
be used in the sol gel process (better DO sensi-
tivity). More sensitive, although more expensive, 
ruthenium complexes are available. Increasing 
modulation frequency to ideal value will improve 
sensor response[5]. Sensor response is temperature 
dependent, but work is in progress towards an all-
optical temperature reference scheme.
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Summary: Four oscillators for their use like quartz crystal microbalance sensors in damping media have 

been designed. In order to increase the sensitivity, the four designs have been carried out to increasing 

frequencies. In this paper, a comparative study of the noise and the resolution of the circuits in function of 
the frequency and the quality factor is presented. Also, a calibration of the sensors has been made. 

Keywords: Quartz crystal microbalance, electronic oscillator, frequency stability, mass sensitivity, 
resolution. 

Category: 5 (Chemical sensors).

1. Introduction 

In so much numerous scientific and industrial 
applications, measure instrumentation of very high 
precision is required to control and to study the 
evolution of different physical, chemical or 
biological processes. The piezoelectric oscillators 
are electronic circuits that fix their oscillation 
frequency by means of a piezoelectric crystal. The 
oscillation frequency depends on the characteristics 
of this material, on the associated electronic circuit 
and on the environmental conditions. At the 
moment, the frequency is the physical variable that 
can be measured with more precision. The 
sensitivity of the oscillation frequency to the 
temperature, humidity, pressure, acceleration and 
vibration, electromagnetic fields, electric fields, 
radiation, etc., allows to use the piezoelectric 
oscillators like sensors of high precision [1]. One of 
the well-known applications is the quartz crystal 
microbalance (QCM). In this case, the variation of 
the oscillation frequency is due to the variation of 
the mass deposition in the faces of the crystal [2] 
[3]. This type of sensor is used from the seventies 
in hole or in air to study the evolution of processes 
by observing the changes of associate mass. 
However, in liquid its use is quite more recent. Its 
main applications are the detection of chemical 
species, the biosensors of molecular recognition, 
etc.

2. Sensitivity, frequency noise and 

resolution

The sensitivity of a QCM resonator is proportional 
to its resonance frequency. With the objective of 
obtaining different sensibilities, oscillators at 2, 6, 9 
and 27MHz have been designed for their use like 
mass sensors in liquid medium. The circuits are 

based on the Miller topology. The passive and 
active components have been optimized so that the 
oscillation condition stays with high losses (Q»500 
for 2, 6 and 9MHz and Q»1000 for the 27MHz 
oscillator) in the resonator due to the liquid 
environment [4]. 
With the objective of determining the experimental 
sensitivity coefficients of the designed sensors, a 
calibration has been carried out observing the 
evolution of the oscillation frequency during an 
electrochemical deposition of copper (elastic 
deposition). The experiment has been realized for 
the four designed oscillators. The obtained results 
have been indicated in the table 1. In the figure 2 
the evolution of the oscillation frequency during the 
deposition has been represented. 

Table 1. Coefficient of experimental sensitivity. 

Frequency Teoric 

(Hz/( g/cm2))

Experimental 

(Hz/( g/cm2))

2MHz 9 6 
6MHz 81 61 
9MHz 183 167 
27MHz 1650 1622 
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Fig.2. Calibration curves. Oscillation frequency during 
the deposition. 

To determine the resolution of the sensors, the 
study of the short term stability has been carried 
out. For it, it has been realized a time domain 
characterization, by means of a direct measure of 
the oscillation frequency using a frequency counter. 
Later, the Allan variance has been calculated [5]. 
The study has been carried out with the resonator in 
air, in homogeneous liquid (distilled water) and in 
non homogeneous liquid (glicerol solution to 10% 
in water, of viscosity 1,274 centipoises at 20ºC). In 
the table 2 the resolution results obtained for the 
four oscillators in distilled water are indicated. 

Table 2. Resolution of the sensors in distilled water. 

Freq

(MHz) 

Q y( )max Sensitivity

(Hz) 

Resolution

2 2040 2 10-7 0.40 67 ng/cm2

6 2843 3 10-8 0.180 3 ng/cm2

9 3238 3 10-9 0.036 161 pg/cm2

27 1271 3 10-8 1.08 665 pg/cm2

The frequency fluctuations of an oscillator increase 
when the quality factor of the resonator decreases. 
For the three oscillators with frequencies of the 
same order of magnitude, it can be observed that 
the oscillator sensitivity obtained starting from the 
variance of Allan increases when increasing the 
frequency, since the quality factor of the used 
quartz increases lightly.  

Also, when using these oscillators like QCM 
sensor, because the sensitivity mass is inversely 
proportional to the resonance frequency, resolutions 
increase with frequency. In this way, with the 
oscillator at 2MHz superior variations at 66 ng/cm2

can be measured, with the oscillator to 6MHz 
superiors at 3 ng/cm2, and with the oscillator at 
9MHz resolutions of 161 pg/cm2 are reached. 

On the other hand, the maximum quality factor is 
inversely proportional to the resonance frequency. 
In this way, in our case, the quality factor of the 
resonator of 27MHz decreases regarding the rest, 
being obtained a higher level of noise and therefore 
a smaller sensitivity (only changes superiors at 
1.08Hz can be detected in the frequency). For it, 

although the sensitivity mass is bigger than in the 
other cases, the resolution will be of 665 pg/cm2 in 
front of the 161 pg/cm2 of the oscillator at 9MHz.  

The table 3 summaries the resolution values 
obtained for the four oscillators in the three 
mediums. It can be observed that the non uniform 
load distribution on the surface of the quartz it 
doesn't affect to the present noise in the oscillator. 

Table 3. Resolution in the tree medium. 1:Air, 2:Water, 
3:Glicerol 10% 

2MHz Q y( )max Sensitivity

(Hz) 

Resolution

(ng/cm2) 
1 8662 2 10-8 0.04 6.7 
2 2040 2 10-7 0.40 67.0 
3 1898 2 10-7 0.40 67.0 

6MHz Q y( )max Sensitivity

(Hz) 

Resolution

(ng/cm2) 
1 33332 2 10-9 0.012 6.7 
2 2843 3 10-8 0.180 3.0 
3 2585 1 10-8 0.060 0.983 

9MHz Q y( )max Sensitivity

(Hz) 

Resolution

(ng/cm2) 
1 84195 3 10-9 0.012 0.161 
2 3238 3 10-9 0.036 0.161 
3 1703 4 10-9 0.036 0.215 

27MHz Q y( )max Sensitivity

(Hz) 

Resolution

(ng/cm2) 
1 10662 2 10-8 0.54 0.333 
2 1271 3 10-8 1.08 0.665 
3 1065 4 10-8 1.08 0.665 

3. Summary and Conclusions 

Four oscillators for their use like QCM sensor in 
damping media have been designed. In order to 
increase the sensitivity, the four designs have been 
carried out to increasing frequencies.  

It has been realized a comparative study of the 
noise and the resolution of the circuits in function 
of the frequency. It has been observed that when 
decreasing the quality factor of the crystal, the 
resolution of the sensor doesn’t improve although 
the frequency of the oscillator has been increased. 
However, for frequencies of the same order of 
magnitude, resonators with similar quality factors 
can be used, so that the level of noise it doesn't 
increase practically with the frequency, and it is 
possible to improve significantly the resolution of 
the sensor. 
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Summary: Seven new bithienyl benzothiazole derivatives 1 were synthesised by reacting various 5-formyl-

5´-alkoxy- or 5-formyl-5´-amino-2,2´-bithiophenes 2 with ortho-aminobenzenethiol in good to excelent 
yields. Compounds 1a-g were completely characterised by spectroscopic methods. Absorption and

fluorescence spectra of these compounds were also recorded. In agreement with previous findings

concerning the fluorescence studies of 2-(2´-thienyl)-1,3-benzothiazoles, the new compounds prepared can
find application for additives in textile dyeing and plastics, tunable dye lasers, biological stains, fluorescent

markers, materials science and optoelectronics.

Keywords: fluorescence, bithiophenes, benzothiazoles, bithienyl-benzothiazoles

Category: 2 (Materials and technology)

1 Introduction 

Fluorescent compounds have found widespread use
in scientific and industrial areas, for example as 
fluorescent brightening agents, for textile and 
plastics, additives in textile dyeing, inks and paints,
tunable dye lasers and biological stains. Others
applications include electroluminescent and liquid 
crystals displays, solar collectors, materials science
and optoelectronics. The benzothiazole nucleus
appears in many fluorescent compounds that have
useful applications, which results from the ease of
synthesis of this heterocycle and the high
fluorescence quantum yields obtained when this
small, rigid moiety is present in the compounds [1].

Thiophenes and oligothiophenes substituted by
donor/acceptor groups have been extensively
investigated. These compounds are often used as
energy transfer and light-harvesting systems and for
optical and electronic devices [2-4]. Oligothiophene
derivatives are also characterised by important
electroluminescence properties. Due to their strong
fluorescence, these compounds can also find
application as fluorescent markers [5-7].

2 Results and discussion 

In recent years we have been interested on the
synthesis and study of the fluorescence properties
of a series of heterocyclic compounds of the
benzothiazole type, substituted with several groups
such as indolyl, carbazolyl, coumaryl and thienyl
[8-10]. The most promising results were obtained
for the 2-(2’-thienyl)benzothiazoles [8], substituted
in position 5´ with electron donating groups, and
these findings prompted us to evaluate the
bithiophene moiety, with various groups such as
alkoxy- or N,N-dialkylamino.

Our recent reported synthesis of 5-formyl-5´-
alkoxy- and 5-formyl-5´-amino-2,2´-bithiophenes 2

made these compounds available in reasonable
amounts, ready for further applications [11].
Indeed, we were able to use these compounds with 
sucess as substrates for the synthesis of 1,3-
benzothiazole derivatives 1.
Therefore the synthesis, UV/Vis and fluorescence
properties of a series of heterocyclic fluorophores
of the benzothiazole type containing a bithienyl
moiety have been investigated. The benzothiazole
moiety was obtained by the simple reaction of o-
aminobenzenethiol with 5-formyl-substituted

bithiophenes 2a-g, in DMSO at 120 oC for 30-60
min. (Scheme 1). Purification of the crude products
by column chromatography gave the pure
benzothiazoles 1a-g in good to excellents yields
(57-96%).

S

S
OHC Y

NH2

S

N

120 oC

2

S

S
Y+

SH

1

DMSO

Scheme 1Y = OR or NR1R2

The reaction is initiated by the formation of the
corresponding imine that cyclises spontaneously,
yielding the benzothiazoline, which is oxidised to
the benzothiazole, aided by the oxidising character
of DMSO. The new compounds 1a-g were

completely characterised by elemental analysis, 1H

and 13C NMR spectroscopy and UV/Vis
spectroscopy.  The yields for compounds 1c-g are
lower than for compounds 1a-b, due to the higher
electron-donating character of N,N-dialkylamino
groups. The fluorescence spectra of compounds 1a-
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g were measured, excitation and emission maxima
and fluorescence quantum yields are also reported
(Table 1). Absorption and emission spectra of 3 x
10-6 M solutions of compounds 1a-g were run in 
degased absolute ethanol, using 9,10-

diphenylanthracene as standard ( =0.95 in ethanol).
All the compounds are very fluorescent, especially
1a and 1b ( = 0.71 and 0.53, respectively) and
show large Stokes shift (the lowest being 98 nm for
1a and the highest 148 nm for 1f).
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Fig. 1. Emission spectra for compounds 1a-g.

Table 1. Yields, UV/Vis and fluorescence data for compounds 1a-g

Compound Y Yield UV/Vis Fluorescence

(%) max/nm log em/nm
1a OMe 96 393 4.14 491 0.71
1b OEt 94 395 4.15 494 0.53
1c NMe2 65 443 4.08 576 0.32
1d NEt2 56 457 4.38 576 0.35
1e N(Pr-i)2 59 454 4.26 581 0.34
1f piperidino 81 434 4.23 582 0.35
1g morpholino 65 424 4.46 570 0.35
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Summary: The silicon wafer with porous silicon dioxide spots for desorption-ionization mass
spectrometry is presented. The test structures have been fabricated and tested for selected

catacholamines. Desorption-ionization of the samples deposited on porous silicon dioxide spots

does not require addition of a special matrix, and spectra in a low-molecular mass region can be 
clearly readable. Application of silicon wafer extends the operating range of a mass spectrometer 

for studies on metabolomics.

Keywords: MALDI, mass spectrometry, porous silicon dioxide, porous silicon

1. Introduction 

MALDI TOF (Matrix-Assisted Laser
Desorption/Ionization Time Of Flight) mass
spectrometry has been identified as a powerful
tool for proteomic analysis. Usually, an analyte
must be immobilized onto substrate in the
matrix – a solid ultraviolet-absorbing organic
material, usually sinapinic acid, 
dihydroxybenzoic acid for proteins, and 4-
hydroxy- -cyanocinnamic acid for peptides. 
Matrix with analyte is deposited on stainless
steel plate in the form of small spots. Pulsed
laser radiation vaporizes matrix, and ionises
analyte (Fig.1).

b)

Fig. 1. MALDI TOF: a) matrix assisted ionisation,
b) schematic view of mass spectrometry.

Then, ionised particles flow through 
spectrometer, where time of flight is measured.
Detection limit of MALDI TOF spectrometry
lays in femtomoles (10-15M) region thus, the 
method seems to be the most attractive for post 
genomic investigation (gen expression
analysis).
In their pioneer work (Nature, 1999, [1])Wei,
Buriak, Siuzdak have shown that effective
vaporization and ionisation of particles may be 
obtained in a porous silicon. The main
advantage of porous silicon was an absence of
interference between low-mass samples and 
matrix.
2. Experiments 

The main goal of our work was to develop 
porous silicon-dioxide substrate for desorption-
ionization spectrometry (DIOSD – Desorption-
Ionization On Silicon Dioxide), and to 
investigate its applicability in a real-time
research. Porous silicon dioxide quartz-like
thick layer – according to our work – was 
fabricated on silicon substrate compatible to
standard housing systems. A fabrication
process of the DIOSD wafer, with a quartz-like 
porous thick layer, consisted of the several
procedures is schematically presented in the
Fig. 2. First, 3” (111) oriented, double side 
polished silicon substrate was thermally
oxidized, and covered with Si3N4 CVD 
deposited layer. Next, dielectric layers were
photolitographically patterned, Al layer was 
magnetron deposited on the back-side surface 
of the silicon wafer, and thick porous silicon 
layer was formed in C2H5OH:HF:water

a)

Focusing
lens

MALDI

platform

Laser

Spectrogram

Ion
acceleator

TOF
detector
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solution (Fig.3).  After porous silicon 
formation Al layer was removed, and wafer
was rinsed in DI water. 

Fig. 2. DIOSD wafer step-by-step fabrication
process.

Then, silicon dioxide porous layer was formed
by wet high temperature oxidization, a wafer
was divided into several DIOSD structures 
(Fig.4), and mass spectrometry tests were
done.

Fig. 3. Porous silicon layer 30 µm thick.

a)   b)
Fig. 4.   Porous silicon dioxide devices: a) 3”
silicon wafer with two DIOSD structures, b) single
structure with test spots. 

3. Results 

Desorption/ionozation mass spectrometry tests 
of selected  catecholamines were done.
Synthetic catecholamines were purchased from
Sigma-Aldrich (Poland), and dissolved to the
desired concentrations in water. Analyte was 
deposited into porous SiO2 spots, silicon wafer 
was mounted on stainless steel plate, and

positioned in apparatus (MALDI TOF Reflex 
IV mass spectrometer of Bruker Saxonia, 
Leipzig, Germany). The experiments were 
carried out in a positive-ion mode and in the 
reflectron mode (3 m flight path). High voltage 
was set to 20kV. Fig. 5 shows the example of
the obtained mass spectra, very well defined
peaks of low-mass peptides, no false signal
may be seen.

Fig. 5.  Mass spectra obtained for sample of
dopamine.

4. Summary

We have shown for the first time, that silicon 
dioxide porous quarz-like thick layer
fabricated on silicon (111) oriented substrate,
may be applied for the desorption-ionization
mass spectrometry. This layer serves 
effectively – similar to the porous silicon layer
reported prevuiously in the literature – as the
matrix. The most advantageous feature of a 
new DIOSD wafer is an absence of 
interference between signals obtained from the 
matrix and low-mass analyte, and chemical
inertness of silicone dioxide (quarz-like layer),
important in biochemical investigations. 
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and Temperature at Mechanically Strained Surfaces

Saskia Biehl, Holger Lüthje, Ralf Bandorf,
Fraunhofer-Institute for Thin Film and Surface Engineering, D-38108 Braunschweig, 

Germany  

SUMMARY

Future innovations in important technical 
areas will depend on smart surfaces which combine 
protection against wear and corrosion with 
interactive control of the related system. Therefore 
multifunctional coatings with integrated sensors are 
needed, which will detect essential parameters of 
the surface like human skin is doing.  
 This paper deals with the development of novel 
multifunctional coatings based on nano structured 
carbon-hydrogen films. The layers were optimized 
with respect to mechanical and sensorical 
requirements.  For the first time it will be reported, 
that diamond-like carbon films have been 
developed, which can be used simultaneously for 
force/pressure and temperature measurement. 
Moreover, the quasi monolithic layers showed 
excellent tribological  properties with respect  to 
wear protection and low friction. This new type of 
thin film sensor has the advantage over existing 
sensors that it can be used in areas under high 
mechanical load and therefore enables direct 
measurements in the contact zone of mechanical 
constructions. For layers of 5 M base resistivity 
K-factors as high as 28 k /N were obtained. The 
thermal variation of resistance resulted between  20 
-110°C  to 7,7 and 0,2 k /K, respectively.  
The diamond-like carbon films exhibits high 
hardness in the range of 15-30 GPa and therefore 
allowed measurement of normal forces without 
almost no deformation of the construction. 
The fabrication was done by means of sputtering 
and plasma CVD techniques. The friction against 
steel was as low as 0,1.
It turned out, that the novel sensor layer can be 
used in various technical applications. Examples of 
characterization and applications will be discussed. 

Keywords: force sensor, diamond like carbon, 
piezoresistive

Subject category:    5 or 1 

Introduction

Whereas force detection typically will be 
performed by elongation of strain gauges or 
piezoresistive sensors, this paper describes a novel 

method, which enables the measurement of local 
temperatures and  forces directly in the mechanical 
contact zone. This will be done by use of 1 µm to   
5 µm thick hard and wear resistant coatings and 
with almost no deformation of the mechanical 
parts.  
The piezoresistivity of graphitic carbon films was a 
research topic almost 50 years ago [1]. It was 
reported, that graphitic carbon films showed an 
piezoresistive behaviour with a negative k factor. 
Unfortunately  this graphitic films were not wear 
resistant.
For the development of cheap but effective force 
sensors we therefore concentrated on a very 
innovative layer system. DLC layers can be 
deposited with an amorphous or  nano-crystalline 
structure, depending on the preparation conditions. 
They can be doped with various elements, which 
will effect the mechanical and the electrical 
behaviour considerable. 
It will be shown, that this type of coating can be 
used as a cheap but effective force, pressure and 
temperature sensor. Potential field of application 
will be the automotive and transportation industry 
as well as to the machining  industry at the whole.  

Experimental

For film preparation different plasma 
based methods have been used. Undoped carbon 
based hard coatings were fabricated by means of 
high frequency CVD processes, whereas metal 
doped films have been prepared by means of 
reactive dc sputtering as well. 
As substrates hard materials were used. In 
particular  plates of steel 100Cr6 and ceramic Al2O3

with a thickness of 5 mm and 1 mm, respectively. 
The substrates were polished on the coating side 
prior to deposition. RMS roughness was in the 
order of 30 nm. Analytical reference measurements 
were performed on Si wafer. The substrates have 
been coated with the above mentioned deposition 
processes. The thickness was in the range of 1 to 4 
µm, preferable 2 µm. In all cases a conducting 
interlayer was deposited prior to the diamond like 
layers.  For thermal measurements thin film 
electrodes were prepared locally by means of laser-
direct micro-structuring. 
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The characterizations were performed by use of a 
flexible high load tester equipped with a heating
station, were the samples were insulated to the base
plate. Thus the resistivity could simply be measured
by applying a defined current of a few µA through
the load generating system. To this a static load up
to 2000 N was used. As counterpart spherical and 
flat cylindrical tools have been used with diameters
of 5 mm and 2 mm, respectively. Since roughness
of the contact surfaces plays an important role, 
especially in the low load region, nano-topography
of the amorphous carbon films and the counterparts
was controlled by AFM. For elimination oft the
contact problem, part of the samples were
fabricated with thin film electrodes.

Fig. 1 Schematic of the measurement arrangement
for simultaneously measurement of load and 
temperature

Results and discussion 

By use of the above described characterisation
technique different carbon based films have been
tested. Whereas undoped layers of 2 µm in
thickness showed at low force of 20 N a resistivity
of  9 M /µm, Ti and W doped films with 15At%
and 5 At% ,respectively, only showed a normalized
resistivity in the range of 1 to 5 /µm. This holds
for contact pad areas of 2 mm2 and 3,2 mm2.

Temperature sensor 
Friction or other thermal loads on components can
be determined  with this multisensory diamaond-
like carbon layer. Figure 2 shows the resistivity of a
2 µm thick carbon film with respect to sample
temperature. The behavior shown in this example
depends on layer  structure and composition.

Load/force sensor

With increasing load we measured in all cases with
doped or undoped carbon based films an enormous
decrease of the resistivity. For undoped layers
prepared by means of an rf-plasma CVD process,
the characteristic of the electrical resistivity against 
the applied normal forces is shown in figure 3 at
different substrate temperatures. In this case 2,5 µm
thick coatings have been measured by use of flat
cylindrical pins. The contact area was 2 mm2 only.
Thus the calculated pressure resulted in the high
load region to some MPa, which is compatible to
many mechanical applications. Force

Pressure Pressure
Temperature

The sensor characteristic showed an exponential
variation of the resistivity  versus normal forces. 
Two regions can be identified in general. In the low
load region ( up to ca. 100 N ) the resistivity
variations of more than one order of magnitude
were observed, whereas in the high load region the
variation was much lower, but became a more
linear characteristic. However, also in this region
we measured a reliable force depending effect, 
which can be used for the calibration of the sensor. 
We also see, that this behavior is independing on 
the substrate temperature. By increasing
temperature the resistivity is decreasing but the two
regions can still be identified.
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on Two-Dimensional Projective Interpolation
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Summay: Sensor transfer curves have a non-linear behavior. The non-linearity can be structural and

compensated through an appropriated design of the transducer and/or using analog or digital electronic

circuits. The use of programmable electronic circuits makes possible the correction of sensors transfer

curves and an automated calibration, with a decrease of their overall cost. Calibration and correction
functions can be software implemented with the inclusion of a microcontroller in the sensor system. In

this paper a calibration and correction method for smart sensors is described, which is based on two-

dimensional projective interpolation algorithm. Test results of the method’s implementation are also
presented.

KeyWords: sensor calibration, sensor linearization, microcontroller based smart sensors, projective
interpolation.

Category: 9 ( System architecture, electronic interfaces, wireless interfaces.)

1-Introduction
In a batch of sensors, the transfer curve

)...,( 21 nxxxfz 1 is affected by deviations

resulting from the transducer and interface circuit’s
characteristics.

The aim of sensor calibration is to measure the 
static characteristic or transfer curve. The sensor
correction makes possible the achievement of a linear
static characteristic using the evaluated inverse
transfer function.

There are both hardware and software-based
correction methods. Hardware-based methods include
analog and digital alternatives, using manual
trimming [1] and/or digitally programmable circuits
[2]. A microcontroller can provide an appropriate 
interface to different sensors elements and include
generic software algorithms to correct the transfer
curve. This solution allows the reduction of interface
circuits and the automation of calibration procedures.
There are basically three software methods to obtain
the inverse of a transfer curve: EEPROM tables [3],
polygonal interpolation [4] and polynomial
interpolation [5][6].

Regarding software implementation, the
polynomial methods need more RAM memory size in
the calibration step but less EEPROM memory size in 
the measurement step. 

In this paper a new approach for a polynomial
projective interpolation method is implemented for
applications in smart sensors with embedded low-cost
microcontrollers. The method is set point deviation

tolerant and is described in detail for a three-
dimensional transfer curve.

2- Description of the Method
The algorithmic application of a two-dimensional
projective based method to the sensors is divided in
three distinct steps: pre-calibration, calibration and
measurement. In the pre-calibration step, a reduced
number of sensors transfer curves is analyzed and a 
calibration set with minimum number of points is 
achieved. In the calibration step, the transfer curve is 
obtained based on the previous set of calibration
points. Also, a set of parameters of the inverse
transfer function is evaluated. Finally, in the
measurement step, the measured value of the primary
variable is corrected using the inverse transfer
function.

2.1 – Two-Dimensional Projective Interpolation

For a two-dimensional interpolation, it has been used
the least squares regression method [7] that minimizes
the error function:

2

1
2020 ),,...,,(),...,,(

n

k

kmkkm xaaavypaaaS (1)

where  is the interpolating

function and y

),...,( 20 km xaaav

k is the value of the two-dimensional
transfer curve at point xk.

The two-dimensional correction method is based
on a projective interpolation of the transfer surface as 
shown in Fig 1.
The calibration reference values are (xi,yj) , i=1..n,
j=1..m.1 xi is a physical/chemical variable and z is the

electrical sensor output
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z= f(x i,y)

z= f(x ,yp)

Fig.1 – Three-dimensional transfer surface reconstruction

using the initial calibration points.

Each two-dimensional continuous function is
reconstructed in each plane x=xi in order to get
z=f(xi,y) and then y=yp in order to get z=f(x,yp). As 
shown in Fig. 1, at y=yp and z=zp the value xp is 
evaluated using the inverse transfer function x=g(z).

The transfer function relative error , in each
point, is given by equation (2):

minmax

),(),(

xx

xuyxgyxf
(2)

where f(x,y) is the sensor transfer curve, g(x,y) is the
inverse sensor transfer function, achieved using the
method described, and u(x) is the ideal linear sensor
transfer curve.
This projective interpolation method is applied in the
pre-calibration, calibration and measurement steps.

The maximum degree of the two-dimensional
correcting functions depends on the sensor transfer
curve complexity. However, for the majority of
sensors it is reasonable to use a maximum fourth
degree polynomials [1].

The core of the method implementation is a
subroutine that evaluates the two-dimensional
functions based on least square method [7] This
subroutine is used in all two-dimensional
interpolations.

3-Test and Results 
The method presented in this paper was tested for a 
humidity transducer transfer curve and other models
that represent typical polynomial and exponential 
sensor transfer functions.
For this humidity sensor the typical transfer function
is shown in equation (3).

24.11016.451.129),( 2))150.(05,0(
1 TeTrv hr

hs
(3)

where rh is the relative humidity (%RH) and T the
absolute temperature (ºC). 
The voltage output vs1 varies between 0 and 5 volt, rh

in the range of 35%RH to 80%RH and T in the range
of 20 ºC to 56 ºC. 

The maximum initial relative error (related to the
ideal transfer function placed in the middle of the 
temperature range) is about 50%.

With 10x10 calibration points, after pre-
calibration points minimization and measurement
correction, the results achieved are shown on Table 1,
where n and m are, in that order, the primary variable 
and the secondary variable number of points; ng and nf

are respectively the polynomial degrees of the
interpolating functions x=g(z,yp) and z=f(xi,y).

Nº of
points

n/m

Degree of 
interpolating

functions
ng/nf

Error

% of FSR 
5/2 3/1 < 2.6%

5/2 4/1 < 1.13%

Table 1 

4-Conclusions
The solution presented is systematic, flexible and

generic and introduces added features:
Easier implementation in low-cost
microcontrollers with reduced embedded
RAM/EEPROM memory size.
Inclusion of the calibration and correction
functions in the sensor with reduction of
calibration costs. 
Minimization of calibration points.
Increased tolerance to deviations in reference
set-point, during calibration.

The algorithm can be extended to transfer curves
with more than one secondary variable.

5-References
[1] Zbigniew Morón. “Can Analog Circuits Still

Increase Sensors Smartness?”. Sensors &
Actuators A, Vol. 68, 1998, pp. 474-479.

[2] A. H. Taner, J. E. Brignell. “Aspects of 

Intelligent Sensor Reconfiguration”. Sensors &
Actuators A, Vol. 46-47, 1995, pp. 525-529.

[3] P.P. L. Regtien, P. J. Trimp. “Dynamic

Calibration of Sensors Using EEPROMS”.
Sensors & Actuators A, Vol. 21-23, 1990,
pp. 615-618.

[4] Peter Hille, Rainer Hohler, Hans Strack. “A

Linearisation and Compensation Method for
Integrated Sensors”. Sensors & Actuators A,
Vol. 44, 1994, pp. 95-102.

[5] Gert Van der Horn, Johan H. Huijsing.
“Integrated Smart Sensor Calibration”. Analog
Integrated Circuits and Signal Processing, Vol.
14, 1997, pp. 207-222.

[6] Donald L. Ersland. “A Consistent Mathematical

Approach for Multiple Input Calibration”.
Sensors, May 1999.

[7] Samuel D. Conte, Carl de Boor. Elementary
“Numerical Analysis. An Algorithmic
Approach”. McGraw Hill, 1981, pp. 251-267.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

567



Long Detection Range for 2-D Bar-Code Detection System Using 

Unbalanced Masked Collimators and Wide-Opening Lens 

Hiroo Wakaumi1 and Chikao Nagasawa2

1Tokyo Metropolitan College of Technology, 1-10-40, Higashi-Ooi, Shinagawa, Tokyo,
140-0011 Japan, wakaumi@tokyo-tmct.ac.jp

2Tokyo Metropolitan University, 1-1, Minami-Ohsawa, Hachioji, Tokyo, 192-0397 Japan

Summary: A new two-dimensional bar-code detection system is proposed in which a wide-opening condensing

lens is used to increase light incident on a photodiode reflected from a barcode, and also unbalanced masked

collimators are employed to extend uniformly the depth of focus for three LDs. The proposed system provides a

longer detection range while remaining compact and low-cost. The best performance was obtained using

unbalanced masks with 2.5-mm and 3-mm hole diameters and a 28.5 mm-focal-length condensing lens with a

40-mm aperture, providing a practically usable great detection range of 13.7 cm for 0.25-mm 3-line bar codes. The 

maximum detection range of the proposed system is 1.33 times longer than conventional systems, and has potential

application in high-speed, high-resolution bar-code systems.

Key words: optical detection system, laser diode, collimator

Category: 9 (System architecture)

1 Introduction

Two-dimensional bar-code detection systems (2D
BCDSs) for Code 49 and Code 16K 2D barcodes are highly
useful in applications such as goods management in
production lines and automatic warehouses where high-speed
and high-resolution detection is required. The authors have
already developed a high-speed 3-line 2D BCDS employing
multiple laser diodes (LDs) with time-sharing light emission
(TSLE) operation and have achieved a scanning speed of
nearly 3 times that of conventional scanners [1]. They have
also developed a high detection resolution system using the
balanced masked collimators which provides a detection
range of nearly 10 cm for 0.25-mm bar codes [2]. Bar-code
detection systems that detect at a significant distance require
the long detection range remaining narrow laser light beam.
However, the detection range in this system is limited to
nearly 10 cm by the simple masked collimator structure and
the depth size of detection lens system. The standard
approach for increasing detection range is the use of a 
combination of a non-spherical lens and a beam expander.
This approach results in a large and expensive system.

In this paper, an unbalanced masked collimator system
and a wide-opening condensing lens system are proposed for
2D BCDS, providing a long detection range while
maintaining small system size and low cost.

2 Unbalanced collimator structure

The proposed 2D BCDS employs three LDs in TSLE 
operation, with non-spherical lenses and different hole
diameter masks to give a longer detection range while
remaining a distinct narrow beam (remaining coherent for

greater distance). The BCDS is outlined in Fig. 1. The BCDS
has different distances from three LDs to a barcode for
allowing us to use a low height scanner mirror. Therefore,
when the same diameter masks for three LDs are used, the
depth of focus is different from each other in three LDs. In
the proposed system, the depth of focus in each of LDs is
adjusted successfully by selecting an appropriate combination
of masks so that three laser beams remain uniformly narrow
for a long detection range. Thin sheet masks (of vinyl
chloride) with different hole diameters can be fabricated
easily using an electric drill. These collimators can be
fabricated at low cost and allows the LD unit be made
compact, avoiding the use of large and expensive beam
expanders.

Fig. 1. 2D BCDS with TSLE operation and unbalanced
collimator structure and wide-opening condensing lens.

3 Wide-opening condensing lens system

In a conventional BCDS, the aperture of a detection lens
is almost equal to the height of the scanner mirror (25 mm).
Therefore, the amount of light incident on a photodiode
through the detection lens greatly decreases since a part of the
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scattered reflected light from the scanner mirror passes
outside the opening of the detection lens (25 mm).
   The proposed BCDS employs a wide-opening
condensing lens to increase the amount of incident light. A
condensing lens with an aperture of 40 mm, considerably
larger than the height of the scanner mirror (25 mm), was
used. The focal length of the condensing lens is 28.5 mm,
extremely short in spite of its large aperture. The depth of
detection lens system with this condensing lens is 37 mm,
16 % shorter than that of the conventional system (44 mm),
allowing the system be made compact in depth. Since the
area of the wide-opening condensing lens is 2.6 times greater
than that of the conventional system, this lens enables the
photodiode to get enough light reflected outside the scanner
mirror face. The condensing lens consisting of a single
non-spherical lens is not expensive.

4 Experimental results

   When the mask hole diameters of LD1, LD2, and LD3
are 3 mm, 3 mm, and 2.5 mm, respectively, detection
distance L versus LD light beam width is shown in Fig.
2(b). We can see that the depth of focus is longer, compared
to that in balanced collimator systems (Fig. 2(a)). The 
maximum detection range at which  remains narrower
than 300 mis almost 10.1 cm, whereas the maximum for
the balanced masked collimator system is 8.3 cm.

A 3-line bar code with a minimum width of 0.25 mm 
was then detected using the unbalanced-masked-collimator
2D BCDS under TSLE operation. The maximum practical
detection range using the proposed system was extended to
12.5 cm, compared to the maximum of 10.3 cm for 
conventional collimator systems (Table 1).

The wide-opening lens system was also added to the
unbalanced collimator system to improve further the
detection range. In this system, of LD1, LD2, and LD3 
were designed 0.3 mm, 0.25 mm, and 0.25 mm, respectively,
and the focal length in each of LDs was optimized to achieve
a longer detection range. As a result of the 3-line barcode
detection, the maximum practical detection range was
extended to 13.7 cm (Table 1). This represents a 1.33-fold
increase in maximum detection range. This is due to the

Table 1. 3-line bar-code detection range. 

Type of 2D BCDS
Detection
range [cm]

 Conventional balanced masked
collimator scanner [ (LD1~LD3)=3 mm]

 Unbalanced masked collimator scanner
 [ (LD1,LD2)=3 mm, (LD3)=2.5 mm]

 Unbalanced masked collimator and
wide-opening condensing lens scanner

 [ (LD1)=3 mm, (LD2,LD3)=2.5 mm]

5.5 - 15.8

3.5 - 16.0

3.5 - 17.2

Fig. 2. Detection distance vs. LD light beam width. (a)
Conventional balanced masked collimator system, (b)
unbalanced masked collimator system.

increase of incident light to the wide-opening condensing
lens.

5 Conclusion

A new 2D bar-code detection system with unbalanced
masked collimators and a wide-opening condensing lens was
proposed and shown to be capable of providing sufficient
detection range over a practically usable detection range of 
greater than 13.5 cm for 0.25-mm barcodes. This long
detection range was achieved without increasing the cost or 
size of the system. One reason for its long detection range is 
that the narrow laser light beam in each of LDs with the
masked collimators is achieved for a longer range due to the
individually optimized depth of focus of each LD. Another is
that the wide-opening lens enables the photodiode to get
enough light reflected from a barcode even when the barcode
is near or far away at a distance from a scanner mirror.
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Summary:  The aim of this paper is to present an experimental procedure to measure yarn evenness in 

real-time using capacitive sensors; samples with several millimetres are analyzed, depending on the type of 

sensor used. The new approach allows a direct measurement in 1mm range, with software sensitivity 

regions for yarn classification (considering Uster tables as a reference). This paper pays special attention 

to the importance of the spectral analysis in yarn evaluation and which procedures are needed to extract 

useful information. 

The final goal is to allow real-time actuation on a ring spinning frame when faults or other parameters 

exceed the maximum acceptable values for a given quality.

Keywords: Yarn Evenness, Capacitive Sensor, Signal Processing, Spectral Analysis.

Category: (9) System architecture, electronic interfaces, wireless interfaces or (10) Applications.

1 Introduction

Yarn irregularity is an important feature to assess 
its quality. This requires an arrangement of the
fibres in which there is always the same number of 
fibres of a grouping in each cross section
(longitudinal variation). Irregularity is used to
evaluate variation in several characteristics along a 
strand (yarns, roving, sliver or tops) and
unevenness measures the mean variation in linear 
density of a strand or part of it. Thus for purposes 
of yarn processing efficiency that influences final 
clothing appearance, there are levels of unevenness 
beyond which the yarn is unacceptable.

The final goal is to increase the quality specifying 
tough requirements. The use of the new solution 
developed improves quality control procedures
during production. 

For detection of such irregularities it is still
applied nowadays electronic capacitance testers as a 
convenient and a reliable method of testing
irregularity (determination of mass). Industrial
systems use capacitors with 8mm length that allow 
mass measurements with 8 mm resolution. Mass
yarn evaluated in 1 mm range is of utmost
importance for a correct detection of irregularities 
as most of them have a short length (between 1 and 
4 mm length) [1]. This paper presents a novel
capacitive sensor that measures directly 1 and 4mm 
yarn mass. It also presents new software that, based 
on data acquisition and signal processing
algorithms, allows the evaluation of all yarn
relevant parameters.

2 Sensor design

A new capacitive sensor with parallel plates is 
developed, together with the electronic conditioning 

circuit, which allows 4 mm yarn mass reliable
measurements. Based on the results obtained with 
this 4 mm capacitive some improvements were
made in the 1mm length sensor. The studies
undertaken show that a capacitance variation of 
2,08E-17 F is expected when a 57 tex (0,057 g/m)
yarn is used. Nevertheless, careful design of
conditioning circuits was needed due to the low 
SNR.

As radiation is a major problem a solution with 
two sensors was used in a differential configuration 
(Figure 1). With this technique it would be possible
to use the same equipment for two different yarn 
diameters. The use of a differential set-up makes 
the electric circuit more robust to temperature and 
air humidity variations, which are particularly
important in textile industries.

Fig 1. Representation of the two sensors

This system is to be used for on-line control of a 
ring spinning frame in order to evaluate the yarn 
evenness produced. Presently, in spinning mills this 
kind of evaluation is made off-line in laboratory 
using a small amount of yarn. The tests made with 
this system show good performance in laboratory 
environment. The experimental set-up used consists 
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on a PC with a data acquisition system together 
with a 4mm sensor and electronics.

2 Data Analysis

To classify yarn’s quality tested it was developed 
a software using LabviewTM 6.1. This software
analyze the yarn in real time, depending of the input 
parameters for the acquisition: sensor input analog 
channels ( up to 2 channels), yarn speed (m/min) or 
sample frequency (Hz), linear mass of yarn (Tex, 
Ne), set up of two groups of 4 values of sensitivity 
(%), one group for thin and thick points and  other 
for neps, location of the results files, type of sensor 
(mm), sample length (m), output digital channel.
Although there are established sensitivity values 
(thresholds) for classification of yarn faults (thin 
places - a decrease (50%) in the mass during a short 
length (4 mm), thick places - an increase in the 
mass, usually lower than 200% and lasting more 
than 4 mm and NEP’s - huge amount of yarn mass 
in a short length (typically from 1 to 4 mm)), the 
user can define up to four sensitivities values, to 
perform a detailed analysis.

Sensitivity is the yarn mass threshold to detect a 
particular fault, regarding yarn mass average. For 
instance, sensitivity of 80% to detect thin points 
means that mass measurements below 0.8 of mass 
average is considered a fault. The output digital 
channel is used because the process of turning
on/off the machine that controls the yarn speed is 
computer controlled, depending on the sample
length to be analyzed and the yarn speed.

Several data is presented to users, namely: sensor
input data (V), mass yarn variation (%), Spectrum,
mean absolute deviation U(%), variation coefficient 
CV(%), deviation rate DR(%) and integral
deviation rate IDR(%) for each sensitivity. The
number of thin points, thick points and neps for 
each value of sensitivity, is also presented.

Complementary information is also available to 
users, as: FFT frequency peak and its power, sensor 
voltage without yarn (V), average voltage level of 
yarn (V), final and actual acquisition time (s),
machine state (on/off), actual sample length (m), 
result files [5].

The developed software allows on-line
processing, that is guaranteed using the buffer zero 
acquisition mode. The evaluation of the spectrum 
using FFT and result data files storage is only 
possible after the overall acquisition. Having the
information of yarn linear mass, U (%), CV(%) and 
the faults measured for each sensitivity we are able 
to classify the sample  in terms of quality,
considering the tables published by the  Switzerland 
label Uster for 8 mm sensors. However, the major 
innovation is the exact presentation of results with 
1mm resolution.

Despite of the on-line version of this software, 
there is also an off-line version in which the inputs 
are the values of tension of the sensor during a
previous run. This improvement makes also
possible to perform new tests on already acquired 
samples.

Analyzing the magnitude spectrum obtained, it is 
very difficult to extract useful information, despite 
the presence of peak frequencies. Because of this 
we need to reproduce the FFT spectrum in energy 
bands, using its previous results. This approach is 
based on grouping samples of the magnitude
spectrum in a selected number (n). The values 
extracted from the spectrum are summed and
averaged for each group. With this procedure we 
are able to detect periodic imperfections caused by 
an incorrect processing in the mill despite of other 
information as the fibers constitution length[6].

3 Conclusions

The results point out that the evaluation of yarn 
mass, with this approach, is feasible at 1 mm range.

With this developed technique we are able to 
extract yarn mass values 1 to 4 mm range and using
mathematical treatment is possible to compare the 
results with Uster standard tables (8mm yarn
samples).

The main goal of this project is to develop a new 
technique that allows us to measure on-line 1 mm 
yarn mass in a spinning frame.
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Summary: In this paper an alternative feature extraction from chemical sensor signal is introduced. The

approach here presented is based on dynamic moments. The concept and its practical application is discussed

through the illustration of practical examples.

The alternative feature is compared with the more usual approaches using the classification performance in

typical electronic nose applications as a comparison criterion.
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1 Introduction

Since sensing mechanisms of chemical sensor are
still far to be completely understood, alternative
approaches to sensor data representation may result
in additional information improving the knowledge
of chemical and physical processes at the sensor-
environment interface.
The developments of the analysis of non-linear
systems suggest that it is possible to investigate
alternative strategies for signal modelling in a
variety of applications.
In particular, the definition of new signal models
may lead to new kinds of signal processing and
feature extraction. In the case of chemical sensor,
this kind of investigation could brings to the
introduction of better descriptors of the sensor-
analyte interaction resulting in an improved sensor
accuracy. In this paper, we limit ourself to the
definition of alternative features for qualitative
analysis, namely the typical electronic noses
applications aimed at classifying among a limited
number of classes.
From this pattern recognition point of view a
“feature” is any direct or derived measurement of
the entities to be classified that helps differentiate
between classes. In chemical sensor array, the
individual measurements are the entities that have
to be assigned to classes, and a measurement is a
sequence of temporal ordered sensor signals taken
during the exposure of the sensor to the sample.
The definition of the feature is then a fundamental
step in data analysis process.
Feature extraction has been faced by several
authors in the past years, and a manifold of features
have been defined taking into consideration the
sensor signal in the time domain. An almost
exhaustive empyrical comparison of the feature
that can be defined from the sensor signal can be
found in ref. 1.

Recently a different approaches tried to describe the
sensor signal in different domains, introducing a
sensor phase-space [2].
In this paper, the sensor response is studied in a
phase space and dynamic moments are introduced
as descriptors of the sensor measurements. The
practical use of moment descriptors will be
illustrated through a typical electronic nose
application where the moments are used as the
features of a pattern recognition problem.

2 Dynamic Moments and chemical

sensors array

Given a system whose state is completely described
by n scalar variables, different states correspond to
different points in a n-dimension vector space
defined by an orthonormal basis where each
direction corresponds to one of the scalar variables.
The main property of such space, here called phase
space, is in the univocal correspondence between
points in the space and states of the system.
The dimension of phase space is based on Taken’s
Embedding Theorem [3]. with an appropriate
choice of time delay t , we can define this k-
dimensional space as:

The representation of the system time series x(t) in
this space produces a series of trajectories that
expresses the underlying dynamical properties of
the system. When these trajectories are bounded in
a restricted zone of the space they are called
attractors of the system.
The morphological descriptors of the attractors in
the phase space can be used to obtain some
information about the system dynamics. Such
descriptors are used in the shape analysis of objects
and are parameters analogous to the second
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moments of the area of an geometrical figure in a 2-
D space. It is possible the define different
morphological descriptors, here called moment
descriptors, in the phase space. Moments are
calculated considering the coordinates and bisectors
of the phase space and as depending of the time
delay. For our applications we have considered the
following moments:

where the number represents the moments degree,
PB and SB the Principal Bisectors and Secondary
Bisectors respectively, x and y indicate the time
series x and y are related to the time series of the
sensor signal s(k) in the following way: x=s(k) and
y=s(k+t ). Each moment describes different
morphological characteristic of the phase space
trajectory that depends on system dynamic and on
the time lag used for the moment calculus.
It is possible to apply this approach to the sensor
response and extract the dynamic moments from
the trajectories that these sensors spanned in the
phase space.

3 Example of Application

In order to compare the performance of these novel
features with the standard features, an electronic
nose experiment related to the identfication of two
different peaches farming, biological and standard,
is considered. Measuerements have been performed
with the enQbe electronic nose the last prototype
developed at the University of Rome “Tor
Vergata”. From the signals four different features
are calculated: integral of the response, steady-state
signal shift, integral and steady-state shift together,
and the dynamic moments.
As classification method the discriminant analysis
solved by partial least squares (PLS) was adopted
In table 1 the results of the analysis are shown. The
use of the dynamic moments improves the
performance. For others features the prediction of
correct classifications in the case of Biological
cultivars is not adequate.
Figure 1 represents the score plot of the first two
latent variables of PLS-DA model, built from

dynamic moments, confirms the trend of the system
to separate the two clusters using these features.
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Fig. 1. The score Plot of the first two latent variable of

PLS-DA model built with the dynamic moments as

features.

Table 1. A comparison of Correct Classification rate for

each classes obtained by PLS-DA using different features

Features

Standard

farming

Biological

farming

Integral of the
response

100% 7%

Steady-state
signal shift

96.78% 42.8%

Integral + Shift
of Fequency

93.54% 42.8%

Dynamic
Moments

96.78% 100%
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Summary: RoboCup is a scientific challenge created to foster research and development in fields like 

mobile and autonomous robotics, sensors, automation, electronics, computer vision and image processing, 

as well as other related areas. It consists of a football and/or rescue competition with several different 

leagues. The robot players use several different sensor types and sensorial fusion is of extreme importance. 

Sensors used by most team are described in this paper, as well as a new approach taken by this team which 

uses vision for the capture of most sensory data. Virtual sensors were developed using image processing 

and these proved extremely successful. Practical applications will be given in the paper. 

Keywords: Virtual Sensors, Computer Vision, Image Processing, RoboCup, Robotic Football 

Category: 9 (System architecture, electronic interfaces, wireless interfaces)

1 Introduction 

For those unfamiliar with the RoboCup event, they 
can read the objectives and games rules on [1]. 

Compared with the Chess challenge launched in the 
middle twentieth century, RoboCup raises other 
more complex problems 

Table 1. Chess versus RoboCup challenge. 

 Chess RoboCup 
Environment Static Dynamic 
State Change Turn Taking Real Time 
Info Accessibility Complete Incomplete 
Sensor Reading Symbolic Non-symbolic 
Control Central Distributed 

Therefore, the perception system and sensorial 
fusion needs a special attention since it is the basis 
of this challenge. 
Although many teams prefer to buy a standard off 
the shelf robotic platform and implement changes 
in hardware/software or even adaptations, Minho 
team which has been participating on RoboCup 
since 1999 [2][3], builds its own platforms from 
scratch (see Figure 1). Being part of an Industrial 
Electronics Department they build the mechanics, 
the hardware and the software, bearing in mind that 
the budget is extremely low. This continuous 
participation in RoboCup has led to new 
developments in many fields especially in 
electronics and sensorial systems. 
A Robotic football player is nothing else but a multi 
sensory system, a processor and a group of 
actuators. The information it perceives needs to be 
at a higher level due to the complexity of the game. 
Besides that, a team has several different robots, 
which complicates even more the game strategy. 

Cooperation is of extreme relevance since in a 
group of robots each individual shouldn’t do the 
same task as others, otherwise they will 
importunate each other. 

Fig. 1. Minho Team Robot. 

The Robocup rules do not limit the use of any type 
of sensors, unless these are outside the football field 
or if they interfere with the opponent team. 
Therefore, teams tend to use many kinds of sensor 
like Lasers, Ultra-sounds, Infrareds, Computer 
Vision and Image Processing, Micro-switches, 
digital campus, and many others [4]. These are 
mainly used for Ball detection, Goal detection, 
opponents detection, collision avoidance, Self-
Localisation within the field, Odometry, 
Communication between robots, Path planning, etc. 
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Many problems occur from the sensor readings like 
the precision and accuracy of the values read being 
not sufficient, lots of noise, low speed for the real 
time processing necessary, etc. The faster the robot 
perceives where the ball and the goals are, the 
faster it can act to score a goal. In systems with 
several different type sensors, sensorial fusion is 
extremely important and perception success 
depends upon it. 
Minho team uses traditional sensors (infrared 
encoders specifically developed for that purpose) 
on each wheel in order to control each motor speed. 
But apart from that, all other parameters extracted 
from the game are taken from the vision system. 
A group of standard routines were developed such 
that they can be configured in a configuration text 
file without the need for recompiling the game 
strategy code. These routines were written in 
Assembly language in order to optimize its 
processing speed. 
Although many different vision head types are 
being used [5], Minho vision head is located in the 
robot’s top center and consists of a camera pointing 
upwards on a parabolic mirror facing downwards. 
The camera can see itself on the mirror image but 
that part of the image is black and easily ignored. 
With this technique, the robot can see 360 degrees 
around it maintaining the ball and most game 
entities always in sight. The image is centered 
which simplifies the software build up but distorted 
although that is overcome by knowing the mirror 
curvature. The tools developed consist of three 
types: Histogram, Area and Colour. For each of 
these, a group of parameters is input to the system 
through a configuration text file, like the window 
coordinates, the threshold and the required colour. 
The structure of a Histogram type virtual sensor 
consists of: 

struct HISTOGRAM { 
 struct hist { 
  int x1, y1, x2, y2; 
  int peakCoordinate; 
  int flag; 
  int maximum; 
 } H[MAX]; 
 int n_HIST; 
 int colour; 
 int flagHISTon; 
 int flagSeeRectangle; 
} HIST; 

Fig. 2. Histogram Virtual Sensor Data structure. 

Users without much programming knowledge can 
easily add virtual sensors to the game strategy, just 
by editing a SETUP text file. The main routines are 
Histograms, Areas and Colours. Parameters like the 
window coordinates, the threshold and the required 
colour are only examples. Figure 3 shows an 

example of a Histogram Virtual Sensor, which is 
used to detect peaks of a certain colour. This 
function return the coordinate with the highest 
value for the desired colour. The histogram is also 
displayed under the image to compare and check 
the results. 

Fig. 3. Histogram Virtual Sensor in use. 

These routines have been in use by this team and 
proved successful. This paper will describe all the 
virtual sensor routines, its usage, and its working 
basics. Several examples of its usage will be given. 
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Summary: There is a growing interest for ultrasonic non-destructive technique that allows the 

characterization of various mechanical properties of paper. Due to the restrictions in the use of viscous 

fluids or bonding agents for coupling in this kind of material, new transducers have been developed to 

overcome these limitations. This article presents a simple way to use bimorph ceramics to construct 

transducers for ultrasonic velocity measurements in paper. In design and conception, impedance 

spectroscopy was used for transducer performance optimization. After, a multi-transducer measuring head 

that incorporates 18 transducers elements was developed and integrated in a final ultrasonic prototype, for 

strength and elastic in-plane properties evaluation. 

Keywords: bimorph, ultrasonic, paper 

Category: 10 (Applications)

1 Introduction 

Ultrasonic trough transmission and pulse-echo 

techniques are widely used for inspection of 

materials. In a typically application the transducers 

are electrically pulsed and coupled to the test 

object. In paper, traditionally coupling techniques 

can’t be used so, other type of transducers must be 

developed to overcome this problem. In our work a 

new transducer was constructed using lead titanate 

zirconate piezoelectric ceramics. 

Bimorphs and unimorphs configurations that are 

widely used in many applications including position 

controlling, vibration damping, noise control, 

acoustic sensing, etc, [1] were studied and 

impedance spectroscopy analyze was used for 

electrical transducer behavior characterization. 

These transducers were integrated in a system that 

automatically determines the in-plane ultrasonic 

velocity of paper sheets. As tensile stiffness index 

(TSI) is a measure of the elastic property of paper 

[2] and is given by 

CvTSI 2   (1) 

it can be easily estimated, since v is the ultrasonic 

velocity and C a dimensionless constant related to 

the Poisson´s ratio of the material, that is 

approximately unitary for paper. Once TSI known 

for the different orientations, the tensile stiffness 

orientation angle (TSO) that is defined by the 

orientation of the maximum of the TSI plot and the 

paper machine direction can be evaluated. 

2 Transducer design and 

characterization

In transducers conception were used ceramic 

multilayer bender (bimorph) manufactured by 

Ferroperm Piezoceramics. This ceramics [3] are 

built up from very thin layers of piezoelectric 

material and built-in internal electrodes. Internal 

electrodes extend to the rear end of the component 

and are connected to a set of 3 external electrodes. 

The selected material was lead titanate zirconate 

piezoelectric PZ29, due to its high strain with high 

dielectric constant and also low hysteresis and 

creep. The configuration used is of parallel type. 

The ceramics have a rectangular shape with 

dimensions of 21x7.8x1.8 mm 

(length/width/thickness). 

Theoretical fundamental natural bending resonant 

frequency of a cantilever comprising a PZT 

bimorph [4], is given by 

324

52.3 E

l

t
rf   (2) 

where t is the thickness, l the free length, E the 

Young’s modulus and  the density. From (2) we 

can easily see that we can control the resonant 

frequency of the cantilever by controlling the free 

length of the ceramic. As transducer housing is 

made by two aluminium pieces that hold the 

ceramic and are tied by 4 screws, unscrewing the 

screws can easily provide control of free length of 

the ceramic for test proposes. 

In figure 1 is presented the ceramic behavior with 

free length increasing. Theoretical and experimental 

agreement for fundamental mode (A) is achieved 

for high values of the free length. Some 

discrepancies appear for low values of free length, 

probably due to imperfections on housing 

conception. The harmonic B only exists for values 

of l higher than 12mm. The harmonic C has a more 

or less constant value around 86 kHz. 

Next step of our work was the selection of the 

working frequency, that must ensure a good S/N 
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ratio of the collected signals and by other side must 

lies above audio range to guarantee a less noisy 

system. Experimental tests were done using two 

transducers, one as transmitter the other as receiver, 

in contact with common sheet of paper. As 

transducer real part of impedance is very low (about 

5 ) a matching circuit must be use to improve 

transducer energy delivery. Using a tone-burst 

excitation with a decreasing sweeping frequency it 

was verified that only near 30kHz the collected 

signal presents a reasonable S/N ratio. These 

experiments and practical considerations shown 

that the best compromise is obtained using a 21 

kHz tone-burst excitation. 
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Fig. 1. Resonance frequency versus free length. 

3 TSI measuring system 

Paper is a highly directional material (anisotropic), 

meaning that its properties vary with direction. This 

anisotropy is related with fiber orientation due to 

the fabrication process. 

One of the fundamental goal of paper makers is to 

minimize TSO angle, i.e. guarantee orientation of 

TSI plot coincident with machine direction. 

Measuring the ultrasonic velocity in several sheets 

directions determines TSI plot. This can be done 

using a pair of transducers and a rotation system. In 

our work a different approach was used. Instead of 

a rotation head, a multi-transducer prototype was 

employed (Figure 2).  

Fig. 2. Measuring head prototype. 

The system integrates 9 pairs of transducers, analog 

multiplexing is used in both emitter and receiver 

stages and the system is PC controlled by means of 

an acquisition board and LabView software. 

In figure 3 are presented two typical TSI plots 

obtained with this system, one corresponds to a 

common writing paper sheet showing its anisotropy 

and the other to a laboratorial hand made isotropic 

paper. 

Fig. 3. TSI plots for common writing paper (-) and 

hand made paper (…). 

3 Conclusions 

The knowledge of TSI of the product being 

produced allows the papermaker to have a new way 

to optimize the process that is a time consuming 

task when using conventional rotation systems. 

This work describes a new measuring head that 

allows strength and elastic in-plane properties 

evaluation of paper. Bimorphs widely used as 

actuators, were successfully integrated in our 

prototype. Good accuracy, less time consuming and 

additional information can be obtained with this 

system. 

References 

[1] Q. Wang,X. Du, B. Xu and L. Cross, 

“Electromechanical coupling and output efficiency 

of piezoelectric bending actuators”, IEEE Trans. 

Ultrason., Ferroelect., Freq. Contr., 46, (3), 638-

646, 1999. 

[2] C. Habeger, R. Mann and G. Baum, “Ultrasonic 

plate waves in paper”, Ultrasonics, 17, (1), 57-62, 

1979. 

[3] Ferroperm Piezoceramics A/S, “Ceramic 

multilayer bender”, Application Note, 1-16, 2000. 

[4] K Yao, W. Zhu, K. Uchino, Z. Zhang and L. 

Lim, “Design and fabrication of a high performance 

multilayer piezoelectric actuator with bending 

deformation”, IEEE Trans. Ultrason., Ferroelect., 

Freq. Contr, 46, (4), 1020-1027, 1999. 

MD 

CD 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

577



Fiber Optic Sensors for Cracking Detection and Monitoring 

P. Cruz1, C. K. Y. Leung2 and A. Diaz de León1

1Civil Engineering Department, University of Minho, 4800-058 Guimarães, Portugal 
email: pcruz@civil.uminho.pt http://www.civil.uminho.pt

2Hong Kong University of Science & Technology, Hong Kong, China 

Summary:  Advances in the production of optical fibers made possible the recent development of 

innovative sensing systems for health monitoring of civil structures. The main reasons of this development 
are the reduced weight and dimensions of fiber optic sensors, the strong immunity to electromagnetic 

interference, the improved environmental resistance and the scale flexibility for small-gage and long gage 

measurement. This paper provides an overview of the characteristics of the fiber optic sensors for cracking 
detection and monitoring. The application to reinforced concrete structures will be described. 

Keywords: Fiber optic sensor, cracking, monitoring 
Category: 10 (Applications)

1 Introduction 

The existing healthy condition of many important 
concrete structures can be assessed through the 
detection and monitoring of cracking. For example, 
in concrete bridge decks, crack openings beyond 
0.15 to 0.2 mm will allow excessive penetration of 
water and chloride ions, leading to corrosion of 
steel reinforcements. 

Conventionally, crack detection and monitoring for 
bridges have been carried out by visual inspection. 
The procedure is time consuming, expensive and 
yet unreliable. Recently, various researchers have 
developed fiber optics based crack sensors for 
concrete structures. Existing optical crack sensors 
are, however, very limited in their applications. For 
example, sensing based on fiber breakage [1] can 
distinguish between the presence or absence of 
cracking but cannot provide information on gradual 
structural degradation. “Point” sensors developed 
by Ansari and Navalukar [2] can detect and monitor 
the opening of a crack only if the cracking occurs in 
a small region that is known a priori. The sensor 
employed in this study was based on measurement 
of intensity loss due to deformation. These sensors 
were calibrated and were embedded in a fiber 
reinforced concrete specimen. 

Zako et al. [3] used an OTDR to measure the 
cracking point by Fresnel reflection of four optical 
fibers, which have been bonded to the surface of 
mortar beam with epoxy resin. In addition, the 
crack propagation in the mortar beam can be also 
measured by the breaking sequence of four optical 
fibers. 

Gu et al. [4] developed a distributed fiber optic 
sensor consisting of individual segments spliced on 
one line. By measuring the Fresnel reflection at 
each splice between two pieces of fiber, the average 

strain within each piece can be obtained. Based on 
the strain reading, the severity of cracking within a 
certain region can be assessed. An optical time 
domain reflectometer (OTDR) was employed for 
interrogation of the sensor signal. Structural 
monitoring capability of the sensor was evaluated 
through experiments with reinforced concrete 
beams. 

If the splices are placed very close to one another, 
cost will be high and also the forward signal may 
drop rapidly with distance (due to the presence of 
many reflection points), making the sensor 
inapplicable to real structures where a long sensing 
length is required [5]. 

Cai et al. [6] applied the distributed optical fiber 
sensing technology to detect the cracks in a small-
scale plaster model test of an arch dam. By using 
OTDR the real time monitoring of cracks can be 
realized. The practice of this technology shows that 
the sensor network bonded to the downstream 
surface of the dam will not affect the stiffness of the 
model, but it must be correctly distributed. 

Researchers at MIT and Brown University 
developed a sensor for the reliable detection and 
monitoring of cracks in concrete structure [7]. The 
sensor is based on a distributed optical fiber 
microbending sensor. An optical fiber is embedded 
in the concrete element in a “zigzag” shape (Fig. 1). 
Using OTDR equipment, the light intensity 
distribution along the fiber is measured. 

Before the formation of cracks, the backscattered 
signal along the fiber should follow a relatively 
smooth curve. In the straight portions of the fiber, 
the small loss is due to absorption and scattering. In 
the curved portion (where the fiber turns in 
direction), macrobending loss may occur depending 
on the radius of curvature. 
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Fig. 1. Principle of operation of the “zigzag” sensor

When a crack opens in the structure, a fiber
intersecting the crack at an angle other than 90º has
to bend to stay continuous (Fig. 1). This
perturbation in the fiber is very abrupt, and thus can
be considered as microbending. This microbending
results in a sharp drop in the optical signal (Fig. 2). 
This intensity loss is detected and located by means
of the OTDR equipment. Also, from the magnitude
of the drop, the crack opening can be obtained if a 
calibration relation is available.

Fig. 2. Intensity along the fibre, measured by means
of the OTDR equipment

The proposed technique does not require prior
knowledge of the crack locations, which is a
significant advancement over existing crack 
monitoring techniques. Moreover, several cracks
can be detected, located and monitored with a
single fiber. However, the crack direction is needed
for measure the crack opening. An ideal application 
of the sensor is in the monitoring of flexural cracks
in bridges, which may appear at arbitrary locations
along the deck, but essentially perpendicular to the
spanning direction. A method for applying the
sensor to existing structures was recently proposed
and is called the Sensor Plate [5].

To achieve the requirements in the monitoring of 
cracks on bridges the sensor plate is being now
improved by researchers of the University of 
Minho, in Portugal, and of the Hong Kong
University of Science and Technology.

This paper as first fruits present the results of
laboratory test accomplished over material witch is
utilized to make the sensor plate, the purposes of 

this test were related with the perform in behavior
of the sensor plate to distinct cases in the field, 
taking into account different combinations of low
and high temperature and crack opening, the last of
this accomplished with the reinforced of the
material with fiberglass.

Fiber optic
sensor

Signal in
and out 

Fiber bend
to stay
continuous

Cracks
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Summary:  A multi-sensor based on array of ISFETs made by standard silicon technology with SiO2-Si3N4

insulator layers have been developed for determination of toxic substances in drinking water and foods. 

The multi-sensor consists of a two thin silicon plates with a special enzyme tape between them. Basing on 

the enzyme activity measurements for acetyl- and butyrylcholinesterase, glucose oxidase and urease the 

investigation on determination of a number of heavy metals ions and phosphororganic pesticides in water 

solutions were carried out. The content of toxic elements was determined by estimation of the residual 

activity of enzymatic membranes after the injection of analysed samples.

Keywords: multi-sensors; ISFETs, enzyme membranes; toxic substances

Category: 10 (Applications)

1 Introduction

Determination of toxic substances (in particular 
heavy metal ions and organic pesticides) in
drinking water and foods is of primary importance 
nowadays. Laboratory techniques, usually used for 
this, are rather cumbersome and expensive. Enzyme 
sensors, being compact and having small response 
time, are more suitable for simple measurements 
and express analysis.

In our previous papers [1,2] we described the 6-
channel electrochemical enzyme sensor based on 
capacitance pH-sensitive EIS sensors. We
investigated a possibility of using of a multi-
enzyme sensor for recognition of heavy metal ions 
and phosphororganic pesticides in solutions. This 
paper deals with the development of an enzyme 
multi-sensor based on array of ISFET sensors, as 
well as with using of the multienzyme analysis to 
identify organic pesticides and different heavy
metal ions in water solutions.

2 Multi-sensor design

The designed multi-sensor consists of a two 
special silicon plates with enzyme tape between 
them (Fig.1). The one Si-plate (the upper) contains 
the ISFET array made on standard silicon
technology with SiO2-Si3N4 insulator layers on
surface. The source-drain contacts for each
transistor are leaded to the outside edge of the plate. 
The other Si-plate (the lower) contains a row of 
cavity cells and zigzag flow channels obtained by 
silicon etching. A planar Ag/AgCl reference
electrode is built into the flow-injection system. 
Before measurements one have to tightly close this 
structure and then to inject an analysed solution 
through the flow-injection system.

The feature of the above multi-sensor is that all 
enzyme membranes are integrated into a

polyethylene film of about 0.5 mm thick by thermal 
compression. This film is arranged between the
both Si-plates in such a way that the enzyme circles 
are situated exactly opposite to ISFETs gates at the 
one side and cell cavities at the other side.
Additionally the flexible polyethylene film itself
serves as a hermetic sealing in such a way that 
solution may contact only with the gates regions of
transistors. Enzyme tape may be either in a form of 
a single strip or as a part of rotatable tape roll. 
Because of the fact that the enzyme membranes did 
not restore the initial activity value after its contact 
with the toxic solutions we assume that replaceable
enzyme membranes are more preferable than the 
permanent ones. Nitrocellulose (NC) sheets are
very suitable for their preparation.

InOut

1
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Fig. 1. Schematic view of sensor array: 1 – upper Si-plate
with array of ISFETs, 2 – gate active area, 3 – connection 
to transistor contacts, 4 – polyethylene film, 5 – enzyme 
NC-membranes, incorporated in the film, 6 – lower Si-
plate with inner flow-injection system, 7 – sensor cells, 8 
– planar reference electrode, 9 – backside rubber sealing,
10 – support.

The enzyme membranes were prepared by
deposition of 10% enzyme solutions with the 5-10
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mg/ml concentration of enzymes on the NC-
carriers. Glutaraldehyde was used for covalent
grafting of enzymes to the carrier surface.

3 Results

With the above multi-sensor we perform the
measurement of the enzyme activity for different 
forms of cholinesterase, urease and glucose
oxidase. The conditions for enzyme sensors
operation, such as buffer capacity, substrate
concentration and time of incubation of enzyme 
membranes, were optimised to reach the maximal 
sensitivity of multi-sensor for analysis of heavy 
metal ions and organic pesticides in the investigated 
solutions.

Assuming the fact that enzymes used have
essentially different sensitivity to metals and
pesticides, and also noticeably distinguishing
sensitivity to a row of different metals, we used a 
multienzyme analysis to recognize the heavy metal 
ions and organic pesticides in solutions as well as 
for determination of their content in the analysed 
samples [3,4]. To inactivate the enzymes, the
chloride salts of the following heavy metals were 
used in our experiments: copper, cadmium, cobalt, 
nickel, tin, zinc, lead and strontium. Phasalone and 
2,2-dichlorovinyl dimethyl phosphate were tested 
as organic pesticides.

Principal component analysis (ÐÑÀ) performed 
over the experimental data obtained from the sensor 
array was used to separate samples of toxic
substances by their images. The base PCA matrix 
was formed of all data set for all tested substances 
in actual concentration range. It allows in the
subsequent analysis of unknown substance (but 
from a number of previously calibrated ones) to 
detect not only type of substance, but also to 
determine its concentration.

Actual samples of solutions may contain also the 
mixtures of different toxic substances. In this case 
the PCA diagram does not allow to evaluate the 
contribution of separate elements to the given
mixture. Therefore for more detailed analysis in 
mixtures we suggest the principle of dilution of
investigated solution with the increasing degree (by 
5, 10, 50 and 100 times) and multi-sensor
measurement of residual activities of all enzymes 
followed by mathematical processing of obtained 
concentration curves. As a result of automatic
comparison of these curves with the corresponding 
calibration ones some metals can be excluded from 
consideration, and as for the remaining ones, taking 
into account their relative weight in a general metal 
mixture, a conclusion of a possibility of presence in 
a solution in the certain concentration is made.

The threshold sensitivity of heavy metal ions 
detection was within the 10-4 to 10-7 mol/l range, 
depending on the type of the metal and the limit of 
detection of pesticides was 10-9 mol/l. Our

experiments have shown that it is possible to detect 
all 8 types of heavy metal ions and 2 types of 
phosphororganic pesticides with help of above
multi-sensor with accuracy of 10%, when it was a 
single substance, and of about 15-40%, when it was 
a mixture of different substances.

Our experiments have shown that developed
sensor array in conjunction with the potentiality of 
multienzyme analysis followed by mathematical
processing is well suitable for the environmental 
monitoring.

References

[1] N.F.Starodub, Yu.M.Shirshov, W.Torbicz,
N.I.Kanjuk, V.M.Starodub, A.L.Kukla. Biosensor
for in field measurements: optimisation of
parameters to control phosphororganic pesticides in 
water and vegetables. In: D.P.Nikolelis et al, eds. 
Biosensors for Direct Monitoring of Environmental 

Pollutants in Field, Kluver Academic Publishers, 
1998, pp. 209-219.
[2] N.F.Starodub, N.I.Kanjuk, A.L.Kukla,
Yu.M.Shirshov. Multi-enzymatic electrochemical
sensor: field measurements and their optimisation, 
Analytica Chimica Acta, v.385 (1999) 461-466.
[3] A.L.Kukla, N.I.Kanjuk, N.F.Starodub,
Yu.M.Shirshov. Simultaneous control of
phosphororganic pesticides and heavy metal ions 
by multi-enzymatic sensor, Proc. of 9th

International Fair and Congress for Sensors,

Transducers and System, v.2, pp. 105-110,
Nurnberg, Germany, 18-20 May 1999.
[4] A.L.Kukla, N.I.Kanjuk, N.F.Starodub,
Yu.M.Shirshov. Multienzyme electrochemical
sensor array for determination of heavy metal ions, 
Sensors and Actuators, B57 (1999) 213-218.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

581



Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

582



�

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

583



An AC-based interrogation system for an hand-held electronic nose
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Summary: Gas sensors based on organic polymers or metal oxide are widely used in gas, odor or aroma

analysis. Electronic nose methods involved in these measurement systems use the multi-element array
approach coupled with direct current (DC) interrogation techniques. Recently, experiments have been

carried out where, with the help of a computer, an alternating current (AC) interrogation method produces

an improved performance. This paper presents an AC-based interrogation system on a chip, using a single
gas sensor to create the odor pattern, aimed for use in a hand-held electronic nose. Experiments upon

volatile odors have been made and results are presented here.

Keywords: gas sensors, AC-based interrogation system, bandpass filter

Category: 9(System architecture, electronic interfaces, wireless interfaces)

1 Introduction

Gas sensors based on organic polymers or metal
oxides are widely used in gas, odor or aroma
analysis. By inputting a direct current (DC) into
these sensors a certain resistance can be measured.
When the sensor is presented with certain volatiles
its resistivity changes, [1]. Thus, by using and array
of sensors (for example, different conducting
polymer materials for different sensors in the
array), patterns of resistance change can be
generated to characterize a volatile. In these
measurements it has been considered that the only
electrical property that exhibits change is the
conductivity of the material. Recently, a more
accurate model for metal and polymer based
sensors have been developed, [2] which presents
the sensor as a passive network of resistances,
capacitances and inductances. Based on this model,
experiments have been carried out where, with the
help of a computer, an alternating current (AC)
interrogation method produces an improved
performance of the volatile reading, [3]. The
method relies on the calculation of the Fast Fourier
Transform of a signal coming from the sensor. This
paper presents an AC-based interrogation system on
chip, aimed for use in a hand-held electronic nose.
Moreover, the number of sensors is reduced to a
single one since it is possible to produce a volatile
pattern consisting of readings taken at a wide range
of frequencies. Essentially the system is a
monolithic pseudo-spectrum analyzer, [4] which
provides output voltage amplitudes in accordance
with the frequency characteristics of the system
under test (in our case the gas sensor). A noise-like
signal is fed into the sensor and then a
programmable bandpass filter is used to separate
signals at different frequencies in a certain
bandwidth. Further, the output from the band pass
filter is input into a peak detector, which provides

voltages proportional to the magnitudes of the
frequency components selected by the previous
circuitry in the system. The noise-like signal is
needed because it exhibits a uniform power spectral
density over a wide frequency range. Pseudo-
random bit sequences (PRBS), [5] and chaotic
signals, [6] have been used to generate such signal.
The results show that gas sensors can readily be
interrogated in a certain bandwidth, at different
frequencies.

2 Architecture

The block diagram of the new AC-based
interrogation system is shown in Fig.1.

APRBS or
chaos

generator

Anti
aliasing

filter

System for
identification

(sensor)

Bandpass
filter(BPF)

Smoothing

filter

A/D
convertor

Master
clock

A
Programmable

Peak
detector

B

Digital outputs

Fig. 1. Functional block diagram of the AC-based
interrogation system

   All the building blocks of this system have been
implemented on a chip using a 0.6µm CMOS
technology, and they perform the following
operations. The PRBS or chaos generator provides
the noise-like signal, which has components at
almost all the frequencies in a certain range. These
circuits are clock driven, and they exhibit an almost
flat power density for frequencies up to one third of
the clock frequency, [7]. Their outputs are
conditioned through an amplifier, so the signal will
have its amplitude limited to the input range
subsequent circuitry can deal with. Moreover, one
needs to insure that too high an amplitude won’t
drive the sensor into nonlinearity, [8]. In the system
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chain we then put the sensor itself followed by a
low pass filter, which will perform the antialiasing
(a switched capacitor circuit will be used
subsequently), and will limit the bandwidth of the
signal to just over the highest center frequency the
bandpass (BPF) filter can be programmed with.
Programming the BPF, one can sweep its center
frequency over a range up to the corner frequency
of the antialiasing filter. A smoothing filter is then
necessary after the BPF, which is followed by a
peak detector. The DC voltage from the peak
detector is converted into a digital number, which
can afterwards be used in an automatic pattern
recognition digital circuit. The clock frequency
used was 3MHz (for the noise-like signals and for
the BPF) and the highest center frequency of the
bandpass filter (with 3MHz sampling frequency)
was 85KHz. The corner frequency of the
antialiasing and the smoothing filter was 100KHz.

3 Results

The center frequency of the BPF can be changed by
5 control pins, or by changing its sampling
frequency. It was varied between 25KHz and
85KHz, and 6 different readings for 6 frequencies
in this range have been performed. First, the system
has been tested with a low pass filter with a corner
frequency of 30KHz, placed where the sensor is
supposed to sit (between points A and B in Fig. 1).
This circuit was a simple RC filter which mimics
the behavior of the sensor as it is modeled in [2].
The voltage in the output of the peak detector for
the situation when point A in Fig. 1 is connected
directly to point B (i.e. no system for identification
is present) was measured. Then, the measurement
was carried out with the RC circuit under test
placed between the points A and B. A relative
change in voltage between the two measurements is
given in Fig. 2.

Fig. 2. Relative measurement of the RC filter spectrum

   Introducing a tin oxide based sensor between
points A and B, measurements for air, methanol and
acetone have been performed. In this case, the base
line has been considered to be the characteristic (the
output voltage of the peak detector) of the sensor in
response to air. The relative change of the sensor

characteristic to saturated methanol and acetone
vapor referenced to air is given in Fig. 3.

Fig. 3. Relative change in the voltage output to methanol
and acetone
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Summary: Theoretical model of new silicon metal – insulator – semiconductor (MIS) based radiation sensor

having a giant internal signal amplification is proposed to describe the experimentally obtained results.
Numerical calculations have been provided for a circuit in which the MIS detector is connected in series with a

constant voltage source, a pulse generator, and a load resistor. A constant voltage bias determines quasi-

equilibrium inversion modes of the initial and final states of the detector. A non-equilibrium operating charge
storage mode and readout mode occurs at applying a voltage pulse additionally to the bias. Duration of the

pulse determines the integrated charge of photo generated minority carriers and readout process takes place at

the pulse trailing edge. Theoretical modeling explains the giant value of the internal amplification of the signal
that is determined as the ratio of peak values of readout currents and instantaneous photo current. At the

integration time about 1 sec the amplification coefficient is in the order of 104 in the case of the external load 10

– 50 k , and in the order of 106 when the external load is smaller than 1 k .

Keywords: radiation sensor, MIS structure, signal amplification

Category: 1 (General, theoretical and modeling)

1 Introduction

A profound study of the physical processes in MIS
structures under non-equilibrium conditions gives a
new way of using an old and familiar device as a
high sensitive radiation sensor with great internal
amplification of an input signal. For the first time,
the conception of this sensor has been reported on
Eurosensors XVI [1]. According to this conception,
an usual MIS capacitor may be used as a radiation
sensor with significant internal amplification of an
input signal, if it is working in non-equilibrium
mode. For that, the sensor is connected in series
with a constant voltage source, a pulse generator,
and a load resistor. A constant voltage bias
determines quasi-equilibrium inversion modes of
the initial and final states of the detector. A non-
equilibrium operating charge storage mode and
readout mode occurs at applying a voltage pulse
additionally to the bias. Duration of the pulse
determines the integrated charge of photo generated
minority carriers. Readout process takes place at the
voltage pulse trailing edge. It is easy to understand
our innovation from Figure 1. Here, the initial and
final inversion quasi-equilibrium mode of the
sensors is denoted as (A). A storage and readout
processes under the applying of a time-dependent
voltage (U) to the gate of p-MIS structure are
denoted as (A  B  C) and (C  A), respectively.
At that, the current (I) in circuit is shown also.
During the time interval t0-t1, the storage of photo
generated holes occurs at the potential well at the
silicon surface causing the augmentation of the
inversion charge from Qp1 to Qp2.  Duration of the

voltage pulse determines the integrated charge ( Q
= Qp2 - Qp1).  Readout process takes place at the
pulse trailing edge at t = t1, causing extraction of
charge Q into the substrate. 

Fig. 1. The inversion charge density (Qp) in p-MIS sensor
as a function of the applied voltage (upper figure). Lower
figure shows time-dependent voltage applied to the gate
of the p-MIS sensor and a displacement current in circuit
at the storage and readout processes.

The ratio of peak values of readout currents and
instantaneous photocurrent obtained experimentally
achieves giant values: about of 104 in the case of
the external load 50 k , and about of 106 when the
external load is 50 .
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2 Model and Simulations 

A description of a transient behavior of the MIS
structure under investigations can be carried out
within a framework of a circuit model, which is
given in a Fig .2. 

W

Cins

C s

R s
�����������������������������

����������������������������������������������4
3
1

2

5 G

MIS

output

- -U

RL RL

light

a b

B

Fig.2. The MIS capacitor structure (a) and measuring
circuit (b). 1 is n- Si, 2 is n+ Si, 3 is isolator, 4 is semi-
transparent metal. The MIS capacitor equivalent is shown
in dotted frame. Rs and RL are the resistivities of the
undepleted silicon bulk and load resistor, respectively.

In the case of relatively small concentrations of
donors ND < 1014 cm-3, the fully depletion
approximation is valid, and the profile of electron
concentration is sharp. The absorption length of the
infra red radiation at wavelength 0 = 0.93 m is

-1 5x10-3 cm. 
The basic equations both for storing and readout are
the equation for the charge of the holes in the
inversion layer of the MIS capacitor and the second
Kirchhoff’s rule for the electric circuit. The
temporal scales under storing are about 0.1 – 10 s at
moderate levels of infra red irradiation, in a contrast
with temporal scales 1 s – 1 ms under readout.
Therefore, the current in the circuit is essentially
smaller under storing, than one under readout. The
simulated and experimentally estimated values of
the current are |I(t)| < 0.2 A under the storage
process. Thus, it is possible to neglect by the
voltage drop at the external load and at the n- layer.
Because duration of readout stage is short, it is
possible to neglect by an influence of thermo and
photo generation at this stage. But the voltage drops
at the external load I RL and at the n- layer of
semiconductor I Rs are dominating there. 
To simulate discharge process, it is necessary to
solve the electric circuit equations jointly with
diffusion-drift equations for concentrations of
carriers and Poisson equation for electric potential
within n- layer. At the readout stage, a quick
discharge of MIS capacitor takes place. The
simulations of readout process have been done for a
duration 1 s of a voltage drop from -|U2| to -|U1|.
During the readout, the holes from an inversion
layer move into n- semiconductor layer.
Simultaneously, an injection of electrons from n+-n-

semiconductor junction takes place, too. Therefore,
a double injection of carriers into n- layer takes
place and its resistance changes drastically. Thus,
under the readout stage, MIS structure behaves as a

‘virtual’ p-i-n diode with a double injection of
carriers. An influence of variable resistance of n-

layer on discharge depends on the value of external
load. At the value of RL > 10 k , this influence is
unessential, because the biggest value of the
resistance of n- layer is ~ 8 k . Under smaller
values of the external load, this influence is
dominating (Fig.3). 

Fig.3. Dependencies of readout current the load RL = 50
 (left) and RL = 50 K  (right). Curve 1 is for the

complete filled potential well, curve 2 relates to 75%
filling of the well. 

Fig.4. A comparison of the experimental and numerically
calculated dependencies of the internal current
amplification on a load resistor value RL. The averaged
value of the current under storage stage during 1 sec is 3
nA both in experiments and in simulations. 

Under discharge, resistance of n- semiconductor
layer (base of virtual p-i-n-diode) is changed
drastically, due to double injection of carriers. The
initial value is about 8 k  and the minimal value
may achieve 150 . Thus, under smaller value of
external load RL < 10 k , namely the resistance of
n- layer determines the dynamics of the current
during discharge. Under greater values of RL > 10
k , decreasing the resistance of the n- layer do not
change the readout current. 
Thus, using a storage (integration) of the charge in
MIS structure under irradiation by small intensities
of infra red light, it is possible to obtain essential
values of output current under readout. The internal
amplification coefficient may achieve the value
about of 104 for the external load 10 – 50 k  and
about 106 when the external load is smaller than 1
k  (Fig.4). 
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Summary:  A fish-freshness sensor was constructed by immobilizing flavin containing monooxygenase 

type-3 (FMO3) as, one of drug metabolizing enzymes in human liver, to a dissolved oxygen electrode. The 
FMO3 immobilized sensor was calibrated against trimethylamine solutions (TMA, putrefactive substance) 

from 1.0 to 50.0 mmol/l. As the results of the experiments with extractions of horse-mackerel, the sensor 

output increased with the holding time of fish samples at 25 ºC because of their decomposition. 

Keywords: freshness sensor, trimethylamine, flavin-containing monooxygenase, flow injection analysis 

Category: 10 (Applications)

1 Introduction 

An evaluation of food freshness is important in the 
field of food industries. In general, K value is 
widely used for the assessment of fish freshness. 
Convenient approach has been required because of 
its complicated operation for obtaining the K value. 
On the other hand, trimethylamine (TMA, fish 
odorous substance) is produced by the 
decomposition of trimethylamine N-oxide (TMAO) 
in sea creatures. Then, TMA is expected to be 
freshness index in fish.  

In this research, a fish-freshness sensor was 
developed using flavin containing monooxygenase 
type-3 as a major enzyme for metabolizing TMA in 
human liver [1]. The sensor was also applied for 
evaluating the fish freshness with extract samples 
from horse-mackerel as sample fish.  

2 Experimental 

2.1 Construction of FMO immobilized biosensor 

Flavin containing monooxygenase type-3 (FMO3, 
E.C.1. 14.13.8, P233, from Adult human liver;
30200pmol/mg min, Gentest Corporation., MA, USA) 
catalyzes TMA with NADPH as coenzyme to 
trimethylamine N-oxide (TMAO) with following 
reaction.

The freshness sensor was constructed by 
attaching an FMO3 immobilized membrane onto a 
sensitive area of a dissolved oxygen electrode 
(Model BO-P, ABLE Corp., Tokyo, JAPAN) using 
a nylon net and a silicon O-ring [2].  

To immobilize the enzyme, the FMO3 solution 
was mixed with photocrosslinkable polyvinyl 
alcohol containing stilbazolium groups (PVA-SbQ 
[stilbazole Quaternized]; Grade: SPP-H-13 [bio], 

Toyo Gosei Co. Ltd., Tokyo, Japan), the resultant 
mixture was placed onto a dialysis membrane 
(thickness: 15 µm, Technicon Chemicals Co., S.A., 
Orcq, Belgium) dried on a plastic-plate and then 
spread over the surface of the membrane until it had 
permeated (observed as a darkening of the 
membrane). The dialysis membrane was placed in 
the dark below 10 ºC for 1h and then irradiated with 
a fluorescent light for 30 min in order to 
photocrosslink the PVA-SbQ solution, thus 
immobilizing the enzyme into the dialysis 
membrane.  

The FMO3 membrane was cut, and placed onto 
the sensing area of the dissolved oxygen electrode 
[3]. This membrane was covered with a supporting 
nylon net and secured with a rubber O-ring.  

Fig. 1. FMO immobilized biosensor in reaction cell for 
flow injection analysis.  

2.2 FIA for TMA and fish-extract solution  

The behavior of the biosensor was evaluated using 
standard TMA solutions, as the typical putrefactive 
substance in fish, with a flow injection analysis 
system including a computer–controlled 
potentiostat (Model 1112, BAS Inc., Tokyo, Japan) 
at a fixed potential of –600 mV vs. Ag/AgCl as 
counter/reference (Figure 1). The TMA solution 
was injected in the flow system with a syringe 
(Hamilton Microliter Syringes, TYPE; 710, 
Hamilton Company, USA). 

Then, fish extract samples of a horse-mackerel 
was also applied for the FIA system with the FMO3 
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immobilized biosensor. Figure 2 shows a procedure 
of the fish extracts and their preservation. Sample 
pieces of horse-mackerel kept at 25 ºC for several 
dozen hours were mashed and homogenized with a 
tenfold of buffer solution in a mortar. The resultant 
suspension solutions were centrifuged for 2 hours 
in twice, thus obtaining supernatant fluids as the 
fish extract solutions. The fish extracts were kept in 
refrigerator at -20 ºC except for the application to 
the FIA system. 

Fig. 2. Process of fish extraction and their preservation. 

3 Results and Discussion 

3.1 Evaluation of the FMO3 immobilized sensor 

The typical response curves of the FMO biosensor 
to the injection of the standard TMA solutions is 
illustrated in Figure 3. The sensor output was 
presented by the change value from the initial 
current. As the figure indicates, the sensor outputs 
increased rapidly following the injections of the 
TMA solution, thus resulting in the peak currents 
30 seconds after the injection, being dependent in 
the TMA concentration. 

Fig. 3. Typical responses of the FMO3 immobilized 
biosensor to varying concentrations of TMA solution. 

The sensor was possible to detect the oxygen 
consumptions induced by the oxidation of TMA as 
FMO3 enzyme reaction, thus obtaining the 
calibration range against TMA from 1.0 to 50.0 
mmol/l, with a correlation coefficient of 0.994, 
deduced from regression analysis of the semi-log 
plots by a method of least squares according to the 
following equations: 

sensor output (nA) = 26.1+ 87.2log[TMA (mmol/l)] 

The reproducibility of the FMO3 biosensor in the 
standard TMA solution (10 mmol/l) is shown in 
Figure 4. As the figure indicates, the sensor 
performance was reproducible over multiple 
measurements, showing a coefficient variation of 
4.39 % calculated by the peak output (average = 
100.03 nA, n = 5) 30 sec after the injection. 

Fig. 4. This figure is positioned within a single column. 

3.2 Evaluation of fish-freshness sensor 

Figure 5 illustrates the peak outputs of the FMO3 
biosensor in the FIA system to the extract samples 
of horse-mackerel kept at 25 ºC for various times.  

Fig. 5. Peak current change of the FMO biosensor to 
extract solutions from horse-mackerel kept at 25 ºC for 
several dozen hours. 

As the figure indicates, the sensor peak currents 
increased in connection with their holding time 
because the putrefactive substances such as TMA in 
fish samples increased with time by the 
decomposition at 25 ºC.  
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Summary. The exact alignment of opposing teeth is essential for the reliable operation of an inchworm
piezo motor with interlocking micro-teeth. In this paper we are presenting different sensing technologies
to detect the position of a row of micro-teeth in relation to another row of teeth with the same dimen-
sions. A capacitive sensor, an optical technique, and an electromagnetic principle are investigated and
compared.

Keywords: position sensor, inch-worm-motor
Category: 10 (Applications)

1 Introduction

In 1975 Burleigh Instruments, Inc. introduced a con-
cept of a translating motor based on piezoelectric actu-
ators [1]. The motor consists of two clamping mecha-
nisms and one main actuator. By controlling the driv-
ing voltage of the three actuators independently an
inchworm like movement along a guiding rod can be
achieved. Incrementally adding up those small dis-
placements of the main actuator leads to large displace-
ments of the entire structure.

The latest designs of inchworm motors employ an
interlocking structure on clamps and rod. Compared to
the conventional friction locking design much higher
motor loads are possible while the clamping forces
can be reduced. Figure 1 shows the principle of an
inchworm motor with the interlocking micro-teeth on
clamps and rod.

main actuator clamping

actuator

clamp

driving rod

Fig. 1: Principle of an inchworm motor containing three
piezo stack actuators and micro-teeth on driving rod and
clamps.

The micro-teeth are manufactured by laser ablation
with a tooth height a little smaller than the stroke of
a clamping actuator and a tooth width corresponding
to the stroke of the main piezo actuator. While those
micro-teeth on rod and clamps increase the work load
of the motor significantly they also require the main

piezo actuator to position the clamps into a very ex-
act configuration before pushing the clamps towards
the rod. Any misalignment between the two rows of
teeth will result in wear, shear forces in the structure,
and even in missed steps. Therefore it is important to
develop an inexpensive sensing system such that the
correct alignment of the teeth can be ensured before
the clamps are engaged.

The following section describes three different sen-
sor principles for online monitoring of the alignment
of the micro-teeth. The last section of this abstract pa-
per discusses the measurement results from the differ-
ent principles on the real structure.

2 Sensors

The goal of this project is to develop an inexpensive
sensing technology which can easily be integrated into
the control circuit of the stepper motor without requir-
ing many additional parts. Using finite element sim-
ulations the general capacities of the different princi-
ples could be explored. Furthermore, a test setup was
used to measure the sensitivity of the sensors for a driv-
ing rod with micro-teeth (about 60 � m high and 120 � m
wide).

2.1 Capacitive sensor

The capacitive sensing principle fulfills the require-
ment of an inexpensive technology almost ideally. Be-
sides an electronic circuit for signal processing no ad-
ditional parts are needed.

When one of the clamping actuators is contracted,
the small gap between clamp and rod forms a capacitor
between the two metallic surfaces. Due to the micro-
teeth on both sides, the capacitance of the structure is
not only dependent on the gap width but also depends
on the alignment of the teeth.
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Finite element simulations with a simplified geome-
try of the structure have been performed to verify the
general principle. The top diagram in Figure 3 shows
the measurement results for the capacitive sensor.

2.2 Optical sensor

Optical position sensors and specifically linear en-
coders with high resolution and bandwidth have been
successfully used in many industrial applications. A
disadvantage of the optical principal is the need for ad-
ditional sensor elements on the structure.

In our case the micro-teeth on the driving rod of the
motor can be used as a base scale for the sensor. A very
tiny scanning head containing a glass scanning reticle,
a light source, and a light receiver are connected to each
clamp of the inchworm motor. Using the imaging scan-
ning principle the grating of the reticle needs to have
the same period as the teeth on the driving rod. The
principle makes use of the different reflection proper-
ties of the different teeth areas. The grating on the scan-
ning head (grating period 120 � m) was manufactured
in a photolithographic process. To eliminate the influ-
ence of ambient light the sensor light is modulated at
about 22 kHz. The middle diagram in Figure 3 displays
the measured sensor signal using the described optical
sensor.

2.3 Electromagnetic sensor

Out of the broad range of electromagnetic sensors we
look at devices which detect a change in the magnetic
flux. Due to the magnetic properties of the driving rod
material ( � � � � � 
 � ) an induced magnetic flux is influ-
enced by the position of the teeth. Our first approach is
to use an asymmetric u-shaped core with a sensing coil
as illustrated in Figure 2.

sensor

coil

driving rod

Fig. 2: Cross sections of the electromagnetic sensor.

The inductance of the coil depends on the position
of the sensor tip. Finite element simulations revealed
the highest sensitivity for read out frequencies around
1 kHz. The measurements on the test setup showed
similar results. Figure 2 (bottom diagram) presents the
normalized sensor inductance obtained at a frequency
of 1 kHz.
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Fig. 3: Measurement data: capacitive, optical, and elec-
tromagnetic sensor (normalized signals in percent).

3 Conclusion

As Figure 2 illustrates, the capacitive sensor produces
the smoothest output. The change in the signal com-
pared to the total sensor signal is about 2 percent. How-
ever, the capacitive principle is very sensitive to any dirt
particles between the surfaces.

The optical sensor generates the highest change-to-
total-signal ratio (about 5 percent). However, this sen-
sor is more complicated to adjust and contamination of
the micro-teeth would also decrease the performance.

The smallest signal change (0.5 percent) was mea-
sured with the electromagnetic sensor. This change
would not be enough to detect the alignment of the
teeth reliably on the stepper motor. Nevertheless, the
electromagnetic principle promises to be the most ro-
bust of the three discussed principles. Currently, a
new concept for the electromagnetic sensor integrating
a number of teeth into the measurement is under devel-
opment. Furthermore, using a differential method and
a Wheatstone bridge circuit to read out the signal will
enhance the signal quality even more.
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Summary: The possibility to apply of enzyme field effect transistors for detection of total glycoalkaloids content

in real potato samples without any pre-treatment has been shown. Measurements protocols for such

determination was developed. The effectiveness of total glycoalkaloids determination in juice samples from

different variety of potato with biosensor was evaluated by using the method of standard additions and the

calibration curves in the range 0.2 – 100 µM. A good correlation between results obtained with biosensor and

routinely used method have been demonstrated. The method proposed is rather cheap, easy to operate and

requires short analysis time compared with the traditional methods of glycoalkaloids evaluation.

Keywords: biosensor, enzyme inhibition, glycoalkaloids.

Category: 10 (Application)

1 Introduction

The cultivated potato is consumed daily throughout
the world by millions of people as one of the major
agricultural crops. Potatoes are grown in about 80 %
of all countries, and worldwide production stands in
excess of 350 million of tones per year, being
exceeded only by wheat, maize and rice. Although
the success of potato as a starchy staple has been
enhanced by selecting varieties resistant to
diseases and pests, early domestication was
probably more concerned with reducing the level of
natural bitter-tasting steroidal toxicants in tubers,
known as glycoalkaloids, or eliminating them.

Commercially available potatoes destined for
consumption contain about 20-150 mg of the total
glycoalkaloids per 1 kg of tuber. Various factors,
such as annual or regional variations, exposure to
light (green potatoes) or to mechanical damage
(harvesting) may result in a substantial increase in
the initial total glycoalkaloids concentrations.

In general, testing potato samples is not a simple
task. It consists of three steps: (1) extraction of all
the compounds of interest; (2) elimination, if
necessary, of all interfering species; and finally (3)
determination of the specific analyte concentration
[1]. All these procedures are complex. They need an
expensive and bulky instrumentation with high
power consumption and well-trained operators.

During our recent investigations biosensors for
sensitive detection of the glycoalkaloids have been
developed, characterised and optimised [2]. Further

research concerning a possibility of application of
the biosensor developed for real potato samples
without any pre-treatment is presented in this paper.

2 Materials and Methods

Butyryl cholinesterase (BuChE), butyryl choline
chloride (BuChCl), glutaraldehyde, α-solanine and
α-chaconine were purchased from Sigma. The ion
sensitive field effect transistors were fabricated at
the Research Institute of Microdevices (Kiev,
Ukraine) [3]. The biologically active membranes
were formed by cross-linking of BuChE with bovine
albumin in a saturated glutaraldehyde vapour on the
transducer surface [2].

All measurements were performed in daylight at
room temperature in an open vessel filled with a
vigorously stirred 5 mM phosphate buffer solution,
at pH 7.2. The level of inhibition due to the action of
a definite concentration of alkaloids was evaluated
by comparison of the biosensor response level with
and without inhibitor.

Tubers of Monalisa, Pompadour and Elkana
varieties were grown in Experimental station of
ITCF. These potato varieties and two commercial
ones (Caesar and Agata) were used. Harvested
tubers were cleaned manually by washing under
water and passed through a simple sieve to obtain
the juices. The samples were analysed directly using
the biosensor.

Reference measurements of the glycoalkaloids in
potatoes were conducted by HPLC technique.
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3 Results and discussion

The main analytical characteristics of the biosensors
have been studied under different conditions.

Elaboration of a measurement protocol for real
potato samples requires a preliminary transducer
calibration, i.e. detecting the kind and proportion of
glycoalkaloids to be used in the sensor under
development. Mostly, the ratio between main potato
alkaloids (α-solanine and α-chaconine) is known to
be around 6:4, however, other ratios were quoted as
well. Fig. 1 shows the dependence of immobilised
BuChE inhibition on the α-solanine to α-chaconine
ratio in the mixture.
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Fig.1. Calibration curves for the detection of the
different mixture of α-chaconine : α-solanine.
Measurements were conducted with 1 mM BuChCl
in 5 mM phosphate buffer, pH 7.2.

Also, experiments were performed in order to
study a possible effect of different procedures of
sample pre-treatment on the sensor response (Fig.2).
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Fig.2. Inhibition of BuChE by potato juices prepared
in different way before biosensor analysis (fresh
juice (1), juice after centrifugation for 10 min at 10
000 rpm (2), for 20 min at 10 000 rpm (3), for 10 min at
5 000 rpm (4), for 10 min at 2 000 rpm (5)).

The optimal measurement protocol for
glycoalkaloids determination in potatoes samples
has been proposed. The effectiveness of total
solanaceous glycoalkaloids determination in juice
samples from different varieties of potatoes with
biosensor was evaluated using the method of
standard additions and calibration curves. The
results of determination of the glycoalkaloids
concentration in potato samples obtained by the
biosensor are presented in Table 1 compared with

the analogous data obtained by the method with
standard complex pre-treatment procedure following
by HPLC. Good correlation between those results
has been shown.

Table 1. Levels of total glycoalkaloids content in
different varieties of potato (metering error is about
5 %).

Potato Biosensor method, mg/kg
fresh weight

Reference
HPLC method,

variety Standard
addition

Calibration
curve

mg/kg fresh
weight

Monalisa 145 157 138

Pompadour 250 212 253

Elkana 550 460 611

Agata 120 105

Caesar 130 143

The difference between the glycoalkaloids levels
in various parts of the potato tuber was also shown.
For example, the total glycoalkaloids content in the
peel of Agata was about 234 mg/kg of fresh weight,
in contrast to 105 mg/kg found in flesh. This result
is in a good agreement with the results obtained by
other authors.

A biosensor developed being well reproducible
and sensitive will certainly provide a simple and fast
method for screening great number of samples
directly in fresh potato juice without any sample
pre-treatment. The biosensor can work on a crude
extract, or even directly on a suspension of potato
or plant material. It can provide a way to save time
and costs, with possibility of taking rapid
assessment of total glycoalkaloids content in a
variety of potato cultivars. In case of necessity, the
selected samples can be then analysed more
selectively by the standard methods for individual
glycoalkaloids determination, which are more
complex and need more time though.

This work was supported by INTAS Grant 00-
00151 and PostDoc position from Grand Lyon (VA).
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Summary:  An Optical fibre based sensor system has been developed for the purpose of examining the colour of 

food products online as they cook in a large-scale industrial oven. Spectroscopic techniques are employed to 

interrogate the sensor signal and the resultant output spectral patterns are examined by an Artificial Neural 

Network. A system based on pattern recognition has been developed which is capable of classifying colours that 

are favourable and those that are not optimum, in order to control the cooking process and optimise food 
quality. 

Keywords: Optical Fibre Sensor, Artificial Neural Network, Pattern Recognition, Colour Classification, Food 

Processing Industry, Back Propagation Learning 
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1 Introduction 

The food preparation industry is under increasing 
pressure to reach high standards and as well as 
maintaining production numbers. The throughput 
can be very high and the likelihood of occasional 
lower quality goods being erroneously produced is 
correspondingly increased. By inspecting food it is 
possible to grade the quality of the product e.g. in 
terms of colour [1] or shape and size [2], which 
adds value, consistency and allows producers to 
recover more end product. 

The quality parameter assessed in this paper is 
colour. Examples of how colour affects the 
customer’s decision in a purchase are evident from 
data obtained in customer surveys. In the case of 
cooked goods, customers often have preconceived 
notions of how a product should look e.g. roast 
chickens must be golden. It is vital that a customer 
sees the colour he/she expects, while also being 
able to return the following week and be guaranteed 
the same standard. 

Further developments have been made to an 
existing Optical fibre based sensor system initially 
developed by the authors [3]. To date results have 
been obtained in collaboration with Food Design 
Applications Ltd. on meat products such as high 
meat content patti-burgers, minced beef and 
sausages and vegetables such as mushrooms. 
Further investigations have been made into high 
cereal content meat patties. This high cereal content 
means a less obvious colour change in the product 
as it cooks and therefore making it more difficult to 
classify. A neural network has been successfully 
trained to classify raw, undercooked, and 
overcooked patties. 

2 System Set-up 

The oven used for testing comprises a conveyor 
belt of approximately 15 metres in length (Fig. 1). 
The conveyor belt is heated from above to cook the 
food and a surface air-blowing technique is 
incorporated towards the end of the belt to colour 
the food.  

Fig. 1. The Industrial Conveyor Belt Oven used in Tests 

A white light source was used to illuminate the 
object. The source used in this investigation was a 
stabilised tungsten halogen lamp, which emits light 
in the range 400nm to 2µm in a continuous manner. 
The spectra of the food samples were recorded 
using an Oceanoptics S2000 spectrometer, and they 
were captured using LabVIEW software and 
subsequent analysis was done using the Stuttgart 
Neural Networks Simulator (SNNS), the Neural 
Network Software. The optical system comprises a 
purpose built optical fibre probe coupled to the 
spectrometer.  

3 Spectroscopic Results 

As explained in the introduction, the purpose of this 
work was to examine high cereal content meat 
patties. With high meat content patties as examined 
previously [3], the blood in the meat causes distinct 
colour changes from 68oC onwards but this is not 
the case with the high cereal type. Fig 2. shows 
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some patties at the various cooking stages. Here it 
is possible to appreciate how little colour change 
actually occurs. 

Figure 2: From left to right; Raw patties, Undercooked 
(65oC), Correctlycooked (78oC) and Overcooked 
(100oC).

Fig. 3 shows the variations in 390 spectra, 130 for 
each of the three classes i.e. raw, undercooked 
(65oC) and overcooked (100oC). It is clearly seen 
that the variations are so slight that it is quite 
difficult to segregate the colours. The raw patti 
poses the greatest problem as there are many dark 
flecks (slightly visible in Fig. 2) that cause quite a 
range of spectra for the one colour (the black lines 
in Fig 3.), whereas the other two colours are quite 
contained. 

Figure 3: Spectral Variations in High Cereal 
Content Patties 

4 Neural Network Design and Results 

The spectrum of each food sample represents the 
distribution of received light across a wide 
spectrum of wavelengths in the visible and near 
infrared. These signals are complex and the patterns 
may be masked by interfering parameters, such as 
localised light absorption, due to fatty deposits. It is 
therefore necessary to apply advanced signal 
processing and pattern recognition techniques to 
categorise each sample and isolate interfering 
parameters. Neural Networks are becoming more 
popular as a means of pattern recognition [4] in the 
face of non-linearity. 
A three layer Neural Network was used to classify 
the spectra into raw, undercooked (65oC) and 
overcooked (100oC). The input layer was made up 
of the 200 processing units. Into this was fed the 
200 intensity readings for each spectrum (i.e. the x-
axis of the graph in Fig. 3). 130 spectra were used 
for each colour, so that the training set was made of 

130 x 3 (390 spectra). The learning function used 
was Back-Propagation with momentum and the 
following parameters were used as required by the 
Neural Network software, SNNS η(learning rate) = 
0.8, µ (momentum term) =  0.6, c (flat spot 
eliminator) = 0.1 and δ (maximum error) = 0.1.  
The ouput layer was made of 3 units one for each 
class (100, 010, 001). Table 1 shows the results of 
testing the trained network, using a Test Set of 
spectra not used in training. The Test Set was made 
up of 69 spectra, 23 for each class. Table 1. shows a 
sample of 6 results from the Test Set. It can be seen 
that the Network trained successfully. 

Patti Coooking Stage Ideal Output 
Observed Activation 
Output 

Raw (too light) 100 0.880   0.056   0.000 

Raw (too light) 100 0.901   0.000   0.000 

Under Cooked 010 0.004   0.845   0.064 

Under Cooked 010 0.004   0.909   0.093 

Over Cooked (too dark) 001 0.000   0.003   0.893 

Over Cooked (too dark) 001 0.000   0.023   0.880 

Table 1: Sample of 6 (from 69) Results from the ANN 
Test Set after training the Network 

5 Conclusion 

A fibre optic based spectroscopic technique, 
coupled with Artificial Neural Network signal 
processing techniques, has been developed for the 
purpose of the recognition and classification of the 
various colours of high cereal content meat patties 
samples. 
This paper further expands on previous research 
done by the authors [3]. It explores other food types 
whose colour change is not as obvious as pure 
meat, thus strengthening the viability of the system. 
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Summary:  An optimised integrated magnetic field sensor based on enhanced modulation of emitter 
injection and carrier deflection is presented. In the microfabrication of the magnetotransistor a standard

n+ buried layer, anisotropic etching protection and a split n+ buried layer were alternatively used. The 
experimental measurement of the relative magnetosensitivity for the first two test structures showed an 

increased efficiency, although they resulted in lower magnetic field sensitivity. However, the latter 

structure showed a magnetosensitivity of approximately 18% higher than the first two structures. For 
collector currents of the order of 0.5 mA the measured relative magnetosensitivity is in the range of 15-30 

%  T-1, with a good linear dependence between the magnetic field and the output signal.

Keywords: magnetic field, magnetotransistor, semiconductors

Category: 10 (Applications)

1 Introduction 

The magnetic response of the bipolar
magnetotransistors (BMT) is strongly influenced by
the layout and the technological process design [1].
In the present paper an optimised bipolar
magnetotransistor is presented. The basic test
structure, which is a classical lateral dual collector 
p-n-p integrated transistor, is schematically shown 
in Fig. 1. The most important part of the emitter
current is captured into the substrate due to the
difference between the vertical and lateral pnp 
current gain. (The lateral pnp current gain is
approximately 3 to 4 times smaller than the vertical
gain, at the same structure.) In the presence of the 
applied field, the current IS injected from the 
bottom emitter area cannot effectively reach the 
collector and influences negatively the magnetic
response of the device.

Fig. 1. The cross-section of the basic structure indicating
the epi-layer (N-EPI), the substrate (SUBSTRATE-P)
and the highly doped n+ regions of the base (E) and the 
collectors (C1, C2). The arrows show the emitter
currents.

The Hall voltage developed along the base-emitter
junction of the transistor modifies the bias
conditions of the junction (its magnitude depends
on the microfabrication process of the
magnetotransistor [2]) and it is hard to be 

optimised. The reduction of the losses associated 
with the current component IS is therefore highly
desirable. In order to minimise the influence of the
parasitic pnp transistor formed by the emitter, the 
epilayer and the substrate (EBS), three methods
were investigated. In the next section the layout of
each test magnetotransistor will be presented.

In order to compare the efficiencies of the test 
structures, the relative sensitivity Sr of the
magnetotransistors is used. It is defined by the
ratio:

Sr  =
BII

II

CC

CC

2

21

1

           (1) 

where B is the applied magnetic field, IC1 and IC2

are the collector currents and the IC1 – IC2 = IC is 
the relative imbalance current of the two collector
currents. The experimentally measured
magnetosensitivities are presented in the 

last section.
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2 The Magnetotransistor Structure 

The first test magnetotransistor has a n+ buried layer
under the active structure (Fig. 2), at the epi-
substrate junction. Hence, the recombination level
of the minority carriers increases in the base region.
However, due to the reduction of the active
collector currents and the Hall voltage there is also
an unwanted reduction of the sensitivity of the
device.

In the second magnetotransistor the parasitic EBS
lateral transistor, at the collector–substrate junction
underneath the active region (Fig. 3), is removed by
anisotropic etching [3]. For this structure the
minority recombination level is low, and the most
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part of the collector current is captured to the
contacts. The Hall voltage is not affected. 

Fig. 2. Superimposed top view and cross-section view of 
the lateral pnp dual collector BMT with the n+ buried 
layer protection. 

Fig. 3. Top view and cross-section view of the lateral pnp 
dual collector BMT with anisotropic etching protection. 

Finally, the third magnetotransistor is similar to the
first structure, but with the highly doped n++ region
split in two halves. The parasitic EBS transistor
becomes thus connected in parallel with the useful
structure, and its electrical characteristics enhance 
the efficiency of the magnetotransistor [4]. It is first 
noted that for this structure the lateral pnp current
gain is important and explains the observed high
efficiency. Secondly, it should be noted that this
structure cannot be used on the same chip with
another bipolar structure.

Fig. 4. Layout and cross-section view of the lateral pnp 
dual collector BMT with the n+ buried layer split. 

3 Experimental Results 

The basic test structure (see Fig. 1) is realised in an
n-type epilayer on p-type silicon wafers, resistance

 7.5 .cm (n0 1015 cm-3), (100) crystallographic
orientation and 350 m thickness. The doping level
of the epilayer is approximately 6.1015 cm-3, with a 
thickness of approximately 12 m.  The depths of 
the heavily doped n+ diffusion regions have a 1.5 

m thickness.
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For each test magnetotransistor discussed in the 
preceding section, the relative imbalance current 

cI  as function of the applied field B has been

experimentally measured, and the corresponding
magnetosensitivities are shown in Fig. 3.
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Fig. 3. The magnetosensitivity as function of the supplied 
current for the test bipolar magnetotransistors. The
numbers 1 to 3 in the legend correspond to the 
magnetotransistors shown in Fig. 2, 3 and 4 respectively.

The emitter current is , and the base current 

is .
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It is observed that indeed the structure with the split
n+ buried layer (noted 3rd BMT) has the greatest
magnetosensitivity, almost 18% higher than the
first two structures investigated. For collector 
currents of the order of 0.5 mA the measured
relative magnetosensitivity is in the range of 15-30
%  T-1.
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Summary:  A thin film solid semiconductor sensor array has been employed to discriminate several

aromatic compounds in ethanol. These compounds are aromas or off-odors usually found in wines: acetic

acid, ethyl acetate, acetaldehyde, trichloroanisole (TCA) and SO2. The concentrations of these compounds

were in the range of mg/l except in the case of TCA that was in the ng/l range. Principal component

analysis (PCA) and radial basis neural networks (RB-NN) were performed in the data. The results showed 

that despite the strong influence of ethanol the system could discriminate correctly the compounds. 

Keywords: aromatic compounds, thin film sensors, pattern recognition

Category: 10 (Applications)

1 Introduction

During last years quality wine has acquired a great
importance as a high added value product. Research 
on wine and its constituents are of strong interest
specially for winemakers. More than 600 volatile
compounds have been identified in wines. Usually
the study of these compounds is carried out with
complex techniques such gas chromatography-mass
spectrometry. In recent years electronic noses have
been employed in wine applications [1]. One of the
major drawbacks in this research is the strong
influence of ethanol. The aim of this work is to
study the discrimination capability of an electronic
nose for several wine compounds in ethanol.

2 Experimental

2.1 Measurement setup

The main components of the measurement setup are 
shown in figure 1. The carrier used gas was
nitrogen 99.998 % purity. The sampling method
employed was static headspace followed by a
dynamic injection. 10 ml of solution are kept in a
Dreschel bottle at 30 °C for 30 minutes. Then the
electrovalves are switched and nitrogen fluxes for
20 minutes carrying the volatile compounds to the
sensor cell. Then the electrovalves are switched
again to allow the sensors to desorb. This procedure 
is repeated several times, at least 8, for each
compound. The first measurement correspond
always to the blank solution (12% ethanol in
deionised water). Measurements are carried out at a 
total gas flow of 200 ml/min.
The resistance of the sensors are measured with a
Keithley 7001 multiplexer and a Keithley 2001 71/2

digits digital multimeter (DMM). 

Fig. 1 Experimental setup. 1)nitrogen bottle; 2)Dreschel 
bottle with sample; 3)thermostatic bath; 4)sensor cell; 
5)multiplexer; 6)DMM; 7)mass flowmeter controller; 
8)and 9)Electrovalves.

2.2 Sensors

An array of 16 thin film tin oxide sensors was
prepared in our laboratory by RF sputtering onto
alumina and doped with chromium and indium. The 
details of the preparation are described elsewhere
[2]. Sensors are put in a stainless steel chamber kept 
at 300 °C.

2.3 Aromatic compounds

The aromatic compounds measured  were: acetic,
acid, ethyl acetate, acetaldehyde, 2,4,6-
trichloroanisole (TCA) and sulfur dioxide (SO2).
Their concentrations in 12% (v/v) ethanol solution
are shown in table 1. At these levels they are
usually considered off-odors in wine [3].

Table 1. Concentrations of the aromatic compounds

Compound Concentration Units
Acetic acid 200-800 mg/l

Ethyl acetate 50-300 mg/l
Acetaldehyde 50-400 mg/l

TCA 1-10 ng/l
SO2 20-200 mg/l
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3 Results and discussion

Responses of the individual sensors are defined
relative to the minimum resistance to 12% (v/v) of
ethanol:

c

et

R

R
r =

where Ret is the minimum resistance of the sensor in 
ethanol and RC is the minimum resistance of the
sensor in the solution with the compound. The
responses obtained can be as high as 200 % for
some sensors and aromas.
Figure 2 shows the PCA plot for the compound
dataset. The percentage of variance explained by

Fig. 2. PCA score plot.

Table 2. Confusion matrix of the RB-NN.

Predicted compound

Real compound Acetic acid Ethyl acetate Acetaldehyde TCA SO2

Acetic acid 9 0 0 0 0
Ethyl acetate 0 9 0 0 0
Acetaldehyde 0 0 8 1 0

TCA 0 0 0 8 0
SO2 0 0 1 0 8

each principal component is in brackets. Datasets
are clearly separated. The PCA results are
confirmed with the PNN analysis. The confusion
matrix is showed in table 2. There is a 95 %
classification success for the compounds. 

4 Conclussions

Discrimination of several aromatic compounds can
be performed by a thin film sensor array even in the 
presence of a strong ethanol interference. The radial 
basis neural network classification results in a 95 % 
success rate.
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Surface Nanomachined Ni Tunneling Switch Using Electron Beam 

Crosslinked PMMA  
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Summary: We demonstrate a three terminal electrostatically actuated 280nm thick Ni/Au bilayer cantilever with 
an insulated contact bump acting as a nanomechanical tunneling device, similar to a mechanical transistor. This 
near-zero curvature nanomechanical contact mode tunneling switch is fabricated using a combination of Ni 
plating and electron beam crosslinked PMMA surface nanomachining. It operates by modulating the tunneling 
current characteristics based on an elastic compressible contact surface model, which allows the gate voltage to 
independently control the electron flow through the metal-insulator-metal (MIM) junction. The force from the 
gate alters the contact area.  Our results suggest a contact area change from 600 to 800 nm2.

Keywords: electrostatic NEMS, tunneling, insulator, nickel 
Category: 10 (Applications)

1 Introduction 

The sensitivity of tunneling current as a function of 
mechanical position and the many advancements of 
NEMS/MEMS technology into fabricating 
nano/micromechanical components have inspired 
work combining MEMS with tunneling junctions to 
produce novel devices. These devices include 
tunneling sensors for use as accelerometers as well 
as the possibility of a micromechanical tunneling 
transistor [1]. Here, we propose the combination of 
a NEMS switch with a built in tunneling junction to 
produce a nanomechanical contact mode tunneling 
switch. This is fabricated using a combination of Ni 
plating and electron beam crosslinked PMMA as 
the sacrificial layer. This device operates by 
modulating the tunneling current characteristics 
based on an elastic compressible contact surface 
model.  

2 Results and discussion 

The NEMS switch reported here is fabricated using 
an electron beam crosslinked PMMA surface 
nanomachining technique [2], combining with 
nickel electroplating. Here, we exploit the 
compliant nature of electron beam crosslinked 
PMMA as the sacrificial layer for the purpose of 
stress relaxation of the deposited mechanical film. 
This technique demonstrates curvature-free Ni/Au 
bilayer cantilevers measuring 10 m in length and 
280nm in thickness, suspended over a 430nm gap, 
dimensions comparable to nanoresonators [3]. 
These near curvature free Ni switches [Figure 1] are 
highly scaled-down versions of previously reported 
cantilevers [4] and show reversible modulation of 
the tunneling current characteristics when applying 
different electrostatic pressure on the tunneling 

MIM junction. The electrostatic pressure comes 
from the excess potential applied on the gate after 
the cantilever has been switched on. More 
specifically, at an applied gate voltage of 36V or 
higher (pull-in voltage is 36V), the Ni beam 
switches due to instability, and as a result, the 
Al2O3 insulated bump at the tip contacts the 
underlying Au drain electrode creating a dielectric 
sandwich of Au/Al2O3/Au. The current-voltage 
characteristics at room temperature is non-linear 
and the contact can be modeled as a tunnel junction 
based on Simmon’s theory[5] [Figure 2]. 

Fig 1. SEM micrograph of the switch in side view, 
demonstrating near zero curvature. 

As the gate voltage increases, further compression 
of the contact asperities occur, resulting in higher 
tunneling currents.  By plotting the drain current as 
a function of gate voltage (mutual characteristics), 
we find that the tunneling current is approximately 
linear with the gate voltage for the specific range in 
question [Figure 3].
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Fig 2. Measured I-V characteristics of the device 
demonstrates tunneling across the MIM junction. 

In the present example, the softer Au asperity 
deforms under the pressure of the Al2O3 insulating 
asperity at the contact bump of the switch. This 
elastic compressible nature of the asperity 
modulates the effective tunneling area as shown by 
Hertzian analysis [Figure 4].  

Due to the fact that it is the change in area that 
mostly dominates the change in tunneling current 
for our case, the transconductance of the device is 
in general low. Nevertheless, this research enables 
us to study the nature of the micro contacts formed 
at the tip of the cantilever.  The area of the 
cantilever tip deduced from our data fit closely with 
the measured surface roughness of our underlying 
gold layer. 

Fig 3. (a) Measured drain current, Ids as a function of drain voltage, Vds for different gate voltage, Vgs demonstrating 
tunneling characteristics, and (b) Ids plotted as a function of Vgs for different Vds, demonstrating linearity.

Fig 4. The effective tunneling area Aeff as a function of 
the approximate electrostatic force coupled to the 
cantilever tip, Fe-tip with the inset showing the Hertzian 
model for the Al2O3 coated tip-Au drain electrode 
contact. 
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Position Measurement Using CCD Based Opto-electronic Gate 
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Summary: This paper presents principles of optical position measurement methods based on opto-electronic 

gate. The opto-electronic gate increases the resolution by using a CCD line sensor instead of a simple photo 

detector. The use of the CCD line sensor increases the range and precision of measurement. Two optical 

measurement methods will be introduced in this article.  These methods were implemented and verified on 

developed opto-electronic gate. Basic principles of these methods, configuration of measuring set-up and main 

results will be described in this article. We will also introduce innovative and powerful concept of opto-

electronic gate hardware construction. 

Keywords: optical measurement, position measurement, CCD line sensor 

Category: (10) Application 

1 Introduction 

Opto-electronic gates are used for object detection. 
Simple opto-electronic gates use only one photo 
detector. The arrangement of measurement of 
object position is shown in Figure 1a. The detection 
of spot inherency is shown in Figure 1b. The 
relation between x position and output signal of the 
photo detector is shown in Figure 1 too. The 
dimension of used photo detector limits the range of 
measurement. The power variations of light source 
cause deviations of the measured value. This 
problem is in introduced opto-electronic gate solved 
by using CCD line sensor and intelligent video-
signal processing.

Light source

Obstacle
Photodetector

Output signal

x

U

x

Measured
position

Obstacle
with a slot

x

U

x

��

Measured
position

a) b)

��� ����

Fig. 1 Position measurement using one photo detector 

2. Measuring of object’s position 
Two methods of measuring object’s position will be 
presented in this paragraph.
2.1 Method A: Determination of slot’s position 

This method uses a material with a transparent slot, 
which is illuminated by a diffusive light source. 
The CCD line sensor scans the profile of 
illumination. Figure 2 demonstrates the illumination 
of the CCD line sensor. The function E(x) that 
represents the illumination of the CCD line sensor

is symmetric to the point Xt. The point Xt

corresponds to the distance, we are interested in. 

Material with a slot

CCD line sensor

E(x)

x
x

t

a
t

b
t

Diffusive light source

d
ccd

a
s

X
t

Fig. 2 Measurement of spot position 

The relation between illumination E(x) and video-
signal voltage level U is given by the expression (1) 
(where K is sensitivity of CCD and Tint is charge 
integration time). 

xETKU int
  [V, Vm2J-1, s, Wm-2] (1)

The accurate position of the slot is calculated as a 
centre of gravity of area which is bounded by the 
function E(x) (equation (2)). The centre of gravity 
of the video-signal’s part is during real 
measurement calculated from a set of N video-
signal samples (equation (3)) [1]. 
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2.2 Method B: Measurement of object’s position 

illuminated by two point light sources 

The second method consists in illumination of the 
object with two point light sources A and B in 
turns. The measurement arrangement is shown in 
Figure 3. Firstly source A is switched on and the 
position of the first optical edge l1 is recorded. Then 
source B is switched on and second position of 
optical edge l2 is recorded.

L
2

CCD line sensor

L
1

d
1

d
2

l
1

l
s

l
2

Two point light sources

A B

Object

Fig. 3 Measurement of object position usig two poin light 
sources A and B 

Distance d1 (equation 4) and position of the object ls

(equation 5) are calculated from recorded values 
l1,l2.

1122

2112

lLlL

lLlL
ls (4)

12

22
1

lL

lld
d s

(5)

The real form of CCD illumination is shown in 
figure 4. Positions l1,l2 can be determined with 
comparison of the video-signal with a reference 
voltage level. Method called photometric 
interpolation of optical edge is used for more 
precise determination of object position. 

0

50

100

150

200

250

0 100 200Sample n

Il
lu

m
in

a
ti

o
n

Fig. 4 Detail of CCD illumination in the area of optical 
edge

LASER diode SLD6505 is used as the point light 
source. The other details of this method are 
presented in [2]. 

3 Hardware construction 
Our technical effort has been focused on 
developing opto-electronic gate that satisfies these
requirements:

- As simple electronic construction as 
possible, compact and small design

- Low cost but fine measurement of object 
position in industry 

- Universal design that allows using the only 
one device for several measuring methods 
(including presented methods A and B) 

CCD line

sensor

A/D

converter

U
ref

-
+

P AT90S8515 with

analog comparator

CPU

video-signal

RS232

PC

Fig. 5 Block diagram of developed opto-electronic gate 

The developed opto-electronic gate consists of three 
basic parts: microprocessor AVR AT90S8515 that 
drives the gate, CCD line sensor with 2048 
fotoelements and high speed 8-bit A/D converter 
AD9280 that digitizes video-signal from CCD. The 
block diagram of developed opto-electronic gate is 
shown in Figure 5.

4 Conclusion 
Both presented methods were implemented into the 
developed opto-electronic gate. The linearity error 
of measurement of object’s position is in the case of 
method A 0,2 % FS (FS-full scale, width of the slot 
was 0.25 mm). The range is limited with the length 
of CCD line sensor (in our case 28 mm), and the 
length of diffusion light source (20 mm). The centre 
of area is calculated directly in AVR 
microprocessor from stored values of the video-
signal. The method B allows more accurate 
measurement of object position in two normal axes 
(directions of d1 and ls). The repeatability of 
measurement of one position in direction ls is 2 µm. 
The linearity error of the position measurement in 
the direction ls is 173 ppm FS and in the direction d1

is linearity 400 ppm FS (measurement conditions: 
d2=65 mm, L1=8 mm, L2=20 mm).
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Summary: The work presents the results and development concepts of wide-range MISFET dosimeter and

radiation resistant temperature diode sensor manufactured in the form of hybrid integral circuit  for
Environment Monitoring of Electrical and Electronic Equipment at NPP and Space Applications.

Keywords: Environment Monitoring, MISFET dosimeter, diode temperature sensor
Category: 10 (Applications)

1 Introduction 

In most cases electric and electronic equipment at
nuclear power plants and in the spacecraft operate
under conditions of extended temperature range and
the  ionising radiation effect. Monitoring of integral
levels of ionising radiation (the deposited dose) and
temperature effects is the integral part of the ageing 
management for equipment of the given class.
Cheap and easily adaptive with automatic data
collecting systems sensors are needed (employing
the same principles  in original  information data
processing is wanted).

From the beginning of the 70th there were
developed  different types of Metal Insulator
Semiconductor Field Effect Transistor (MISFET)
dosimeter [1,2]. The advantages of  sensors of the
given type comprise simple processing of  initial
information signal – the drop of voltage across the
MISFET ( V) with fixed current – and possibility
of recording  the dynamics of collecting and the
integral value (dose) of ionising radiation over the
total observation term as well. The disadvantage is 
relatively narrow dynamic range determined as the
number of decades between the smallest and the
largest detectable dose. For this reason the MISFET
dosimeters are usually designed for specific usage
mode. The possibility utilisation of silicon diode as 
radiation resistant sensor has been reported in [3].

In this work the results and development
concepts of wide-range MISFET dosimeter and
radiation resistant temperature diode sensor
manufactured in the form of hybrid integral circuit
for Environment Monitoring  of Electrical and 
Electronic Equipment at NPP and Space 
Applications  are presented.

2 MISFET dosimeter 

MISFET crystals  were manufactured by two
different technological procedures. The first
employed  MOS technology with 400nm thermal
gate oxide (SiO2). In the second case the two layer 
dielectric was employed – 100nm-thick layer of 
thermal gate SiO2 and 100nm-thick chemical
vapour deposited Si3N4. The electric circuit  of  the
semiconductor  MISFET dosimeter is presented in
Fig.1.
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Fig.1. MISFET crystal circuit.

Series connection of five MIS  transistors (stack)
utilising the principle of substrate voltage control
[4] was used to increase the sensor sensitivity (the
ratio of signal variation V to dose value).  The 
following values of initial MISFET dosimeter
sensitivity were obtained: 3V/krad for MOS-
technology (SiO2) and 1V/krad for MNOS-
technology (SiO2 /Si3N4) . The dose dependence

V for  a single and six MISFETs of different
technological origin  are presented in Fig.2. 
Additional terminating connections were made
providing  possibility of changing sensitivity levels
to increase  dynamic range of dose recording. The
second stack structure  based on MISFET crystal
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Fig.2. Information parameter shift versus deposited dose: 
A – SiO2 gate oxide, B – SiO2/Si3N4 gate oxide; empty 
symbol - single MISFET, black symbol – six MISFET
stack.
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was manufactured to implement one-of-a-kind
MISFET dosimeters calibration  with the aid of X-
ray  radiation [5].

3 Diode temperature sensor 

The p+-n protecting diode of particular MISFET
from the MISFET set of the crystal was employed
as the temperature sensor. In contrast with [3] the
radiation thermal processing (RTP) has been
applied in the present work to fabricate radiation
resistant diode temperature sensor. The RTP
procedure included high-energy electrons
irradiation with the following annealing at a 
temperature of 350oC-450oC. That made it possible
to employ the thermosensor operational point in
the optimum zone of current-voltage characteristic
(in the low-level injection range) without any
additional diode manufacturing technological
techniques. It has been proved that after RTP the
temperature functions of the direct voltage drop
across the diode do not vary up to the dose value no
less than 1 Mrad (Si) under effect of  -radiation of
Co60 and 1 Mrad (Si) under effect of 100MeV-
energy protons.

Fig.3. Hybrid microcircuit of MISFET radiation dose and 
diode temperature sensor.

4 Data collecting systems

For practical implementation the two MISFET
crystals are a placed in to the standard chip package
of  the hybrid IC (see Fig.3). The two systems have
been developed to provide operation of the given
IC. The first one implies mobile mode of 
exploitation in the regime of lower power
consumption and  the operators control while
carrying out the monitoring during maintenance
works  from the built-in key-board. The second is 
intended for operation  in automatic data collecting
systems. Both systems  are constructed on the base
of Atmel Company's AT90S8535  and allow to set
up the needed current regimes for sensors, measure
the information signal voltage and transfer the data
through the RS232 and RS485 interfaces.
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Summary:  Measuring  flow-rate and pollutant discharges through sewer networks is required for a
number of reasons. In order to achieve such measurement s, a precise knowledge of the hydrodynamic
conditions of each candidate measurement location proves critical. The LCPC has thereby become
involved in a program on velocity and suspended matter concentration fields. This paper presents the
devices developped to obtain2D sampling of the velocities and pollutant concentrations.

Keywords: velocity, concentrations, special sampling, sewer
Category: 10 (Applications)

1 Introduction

Two phase particle-laden flows have a wide range
of applications. Sewage flows may be not the best
known but a precise knowledge of pollutant loads is
important for designing and operating sewer
systems. Sewer systems are often considered as
one-dimensional; thus, velocities and
concentrations measurement devices typically
regard the sewer cross-section as a whole. Previous
research results show , that the actual repartition of
velocities as well as particles and associated
pollutants over a cross-section should be
considered[1].

A research program has been conducted to combine
numerical and experimental studies in order to
assess how real hydraulic conditions can be taken
into account to get. how a fairly accurate image of
pollutant load conveyed through sewers. The
objective of this project is both to decide whether a
candidate measurement location is suitable for
instrumentation, , and to design a suitable
processing for values measured by sensors fitted in
this location[2]. The main consequence of these
objectives is the requirement of two- and three-
dimensional views of the velocity and suspended
solid loads. This paperdeals with getting field data
about observed concentration values across a sewer
section. Other works have been conducted about
observed velocities, and extrapolation to 3D
configuration by numerical modelling.

2 Review of existing devices

Hughes and al. [3] have proposed an array of
acoustic Dopplers to sample the velocities field but
it gives only a limited number of measurements in a
cross section and the location of those points can

not be easily selected. We did not found any other
device that can be used in sewer networks.

Wohrle and Brombach [1], Verbank [4] have tried
to obtain suspended solids concentrations
throughout depth but only in dry weather periods.
However, suspended load transport is more
important during wet weather periods. At least they
have shown that the usual hypothesis about
homogeneous distribution of suspended solids is
not true. This review shows that no readily
available device is convenient for our purposes.
Thus we developed new ones.

3 Development of 2D samplers

Among the first conditions to respect, there is
security rules that forbid any human presence in the
sewer during rain event. Thus, in order to make
measurements whatever the meteorological
conditions are, the experimental devices have to be
operated from the manhole (that is commonly 1 m
wide). This implies that the different elements
should be easy to handle as some of them have to
be carried to the measurement site for each
operation.

Some equipement must be left in position in the
sewer, and much care has been taken no to impinge
the flow of wastewater for too long periods: For
instance the sampler is setup in a raised position
when not in used.

The atmosphere in the sewer is quite corrosive so
the device must be rugged.

Another condition is due to the hydraulic context.
Figure 1 shows an example of data continuously
monitored on the experimental area since 1997.
During the dry weather periods, there is a cyclic
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evolution of the water level but each rain generates
an increase of the water levels, velocities and rates
in proportions that can be tremendous. Hence the
samplers need a measurement range wide enough
and the sampling locations have to be designed in
such a way that sampling can be carried out
throughout the whole cross-sectional area.
Moreover, in real network, the flow are not
stationnary thus the best thing should be to sample,
at the same time, all the data.
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flow rate in m3/s

rain weather

dry weather dry weather

Figure 1: Ranges of water levels, velocities and

rates in the experimental area.

All those requirements are difficult to satisfy and
the choice has been made to split the problem and
to develop a 2D sampler of the velocities field
(Cerbère) and another 2D sampler for the
concentrations field. It is evident that the more
sampling locations are used, the more accurate
results can be obtained. However, for the pollutant
concentrations, all samples have to be all analysed
within the same half day and as soon as possible to
avoid any chemical modification. Thus, there
should not have to many sampling points. Taking
care of all those points, Orphée (Figure 2) has been
made. It allows to make vaccuum samplings in up
to 24 locations at the same time. Cerbère allows up
to three measurements in a vertical with three
acoustic Doppler velocimeters. Those sensors can
be moved vertically to make profiles and, iterating
that process, a 2D sampling of the velocity field can
be obtained.

Figure 2: Orphée: the 2D sampler in the raised

position

Figure 3: "Cerbère": the 2D remote-controlled

device for measuring velocity fields

4 Conclusion

In spite of some reliability problems due to the
corrosive atmosphere in the sewer, the 2D samplers
Cerbère and Orphée have been set up in a real
sewer for more than one year. A set of experimental
cases providing either the velocity maps or the
suspended solid concentration maps is already
available for an egg-shaped sewer. A fairly broad
spectrum of flow conditions has been measured,
especially as regards the concentrations
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Summary: A multisensor based on tin and tin-titanium oxides has been utilised to detect primary pollutants 

(NO2, CO, toluene and octane) in dry air. The sensitive layers are deposited by r.f. reactive sputtering. Some 

tin oxide sensors are doped with Pt.  Measurements are carried out with single gases and gas mixtures (two

and three gases) in dry air at 250 ºC. The sensor responses are pre-processed with different methods and
then analyzed with Principal Component Analysis (PCA) and several Artificial Neural Networks (ANN):

Probabilistic Neural Network (PNN) and Multilayer Perceptrons (MLP). A selection of the sensors and of

preprocessing techniques was made with a genetic algorithm.

Keywords: multisensor, air pollutants, neural networks. 
Category: 10 (Applications)

1 Introduction

Air pollutants occur both outdoors or indoors, can be
natural or man-made. Typical air pollutants from
man-made activities include nitrogen oxides, carbon
monoxide, sulfur dioxide and hydrocarbons. All these
pollutants are called primary pollutants because they
are emitted directly into the atmosphere. 
The control and monitoring of pollutants for ambient
air quality is at the present limited by the techniques
currently approved by the existing standards that need 
the use of costly analytical equipment. Continuous
monitoring of pollutant in air is expensive, so that
high-density networks of measurements are usually
impracticable.
A potentially more cost-effective way of performing
such measurements is using metal-oxide gas-sensor
arrays. Sensor array systems use the global
information formed by the responses of all sensors to
discriminate among gases. The signals of the
multisensor can be evaluated by techniques of
Principal Component Analysis (PCA) and Artificial
Neural Networks (ANN) with a selection of the
possible features through a genetic algorithm that
facilitates the classification task [1].
In this work, gas mixtures have been detected, then a
analysis of the feature selection and of neural network
had shown that their discrimination is possible.

2 Experimental 

The multisensor consisted of 8 sensing elements
deposited by r.f. reactive sputtering from SnO2 and
TiO2 targets. Four tin oxide sensors were doped with
different amounts of Pt. The deposition conditions,
dopants and thermal treatment were described in
previous works [2].

The characteristics of each sensor are listed in Table
1, doping levels are expressed as sputtering times
(seconds).

Table 1: Multisensor distribution.

Sensor Semiconductor material

S1 SnO2 (300 nm)

S2 SnO2 (400 nm)

S3 SnO2 (150 nm) - Pt (8 s) - SnO2 (150 nm)

S4 SnO2 (150 nm) - Pt (16 s) - SnO2 (150 nm)

S5 SnO2 (200 nm) - Pt (8 s) - SnO2 (200 nm)

S6 SnO2 (200 nm) - Pt (16 s) - SnO2 (200 nm)

S7 SnO2 (300 nm) – TiO2 (150 nm)

S8 SnO2 (400 nm) – TiO2 (150 nm)

The multisensor device was placed in a stainless steel
test chamber and it was characterized by DC electrical
measurements.
A flow of 200 ml/s of dry air was used to achieve a
line base. Then a automatic system controlled via PC
switched the flux of gas with pollutants for 10
minutes. Afterwards dry air was fluxed until
achieving a base line stable again. The resistance of
the sensors is recorded during all the experiment
every 60 seconds.
Measurements were carried out with single gases and
gas mixtures (two and three gases) in dry air at 250 ºC.
The concentrations go from 50 to 200 ppm for
reducing gases and from 0.5 to 2 ppm for NO2. Every
experiment is repeated three times. The number of
experiments carried out for binary and ternary
mixtures are 72 and 96 respectively.
All the feature extraction and data analysis was made
with Matlab.
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The gas single PCA in figure 1 shows that only the
NO2 had a very good separation. The other three are
slightly overlapped. The separation was worse with
the mixtures of gases, so we needed other methods to
discriminate among gases.

Figure 1: PCA plot.

We had used several neural networks and features
subset to correctly classify the mixtures. The best
subset of the features include a lot of data, so a
genetic algorithm was used to improve the selection
of  features. 
Two kind of neural networks were utilized to classify
the different gases, a Multilayer Perceptron and a
Probabilistic Neural Network. In both cases each gas
was classified by a individual network [3].
A number of different features of the data were used
to train the networks: maximum response, response at
different times, wavelet expansion of the response
curve. All these sets were validated with Leave-one-
out cross validation and the results evaluated with the
parameters described in table 2. The results of the
networks are in tables 3 and 4. 
We found that is better to carry out a feature
extraction based on the properties of the signal than a
general method of pre-processing and feature
extraction.

Table 2: Parameter to evaluate the network
Predicted

Gas present Gas not present
Gas

present
A

(true-positive)
C

(false-negative)

R
ea

l

Gas not 
present

B
(false-positive)

D
(true-negative)

Accuracy (Acc.) = A+D/(A+B+C+D) 
Sensitivity (Sen.) = A/(A+C) 
Specificity (Spe.) = D/(D+B)

A genetic algorithm was used to select the best
combination of sensors and features of these sensors.
The fitness was the classification errors of a PNN [4]. 
In a few generations the convergence was reached and 

a reduction of 50% in the features space was achieved 
without performance reduction of the networks.

Table 3: Radial basis neural network  results
NO2 CO TOL. OCT.

Acc.(%) 79 83 87 85
Sen. (%) 81 82 82 85

Responses at 
10min

Spe. (%) 78 84 91 85
Acc. (%) 95 89 99 94
Sen. (%) 95 86 100 93

Responses at 
5, 10 and 15 

min. Spe. (%) 96 91 98 94
Acc. (%) 88 73 92 79
Sen. (%) 90 74 93 80All Points.
Spe. (%) 86 71 90 78
Acc. (%) 86 74 90 75
Sen. (%) 92 75 95 73Wavelet.
Spe. (%) 80 74 83 76

NO2: Nitrogen dioxide, CO: Carbon monoxide, 
TOL: Toluene, OCT: Octane

Table 4: Back propagation neural network results
NO2 CO TOL. OCT.

Acc. (%) 92 87 96 86
Sen. (%) 93 90 97 87

Responses at 
10min

Spe. (%) 91 84 95 86
Acc. (%) 96 91 97 95
Sen. (%) 96 91 97 95

Responses at 
5, 10 and 15 

min. Spe. (%) 96 91 96 94
Acc. (%) 92 88 96 90
Sen. (%) 96 91 96 93Wavelet.
Spe. (%) 95 86 96 88

NO2: Nitrogen dioxide, CO: Carbon monoxide, 
TOL: Toluene, OCT: Octane
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Summary: In this paper we present a a micro-processor operated ozone monitor for different applications
which is equipped with a Ga2O3-based ozone sensor. It is able to detect ozone in the range from 10 ppb to
500 ppb (according to about 20 µg/m3 to 1000 µg/m3) with an accuracy of about 10 ppb (or 10%). There is
an influence of humidity variations which can be eliminated to a big extent by using the signal of an
additional humidity sensor. During long-term stability tests over at least 11000 h continuous operation no
systematic drift was observed.

Keywords: Ozone sensor, Ga2O3, In2O3,, O3,, ozone monitor.
Category: 10 (Applications)

1 Introduction

Systems for quantitative ozone measurement often
are based on optical systems (chemoluminiscence)
which are rather expensive. Commercial low-price
semiconductor ozone sensors often are cross
sensitive to humidity and their long-term stability
of sensitivity is poor. Previous investigations on
Ga2O3-semiconductor gas sensors showed that this
material shows some advantages to other
commercial metal oxide gas sensors [1], [2].
Among others Ga2O3 sensors show good
reproducibility of ground resistance and sensitivity
as well as low cross sensitivity to humidity.
Additionally the sensitivity and selectivity of
Ga2O3-based gas sensors can be influenced to a
large extent by deposition of additional catalytical
or physical filters on the sensor sheet as well as by
changing the operation temperature. In this
contribution we present a new Ga2O3-based ozone
sensor which shows a unique long-term stability of
ground signal and sensitivity. With the use of this
new sensor quantitatively ozone measuring systems
have been realised to be used in air quality control
systems (public buildings), as ozone monitoring
systems in laser printer equipped rooms, systems to
monitor the outside ozone concentration (health
aspect) or control systems for ozone treating
processes of exhaust gas in food manufacturing
processes.

2 Sensor preparation

The sensor is based on a Ga2O3 semiconductor gas
sensor with a thin In2O3-layer on its surface [3], [4].
Figure 1 depicts the principal sensor set-up. The
sensitivity, response- and recovery time can
strongly be influenced by the operation temperature
which can be varied between 550°C to 700°C.

Figure 1: Principal sensor set-up.

The sensitivity is highest at 550°C. Unfortunately
the response and recovery times at 550°C are
considerable and also the cross sensitivity to
humidity is remarkable. These drawbacks can be
compensated by increasing the operation
temperature. We identified 680°C operation
temperature of the sensor chip as suitable for most
applications. Figure 2 shows the temperature
dependency of sensor response. The response time
(t90) is below 60s and the resistance increase is a
factor 2 at 200 ppb (400 µg/m3). The
reproducibility of ground resistance and sensitivity
is – compared to other metal oxide sensors –
extremely good and long-term . Figure 3 shows the
typical sensor response during exposure to a
stepwise increase of ozone up to 500 ppb. Please
note that the slight differences in signal arise due to
a real slight increase of ozone during the hole
measurement due to saturation of
adsorbtion/desorbtion processes in the tubes and
chambers. By using these sensors we developed a
micro-processor operated ozone monitor for
different applications which is able to detect ozone
in the range from 10 ppb to 500 ppb (according to
about 20 µg/m3 to 1000 µg/m3) with a resolution
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Pt-screen print

Electrodes

Adhesion layer
Diffusion barrier

Al2O3-Substrate

Heater
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below 10 ppb. The microprocessor equipped
montoring systems are now tested in climatisation
control systems where used air (volatile organic
compounds) are oxidized by ozone. For security
reasons there must be an ozone monitor detecting

the limit of 80 ppb. During long-term stability tests
over at least 11000h continuous operation no
systematic drift was observed. The application and
the system performance will be presented at the
conference.
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Figure 2: Sensitivity of the sensors to Ozone in wet air in dependence on the operation temperature.
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Figure 3: Typical sensor response during ozone exposure from 100 ppb to 500 ppb.
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Summary:  This paper proposes a new methodological approach that allows the nucleic acids revelation (DNA, 

RNA, PNA). It is associated to a sensing device comprising a planar array of closely-spaced capacitive sense 

elements. It correlates a miniaturized capacitive sensor to the biological and medical analysis, in order to 

develop a new tool, especially for diagnostic purposes. 

Keywords: DNA-sensor, capacitive array. 

Category: 10 (Applications)

1 Introduction 

In the last years development in microsystems 
research has reached important goals, as it has 
important and advanced technological applications. 
In particular we’re going to set up an innovative 
technology that will have a great impact in the field 
of the life science. 
The “DNA-SENSORS” development is the most 
innovative branch of the molecular technology 
because it allows an easy, fast, and reliable way to 
analyze many probes at the same time[1].
The proposed technology, patented by 
Technobiochip[2], is based on nucleic acid dielectric 
capacity measurement, in order to reveal its 
presence or to evaluate its characteristics. 
We use a commercial microfabricated array of 
capacitors (288 x 224 elements), each of them 
contains independent capacitance-measuring 
circuitry; therefore each element can be queried 
separately, and its value is returned on an 8-bit 
scale.  
A single capacitor, or pixel, is shown schematically 
in Fig. 1, as equivalent circuit. 

Fig. 1. Scheme of a single capacitive sensor. Cx:
unknown capacity to be measured; VDD: internal power 
supply, used to charge the unknown capacitor Cx. Cref :
internal reference capacitor; Vref: reference power supply 
internal to the chip, used to fix a threshold. OP AMP:
operational amplifier used as comparator to determinate 
when the potential across the Cref reach the fixed Vref.
COUNTER: digital circuit. 

The chip area is about 11mm x 14mm, and includes 
more than 64.000 separate sensors, therefore the 

instrument has the advantage to be compact, 
multiplexed and reliable. Moreover the great 
number of obtained results represents a strong 
internal control 

It offers the following advantages: 
• The “real-time” evaluation of the results, 

allowing cost and time saving. 
• The possibility of recording the DNA 

concentration, and the determination of very low 
concentrations.  

• The possibility of recognizing the solid phase 
hybridization. 

• The possibility of distinguishing different DNA 
kind.  

Fig. 2. Example of capacitive sensor. 

Possible applications, in this way, are:
• Human pathologies diagnostic screening, 

correlated to know genetic mutations. 
• Genetic mutation, deletions or amplifications 

detection. 
• Recombinant antibodies gene expression in 

transgenic cells.  

• Differential genomic study, with applications in 
several fields: determination of phylogenetic 
trees, paternity testing, human and animal 
identity testing for forensic science, proof of 
descent, pedigree analysis.
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2 Results 

We have developed a software that converts the 
measure into an image and analyzes it using all the 
classical algorithms to classify images. It allows a 
differential measure between the reference and the 
sample in few seconds. 
The acquired image consists of 288 rows x 224 
columns; each image pixel represents the capacity 
value measured by a single sensor.  
The measure range is comprised from 0 and 255 (in 
fact a capacity measure is sent to the PC as a byte); 
our software assign to this value a different color 
according to its magnitude, therefore the final result 
is a colored image. 

We demonstrated the possibility of the sensor to 
discriminate among different DNA concentrations. 
Below the dose-response curve (Fig.3) and the 
corresponding values (table 1) are reported: the 
trend shows a light increase for low concentration 
(within a range between 0 and 5 ng), following an 
exponential segment within 5 and 15 ng, and at last 
the plateau around 100 ng. 

Fig.3. Dose-response curve. The sensor is able to 
distinguish among different DNA concentrations, as an 
exponential trend with plateau between 50 and 100 ng 
can be seen. 

Table 1. Numeric values associated to the dose-response 
experiment. The y function of the graph is expressed as 
the ratio between the differential integral of the 
measurement and the area of the DNA drop. 

Our sensor can supply a precise, and absolutely 
reliable measure in few seconds, without the 
expensive materials and tools necessity. 

This sensor can also recognize the DNA nature: in 
fact plasmidic DNA (small circular DNA molecule, 
characteristic of bacterial microorganisms) shows a 
pick of about 1.1 A.U. (A.U.=Ratio between 
ε (ε0

.εr) and εo); while genomic DNA shows a pick 
of 1.9 A.U. 

Fig. 4. Graphs showing the ability of the sensor to 
distinguish between plasmidic and genomic DNA. 

Other experiments (not shown) demonstrate that 
our device is able to distinguish among DNA with 
different content in (G+C) and among genomic 
DNA from different species. This allows the 
possibility to perform taxonomic and phylogenetic 
studies in a easy and reliable way. 
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Differential elaboration 

ng [DNA] Differ. Integral Area Int. / Area 
1,5 7246 189 38,33862 
5 73956 1511 48,94507 

7.5 68807 1164 59,11254 
10 92715 1479 62,68763 
15 115441 1560 74,00064 
20 114215 1443 79,15107 
75 128071 1587 80,70006 
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Summary: The availability of the human genome sequences has enabled identification of numerous 

mutations related to inherited human diseases, such as tumors. In recent years great progresses have been 

achieved in development of DNA sensors able to detect the presence of  mutated genes in human genome. 

Our electrochemical DNA sensor is based on the chronopotentiometric monitoring of the hybridization 

process by a redox active indicator that binds double-stranded DNA  more strongly than single stranded 

DNA. We are currently studying some application of our DNA sensor to reveal genetic mutations related to 

Neuroblastoma.

Keywords: Neuroblastoma, Potentiometric Stripping Analysis (PSA).

Category: 10 (Applications)

1 Introduction

The mutations responsible for numerous inherited 
human disorders are now known, and this
knowledge is steadily increasing as the sequencing 
of human genome is completed. Therefore the
specific detection and analysis of DNA sequences 
and the study of gene polymorphism play more and 
more a fundamental role in rapid diagnosis of
genetic mutation associated with the presence of 
disease states. The set up of assay techniques that 
have the convenience of solid phase hybridization 
and are rapid, sensitive and readily multiplexed will 
have a significant impact on genomic and
diagnostics. At this purpose, many efforts have
been achieved in the development of biosensors 
able to detect the presence of mutated genes in 
human genome.
Biosensors are devices that combine a biological 
recognition agent, which confer selectivity, with a 
transducer, which provides sensitivity and converts 
the recognition event into a measurable electronic 
signal. Hybridization biosensors exploit the
immobilization of a single-stranded (ss) DNA probe 
onto a solid support for the recognition of the
complementary sequences. Electrochemical
detection of DNA hybridization usually involves 
monitoring of the increased electrochemical
response of a redox-active indicator, that recognizes 
the DNA duplex (indirect method) and probing
hybridization-induced changes in the intrinsic
signal of nucleic acid (direct method) [1]. The
Technobiochip Electrochemical DNA Sensor
enables the monitoring of adsorbed DNA species at 
carbon electrodes using the Potentiometric
Stripping Analysis (PSA) [2]. Ag/AgCl (3 M KCl) 

and platinum wire were used as reference and
auxiliary electrodes respectively. The procedure
involves the use of an electroactive indicator,
daunomycin hydrocloride, which intercalates the
double stranded DNA [3]. The single-stranded DNA 
is immobilized on the graphite electrode surface
using the avidin-biotin high affinity interaction.
This procedure involves the formation of avidin
layer onto the graphite electrode surface and then 
the binding of biotinylated DNA (Fig. 1).

Fig. 1. Schematic diagram of DNA immobilization and 
hybridization on graphite electrode.

During the stripping process the potential is
recorded and processed. The response is
recalculated to (dt/dE) vs E and a peak shaped 
pattern is obtained allowing to reveal the happened 
hybridization. If the target sequence is present in 
the sample, a hybrid will be formed on the electrode 
surface and the increased size of the daunomycin 
PSA anodic peak compared with a negative peak 
shows directly the happened hybridization (Fig. 2).
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Fig. 2. Sensor response by PSA The black line shows the 
peak after the probe immobilization. The other lines show 
the same measurements after: a) interaction with a non-
complementary sequence (gray line) and b) hybridization 
with a complementary sequence (light gray line).

Here we report an example of application of our 
DNA-sensor application, capable to reveal genetic 
mutations related to Neuroblastoma , the most
common solid extracranial tumour in children.

2 Results and Discussions

We used the Technobiochip Electrochemical sensor 
to reveal genic mutations related to Neuroblastoma. 
At this purpose we set up a method for screening of 
the regions 9p21-p23 of chromosome 9, and 1p36 
of chromosome 1, whose deletions in
Neuroblastoma  are known, using as marker
D9S1810 and D1S244 microsatellites respectively.
Data show that our sensor is able to reveal genic 
deletions related to this cancer (Fig. 3A-3B). These 
data have been confirmed by classical technique 
(ECL). Total human genomic DNAs, control (C)
and tumoral (T), were labeled with digoxigenin,
used for the hybridization step on the same
electrodes of Fig. 3A, then they were treated with 
anti-DIG and exposed to autoradiographic film. Fig. 
3C confirms the results obtained with the DNA 
sensor.

3A)

3B)

3C)

Fig. 3. Use of our device for deletion screening. The 
black lines show the peaks after the probe
immobilization:
A) D9S1810 microsatellite
B) D1S244 microsatellite.
The light gray lines show the hybridization with total 
human genomic DNA EcoRI cut. The gray lines show the 
missing hybridization due to the use of total human 
genomic DNA (EcoRI cut) extracted from tumoral
samples.
C) ECL performed on the electrodes shown in Fig. 3B 
(see text).

Actually we are testing the same system to reveal 
genic amplifications, in particular N-MYC

amplification, another frequent genomic alteration 
in Neuroblastoma . In order to evaluate the ability of 
the sensor to detect different amounts of target 
DNA, N-MYC was hybridized with different
concentrations of N-MYC itself. The pattern
obtained (data not shown) indicates that the sensor 
is able to discriminate among different quantity of 
target and then gives the possibility to reveal genic 
amplifications.
In conclusion, this study has demonstrated the
utility of our electrochemical biosensor for
detection of genetic mutations associated with
human disease, such as tumors. The new biosensor 
strategy could replace traditional assays for cancer 
diagnosis, eliminating the radioisotopes use, and 
needing shorter times.
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Summary:  A method based on a Windows application developed in TestPoint that offers a flexible 
and cheap measurement of some functional parameters of fluxgate sensors is presented. The system 
allows the automation of the measurement and evaluation of sensor offset, amplitude and phase of 
the excitation signal, in dependence on temperature variation. A resolution of 0,1 ºC for the 
temperature measurement and a resolution of 0,488 mV or 4,88 mV, depending on amplification
factor, for electric measures are achieved. The results obtained in the evaluation of stability of two 
types of fluxgate sensors against temperature variation were given. 

Keywords: magnetic field sensors, temperature variation, virtual instrument 
Category: 10 (Applications) 

Introduction 
One of the indispensable requirements for 
magnetometric sensors is the stability of functional 
parameters against temperature variations [1,2]. The 
requirements imposed include a good stability both 
for the magnetic noise and for the sensor offset in a 
large temperature interval as well as a good 
sensitivity of the sensor. An important parameter 
taken in to account in the study and design of 
fluxgate magnetometers is the offset and their 
temperature drift both for sensor and for 
magnetometric circuitry [3]. The paper reports the 
investigations made to determine the sensor stability 
against temperature variation. 

Experimental 
The studied sensors are Vacquier-Foerster type 
sensors with open magnetic paths. Classical TFS-3 
sensors [4] and direct driven fluxgate sensors [5] 
were developed. The sensors parameters as 
sensitivity, offset, temperature drift of the offset and 
magnetic noise level were measured. The 
measurements regarding the temperature dependence 
of sensor parameters were performed in a 
thermostatic enclosure situated in a multilayer 
shielding system reducing the ambient field below 1 
nT. A virtual instrument [6] offers the display of the 
measurements results. The used magnetometric 
circuit, characterized by measurement bandwidth of 
0-10 Hz and magnetic noise level lower as 0,3 nT, is 
a conventional fluxgate magnetometer with 
synchrony detection and feedback. The useful signal 
is the second harmonic voltage of the excitation 
frequency on the pick-up coil of sensors. In order to 
have a thermal transfer coefficient approximately 
equal to that of investigated sensor, a sensor similar 

to them but without magnetic cores was used as 
temperature sensor. The variation of the voltage 
obtained from the resistance connected at the two 
windings in opposite connection gives the 
temperature variation. The measurements were 
performed with the magnetic sensor axis oriented on 
the minimal residual field direction and with the 
temperature sensor perpendicularly on the first. 
Electronic circuits for the measurement of amplitude 
and phase variation of excitation signal were also 
developed and included in the virtual instrument. 

Results and discussions
The calibration of temperature sensor was made by 
measuring the output voltage for different 
temperature values between 2,7 and 98 ºC. A 
resolution of 0,1 ºC for the temperature measurement 
was obtained.
The transfer characteristic of the electronic circuit 
for determining the amplitude of excitation signal is 
linear in the 300 to 1500 mApp range. The 
measurements were performed for an excitation 
frequency of 10 kHz. The phase variation of the 
excitation signal has as effect a voltage variation at 
the integrator output in the circuit for phase variation 
detection. A linearity of this characteristic is 
observed in the measuring range. 
The frequency characteristic of this circuit is linear 
in the frequency range 5 Hz – 1000 Hz. It results an 
undistorted signal for the first 100 harmonics of the 
excitation signal. Because the influence of excitation 
signal amplitude on the offset value of the 
magnetometric chain gives a variation with the 
minim slope corresponding to an excitation voltage 
of 6 V, all the measurements were performed at this 
excitation voltage. 
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Using the proposed device the electric measures 
were determined with a resolution of 0,488 mV or 
4,88 mV, depending on amplification factor. 
Figure 1 presents an example of displaying the four 
measured parameters for a TFS-3 type sensor in the 
temperature range from 8 to 70 ºC. The bolded curve 
corresponds to the sensor-offset variation. In order in 
that they across the right axis of the Graph 3, the 

other curves correspond to excitation voltage, 
integrator offset and amplitude of the excitation 
signal respectively. Graph 1 represents the imposed 
increase of temperature with the time. The virtual 
instrument gives also the magnetic noise level of the 
sensor. 
The measured values and the obtained graphs can be 
stocked as Word or Excel documents. 

Fig 1: The display of virtual instrument for measurements of functional parameters 
 of a TFS-3 sensor vs. temperature variation 

Conclusions 
Using a virtual instrument that uses digital 
instruments and a plug-in acquisition board 
controlled by a computer, measurements regarding 
the temperature dependence of some sensor 
parameters, as sensor and magnetometer offset, 
amplitude and phase of the excitation signal, were 
performed. The measurements performed for an 
excitation frequency of 10 kHz indicate a resolution 
of 0,1 ºC for the temperature measurement and a 
resolution of 0,488 mV or 4,88 mV, depending on 
amplification factor, for electric measures. The 
method allows the automation of the measurement 
process and analysis, offering a flexible and cheap 
measurement system. 
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Summary: In this paper, a dual-control photosensor for laser distance measurement technique is

presented. Distance is determined from a time-of-flight method. The light transmitted by a high frequency

modulated laser diode is reflected on a target and then received by the photosensor. The photosensor is

composed of two transparent gates witch are controlled by a coherent signal with the optical power
modulation of the laser diode. The photosensor and associated electronic circuit are integrated in CMOS

technology. The proposed dual-control photosensor works as a balanced-modulator. In standard CMOS

technology, it’s shown that a floating diode diffused between the two control electrodes improves charge

transfer.

Keywords: photosensor, CMOS, laser distance measurement

Category: 10 (Applications)

1 Introduction

Distance measurement between range finder and a
target can be deduced from the time-of-flight
technique. Using a pulsed laser diode is the most
common method to measure long distances range
(from 10m to 300m) [1]. The reached accuracy is
few centimeters approximately. Continuous wave
modulation of the transmitted optical power by a
laser diode is used in this paper, measuring phase-
shift between the modulation signal and the
photoelectric current. With a classical method, the
high frequency photoelectric current is amplified by
a transimpedance amplifier. To improve the signal
to noise ratio, a heterodyne technique is used: the
low level photoelectric signal is mixed by a
balanced modulator, with a local oscillator signal.
That permit to measure the phase-shift to an
intermediate frequency with a narrow bandwidth.

In this paper, a CMOS dual photosensor is
studied. The proposed structure detects the light
transmitted by the laser diode. By the control of two
gate voltages, the sensor gives two average
photoelectric currents. Difference between these
currents is proportional to the phase-shift that is
proportional in the time-of-flight. The device works
like a phase comparator. The operation principle of
the sensor is presented in the first section. Then, a
CCD compatible structure is proposed in the second
one [2- 4]. Finally, the structure is improved to be
compatible with CMOS technology.

2 Operation principle of the device.

The device consists of a dual-control photodiode
associated with 2 capacitors, Ca and Cb. Depending

on the bias voltage applied on the control gates A

and B, the a.c. photoelectric current is averaged
successively one of the two capacitors. Electrodes A
and B are respectively controlled in phase and
phase opposition towards optical output power
modulation of the laser diode. Considering a
symmetrical structure ba CC = , a modulation

control with a 1/2 duty cycle  and uniform
illumination of the photodiode area, the
photoelectric current due to day light is considered
as a common mode current between output A and
output B, and can be separated of the laser power
due to reflected light.

Output A Output B

Electrode A Electrode B

Vcc

Ia Ib

Ca CbUcbUca

����������������������
����������������������
����������������������

���������������������
���������������������
���������������������

Fig. 1. Principle schema of the dual-control photosensor

This last photogenerated current is delayed of the
time-of-flight τD:

cD.2D =                            (1)

with D, the distance to measure, and c, the light
velocity. Integrated on one period of the square
wave modulation signal, the differential voltage

cbcaab UUU −= , depends on the time-of-flight,

that is to say, depends on the distance D. By
measuring ∆Uab, this distance to measure can be
deduced.
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3 Double gate photomos

In this section, a first structure is presented in
figure 3. In order to be integrated in CMOS
technology, CMOS design rules has to be taken in
account. Electrodes A and B are transparent
(polysilicon) to laser diode light. To only integrate
photoelectric current in capacitors Ca and Cb,
electrodes have to be biased respecting equation:

outputelectrodeth VVV <<                (2)

Vth: threshold voltage of the MOS transistor.

N+N+

Output B
Transparent
electrode AOutput A

Gate oxide

Transparent
electrode B

Substrat P-

Polysilicon

Metal

Metal

Fig. 2. Dual-control photoMOS sensor.

In this configuration, photoelectric current is
transferred to outputs A and B thanks to the
fringing-field at the surface of the semiconductor,
as it’s used in CCD circuits [5]-[6]. Simulation
results of the device, with ISE TCAD software and
with classical CMOS technology parameters, show
a potential-well is formed between the transparent
electrodes A and B, so this structure isn’t
compatible with CMOS technology. Actually, a
potential-well formed between the electrodes A and
B, would trap photogenerated electrons, so these
carriers can’t be collected by output diodes.

4 Improvement: dual-control photoMOS

with a floating diode

The defect presented in the previous paragraph
can be suppressed by inserting a floating diode
between the control electrodes A and B. That is to
say, a N+ diffusion implanted between the two
electrodes. Structure presented in figure 3 is
compatible with the CMOS technology. The
floating diode is not biased by an external circuit,
so in darkness condition, this N+ diffusion potential
is the same as the one applied on output diodes A

and B. When the sensor is illuminated, a part of
electrons photogenerated are headed for outputs
diodes A and B, the other part for the floating diode
are accumulated; the surface electrostatic potential
decreases, until the monotony of the variation of the
surface potential distribution is reached (figure 3).
Contribution of this floating diode makes that the
device is independent on the used technology
parameters. In homogenous lighting conditions and
bias voltages, the output currents ratio between

diodes A and B is 3. Simulations show this ratio and
output photoelectric currents are independent on the
output diodes bias voltages if relation (2) is
verified.

0
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6

-5 -3 -1 1 3 5

 (µµµµm)

Lighting

darkness

VelectrodeB = 1.5VVelectrodeA = 3.5V

VoutputB = 5VVoutputA = 5V

N+ N+N+

(V)

P- d = 1µm
Floating
diode

fig. 3. Cross-sectional diagram of the dual-control
photoMOS sensor with floating diode inserted between
transparent electrodes and surface potential distribution in
darkness and lighting conditions. The spacing between
electrodes A and B, d = 1µm.

5 Conclusions

The operation principle of a dual-control
photosensor design for distance measurement with
laser beam has been presented. A improvement is
presented to make the structure compatible with
CMOS technologies. Experimental results must be
compared with simulations results to validate the
device. For example, non-linearity will appear at
high frequency with switching of the bias voltages
of the control-electrodes.
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Summary:  Heating control of the self cleaning ( pyrolysis)  process for a cooking oven based on metal oxide
gas sensors has been examined in the investigation. In order to decrease the power consumption during a
pyrolysis process and extend the life time of the oven the idea is to monitor the state of the self cleaning process.

Measurements have revealed that a simple control system based on metal oxide gas sensors could result in a

significant  decrease of  the pyrolysis process time. Further, metal oxide gas sensors provide high potential for

low cost mass production and, consequently, ovens with a heating control system for the pyrolysis process could

easily be commercialised.

Keywords: gas sensor, metal oxides, pyrolysis control,

Category: 10 (Applications)

1 Introduction

Household appliances are one of the largest markets
for electrotechnical and electronic products. The
household appliance industry is now slowly starting
to introduce more sensors, actuators and electronic
control systems into their products. Nowadays, the
industry develops ways for integration of
microelectronic control to enhance new product
features, enabling greater product differentiation
and leading to more dynamic and competitive
products.

Several work groups have studied the possibility
to use electronic noses (complex chemical sensor
systems) for detection of odors and gases to
monitor the complete cooking process [1]. Two big
problems have been identified for these type of
systems: difficult to accomplish a system able to
monitor the cooking process in a satisfactory way
for all type of foods and relatively costly
implementation. In this investigation Fraunhofer
IPM has studied the possibility to integrate
microelectronic control for pyrolytic ovens in order
to automatically monitor the self-cleaning process
by using semiconductor gas sensors. In contrast to
electronic noses, semiconductor gas sensors are
well suited for the electronic control of household
devices since they provide high potential for low
cost mass production.

2 Experimental

We will present the results of a feasibility study for
the use of metal oxide gas sensor for the control of
heating time/power during pyrolysis in domestic

cooking ovens. If the user activate the pyrolytic
cleaning system, the temperature of the oven rises
to 500°C for several hours with a power
consumption of more than 5 kWh burning all the
dirt, fat and food residues. During the pyrolysis
process the long chained organic molecules in the
oven are thermally cracked. The products of the
cracking process (decomposition) are gaseous
hydrocarbons, water vapour (in the beginning of the
process), CO, CO2, VOCs and ash. CO and VOCs
are well detectable with metal oxide gas sensors.

The goal of the experiments was to evaluate the
possibility to measure these gaseous products
during the self-cleaning process for a future
automatical control of the pyrolysis time of cooking
ovens in order to save power consumption. Various
measurements with the measurement set-up shown
in fig 1 where performed, whereas the oven was
soiled with different kinds of food residues, e.g. fat
or oil. Fig 2 shows a typical measurement result of
a pyrolysis measurement. The pyrolysis
experiments have shown that metal oxide gas
sensors allow the monitoring of the state of the self
cleaning process in pyrolytic ovens. A future simple
low cost control of heating power during pyrolysis
by using a gas sensor will result in mainly two
advantages: lower power consumption with an
intelligent pyrolysis control and longer lifetime of
the oven. Stopping the cleaning process when
pyrolysis is finished (i.e. all residues are burned)
instead of running the process for a pre set period of
time will obviously reduce power consumption,
especially in not very dirty ovens.
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Fig.1: Experimental set-up during the pyrolytic self cleaning experiments (A). The different gas sensors were mounted in the
outlet of a commercial oven (B).
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Fig.2: Response of a metal oxide gas sensor and the oven temperature during a pyrolytic self cleaning process.
The oven was soiled with 8 gr. butter. The sensor reacts mainly to CO and other gaseous rests of organic

components. After 30 min of operation the oven was clean.

Further, the lifetime of a pyrolytic oven is much
shorter than that of conventional ovens because the
mechanical parts are stressed by the high
temperatures during pyrolysis. Consequently, the
overall life time can be increased by shortening the

cleaning times. Additionally, the experiments
revealed that an automatic “switch off” of the oven
in case of burning food is possible with a low cost
control system based on a metal oxide gas sensor.
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Summary:

Silicon tips were fabricated by means of sacrificial layers defined with porous silicon and masked by 

hydrogen ion implantation with adequate thermal annealing. The shape pits are dependent on the mask 

geometry used by blocking anodization current where PS is not desired. As result, tips present height of 50 

microns with a curvature of 2-5 microns or less than 0.1 micron.

Keywords: silicon tips, porous silicon, hydrogen ion implantation, cellular stimulation, nanoprobe

Category: 10 (Applications)

1 Introduction

The realization of three-dimensional
microstructures and microelectrodes of different
shapes using materials and technologies applied for 
fabrication of integrated circuits has been a
challenging research subject [1]. But several
techniques involve a large number of processing 
steps, which can increase the time of fabrication 
process resulting in a very expensive and complex 
way to define microstructures. In this work we
describe one alternative for realization of three-
dimensional conical and pyramidal tips by using 
Silicon (Si) microfabrication technology. 
These structures were fabricated by means of
sacrificial layers defined with porous silicon (PS) 
and patterned by hydrogen ion implantation
(H+.I.I.) with adequate rapid thermal annealing
(RTA) [2]. PS is obtained by electrochemical
etching of Si (p-type Si) in hydrofluoric acid (HF) 
realized by anodic bias into an etching cell [3]. It is 
a simple and cheap technique as compared with 
others used in microfabrication of Si. PS layers are 
easily removed with diluted potassium hydroxide 
(KOH) at room temperature, as desired. 
The use of H+I.I. as etch-stop technique for
anodization process is based on blocking the
anodization current flow in selective surface areas. 
This technique is an option to obtain a stable
crystalline superficial layer electrically isolated
from the silicon substrate, so it is used as mask to 
fabricate Si microstructures with PS as sacrificial 
layer.
Using the potential of this microfabrication
technology, in this work Si tips were fabricated 
with height of 50 microns with a curvature of either 
2-5 microns or less than 0.1 micron (Figure 2). The 
total height of these pits is controlled by
anodization time of Si and can be defined with any 

height ranging to two or three hundred of microns. 
The shape pits are dependent on the mask geometry 
used by blocking anodization current where PS is 
not desired. In this case, the electrical current
coming backside of Si during anodization squeezed 
through the mask opening, leading to a lateral
current, responsible for additional anodization
under the mask. 

2 Experimental details and Results

To form PS on selective areas, a conventional
process of anodization is applied. P-type silicon 
Czochralski wafers, <100> orientation and
resistivity about 10 Ωcm were used. The
anodization parameters were HF:ethanol solution 
(1:1), current density (J) of 20 mA/cm2, and process 
time of 55 minutes. The experimental parameters of 
H+I.I. used are: 50 keV energy and 1.1016 H+/cm2

dose. Afterwards, RTA is  applied to activate the H+

ion on Si (N2 environment, T = 450o C and
t = 5 minutes).
As it can be observed in the experimental results 
showed in this paper, this under etch is nearly 
isotropic when H+.I.I. is used as mask. 
Figures 1a and 1b show SEM images of silicon 
“pedestals” obtained with this process, after etching 
PS layers by diluted KOH (1%). The thickness of 
the remaining Si (top of the “pedestal”) is about 1 
micron. By increasing the anodization time, PS will 
be formed under all mask and the top of the
“pedestal” can be removed with PS in KOH
etching. Then, a Si probe (or Si tip) is obtained, as 
showed in Figures 2a and 2c. This type of
microstructure can be applied as microelectrode for 
cellular stimulation [4] or atomic force microscopy 
scanning probe [5], or as tips to measure the
electrical conductivity in liquid at very localized 
space.
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(a)               (b)

Fig. 1. SEM photographs showing Si “pedestals” obtained after PS layer etching by KOH: (a) “pedestals”. (b) Detail of one 
“pedestal”; the measurements showed in this image corresponds to the PS layer thickness in depth and laterally (due to 
isotropic PS formation).

(a) (b)

(c) (d)

Fig. 2. SEM photographs on two types of Si tips. (a) Conical Si tip obtained with circular mask geometry. (b) Detail of this 
tip. (c) Pyramidal Si tip obtained with quadratic mask geometry. (d) Top view of this tip.
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Reliable object classification and people counting system based on an IR diode array
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Summary. This paper addresses the problem of determining the number of people getting into or out of a room

as well as a classification between objects, leading to their identification. For this purpose an IR diode array,
working on a reflection light scanner principle, has been designed which combines desired properties like small

size and low cost, high reliability and robustness against changing environmental conditions. Essentially two

diode arrays of 3...8 emitter-receiver pairs are mounted on both sides of a doorway, enabling the estimation of
the size of the object in different dimensions and reducing the requirements with regard to the detection range.

The emitters are driven successively in time, hence no signal overlapping and cross-talk occur. From each

channel, several echo features like amplitude values, echo width, rise and fall time, sidelobes, local maxima are
tracked over time and processed by means of fuzzy logic based echo evaluation. The results show that people can

be recognised easily and are well separable from other echoes (motion of hands etc.), making the performance

far more reliable than that of ordinary light barriers. Design considerations for applications supporting
important home appliances like decentralised, occupation-driven HVAC control are described and extensions

for a enlarged detection range and higher resolution are sketched.

Keywords: IR multi-sensor array, echo feature extraction, object classification, people counting system

Subject category: 10 (applications)

Introduction

Systems for the detection, localisation and
identification of persons are very helpful for many
tasks in home environments: (1) security issues (e.g.
intruder detection), (2) economical and
environmental issues (occupancy-driven lighting,
heating and ventilation), (3) comfort issues (e.g.
user-dependent settings, prediction of user behaviour
and presence patterns for automated pre-settings).
For simple information about the number of persons
in a specific room, its entrance has to be monitored.

For presence detection and counting systems,
numerous technical solutions based on a large
variety of physical phenomena are available and still
refined. Unfortunately, simple systems like
widespread mechanical counters, light barriers or
passive infrared (PIR) detectors as well as more
sophisticated ultrasonic or microwaves motion
detectors, vibration shock sensors or vision based
systems, are largely dependent on the user’s

assistance and highly influenced by changes of the
environment (air flow, object reflectivity, light,
shadows, etc.) [1]. Often it is difficult to distinguish
between objects which partly cover.

In order to improve the performance of object
detection, distinction and classification, small multi-
sensor IR diode arrays mounted on both sides of the
doorway are proposed. In Fig. 1, the detection
principle is shown.

System description

The optical system consists of N pairs of a highly
directional IR emitter diode and a shielded sensitive
phototransistor, located close to one another. An
pulse NIR emitter diode HSDL-4230 at 875 nm with
a 17° beam angle and a photo transistor SFH 309
with a maximum sensitivity at approx. 880 nm have
been used. Due to the face-to-face diode mounting,
the required maximum range R can be reduced to
almost the half of typical door widths ( mR 6.0 ).

T/R T/R

Fig.1. Detection principle: IR diode arrays on both sides of possible objects (top view)
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The wide dynamic range of the echo amplitude is
contributed mainly to the reflector distance and less
to its material-dependent  reflectivity, see Fig.2.

0
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0 200 400 600

distance [mm]

Fig. 2. Echo amplitude as a function of reflector
distance (averaged)

The emitters are driven at temporally successive
instances, hence overlapping and mutual influence
of the echo signals can be excluded. To enlarge the
field of inspection, the pairs are inclined outwards,
see Fig. 3 for N=3. For a larger number of emitter-
receiver pairs, even larger angles can be monitored
and the resolution can be improved.

The processing is performed on a low-power 8 bit
micro-controller which generates the pulses, handles
the timing of emission, determines and stores the
received echo features and makes the decision about
the object.

Experimental results

For echo identification and array processing, a
number of echo features (amplitude values, echo
width, rise and fall time, number and shape of local
maxima) of echo segments from all separate
receivers channels as well as the sum signals are
used, separately for both sides of the doorway. With
these means, large and long-lasting echoes can be
clearly distinguished from short peaks due to motion
of hands, accidental stronger reflections etc, see
Fig. 4. The detection and classification is further
improved if echoes are weighted by fuzzy-logic
means and characteristic echo shapes are learned by
the system and compared with actual echoes [2].

Fig. 4. Typical echo signals for a person moving along a

3-pairs array. Small peaks ahead and behind the main

echo can be identified as hands in motion.
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DC/AC current comparator with fully enclosed magnetic shielding  
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Summary: Novel current comparator with amorphous detection cores allows measuring of DC and AC 
electric current for frequencies up to 1kHz. The instrument integrates the principles of DC comparator and 

AC instrument current transformer into a single device. The accuracy of 0.03 % was achieved for 

frequencies from DC up to 300 Hz. Thanks to the magnetic shielding the comparator is more insensitive to 
close disturbing currents. 

Keywords: current comparator, current measurement, current sensor 

Category: 10 (Applications) 

1 Introduction 

DC/AC contactless current measurement is made 
by Hall sensors, magnetoresistors, fluxgate sensors 
and current comparators. Current sensors based on 
Hall phenomenon and anisotropic 
magnetoresistance are cheap, small in size; they 
have low power, but their accuracy is low. Their 
linearity can be increased by feedback, but large 
offset errors and sensitivity to magnetic fields and 
close currents remain problem. Fluxgate-based 
current sensors are much more precise, but they 
have low bandwidth and they are power consuming. 
Current comparators are very expensive, big 
instruments and they need high power supply, but 
they are most accurate from all mentioned devices. 
DC current comparators have usually low 
bandwidth (typically 1 Hz). 

2 Realization of DC/AC comparator 

The developed unit is similar to classical DC 
current comparator such as described in [1]. 
Conception comes out from DC/AC current 
comparator, which was described in [2]. The 
detection core is made of amorphous magnetic 
material, which allows increasing of excitation 
frequency up to 12 kHz. This also increases 
bandwidth of the measured current (standard DC 
current comparators have usually bandwidth of 1 
Hz). At DC and low frequencies the instrument 
works on the fluxgate principle. At higher 
frequencies the magnetic cores and mainly the 
shielding act as a core of the instrument current 
transformer, which has the secondary winding 
short-circuited by the low output impedance of the 
feedback amplifier. 

I
2

R
sense

OUTPUT

I
1

N
1

N
2

f

2f

Detection winding

Excitation winding

Detection toroids

Magnetic shielding

INTEGRATOR
SYNCHRONOUS

DETECTOR

GENERATOR

(in CPLD)

C

Fig. 1. Block diagram of DC/AC current comparator 

The block diagram of the DC/AC current 
comparator is shown in Fig. 1. Two detection 
toroids are used to suppress basic harmonic 
component in the detection winding. These rings 
are magnetized with 2 x 40 turns in opposite 
direction. Capacitor C is used for tuning the 
excitation current into peaks (by forming a non-
linear parallel resonance circuit with the inductance 
of the excitation winding). It allows to deeply 
magnetize both cores. Detection winding has 
20 turns in low capacitance configuration around 
both detection cores. The cores with windings are 
placed into fully enclosed magnetic shielding (from 
annealed permalloy with relative permeability of 
approx. 25000). This shielding significantly 
suppresses spatial non-uniformity of detection 
cores, which causes magnetic error of comparator, 
suppresses sensitivity to near current and works as a 
core of the current transformer for higher 
frequencies of measured current. The winding for 
compensation current must be wound around the 
shielding. 

Electrical circuit consists of fixed frequency 
generator (12 and 24 kHz) realized in CPLD – it 
allows simply set the phase shift between two 
generated frequencies to adjust synchronous 
detector in phase with second harmonic of signal 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

626



from detection winding. Synchronous detector is 
realized as switching type – using integrated circuit 
AD630. Output from AD630 is led into integrator, 
which works like regulator in the feedback loop. 
Output current I2 from this integrator is passing 
through compensating winding of current 
comparator and sets zero field in the detection 
cores. This current is proportional to the measured 
current I1 and is sensed on precise resistor shunt. 

3 Testing of magnetic shielding effect 

Measuring system with flat coil was realized for 
testing of the effect of magnetic shielding (see 
Fig. 2.). This measurement shows how much 
variable is the cross-section of the detection ring, its 
permeability and turn-density. In ideal case, output 
voltage of comparator is zero for each rotation 
angle of flat  

DC 
Power 
Supply

+ _

output 

flat coil 
with 18 
turns 

measured 
comparator 

Fig. 2. Measuring system for measuring of magnetic error 
of the current comparator

coil. Real values measured for two currents (1A and 
5A) and for three kinds of magnetic shielding -
detection cores without any shielding, half 
shielding (inner and outer wound toroids) and full 
shielding (inner, outer wound toroids and upper and 

lower ring lids) are shown in Fig. 3. The 
comparator was measured in open loop, the 
sensitivity was 3 mV/A. Reducing of magnetic 
error with half and full shielding is clearly visible. 
For full shielding the magnetic error was below the 
instrument resolution, which was 2 V,
corresponding to 1.3 m of the measured current.  

4 Measuring of comparator precision 

The precision of current comparator has been 
measured only for half shielding (laser machined 
upper and lower ring lids were not available). 
Results for measured current 100A (DC/AC) are in 
Table 2. 

Table 2. Measured error of current comparator 
(differential method) 

frequency amplitude error angular error 
DC 0,032%      - 
50 Hz 0,01% -0,3 min 
300 Hz 0,03% - 2 min 
1 kHz 0,21% 2,5 min 

5 Conclusion 

The developed comparator integrates the 
principles of DC comparator and AC instrument 
current transformer into a single device. The 
accuracy of 0.03 % was achieved for half-shielded 
cores. Full magnetic shielding fulfills our 
expectations about elimination of detection core 
non-uniformity.  
Error analysis of fully shielded comparator will be 
given in final paper. 
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Development of a new gas sensor for binary mixtures based on the 

permselectivity of polymeric membranes - Application to carbon 

dioxide/methane mixture 
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Summary: This work describes a new concentration sensor for binary gas mixtures based on the 

permselectivity of a membrane element. This sensor is especially suited for the very low price and 
low/medium precision market to determine the carbon dioxide/methane composition in the 0-100% range. 

The membrane used is poly(dimethylsiloxane) (PDMS) hollow fiber by GKSS, Germany. The calibration 

curves were obtained at three different temperatures. The reproducibility, response time, reversibility, 
long-term stability and temperature dependence of the sensor are discussed. 

Keywords: carbon dioxide/methane mixture, binary gas concentration sensor, permselectivity 
Category: 10 (Applications)

1 Introduction 

There is an increasing need for very cheap sensors 
for monitoring processes with a great impact in 
safety and energy savings. Recently it was 
proposed a new sensor based on the permselectivity 
effect of membranes [1,2]. When two gases are 
applied to a permselective membrane, they 
permeate with different flow rates. Thus when two 
gases flow along the membrane with constant 
pressure, the permeate flow depends directly on the 
feed composition. This flow in turn can be 
determined by the pressure drop at a calibrated 
orifice or needle valve, so that the pressure is 
indirectly correlated to the binary feed gas 
composition. 

The sensor is made of a permselective 
membrane, a pressure transducer for measuring the 
permeate pressure and a non-selective barrier (e.g. 
needle valve). The non-selective barrier is used to 
control the permeate outlet to the atmosphere. The 
sketch of the binary gas mixture sensor is shown in 
figure 1. The gas mixture to be analysed is supplied 
at a constant pressure that must be higher than the 
outlet permeate pressure. In our system the feed 
pressure (PF) was set to 3 bara (bar absolute), while 
the permeate pressure after the needle valve (V) 
was the ambient pressure (Pamb). It was assembled a 
poly(dimethylsiloxane) (PDMS) membrane module 
with 6 fibers and a useful length of 11.3 cm. The 
inside diameter of these fibers are 0.71 mm. For 
this membrane, carbon dioxide is the fastest gas and 
the methane the slowest. An important application 
devised for this sensor is for monitoring the carbon 

dioxide/methane content in the biogas. Other 
applications are possible. 

2 Results and discussion 

The calibrations curves were obtained by 
measuring the permeate pressure at different 
oxygen feed compositions, keeping constant the 
feed pressure and temperature. The temperature and 
feed pressure were kept constant with a 
thermostatic bath and two pressure regulators in 
series and were measured with a K type 
thermocouple connected to a digital thermometer 
and a pressure transducer. The composition of the 
feed was measured on-line using an infrared carbon 
dioxide analyser (Servomex 1440 D). The needle 
valve was set to 1.838 bara permeate pressure when 
pure carbon dioxide was fed to the device at 24.9ºC 
and left unchanged for all experiments. The results 
are shown in figure 2 and are from two sets of 
measurements performed in different days and for 
10.3, 24.9 and 30.5ºC. For constant feed pressure, a 
second order polynomial fits quite well the 
experimental data. The experimental points 
obtained from two different experiments fall on the 
same calibration curve. The temperature effect on 
the response of the sensor was also checked. It can 
be seen from figure 2 that the PDMS shows a weak 
dependence towards carbon dioxide permeability of 
the temperature. The PDMS based sensor enables 
continuous and rapid carbon dioxide/methane 

analysis with a reproducible and long-term signal.
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Fig. 1. Sketch of the binary gas mixture sensor. 

Fig. 2. Permeate pressure (PP) as a function of carbon dioxide feed molar fraction, x(CO2), for 3.01 bara feed pressure and for 
three different temperatures. The maximum permeate pressure was set to 1.838 bara at 24.9ºC. The lines are polynomial 

fittings.
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Summary: Light that impinges on the interface between the insulator layer and the semiconductor material

of a metal-insulator-semiconductor structure (MIS) will affect the band bending at the interface. This effect
is studied in view of using amorphous or microcrystalline silicon based MIS devices for optical image 

detectors by reading out the local distribution of band bending with a low-intensity scanning laser. In 

contrast to commercial CCD cameras this detector does not need a lithographical process for defining
pixels. In turn, the limited lateral carrier diffusion will define the spatial resolution of the detector. Slow

interface states and their charging kinetics will lead to a change in detector response, which could be

employed for image storage. Detector degradation is studied with high-intensity laser pulses as a means
for fast aging.

Keywords: MIS sensor, amorphous silicon, band bending, interface traps
Category: 10 (Applications)

1. Introduction

We discuss the operation of a new type of a metal-
insulator-semiconductor (MIS) based optical sensor
element that relies on light-induced changes in band
bending at the semiconductor-insulator interface. 
Previously, the effect of the change of sign of the
spectral response in MIS structures was studied in 
a-Si:H-based TFT´s with CVD-grown a-SiN:H
insulator layers [1], without taking spatial
resolution into account.
A MIS-based image sensor system (MIS-camera)
would consist of a sensor element as described here
together with appropriate optics for guiding the
incoming image light and the scanning laser light
onto the sensor. Also the electronics part is not
discussed here. The MIS sensor takes advantage of
the local modulation of the interface potential in 
low-mobility a-Si:H or c-Si:H films that reduce
lateral re-equilibration of charge The continuous
MISCam sensor is read out by the principle of the
laser-scanned photodiode (LSP) with a modulated
read-out laser [2]. Compared to commercial CCD 
sensors, no lithographic steps are needed for pixel
definition.
Metal-insulator-semiconductor (MIS) structures
based on a-Si:H have been used previously to study
metastable effects like light-induced defect
formation [3] and defect kinetics, since the carrier
density can be simply controlled by the gate bias.
This is important for the evaluation of the
performance of thin-film field-effect transistors
(TFT's) which commonly employ a hydrogenated
a-SiN insulator layer as gate dielectric.

During a study of the influence of small leakage
light on TFT performance Muschik et al. have
measured a change of sign in the spectral response
of a-SiN/a-Si double layers illuminated through a 
semitransparent gate contact by chopped light [4].
Under zero dc-voltage bias the ac-photocurrent
signal was positive in the blue region and negative
in the red spectral range as shown in Fig. 1 (a). We
also followed the shift of the zero crossing of the
phase of the photocurrent at a given wavelength
after applying a certain bias voltage under 
illumination as shown in Fig. 1 (b).
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Fig. 1: (a) Crossover of spectral response in an a-

SiNx:H/a-Si:H MIS structure. (b) Shift of phase flip 

after voltage stress under illumination during 10 s
(After ref. 4).

2. Single spot characterization

Recently we have again taken up this idea to study
the feasibility of an amorphous silicon based MIS 
image sensor. We first looked for the characteristic
of a given single spot. Standard equipment was 
used for I-V, C-V, and spectral response
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measurements. Usually, we used a current-voltage
converter followed by an averaging transient
digitizer for time-resolved measurements and lock-
in technique for the steady-state analysis. 
First we show the effect of interface charges in a
silicon nitride MIS structure. The analysis of the C-
V curve leads to an estimate of the substrate doping
level of about 6 x 1014 cm-3, with very large
interface charge densities of about 5 x 1012 cm-2

derived from the threshold voltage shift (see Fig.
2).  The change in slope is consistent with the
existence of fast and slow states at or near the
interface. At low frequency of 14 kHz a small dip is
seen when the voltage is scanned towards negative
values, indicating reemission of trapped charges at
a given level of band bending. At 70 kHz the
hysteresis is much less pronounced.
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Fig. 2: C-V curves of SiN MIS structure.

Fig. 3 shows the I-V characteristics in dark and 
under illumination with bias light from a HeNe 
laser. In dark we again obtain a large threshold
voltage shift, similar to the C-V results. We tried to 
fit the I-V curve with a Poole-Frenkel ansatz. The
good fit hints to transport via traps in a-SiN:H with 
an average energy depth of 0.5 eV.
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3. Application as image sensor (MIScam)

Following the result shown in Fig. 3, for example at
5 V positive bias, one can conceive the operation of 

a 2-dimensional readout of a MIS structure where
the variation in the ac-photocurrent is monitored as 
a function of the position. Variable light intensities
of an image projected on the sensor, replacing the
HeNe laser source in Fig. 3, allows to recover the
light intensity distribution.
Two more effects are studied. The presence of slow
interface charges allows for image memory by
monitoring the threshold voltage shift distribution.
Next we looked at sensor degradation by pulsed
laser irradiation which not only causes a reversible
threshold voltage shift but also a signal
degradation.
Colour sensors can be realised by exploiting the
effect of control of inverted electric fields in the 
base and the interface region. Fig. 4 shows the
spectral response of the ac-readout of the MIS
structure with a broad minimum near 750 nm. This
is in contrast to usual response curves in p-i-n
diodes. The minimum observed here may stem
from the existence of opposite fields that
compensate the contribution to the ac-current for a 
certain generation profile.
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Extensive numerical analysis would be necessary to
reproduce this behaviour in detail. What is
important for the application as a sensor structure is
the strong quenching effect seen for additional light
bias as shown by the curve with lowest response
values in Fig. 4. 
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A. Morrissey1, J.Piggott1, A. Norman1, F. Stam1, D. Soden2 and C. Dunne2

1National Microelectronics Research Centre, University College, Lee Maltings, Prospect Row, Cork, Ireland
Email: Anthony.Morrissey@nmrc.ie http://www.nmrc.ie

2Cork Cancer Research Centre, Mercy Hospital, Cork, Ireland

Summary: The objective of this work is the development of planar electrode devices for use in gene and drug 

therapy microsystems for cancer treatment. Platinum and gold electrodes fabricated on both silicon and 

flexible polyimide substrates were assessed for efficiency of electroporation. Electroporation involves

application of electric fields to target cells, thereby rendering them transiently porous such that uptake of any 

therapeutic agent present will be greatly enhanced. Uptake and effect is monitored by cell count comparisons, 

and by luminescence measurements in the case of labelled therapeutics. Electrode arrays were designed 

subsequent to predictive modelling and simulation of electric fields using FEMLAB.

Keywords: electroporation, gene therapy, microelectrodes, cancer treatment

Category: 10 (Applications)

1 Introduction

During the next 10 years, cancer will
overtake all other diseases as the number one cause 
of death in developed countries, and will impact 
significantly on the economics of healthcare
delivery. Current cancer treatment uses 3 main 
modalities alone or in combination, viz.
chemotherapy, radiotherapy and surgery. Gene
therapy is the treatment or prevention of diseases 
such as cancer by gene transfer, and is regarded by 
many as a potential revolution in medicine. DNA 
delivery is seen as being pivotal in developing gene 
therapy and DNA vaccination approaches for
treating and controlling diseases that are likely to 
impact clinical medicine and biotechnology over
the coming decade.

The objective of this work is the
development of planar electrode devices for use in 
gene and drug therapy microsystems for cancer
treatment. The treatment method in question is
electroporation [1]. It is hoped that such a treatment 
method for cancers would give hope to a far greater 
number of patients, particularly as it is non-surgical
and therefore would provide hope to those not
suited for such a traumatic procedure. This is
particularly the case in elderly patients, and in the 
case of cancers such as oesophageal for example.

Electroporation is the use of applied electric 
field pulses to render porosity (and hence
permeability) to otherwise non-permeable (to large
drug / gene molecules) cell membranes. If a
therapeutic agent is now also present locally, then 
this should yield a localised and highly efficient 
treatment modality with increased patient comfort 
during the procedure, as compared with current 
treatment methodologies. This process has been

demonstrated to work for subcutaneous tumours by 
other authors, for example [2]. Hence, no details of 
the electroporation theory will be discussed further 
in this paper. 

For the most part, previous work has used 
large macroscopic needles to deliver the required 
pulse waveforms to the target sites. This paper will 
present results achieved from work using
microelectrode arrays on both silicon and flexible 
planar substrates. 

2 Experimental

Finite element modeling using FEMLAB
was used to predictively simulate electric fields 
generated from such devices for a range of applied 
pulse waveforms. The many parameters associated 
with the latter needed to be varied and optimised (in 
fact, the work is ongoing). These include voltage
applied, pulse shape, pulse duration, frequency,
monopolar versus bipolar, etc.. This aided greatly in 
minimising the number of electrode array design 
options worthy of investigation.

Figure 1: Simulation of electric fields generated 

at a flexible gold electrode
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Platinum and gold electrodes were fabricated 
by standard lift off technology. Substrates used
were both silicon and flexible polyimide of both 25 
and 50 microns thickness. Features on the silicon 
were down to 10 microns, whereas those on
polyimide ranged from 100 to 2000 microns.
Electrode arrays were packaged in a format suitable 
to allow in vitro  studies of the electroporation
efficacy using bleomycin as the treatment agent. 

Cell transfection efficiency is monitored
through measurement of luminescence from labeled 
therapeutics. Monitoring also includes counts of
cell numbers present prior to and post application of 
the electroporative pulsation in the presence of
bleomycin. Procedures used were as in [3].

3. Results and Discussion

Figure 2 shows a typical result obtained from 
a tumour cell death study using gold electrodes on 
polyimide. In this case, larger feature (2000
microns) were used. The full paper will include
observations on the effect, where any, of electrode 
metal and array and feature sizes. 
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Figure 2: Tumour cell death using 2000? m

spaced gold electrodes

Figure 3: Scatter plot taken after a series of 

electroporation pulses in presence of bleomycin

Figure 3 shows a scatter plot which is interpreted 
by basically saying that the upper right corner
represents cells which have been successfully
electroporated. In the present work, only circa 20%
of treated cells were porated but this has more to do 

with the need for an improved test set up than a 
measure of success of the process. The main point 
is that it shows that we have achieved poration with 
the planar electrodes.

Figure 4: Successful delivery via electroporation 

of the Green Fluorescent Plasmid to

tumourgenic cells in-vitro

Figure 4 shows the expression of Green Fluorescent 
Protein (GFP) in tumour cells. The photo shows the 
luminescence emitted from labelled agent
expressed within the target cells.
Cell impedance was also measured prior to and post 
application of a range of electric fields. With higher 
voltages / fields applied, greater decrease in
impedance was observed. While this is further
evidence of successful electroporation, it is not
clear that this can be quantitatively linked to the 
degree of poration. The indications are that it is 
probably not. This will be investigated further.

4. Conclusions

Planar electrodes fabricated on rigid silicon 
and flexible polyimide have both been shown to be 
capable of achieving electroporation of oesophageal 
tumour cells. This means they can be used for the 
development of microsystems for gene and drug 
therapy. To date, only in vitro studies have been 
carried out in the present work.
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Summary: The description and results obtained on experimental sample of photon counting reflectometer 
are presented. The Single Photon Avalanche Detector based on silicon photodiode is used in experiment. In 

compare with other systems using time correlated photon counting for this purposes, the unique temporal 
resolution of used detector and timing system allows achieve millimeter spatial resolution and high 

dynamical range preserving other parameters as are acquisition time. 

Keywords: Photon counting, optical time domain reflectometer, picosecond detector 

Category: 10 (Applications) 

1 Introduction 

Because high penetration of optical fibers in 
various branches of industry, where can be used for 
data transmission, measuring and many other 
applications, it is useful to have high precise and 
accurate technique for its diagnostics. The 
motivation of our work is to apply photon counting 
detector originally design for laser ranging in new 
field.

2 Our approach 

2.1. Principle 

Our realization of optical time-domain reflecto-
metry (OTRD) is based on time correlated photon 
counting (TCPC) principle. Intensity of reflected 
light is measured by counting of number of photons 
detected in short time interval (channel). Absolute 
temporal position of channel is correlated with 
begin of fiber. The short laser pulse is injected into 
fiber and only one or zero reflected photon is 
detected. This approach allows easy reconstruction 
of reflected light profile along fiber. It is an optical 
sampling. Its drawback is a requirement of high 
number of detection event and consequent dial 
among repetition rate, acquire time, dynamical 
range and channel width. Active gating of detector 
allows data acquiring from selected part of fiber 
only and rapidly improves experiment yield. 

2.2. Experiment 

Our experimental setup use as a light source 
Picosecond Light Pulser (Hamamatsu PLP-02) with 
wavelength 780 nm and 40 ps FWHM pulse length. 
As a detector we are using silicon based Single 
Photon Avalanche Diode (SPAD) detector with 
100 µm diode. The SPAD [1, 2] is a diode structure 
manufactured using a conventional planar 
technology on silicon. It is controlled by active 
gating and active quenching circuit. Active gating 
allows detector activation for selected time interval 

(in nanosecond scale) and active quenching allows 
operate detector on high repetition rate (up to 
1 MHz). 

The single photon detector sensitivity is achieved 
by biasing the diode above the pn junction break 
voltage (on Fig. 1 from 1 to 2). In this stage, the 
first absorbed photon is capable to trigger the 
avalanche multiplication of carriers - the fast rise 
time current pulse is generated (on Fig. 1 from 2 to 
3). Its amplitude is limited only by external 
quenching circuit connected to the diode. There is 
the active quenching circuit, which decreases the 
voltage applied to the diode bellow the break 
voltage as soon as an avalanche current buildup is 
detected (on Fig. 1 back from 3 to 1). 

I

U
UBREAK

1

3

2

0

~1 mA

~10 V

Fig. 1: V-A characteristic of avalanche photodiode in 
reverse direction, current vs. voltage with significant 
point described in text as operation in so-called Geiger 
mode (in analogy with radiation detectors). 

The diode voltage is kept bellow the break until 
next gate signal occurs. Then, the diode is biased 
above the break, again. The gate signal can be 
generated in correlation with laser shot or generated 
from previous one. In the second case very low 
optical signal intensity is necessary for measured 
data interpretation. 

On Fig. 2 is a block scheme of our experimental 
setup. The setup is made using bread board optics 
components. It has table top size. The light from the 
laser is collimated with spherical lenses and than it 
is    coupled    into    the    fiber    through    another
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Fig. 2: Photon counting reflectometer experimental setup. 

microscope lenses. The light reflected back from 
the fiber is separated by splitting cube and send into 
detector and than processed. 

Sample of measured data from 30 meters long 
fiber is on the Fig. 3. The peaks in the graph are 
reflections on the end of the fiber. Firstly was 
measured the whole fiber and then was shortened 
and measured second graph. In graph are these two 
measured samples together for 7 mm shortened 
fiber. 
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Fig. 3: A sample data demonstrating spatial resolution on 
strong reflection on the end of the fiber. 

3 Conclusion 

The experimental sample of reflectometer was 
constructed. Its temporal resolution is limited by 
detector and timing electronics parameters and 
overall time jitter is 64 ps now. It corresponds with 
5 mm in spatial domain. Measured dynamical range 
during daylight operation is more then 1000. Our 
future work will be focused on improving of 
dynamical range. Finally, this reflectometer is 
intended as a base for development of photon 
counting based distributed fiber sensors. 
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1 Introduction

The diabetes patients are 6% of the population. And the
diabetes causes serious complications. The complications are
mainly circulatory disease, nephropathy, retinopathy and neu-
ropathy. Retinopathy causes to be blind, nephropathy causes
chronic renal failure that is needed for hemodialysis. So it is a
noticeably increasing both social and personal burden.

Although the progress of diabetes and complications can
be suppressed by strict blood glucose control [1]. The diabetes
is a disease by lack of insulin. Insulin is only hormone to
reduce the blood glucose concentration. So diabetes increases
the blood sugar concentration level. Then insulin supplement
therapy is needed for diabetes patient in order not to be high
blood glucose concentration level. Because an insulin supple-
ment therapy is depending on experience of a doctor, it is
sometimes insufficient quantity of insulin, and it is danger of
hypoglycemia attack. So this intensive insulin therapy needs
for patient enough knowledge and patience, makes harmful
hypoglycemia attack.

So the medical device for blood sugar control has been
expected, the various devices have been developed. The arti-
ficial pancreas, which senses continuous blood glucose con-
centration and controls injection quantity of insulin, has not
been practical method. We have investigated that the device
worked mechanically by the change of the blood glucose con-
centration. We have applied this concept to valve system fab-
ricated by the micro optical stereo lithography.

2 PRINCIPLE

When the different solutions are separated by a semiper-
meable membrane, the solvent moves into hyper osmolarity
side. The ideal semipermeable membrane allows only sol-
vent to pass through, prevents the substance from passing.

If the a part of solid vessel is closed by a semipermeable
membrane, filled with a hypotonic solution, surrounded by a
hypertonic solution, the hypertonic solution draws the sol-
vent from the inside hypotonic solution. Then the inside vol-

The study of smart microliter osmotic valve for diabetes therapy
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Summary: The diabetes is a disease by lack of insulin. Insulin is only hormone to reduce the blood sugar concentration. So
diabetes increases the blood sugar concentration level. Then insulin supplement therapy is needed for diabetes patient. But, an
insulin supplement therapy is depending on experience of a doctor, it is sometimes insufficient quantity of insulin, and it is
danger of hypoglycemia attack. But, there are no practical devices for adequate quantity of insulin supplement therapy.
So we have investigated about the device for the insulin therapy. This device works mechanical actuation by the change of the
blood sugar concentration without energy supply and control system. We have applied this device by the micro optical stereo
lithography, and have tried to estimate the function.
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ume in vessel changes. Furthermore, if the other part of a
vessel is fixed by a elastic membrane, the change of volume
bends the elastic membrane. So the elastic diaphragm is de-
formed by the difference of concentration of solution between
both inside and outside. In other words, the stroke of diaphragm
based on the difference of concentration of solution. We called
this device an osmotic valve.

The osmotic valve system works as a sensor and an actua-
tor according to the change in blood glucose concentration.
And this system does not need control system and power sup-
ply system from outside.

When this osmotic valve is used as a insulin injection sys-
tem, the insulin is injected by the elevation of blood glucose
concentration level. Then the blood glucose level reduces by
the injected insulin, the valve is closed automatically.

The human serum osmotic pressure is mainly regulated
by the Sodium, Potassium, BUN (Blood Urea Nitrogen) and
blood glucose  (Blood Sugar) concentration. The diabetes is
the disease that only control of a blood glucose concentration
level failed in these four components. The concentration of
Sodium and Potassium are regulated strictly by human ho-
meostasis. The electrolyte and BUN are  small size.

Human serum osmotic pressure consists 4 components.
(Osmotic Pressure)=1.8 (Na+K)+BUN/10+BS/18 [mOsm]

Human normal limits
Osmotic pressure, 290 [mOsm] (in serum)
Na : Sodium concentration, 140 [mmol/l]
K : Potassium concentration,     4 [mmol/l]
BUN : Blood Urea Nitrogen concentration,   10 [mg/dl]
BS : Blood Sugar concentration [mg/dl] 100 [mg/dl]

It is needed for the semipermeable membrane of osmotic
valve to prevent from passing through glucose molecule. Be-
cause the glucose molecule is the largest among 4 compo-
nents. It is an important that condition for membrane is a per-
meability for glucose. On this condition, the osmotic valve
can be applied to insulin deliver system in the treatment dia-
betes.
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3 METHOD

FABRICATION
It is necessary for this system to be sealed up strictly, so

we made the device by micro stereo lithography. The micro
stereo lithography is a method to form micro three dimen-
sions shape, irradiated by ultraviolet laser at photosensitive
resin [2]. The micro stereo lithography is one of optical model-
ing method, which is liquid photosensitive resin is hardened
and laminated by high-power ultraviolet laser. Not only mi-
crostructure but also 100 mm or larger structure can be pro-
cessed with an accuracy of 1 µm. The modeling of a 3D struc-
ture is designed previously by 3D CAD, and based on this,
laser scanning track data are generated for filling contour in-
side by 3D CAD data. The XY surface is scanned by laser
light from upward according to the scanning track data. The
resin is hardened in horizontal cross sections.

The osmotic valve consists of semipermeable membrane,
elastic membrane for diaphragm and polymer housing. The
outer size of osmotic valves that we fabricated are from
2X3X2mm to 10X10X10mm.

MEASUREMENT

We tried to estimate the function of osmotic vale by the
displacement of the diaphragm membrane. We measured the
displacement of the osmotic valve in the water bath was filled
with glucose solution, by the laser displacement meter with
0.1 µm accuracy from outside of water bath. We studied ex-
perimentally for the relation between difference of osmotic
valve size and change of the glucose concentration.

Furthermore, we did an experiment to confirm whether
this osmotic valve could be able to drive in the living body.
We tried to insert the osmotic valve under the skin of a rat in
anesthesia. We let a rat eat a high concentration glucose solu-
tion and raised a blood sugar level. We injected an insulin
solution to the body by the osmotic valve. By measured glu-
cose concentration and quantity of the insulin solution, we
evaluated valve performance.

4 RESULT

The result of we measured displacement of diaphragm
membrane (the valve size: 5X5X3.2mm) was deformed by
120 µm for 10 minutes by a concentration change of the glu-
cose solution of 600 mg/dl. But the valve size 10X10X10mm
deformed 10 µm for 10 minutes.  It was ascertained that the
displacement and the speed of deformation increased as the
size of osmotic valve became smaller. The down sizing has
various advantages such as the efficiency of osmotic valve,
less invasive and cheaper cost. We compared inside volume
17µl with 510µl (about 30 times). As a result, a stroke of a
membrane was 12 times. This character of osmotic valve means
that the smaller size, the faster and larger quantity insulin can
be injected. It is desirable for a clinical device to be small, less
invasive, less economic cost and disposable against the infec-
tion. It is suggested that this osmotic valve can be suited for
insulin therapy.

In order to study whether the osmotic valve could have a
possibility to treat diabetes patients, we tried to the prelimi-
nary experiment for implantation in subcutis of rat. We con-

firmed the implanted osmotic valve could deliver insulin and
control blood glucose concentration of rat by the change of its
blood glucose concentration. So we thought that it has a enough
possibility to treat  human diabetes patients.

5 DISCUSSION

We made clear the osmotic valve function, for example the
displacement velocity and the displacement of diaphragm de-
pend on concentration. And we think that the osmotic valve
can be applied to insulin injection system in the treatment dia-
betes patients by the preliminary experiment of implantation
in rat. And blood glucose concentration of diabetes patients
fluctuates between about 100mg/dl and 1000mg/dl. This fluc-
tuation is enough osmotic change to actuate our valve system.

The osmotic valve has a character that the greater the varia-
tion of blood glucose concentration from normal, the larger
quantity and faster injected insulin. In other word, this valve
system injects larger quantities and more rapidly in poorly
controlled diabetes patients. The diabetes patients usually in-
ject a insulin solution 10-100µl a few times by a day. Well
controlled diabetes patients keep their usual blood glucose
concentration at not more than 200mg/dl. However, in poorly
controlled diabetes patients, even if insulin is injected, blood
glucose concentration would ranged from 200mg/dl to 600mg/
dl. It is suggested that there is a good possibility of controlling
the blood glucose concentration of diabetes patients.

6 CONCLUSIONS

This osmotic valve has a cubic shape with a volume of less
than 1ml, and can drive enough quantity of water for insulin
therapy.  It has been shown that the valve works effectively in
the clinical practice and functions well enough.

ACKNOWLEDGMENTS

The present study was partially funded by the 1997 Minis-
try of Education Scientific Research Grant (0978081), Suzuken
Memorial foundation Award 1998,  Nakatani Electronic Mea-
suring Technology Association of Japan 1999, Research for
the Future Program of Japan Society for the Promotion of
Science under the Project "Integrated Fields, Information on
Life Systems, Development of Artificial Cellular Device".
(1996-2001), I would like to thank Prof. Ikuta and Ikuta Labo-
ratory stuffs, I am also grateful to our stuffs in Suzuka univer-
sity of Science.

REFERENCES

[1] UK Prospective Diabetes Study (UKPDS) Group, Inten-
sive blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications
in patients with type 2 diabetes (UKPDS 33). LANCET;
352(9131): 837, 1998.

[2] K. Ikuta, S. Maruo, Y. Fukaya and T. Fujisawa, New micro
stereo lithography for freely movable 3D structure -Super IH
process with submicron resolution-, Proceedings of the IEEE
International Workshop on Micro Electro Mechanical Systems
(MEMS98), 290-295, 1998.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Applications and Electronics

641



Design of an Optical Force Sensor for Force Feedback during Minimally
Invasive Robotic Surgery

J. Peirs, J. Clijnen, P. Herijgers, D. Reynaerts and H. Van Brussel

Katholieke Universiteit Leuven, Dept. of Mechanical Engineering, Celestijnenlaan 300B, 3001 Leuven, Belgium
email: Dominiek.Reynaerts@mech.kuleuven.ac.be http://www.mech.kuleuven.ac.be

Summary: A miniature tri-axial force sensor is under development for minimally invasive robotic surgery.
To define the required force range and resolution, a needle driver has been equipped with strain gauges,
able to measure two force components perpendicular to the instrument shaft. In vivo-tests with different
needle types on skin, muscle and liver tissue show that the required force range and resolution are
respectively 2.5 N and 0.01 N. The force sensor is based on a flexible structure of which the deformations
are measured through reflective measurements with optical fibres.
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1 Introduction

The introduction of robots in minimally invasive
surgery (MIS) of soft tissues can considerably
enhance the accuracy of medical interventions. The
instruments are mounted on robot manipulators (the
slaves) controlled by the surgeon through
‘joysticks’ (the masters). In this way, the surgeon
can perform the operation in a more ergonomic way
and his hand movements can be scaled and filtered
to remove trembling and to enhance accuracy.
Furthermore, additional degrees of freedom can be
added at the instrument tip to enhance dexterity [1].
An important problem is that the surgeon lacks
tactile feedback. This can be solved by introducing
small force sensors in the instruments that enable
force reflection in the masters.

2 Force range measurements

2.1 Test set-up

To be able to design the force sensor, the
expected force range has to be specified. As few
data can be found in literature, a test set-up was
built to measure the forces occurring during
suturing. Figure 2 shows a needle driver equipped
with a 2-component force sensor based on strain
gauges. The 4 strain gauges are glued on the
instrument shaft with 90° interval. Two opposing
strain gauges form a half bridge measuring the X or
Y component of the force at the tip. The Z
component is assumed to be of the same order of
magnitude. The strain gauges are connected to AC
bridge amplifiers and sampled at 250 Hz.

The instrument is calibrated by holding it
horizontally, with a mass hanging at the tip. The
instrument shaft is rotated 360° while measuring the
voltages coming from both bridges. From this data

it is possible to determine the sensitivity and offset
of both bridges, and the orientation of the two strain
gauge pairs with respect to each other and with
respect to the jaws. The angle between the two
strain gauge pairs is required to filter out the cross-
sensitivity between both sensing axes.

Fig. 1. Needle driver with 2-component force sensor
based on strain gauges.

2.2 Measurement results

Suturing tests were performed by a skilled
surgeon on an anaesthetized rat. The forces required
to push the needle through the tissue depend on the
thickness and shape of the needle, and the tissue.
Table 1 shows the six tested needle types.

Table 1. Types of needles used in the test.

Size Cross-section of tip Shape

6-0 small Circular 3/8 circle

3-0 Triangular 3/8 circle

3-0 Triangular Straight

3-0 Circular 1/2 circle

1 Triangular 3/8 circle

1 large Circular 3/8 circle

Sensitive
element
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Figure 2 shows the peak forces for skin, muscle
and liver tissue. Skin is clearly the thoughest tissue
while liver is the softest. The highest and lowest
peak forces are respectively 2.3 N and 0.2 N. These
are forces required to puncture the tissue. Other
manipulations like oscillatory motions of the needle
used to test the strength of the tissue are much
lower, sometimes as low as 0.05 N for liver.

3 Sensor design

3.1 Specifications

The sensor will be mounted at the tip of a 5 mm
diameter instrument driver with two bending
degrees of freedom [1]. This instrument driver has
an internal channel of 2 mm diameter through which
surgical instruments can be inserted. The sensor
should have the same internal and external
diameters. As the sensor will be mounted in front of
the local degrees of freedom, it should be as short
as possible. Three components (FX, FY, FZ) should
be measured with a range of 2.5 N and a resolution
of 0.01 N (0.4 % of range). The sensor should be
biocompatible, sterilizable and robust.

3.2 Design

A design based on optical fibres was chosen for
reasons of safety as no leakage currents or
interference signals can originate from it. Figure 3
shows the basic layout of the sensor. It consists of
two parts connected by a flexible connection. The
upper part is connected to the tool while the lower
part is connected to the instrument shaft. Three

optical fibres, arranged at 120° intervals in the
lower part, measure the distance from the upper part
through the intensity of the reflected signal. The
fibre can measure the perpendicular distance from
the surface or the lateral distance from an edge of
this surface, depending on the sensor design (see
figure 3). Figure 4 shows the reflected signal for
both types of displacement and combinations. A
mechanical structure for the sensor’s flexibility is
currently  under development.
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Summary:  An interferometric method for remote measurement of voltage by fibre-optic link and sensor head 
is presented. A PMN:PT electrostrictive transducer is used to convert the electric field strength to 

displacement. A stable and linear interferometric reading of displacement is obtained by the passive 

demodulation technique employing 3x3 fibre-optic coupler. Temperature of the sensor head is simultaneously 
measured by the same fibre-optic configuration. Low coherence interferometric technique is utilized for 

interrogation of temperature sensor and for distinguishing between signals from two sensors.  

Keywords: voltage measurement, electric field measurement, electrostrictive, 3x3 fibre-optic coupler, low 

coherence interferometry, fibre-optic sensor 

Category: 10 (Applications)

1 Introduction 

An optical method for volatage measurement can 
be based on any of the following effects: Pockels, 
Kerr, piezoelectric or electrostrictive [1]. Most 
experimental work and practically realized fibre-
optic voltage sensors use the linear Pockels effect. 
Insertion of electro-optical crystal in a fibre optic 
configuration is often bulky and vibration sensitive. 
In the other hand, a sensor using piezo-
electric/photoelastic effect [2], where the light path 
is completely confined in fibre, requires long fibre 
wound onto piezoelectric crystal, what is also very 
bulky.  

In this paper we propose a different approach, 
based on the electrostrictive effect in PMN:PT 
ceramic. The change of dimension of ceramic 
transduser caused by electric field is detected by the 
interferometric method previously reported as 
suitable for remote vibration measurement [3]. 

The electrostrictive coefficient is very 
temperature sensitive, so the sensor head 
temperature have to be known to enable adequate 
correction of measured values. The temperature 
sensing is done by the same configuration, where 
one of fibres serves also as the temperature probe. 
The temperature is detected via elongation of a 
short, for instance, aluminium wire, which can be  
read by classical low coherence interrogation [4]. 

The proposed configuration offers a simple 
construction of sensing head, high measurement 
resolution and possibility of DC voltage 
measurement.  However, because of quadratic 
nature of electrostrictive effect, the method do not 
provide information of the sign of the electric field 
and is not suitable for very low voltage 
measurement. 

2 Theory 

A sensor based on the electrostrictive effect 
measures, in fact, the electric field. The voltage can 
be measured by detecting the field formed by this 
voltage between two electrodes. This technique, 
where the voltage is applied directly to the 
transducer, can be used only for relatively low 
voltages. The electrostrictors of resonable size, i.e. 
below several centimeters, have the breakdown 
voltage below one kilovolt. Higher voltage can be 
measured by several electrostrictive transducers 
posted along the electric field, between the high 
voltage power line and ground potential. Numerical 
integration of field strength, measured in, at least, 
three [5] or four [2] “points”, using the quadrature 
method of integration, gives the desired voltage 
difference.

Deformation of electrostrictive transducer is 
detected by the interferometric technique based on 
a 3x3 fibre-optic directional coupler, which 
produces signals with a special phase relationship. 
Two quadrature signals, which are required for 
interferometric signal demodulation, can be 
extracted from these 3x3 coupler signals. In that 
way, a linear response on transducer strain, along 
with interferometric sensitivity, is obtained and can 
be used for voltage measurement. 

3 Experiment 

The proposed method is verified by the 
experimental setup shown in Fig.1. The central part 
of the sensing scheme was a commercially 
available 3x3 single mode directional coupler. Low 
coherence light source (LCS) was a 
superluminescent diode emitting at 1305 nm, with 
the coherence length of 30µm. Light source was
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Fig. 1. Experimental set-up 

connected to the central input port of the 3x3 
coupler, directed via 2x1 fibre optic coupler. Two 
InGaAs photodiodes, PD1 and PD2, were attached 
to two other “input” ports of the coupler. The 3x3 
coupler’s output ports were very short and almost 
the same length. These were the measuring and the 
reference arms of the interferometer,  directed 
towards the surface of the electrostrictive 
transducer (PMN:PT) and the reference mirror 
(RM), situated in close proximity of transducer. 
Transducer was a 4 mm thick piece of PMN:PT 
ceramic, with two electrodes generating electrical 
field in direction perpendicular to the fibre axis. 
The third “output” arm of 3x3 coupler was directed 
towards an Al mirror (AlM), mounted on a 
calibrated piezoelectric positioner, simulating the 
elongation of temperature sensing wire. The low 
coherence read-out interferometer was formed by 
the another 2x1 coupler, with the scanning mirror 
(SCM) mounted on the second calibrated 
positioner. The whole set-up was made without any 
of bulk beam shaping optical components. The 
level of line voltage applied to the transducer was 
settled by an autotransformator, in the range from 0 
to 50 V rms.  

4 Results

Fig. 2. The measured displacement of the electrostrictive 
transducer  under  applied  alternating  line  voltage  of
50 Hz.

     Waveforms corresponding to six different AC 
voltage levels, obtained by post-processing of 
captured data sets, are shown in Fig.2. Signals are  
phase-unwrapped according to the procedure 
described in [6]. Note the 100 Hz periodicity and 
high nonlinearity in proximity of zero voltage,  
caused by quadratic relation between applied 
voltage and electrostrictor strain.

Fig. 3 The low coherence correlogram obtained during 
the SCM scan 

     Signal obtained by scanning the read-out 
interferometer is shown in Fig.3. This is the 
photodiode PD3 signal processed by the complex 
Morlet wavelet transform, corresponding to the 
shape of coherence function of the super-
luminescence diode. The position of “Al wire” peak 
in Fig.3 represents the temperature of sensing head.   
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Summary. Olfaction-based mobile robot navigation has captured the interest of many researchers dur-
ing the last ten years, but till now, most experimental works are done in airflow controlled indoor envi-
ronments using strong odour concentrations. The main obstacles to research in mobile robot olfaction
are the properties of current gas sensors (slow, weakly selective and poorly sensitive) and the difficulty
to estimate the physical characteristics of a natural odour plume from sparse measures taken far-away
from the odour source. This paper presents an olfactory sensing system that intends to overcome some
of those problems. The proposed olfaction sensing system is based on two metal oxide gas sensor ar-
rays and a thermal anemometer. The selectivity of the olfaction system is enhanced by processing the
output of each array of different gas sensing elements. The speed of the sensing system is increased by
the utilization of gas sensors transient response. The fusion of airflow (amplitude and direction) with
previous spatio-temporal concentration measures, gathered along the robot trajectory, allow to obtain
usable estimates of local gradients and odour source localization.

Keywords: Artificial olfaction, mobile robotics, electronic nose.
Category: 10 (Applications)

1 Introduction

Olfactory-based behaviors are among the most com-
mon behaviors in the animal world. It is well known
that insects and other animals use olfactory sense in a
wide variety of behavioural processes, namely to rec-
ognize and locate food sources, detect predators, mark
areas and trails, and find mates. Recently, there has
been an increased interest in integrating olfaction in
mobile robots [3, 4, 5, 2]. This “new” robotic sense
may improve robot capabilities in natural environments
for applications such as: inspection, demining, res-
cue, prospecting, patrolling, etc. Current works in mo-
bile robot olfaction have been mostly developed un-
der simplified experimental conditions (indoor environ-
ments with constant and known airflow and with high
gas concentrations). To prosecute the research across
real outdoor environments the sensing system should
overcome several challenges, namely: the gas sensors
should be fast, sensitive and selective enough to de-
tect small odour puffs far away from the source. The
transport of odour molecules in natural environments
is a phenomenon mainly dominated by turbulent air-
flow. Following an increasing concentration gradient
does not guarantee to find an odour source. First, be-
cause far away from the source, the average concen-
tration is too low to measure local gradients and sec-
ondly because in all real environments turbulence is
a dominant phenomenon, imposing abrupt changes in
the measured concentration. Having those aspects in

mind, the olfaction system correlates the concentration
signals with the wind information to estimate the di-
rection of the source. After sampling the workspace
enough to estimate the plume width, the distance from
the source can be estimated from the dispersion theory.
A successful olfaction system should have the capacity
to measure the local airflow velocity and direction.

2 Olfaction sensing system

The proposed olfaction sensing system is composed by
two gas sensing nostrils, located on opposite sides, near
the top of the robot and a pumping system able to pull
air from the robot base to a sensing nostril. A direc-
tional anemometer on the top of the robot (see Fig-
ure 1). The odour and wind information is processed
with the robot’s position in order to estimate the odour
source localization. Each sensing nostril is composed
by four Figaro Inc. metal oxide gas sensors (TGS2600,
TGS2602, TGS2610, TGS2620). The pumping system
is composed by a pipe and a small controllable DC fan.
The fan is only turned on to localize the position of a
ground odour source. The proposed thermal anemome-
ter measures airflow intensity and direction using four
self-heated thermistors placed around a square wind
deflecting pillar (see figure 1). The power dissipated by
each sensor depends from the difference between the
device temperature and local air temperature and de-
pends from the airflow around the device. The heated
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thermistors are operated at constant temperature differ-
ential. The compensation for changes in ambient tem-
perature is achieved by a fifth thermistor located inside
the square pillar that measures local air temperature.

Fig. 1: Nomad Super Scout mobile robot with olfaction
sensing system.

Odour searching
The search and localization of an odour source can

be represented by Figure 2. The signal processing of
each sensing nostril is actively changing in order to be
optimized for each detection phase.

In the first phase, far away from the source, the mix-
ture to detect is characterized by sparse puffs with vari-
able, normally low concentrations. In this phase each
nostril is used independently for detection of low con-
centrations (minimum sensor offsets and very high am-
plification) and fast identification using algorithms that
allow the processing of transient data (e.g. feature ex-
traction from wavelet transforms) [1].

After entering in a sustainable area of a plume, the
higher concentration levels, allow to employ both ar-
rays in the estimation of local gradients. Here the pro-
cessing is directed towards the quantification of the
main tracked gas substances.

Finally, when the system suspect that it is near or
above the source, the system turn-on the air pump and
compares the concentrations measured from the ground
level with the concentration in the top of the robot.
As the distance between the robot and the source de-
creases, the concentration difference between both lev-
els should increase. As can be seen in Figure 3, moving
the robot over a 5 cm diameter ethanol source, and us-
ing the concentrations gathered from the robot’s base, it
is possible to localize with some accuracy (in this case,
with an error of 4 cm) the source position.
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Abstract

The main motivation of the research community in the field of amorphous and microcrystalline

silicon films is the deposition of a/ c-Si:H films on polymeric substrates aiming to produce 

optoelectronic devices on flexible substrates in order to spread out the field of applications. To 

reach this goal it implies to investigate the possibility of producing a-Si:H films at low 

temperature (<140ºC) on transparent and flexible substrates such as Mylar. In this work we 

present data concerning the production of pin a-Si:H devices by hot-wire plasma assisted 

(HWPA)-CVD technique and used for optical position sensor applications. The objective of this 

work is to apply such devices to continuous angular velocity measurements of a micro motor.

The set of data achieved show the possibility to produce on mylar 80 mm long position sensitive 

detector with a spatial resolution better than 20 m and a linearity of 2%.

Keywords: PA HW-CVD technique, optical position sensors 
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Magnetoresistive Alloy 
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Summary:  A new circular position sensor based on giant magnetoresistances has been developed. The 

sensing film is an Ag-Co nanogranular thin film patterned in a circular Wheatstone bridge configuration. 

This alloy shows a high magnetoresistance of 8% at room temperature within the field generated by a Nd-

Fe-B permanent magnet that it provides a sensitivity of 440 µV/V/(º). The operation temperature range of 
this device is –40ºC~+120ºC although the magnetic film withstands higher temperatures up to 200ºC. 
These parameters and the contact-less way of sensing make this device suitable for automotive 

applications. In addition, the sensor is insensitive to contamination, and devoid of friction and electrical 

contact noise therefore the sensor have a long lifetime. 

Keywords: magnetoresistance, position sensor, high temperature, magnetic device 

Category: 3 (Magnetic physical devices)

1 Introduction 

The giant magnetoresistive phenomenon was 
discovered in 1988 [1].The magnetoresistive effect is 
widely used in various technical areas but in 
automotive and industrial environments, magnetic 
sensors are often preferred because of their 
robustness, insensitivity to dirt and their contact-less 
way of sensing. 
The purpose of this work is to present a magnetic 
circular position sensor based on a GMR 
nanogranular Agx-Co1-x [2],[3] alloy to build up low-
cost and contact-less devices capable to work in harsh 
environments. 

2 Sensor structure and working principle 

The working principle of the magnetic position sensor 
is depicted in Figure 1. A neodymium-iron-boron 
permanent magnet is attached to an axis whose rotary 
position determines the output signal. The 
magnetoresistive sensing film is an Agx-Co1-x

nanogranular alloy. 

Figure 2 displays two of the possible working 
positions: (a) is the position of maximum output, 
when two opposite magnetoresistances (R1 and R3,or
R2 and R4) are under the influence of the permanent 
magnet. In position (b), the bridge output signal is 
zero, all magnetoresistances are affected equally. The 
maximum peak to peak voltage can be written as 
follows: 
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Fig 1. Working principle of the magnetic position sensor 

Fig 2. Permanent magnet movement over the 
Wheatstone Bridge configuration. 

2 Fabrication process 

The sensor fabrication process may be separated in 
three major stages. Initially, a 150 nm thick Ag-Co 
(70%-30% wt.) sensing film is deposited by DC-
cosputtering onto Al2O3 polished substrates  
Next, metallic contacts are defined on sensor surface 
providing electrical connections. Contacts are 
deposited by a combination of DC-sputtered Ag layer 
and RF-sputtered Cr layer. A 300 nm Ag film is thick 
enough to allow tin or ultrasonic soldering.  
Finally, in order to avoid the surface oxidation, a 
silicon dioxide passivation film is deposited by RF-
sputtering over the entire wafer. Contact windows are 
patterned by chemical etching. When all layers are 
defined, the sensor is annealed at 300 ºC during 45 
minutes. 
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3 Results and discussion 

This GMR material shows a typical 
magnetoresistance curve for these magnetic alloys. It 
can withstand very large magnetic fields without 
changes of its properties, this has been checked up to 
1.7 T. 
Figure 3 displays the variation in the MR of the 
nanogranular alloy with magnetic applied field for 
several thermal treatments. As it can be observed the 
GMR ratio at room temperature is ∼15% under a 1.7 
T magnetic field for the 300ºC annealing and ∼5%
with 0.35 T. 

Fig. 3. The magnetic field dependence of the 
magnetoresistance for several annealing temperatures. 

In the final sensor assembly a half-cylinder shape 
neodymium-iron-boron permanent magnet has been 
used, and under its influence, the sensor shows a 
magnetoresistance of 8% at room temperature. 

The temperature coefficient of magnetoresistance 
(TCMR) can be calculated as follows: 
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The temperature coefficient of resistance is 850 ppm 
constant in the operation range. In order to evaluate 
the thermal stability, long-duration tests have been 
performed. The sensors have been stored at a 
temperature of 120 ºC for 100 h. In the Figure 4 two 
different thermal stability curves can be seen. Firstly, 
(a) curve shows the thermal behaviour of the sensing 
film, on the other, (b) curve represents the same test 
adding a 1.5 µm SiO2 passivation layer. The 
passivated curve shows a much lower drift.  

Fig. 4.  Two different thermal stability curves 
adding SiO2 passivation layer.  

The output signal as a function of the magnetic field 
with a permanent Nd-Fe-B attached to the rotary axis 
is shown in Figure 5 for an input voltage of 5 V. The 
period of 360º and a peak to peak voltage of ≈450 mV 
can be seen clearly. The magnetic bridge sensibility 
can be written as function of the magnetoresistance 

value[4]:
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Introducing MR=8% in this equation, the 
sensitivity measured is 440 µV/V/(º), at 300ºK.   

Fig. 5. Output Voltage of a GMR Wheatstone Bridge 
at room temperature. The input voltage was 5 V. 

4 Conclusions 
A new GMR sensor has been presented for 
contactless circular position detection and a simple 
fabrication process has been developed that it allows 
low-cost systems designs.  
The magnetoresistive sensing element has been a 
nanogranular Ag-Co alloy which exhibits a negative 
magnetoresistance change by a magnitude about ∼8%
under a Nd-Fe-B permanent magnet influence. 
The Wheatstone bridge configuration provides a 
triangular shape signal which peak to peak voltage is 
more than 400 mV (VIN=5V) at room temperature. 
The sensitivity displayed by the device is 440 
µV/V/(º). 
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Summary: A new magnetic sensor of a great sensitivity and simplicity is presented. This device is based on 
a variable capacitor whose plates are formed  by a magnetic material in such a disposition that one of them 

constitues a cantilever. When a repulsive force arises due to induced magnetic poles of the same sign in 

each two components of the capacitor, the cantilever moves. This sensor is improved by adding a third non 
magnetic plate permitting the assembly  of a Wheatstone bridge. 

Keywords: magnetic, sensor, cantilever, capacitive 
Category: 3 (Magnetic Physical Devices)

1 Introduction
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As it is well known, magnetic poles are induced in
a finite size body when a magnetic field is applied.
If two magnetic sheets of the same dimensions are
set together, when these poles appear they will
produce a repulsive force between them. One of the
two plates will be fixed and the other will be placed
in such a way that it forms a cantilever whose
position could be modified by the magnetic field, as 
shown in fig1.

Fig 1.  Cantilever and Repulsive Force. 

This device constitutes a variable capacitor
allowing the measurement of the magnetic field by 
measuring its capacity. Nevertheless, the accuracy 
can be duplicated by the use of a Wheatstone’s
bridge. The second capacitor is obtained by placing
a non magnetic plate over the others,  leaving space 
enough to allow the cantilever movement (Fig2-3). 

Fig 2. Wheatstone Bridge Circuit. 

M a gn e tic M a te ria l

N o n  M a gn e tic  M a te ria l

Fig 3. Sensor Description 

2 Theoretical Approach 

2.1  Output Voltage versus Applied Field 

The force between the magnetic poles is:

(1)
d

M

d

p
F

22

where p is the dipolar magnetic moment, d is the
distance between the two plates and M is the
magnetizaton vector.
Assuming that the cantilever is long in comparison
to its cross section and that its deformation is small,
the maximal deflection z (at its end side) will be:

(2)
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being L the sensor’s longitude and I the inertical
moment.
In the material surface, if Nd is the demagnetization
factor:
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(3)
dN

H
M

The last three formulae leads us to: 

(4) Hz

Supposing that our capacitor is equivalent to a
parallel plate one of the same dimensions (surface
S) and with a plates separation (d) proportional to
the deflection (z) of the real capacitor, the 
following expression is obtained:

(5) HV
V

Q

d

S
c 0

2.2 Appropiate Sensor Shape 

If the magnetization is bellow its saturation value,
and all the variables have been fixed, it is easy to
prove that the narrower the capacitor is the less
sensitive the sensor is. This is due to the fact that
the demagnetization factor increases as the width 
decreases. Thus, there will be less magnetic poles
and the repulsive force between the plates will
decrease. However, if the magnetization is that of
saturation, the deflection will be reduced as the
width increases. The optimal value is obtained 
when the magnetization is  just saturating.

The longitude entails a more difficult issue. At first,
the sensitivity grows up with the longitude, but, if 
the cantilever is too long, it will be difficultly
moved because of the gravitational force. In such a 
case, the device can be modeled by two capacitors
in parallel (see Fig.4): the optimal one (Lo) which
can be approximated as it has been shown in the
previous section and another (L’) that only
introduces a parasite capacitance. The sensitivity
begins to decrease when the longitude increase over 
a critical value Lo. 

Fig.4  Sensor Section 

The gravitational problem can be assumed
negligible by setting the surface of the fixed plates
parallel to the gravitational aceleration.

3 Experimental Results

To fabricate the sensor, we have used an
amorphous material as the magnetic one because it 
can be easily magnetized. Copper has been used as 
non magnetic material.

There is a good agreement between the
experimental results and the theoretical model (5)
and the sensor has a very good linear response. (See
Fig.5).

This sensor is highly sensitive to electrostatic fields.
To avoid this problem, it must have an appropiate
screening.
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Fig 5.  Sensor L = 2.22 cm. 
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MEMS-Based Fluxgate Microsensor for Digital Compass Systems
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Summary: A fluxgate microsensor for digital compass systems was developed. To achieve a high

sensitivity, a rectangular-ring shaped soft-magnetic core and an intimate structure of  excitation and pick-

up coils  were designed. These structures effectively prevented magnetic leakage from the core. The

fabrication technologies included electroplating for the core and the coils and sputter deposition for seed

layer. Photoresists were used for creating micromolds for electroplating both the core and the coils. BCB

resist is adapted for the isolation layer between the core and the coils. Completed sensor easily detected a

very weak magnetic field such as the earth’s magnetic field. The out sensitivity for 2.8  V p–p driving

voltage and 3.2MHz driving frequency was 380V/T.

Keywords: digital compass, flux gate sensor, MEMS, microsensor.

Category: 3 (Magnetic physical devices)

1 Introduction

In recent years, there have been increasing demands
for a digital compass to provide the information of
portable navigation systems. In the measurements
of a weak magnetic field (10-10 to 10-3T), the
fluxgate sensor has been widely used because of its
high sensitivity [1-2]. Fluxgate sensor serves up to
1mT with a resolution of 0.1nT to 10nT. However
the conventional fluxgate sensor utilizes bulk or
ribbon magnetic core, bobbins for the excitation
and the pick-up coils, and electronic circuits for the
core excitation and signal processing. These result
in the disadvantages of large volume, large weight,
and high cost. Moreover the classical approaches
have had difficulties in fabricating the sensor with a
precise and more complex structures. The fluxgate
sensor with flat coils and open core consisting of
strips made of etched amorphous tape was
described in [3] and [4]. A fluxgate magnetic
microsensor using micromachined planar solenoid
coils  was made by MEMS technique[5]. Fluxgate
microsensor with symmetrical core on both sides of
the planar rectangular excitation and pick-up coils
was described in [6]. However these structures  did
not allow real miniaturization of the sensor.
   In this paper, miniaturization was accomplished
by microelectromechanical systems (MEMS)
techniques. A new structure was designed to
maintain the parameter of the fluxgate microsensor.
Micromachining technology also leads to flexibility
of fabrication of a microsensor with complex
structure.

2 Design

The new sensor described here is based on the
concept of a closed rectangular-ring core and
micromachined solenoid coils  on a silicon wafer.

The micromachined sensor structure is shown in
Fig. 1. The excitation and pick-up coils were
fabricated to be very closely located beside each
other. The coils, as shown in Fig. 1, are alternately
wound surrounding the rectangular closed core.
This intimate structure of the coils effectively
reduced the leakage of magnetic flux between the
closed core and the coils and enhanced the
sensitivity of the fluxgate microsensor.

Each coil has 42 turns made of 6µm-thick copper
layer. The coil pitch is 14µm (10µm conductor
width / 4µm space). DC resistance of the excitation
and the pick-up coils were 47O and 45O,
respectively. Magnetic core was designed into the
geometry of a closed rectangular-ring. This
effectively decreased the leakage of the magnetic
flux of the core due to the generation of the closed-
loop magnetic path. As a magnetic material, a 2-
µm-thick permalloy (NiFe 81/19) with a DC
effective permeability µeff of about 1100 and a
coercive field of 0.1Oe was formed by
electroplating. The electroplated permalloy core is
2360µm long and 560µm wide.

Fig. 1. Structure of macro-machined fluxgate sensor.

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Magnetic Sensors

653



3 Sensor Evaluation

For investigating the frequency response of the
sensor itself, a weak magnetic field was applied to
the sensor as a function of the frequency. The
induced second harmonic voltage as a function of
frequency is shown in Fig. 2.  The maximum
sensitivity for square wave excitation is 380V/T for
3.2MHz frequency. The sensor excitation voltage
was 2.8V p–p and the external magnetic field was
1Gauss. Figure 3 shows the linear characteristic of
the fluxgate microsensor measured for weak fields
of – 4Gauss to +4Gauss. The sensor excitation
frequency was 1.7MHz at 2.8VP-P excitation square
wave. We can observe that the output voltage
shows a good linear characteristic with the
externally induced weak magnetic fields.

Fig. 2. Frequency response of the fluxgate sensor for
2.8V p–p voltage and 1Gauss external magnetic field.

Fig. 3. Sensor linear characteristic for weak magnetic
fileds (-4Gauss to +4Gauss).

The output voltages as a function of magnetic
field is very linear over the range of –100µT to
+100µT. From this excellent linear response, about
280V/T sensitivity was obtained for 1Gauss
externally induced magnetic filed. In this sensor
structure, the magnetic core with a rectangular-ring
shape provides a closed loop flux path with reduced
magnetic leakage. The intimate structure of the
excitation and pick-up coils causes a deep magnetic
coupling with the magnetic core.

4 Conclusions

Using the rectangular-ring shaped magnetic core
and the intimate structure of the excitation and
pick-up coils improves the properties of the
fluxgate microsensor. The new designed fluxgate
microsensor has an almost closed magnetic path
with respect to the excitation field. The excitation
and pick-up coils have a narrow pitch of 14um
respectively. This narrow pitch of the coils also
provides a deep magnetic coupling between the
magnetic core and the coils.
   Although the sensor has a miniature size,
excellent linear response over the range of -100µT
to +100µT was obtained with 280V/T sensitivity at
excitation square wave of 2.8VP-P and 1.7MHz.
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A Novel Fabrication Technique using UV-Lithography for Polymer 

Magnets in Micro Actuators and Generators 
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Summary:  We report on the fabrication of polymer magnets realized by processing magnetic polymer 

composites based on the photo resist Epon SU-8 used as a matrix and their integration into a micro 

actuator or generator. The processing of Epon SU-8 enriched with different hard magnetic powders is 

shown. Furthermore a fabrication batch process including UV depth lithography employing Epon SU-8 

photo resist, electroplating of copper and polishing for the manufacturing of a micro actuator/generator is 
demonstrated. The result is an electro magnetic device consisting of a permanent magnet as a core in a 

helical coil in a monolithical build-up. 

Keywords: magnetic actuation, polymer magnet, SU-8, UV depth lithography, micro coils 

Category: 3 (Magnetic physical device)

1 Introduction 

Magnetic micro actuators have received 
considerable attention in research with particular 
interest on fully integrated devices [1-3]. Most 
actuators developed so far are based on the 
reluctance principle using soft magnetic materials 
[4]. In comparison to this hard magnetic materials 
have the potential for larger forces and deflection. 
Other developments in the field of magnetic 
actuators describe devices, which use hybridly 
assembled permanent magnets [5]. Also 
commercially available or electroplated permanent 
magnets are used because of the difficulty in 
depositing structures with a thickness up to a 
millimeter [6]. Alternatively polymer magnets, in 
which small particles of hard magnetic material are 
suspended in a polymer matrix or binder are 
developed [7]. This comprises the problem, that in 
order to obtain a micro fabrication batch process the 
magnets have to be structured. A possibility to 
achieve this is screen printing or spin casting [3]. In 
contrast to this this paper shows the production of 
permanent magnets using Epon SU-8 photo resist 
and UV-depth lithography with arbitrary design to 
their structure. This process is compatible to most 
standard micro fabrication processes. Furthermore a 
prototype of a magnetic micro actuator/generator 
based on this process is presented. 

2 Composite fabrication 

In terms of a large residual induction Br and 
coercive force Hc rare earth alloys such as 
samarium-cobalt or neodymium-iron-boron have 
the best magnetic properties. These rare earth 
magnets usually are sintered at high temperature 
and pressure to receive these properties.  

We use these alloys as powder mixing it with 
negative tone Epon SU-8 photo resist at different 
concentration levels. The enriched resist is 
processed including spin coating, heating, exposure 
and development. The result is shown in Fig. 1.  

Fig. 1. SEM photograph of the structured Epon 
 SU-8 enriched with samarium-cobalt 

Depending on the particle size used the resolution 
and roughness of the structures are limited. Due to 
the available sizes of samarium-cobalt (6 µm) and 
neodymium-iron-boron (9 µm) the smallest 
structures, which could be developed had a width of 
20 µm. Consequently, for better results the particle 
size has to be reduced. However, the used powders 
are susceptible to oxidation and corrosion and lose 
their magnetic properties. Because of this the 
reduction of the particle size is difficult and other 
materials might have to be considered. 

Decisive for a high residual induction Br is the 
height of the fabricated structures and the 
concentration levels of the resist. These influences 
are subject of further investigation. Also ceramic 
ferrites [2] (strontium ferrites with a particle size of 
1,5 µm) and some soft magnetic materials such as 
nickel iron or magnetite will be tested.  
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3 Magnetic micro actuator/generator 

The basic build-up of the micro actuator/generator   
consists of a movable permanent magnet in a three 
dimensional helical coil as shown in Fig. 2. The 
permanent magnet is held by leaf springs at one 
end, which are used as a suspension.  

Fig. 2. Schematic of the magnetic micro 
 actuator/generator 

Using the device as a generator the leaf springs 
have also the requirement to allow vibrations of the 
permanent magnet and serve for the restoring force. 
The fabrication process of the device includes the 
electroplating of copper for the lower conductors 
and via interconnects to the upper conductors (see 
Fig. 3a) realized by sputter deposition and 
structuring of a gold-layer. The permanent magnet 
is wrapped by a sacrificial layer made of copper [8]. 
The SU-8 is used for producing the high aspect 
ratio micro molds, the dielectric intermediate layer, 
the upper conductor bridges, the mechanical 
structures such as the leaf springs (see Fig. 3b) and 
for composites containing the magnetic material 
(see Fig. 3c).  

Fig. 3. a) Lower conductors and via interconnects 
 b) Leaf springs on a sacrificial layer 
 c) Sacrificial layer, magnetic material and 
     via interconnects after polishing

To achieve satisfactory planarisation after the 
electroplating of copper and the structuring of the 
magnetic material a polishing step is needed (see 
Fig. 3c). After magnetization of the permanent 
magnet and etching of the sacrificial layer the 
magnet rod and the leaf springs are movable. The 

structure height of the micro actuator is 200 µm as 
shown in Fig. 4. 

Fig. 4. Micrograph of the actuator/generator 

4 Conclusion 

We have presented a novel fabrication process for 
permanent magnets using Epon SU-8 and UV-depth 
technology as well as its application for producing a 
micro actuator/generator with a monolithical build-
up. The demonstrated technology allows the 
development of promising magnetic actuators. 
Magnetic polymer composites are not able to reach 
the quality of sintered magnets but are a good 
compromise to combine good magnetic properties 
with the high aspect ratio and planarisation 
capabilities of the Epon SU-8 photo resist. 
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Planar Hall Effect Magnetic Sensor for Micro-Particle Detection
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Summary:  Magnetic sensors based on the anisotropic magnetoresistance (AMR) of Ni have been

fabricated and characterized in the planar Hall geometry. The response to an applied magnetic field has

been measured without and with a coating of commercially available 2.8 µm magnetic beads for
bioseparation (Dynabeads M-280, Dynal, Norway). It is demonstrated that the technique is capable of

detecting just a few magnetic beads, i.e., that the technique is feasible for magnetic biosensors.

Keywords: anisotropic magnetoresistance, particle detection

Category: 3 (Magnetic physical devices)

1 Introduction

Planar Hall effect sensors have been used to detect
nanotesla magnetic fields [1,2]. Also, the exchange
anisotropy behavior can be characterized using thin 
films’ planar Hall effect [3]. We demonstrate that a 
planar Hall effect sensor can be used to detect
magnetic beads for bioapplications.

The anisotropic magnetoresistance (AMR) effect
is present in ferromagnetic materials. It results in a
dependency of the resistivity on the orientation of
the material’s magnetization. The electrical output
signal in the planar Hall geometry (Fig. 1) is [4]:

( )φ
ρρ

2sin
2

)(

t

I
V

x

y

⊥−
=

where t is the thickness of the metal layer, Ix is the
applied current, and φ is the angle between the
current and the in-plane magnetization vector. ρ||

and ρ⊥ are the resistivities when the magnetization
is parallel and perpendicular to the current, respecti-
vely. For Ni the resistivity variation is approxi-
mately 2%. 

easy axis
φ

V

I

y

x

M
r

Fig. 1. Planar Hall sensor geometry: The magnetic field
to be detected is parallel to the detection plane in the y-
direction. In this plane, the current is applied in the x-
direction and a voltage is measured in the y-direction.

A schematic drawing of the planar Hall sensor is
presented in Fig. 1. Initially the magnetization vec-
tor lies along the easy axis and the current direction,
in which Ix = 250 µA. A magnetic field applied in
the y-direction induces a rotation of the magnetiza-
tion by an angle φ. This changes the electrical out-
put signal by the amount Vy.

The planar Hall geometry is ideal for measuring
magnetized particles because these have a signifi-
cant in-plane field component when magnetized
parallel to the sensor plane.

1.1 Particle signal

The low-field magnetic volume susceptibility of the 
M-280 Dynabeads is χ = 0.13 [SI] [5]. From this
the low-field magnetic moment of a Dynabead of
2.8 µm in diameter can be estimated as m = χHV,
where H is the applied field intensity, and
V=π(2.8µm)3/6 is the volume of the Dynabead.

The bead is placed on top of the sensor (Fig. 1)
with its magnetic moment aligned in the y-
direction. Assuming dipole behavior, the magnitude 
of the magnetic flux density is Bdip ≈ µ0m/(4πr3),
where r is the distance from the dipole to the
observation point (the sensor surface), and µ0 is the 
vacuum permeability. For a bead placed on the
sensor surface r ≈ 1.4 µm.

Calibration of the sensor in homogeneous applied 
fields up to 0.6 mT yields a linear field response
and the sensitivity S = 7.0 µV/mT. At 0.6 mT the
dipole field at the sensor from one bead is Bdip ≈
0.026 mT and the expected signal change is Vdip ≈
0.18 µV. Thus to produce 1 µV change in the signal 
~6 Dynabeads are needed. As the dipole field has
the opposite direction of the applied external field,
the presence of the beads will lead to a reduction of 
the magnetic field felt by the sensor.
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2 Experiments and results

The sensors are fabricated using conventional litho-
graphy. Crosses are patterned on a resist coated
silicon wafer, and 20 nm of Ni is deposited in an e-
beam evaporation system. During deposition a
uniform field of 8 mT is applied in order to ensure
formation of an easy magnetic axis (Fig. 1). A 2 nm 
gold layer is deposited on top in order to protect the 
nickel from corrosion. Finally, the resist is lifted off 
with the excess of metal to yield the AMR sensors.
Bonding pads are made of gold using the same
procedure.

Initially, the magnetization is set along one of the 
easy axes. When the magnetization is rotated away
from the easy axis by a field applied in the y-
direction, the change in magnetization produces an
electrical output signal.

The output signal is measured as a function of
applied field, µ0Hext, between 0 and 0.6 mT, first for
the sensor without magnetic beads, then for the
sensor with magnetic particles placed on top of the
sensor (Fig. 2). The response change is due to the
presence of beads.

Fig. 2: Sensor area (20µm × 20µm) with 2.8 µm Dyna-
beads on top. The dark region to the right is a large
cluster of beads positioned away from the sensing region.

The sensor area with clusters of beads on top is
shown in Fig. 2. The results of the output voltage as 
a function of applied magnetic field for the sensor
with and without particles on top of the sensitive
area are shown in Fig. 3. The distinction between
the two types of response is clear, which indicates
the potential for biosensor applications for this type 
of sensor.

When the particles are magnetized, the dipole
moments align with the applied field. The magnetic
field from a dipole has a direction opposite to that
of the dipole moment. Hence, the effective
magnetic field at the sensor, Heff, and the output
signal will be reduced according to:

( )3
00 41~ rVNSHSHV exteffy πχ−µµ=

where N is the number of beads positioned on the
sensor. An estimate of N from the slopes found in
Fig. 3 according to this simple analysis leads to N ~ 
12. It should be noted that the dipole field at the
sensor is most sensitive to beads situated on the
sensor, but also that clusters of beads in the vicinity 
of the sensor can contribute.
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Fig. 3. Offset corrected sensor output signal as a function 
of applied magnetic field with and without beads. The
measurements with beads are conducted twice to ensure
repeatability.

Conclusion

It has been demonstrated that the planar Hall effect
can be used for detecting commercial micrometer-
sized magnetic beads used for bioapplications.
Thus, this effect is a potential principle to construct 
magnetic biosensors, e.g., for DNA detection. An
advantage of the planar Hall effect sensor compared 
to giant magnetoresistive (GMR) sensors is the
simple fabrication scheme, which reduces the
fabrication cost. 

Future work includes optimization and imple-
mentation with micro-fluidic systems. The sensor
will furthermore be demonstrated as a biosensor
where DNA fragments bind the beads to the
surface.
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Summary: On-chip spin valve sensors were used to measure the flow velocity within fabricated 

poly(dimethylsiloxane) (PDMS) microchannels. Superparamagnetic particles with dimensions of 250 nm in 

diameter were introduced into a 100 µm wide microchannel, bonded to the chip surface.  The flow velocity 
was determined by measuring the changes in resistance of a pair of spin-valve sensors, 1.65 mm apart from 

each other, caused by the passage of ensembles of superparamagnetic particles. Flow velocities ranging 

from 50 to 300 µm s-1 were estimated, depending on the pressure used to drive the flow. The application of 
this system may provide a means to measure and control flow velocities on microfluidic devices. 

Keywords: microfluidics, spin valve sensors, superparamagnetic particles, flow velocity 

Category: 3 (Magnetic physical devices)

1 Introduction 

Spin valves sensors are traditionally used in read-
heads of hard-disk drives and find several other 
applications, either in current monitoring devices, 
in positioning systems and in the automotive 
industry [1], or more recently in biosensors in 
combination with the use of superparamagnetic 
particles [2,3]. Herein is presented the application 
of these magnetic field sensors to the measurement 
of flow velocity. The simplest method for flow 
velocity determination in small fluidics structures is 
based on collected volumes of fluid per unit time, 
although providing a rough averaged measurement 
of the velocity. Other means can provide 
measurements of flow velocity with micron-scale 
resolution but rely on complex optical systems [4]. 
The system presented in this paper offers the 
possibility of a direct electrical measurement of the 
flow velocity and in addition, due to the simple 
electronic setup and integration with a personal 
computer, allows for an easier implementation of a 
flow control system. 

2 Experimental methods 

2.1 Spin valve sensors 

The spin valve stack was fabricated by an ion beam 
deposition system on a 3 in. Si wafer and has the 
structure Ta 20 Å/ NiFe 30 Å/ CoFe 25 Å/ Cu 26 Å/ 
CoFe 25 Å/ MnIr 60 Å/ Ta 30 Å/TiW(N) 150 Å.  
As deposited the spin valve coupon sample has a 
magnetoresistance ratio (MR) of ~7.5 %. The 
sensors were defined by standard photolithographic 
techniques and by ion milling. The spin valve 
sensors have dimensions of 2 µm × 6 µm (the spin 
valve stripe is 2 µm × 14 µm and the distance 
between the leads is 6 µm). Aluminum leads, 1µm

thick, were used leading to wire-bond pads. After 
processing, the average MR of the sensor element is 
(5.5±0.5 %) due to contact and lead resistance. The 
average sensor sensitivity was found to be 
~0.06%/Oe (~0.4 mV/Oe). Both sensors and leads 
were passivated with a 2000 Å thick sputtered SiO2

layer for protection against fluids during 
experimentation.  

2.2 Superparamagnetic particles

The superparamagnetic particles used are 250 nm in 
diameter composed of iron oxide (magnetite) 
dispersed in a dextran matrix (Nanomag®-D,
Micromod). These particles, being super-
paramagnetic, only possess a magnetic moment in 
the presence of an applied magnetic field. The 
moment per particle was found to be  ~2×10-13 emu 
for a 15 Oe magnetizing field and the magnetic 
susceptibility per particle for an applied field range 
of 10<|H|<50 Oe was ~2.9×10-15 emu/Oe [3]. 

2.3 Microchannels 

Microchannels with dimensions of 20 µm height, 
100 µm width and 2.6 mm length were fabricated in 
poly(dimethylsiloxane) (Sylgard®-184, Dow 
Corning) by a molding technique (similar to the one 
described in [5]). A metal mask comprised of 
sputtered 1500 Å of Al and 150 Å of TiW(N) was 
defined in a quartz substrate by photolithography 
and ion milling.  The mask of the microchannel was 
used in a UV lamp system to expose a ~20 µm
thick photoresist (Clariant AZ4562). After 
development (AZ351B) only the microchannel 
structure remained. The PDMS elastomer was 
prepared using a 10:1 base to curing agent ratio 
mixture. After degassing the mixture in a primary 
vacuum for 15 min, the preparation was poured 
over the photoresist structures and was left for 1h at 
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65ºC for curing. Finally, the microchannels were 
released from the mold and were bonded to the spin 
valve sensor chips, by subjecting both the 
microchannels and the SiO2 passivated chips 
surface to O2 plasma treatment for 30” [5].  

2.4 Experimental setup

After the bonding of the microchannels to the 
sensor chips, each one of these was mounted in a 
40-pin chip carrier. The contacts were made by 
wire bonding and were protected with a silicon gel 
(Elastosil E41) (Fig.1).  

Fig. 1. Spin valve sensor chip with a bonded 1mm 
wide microchannel mounted in a chip-carrier. 

The chip carrier was mounted in a small breadboard 
housed within an aluminum noise reduction box 
and co-axial cables were used to make the electrical 
connections to power sources and general-purpose 
interface bus (GPIB) controlled multimeters. A 
small (5 cm diameter) planar electromagnet with a 
Ni80Fe20 circular core was positioned over the chip 
carrier, in order to apply an in-plane magnetic field 
(-15 Oe) to induce a moment within the 
superparamagnetic particles. 
The experiments were performed by measuring the 
voltage drop across two sensors located near the 
inlet and the outlet of the microchannel (~1.65 mm 
apart), each sensor with an independent power 
source (8mA sense currents). The data was acquired 
by GPIB-controlled multimeters and was fed to a 
computer. The superparamagnetic particles (in 
water or pH 7 buffer solution) were introduced 
through one of the reservoirs (inlet) with a syringe 
and the fluid movement was achieved by applying 
pressure with syringes.

3 Results and Discussion 

The flow velocity detection was achieved by 
measuring the time difference between the 
detection of the passage of ensembles of 
superparamagnetic particles over each of the 

magnetic field sensors in use. Control experiments 
were performed showing that the passage of fluid 
over the sensors didn’t change the sensor response 
whilst, the passage of the particles over the sensors 
generated an appreciable signal change due to the 
magnetic field created by the particles (under a ~15 
Oe applied field). 

Fig. 2. Flow velocity measurements estimated from 
the passage of an ensemble of superparamagnetic 
particles over the spin valve sensors. 

Figure 2 shows the detection of the passage of an 
ensemble of particles over each sensor, one located 
near the inlet and the other near the outlet of the 
microchannel. The time difference between the 
detection signals were taken from the signal rise 
and velocities of 47 µm s-1 and 262 µm s-1 were 
estimated for the flow transporting the particles. 

Applications to the study of fluid flow inside 
microfluic structures as well as the study of fluid 
properties such as viscosity are envisaged. 
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Integrated Metal–Oxide Microsensor Array of Micro-Hotplates with
MOS-Transistor Heater
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Summary: A monolithic gas sensor system is presented, which, for the first time, includes on a single
chip a complete array of metal oxide microhotplates with integrated MOS-transistor heaters (3 in the
first realization), as well as advanced analog and digital circuitry for sensor control, signal readout
and chip communication. An octogonal-shape microhotplate design with MOS-transistor heaters has
been implemented for the three gas sensors. The integrated circuitry consists of a programmable
digital temperature regulation, digital sensor readout and a standard serial interface. Distinct SnO2-
based sensing materials with different noble-metal dopings are tested. First chemical measurements
with CO and CH4 have been conducted, the results of which are presented in this paper

Keywords: micro-hotplate array, MOSFET-heater, metal-oxide
Category: Chemical sensors

Introduction

There is a strong interest in microhotplate-
based gas sensors due to miniaturization advantages
such as low power consumption and the possibility of
applying new dynamic sensor operation modes as a
consequence of the low thermal mass of such
hotplates. Metal oxides are well known to exhibit
high sensitivities to environmentally relevant gases
such as CO and CH4. The integration of hotplates,
which feature operation temperatures up to 350°C,
with CMOS-circuitry is technologically challenging,
and first results were presented recently [1]. Most
devices are based on resistive heating elements. An
alternative approach is the integration of a transistor
as heater.  Such devices were previously realized in
SOI-CMOS [2,3] and also in industrial CMOS
technology combined with dedicated post-CMOS-
micro-machining [4]. A key advantage of transistor-
based heaters is the reduction of the overall power
consumption, because no additional transistor is
needed on chip for driving the heating current.
Moreover, new modes for controlling the temperature
are feasible, because the microhotplate temperature is
directly adjustable through the gate voltage of the
transistor heater, the correlation between temperature
and gate voltage being almost linear.

An established drawback of tin dioxide is its lack of
selectivity. This situation is usually dealt with by
using an array of sensors in combination with multi-
component or pattern recognition algorithms. Doping
of the tin dioxide also changes the selectivity towards
certain gases [5]. Another parameter that can be
varied is the operating temperature. An array of
microhotplates with individually controlled
temperatures, the hotplates of which are covered with
different sensitive materials, increases the overall
information that can be extracted from metal-oxide-
based gas sensing systems. Here, a device is

presented, which features three microhotplates
monolithically integrated with temperature
controllers, readout and interface circuitry. The
microhotplates are heated by means of MOS-
transistors and are covered with nanocrystalline
SnO2-droplets as sensitive layers. Full advantage is
taken of the features offered by applying CMOS-
technology. All sensor values can be set and readout
via the digital interface, which drastically reduces the
packaging efforts since the number of bond wires is
the same as for a single microhotplate.

System architecture

The block diagram of Figure 1 depicts the
system architecture of the chip, emphasizing its
strong modularity. Three digital PID controllers
provide independent temperature regulation for each
of the hotplates.

Figure 1: Block diagram showing the architecture of
the sensor chip
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The MOS heating transistor is driven in pulse-density
modulation by a first-order Σ∆-modulator, Analog
circuitry is required only for the readout of the metal
oxide resistors and the temperature sensors. A single
input conversion stage and multiplier are accessed
from the three controllers in time-sharing. The PID
parameters, the target temperatures, the operation
timing can all be programmed by the user via a
standard serial interface [6], which also enables
digital readout of the sensor values.

Sensor design and fabrication

Figure 2 shows the fabricated chip featuring a tri-
sectional floor plan with digital circuitry on the left
side, analog circuitry in the center and the three
micro-hotplates on the right.

Figure 2: Micrograph of the complete chip with
microhotplate array and circuitry

The chip is fabricated in industrial 0.8 µm CMOS
technology [7]. In order to establish a good contact to
the sensitive layer the electrodes are first covered
with Ti/W (diffusion barrier and adhesion layer) and
then with a Pt-layer, which is patterned by lift-off.
The membranes are released by etching the wafer
from the backside with KOH. An electrochemical
etch-stop technique is used to preserve the central n-
well island, which hosts the heating transistor. The
deposition and annealing of the nanocrystalline tin
dioxide at 400°C concludes the post-processing
sequence, which is fully CMOS-compatible.

Each membrane has a total size of 500 by 500 µm. A
ring-transistor configuration is integrated on an
octagonal-shape Si-island of the membrane to ensure
homogeneous temperature distribution (<2%) over the
sensing area and to improve the heating efficiency
[4]. A poly-silicon resistor in the membrane center
serves a temperature sensor.

Chemical measurements

First chemical measurements have been
conducted with the chip. Figure 3 shows the results
simultaneously obtained from two microhotplates
with different materials at an operation temperature of
300°C in dry air. Membrane A is covered with a Pd-
doped SnO2 layer (0.2wt% Pd), a layer optimized for
CO detection, whereas the sensitive layer on
membrane C contains 3wt% Pd, which renders this
material more selective towards CH4.

Figure 3: Sensor response for two microhotplates
with different sensitive layers upon exposure to CO
and CH4.
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Sensing of hydrocarbons in low oxygen conditions with tin oxide sensors: 

possible conversion paths 
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Summary:  The conversion of CO and different hydrocarbons by palladium-doped tin oxide sensors was 
studied in conditions with low oxygen and low water concentration for temperatures between 200 and 

400°C. Although under normal conditions, oxygen plays an important role in the detection of these 

reducing analytes, relatively large sensor signals could be observed. For most conditions, carbon dioxide 
and water could be observed as reaction products even in low oxygen content. 

Keywords: tin oxide, low oxygen conditions, consumption 
Category: 5 (Chemical Sensors)  

1 Introduction 

Tin oxide sensors usually work in environmental 
conditions: with varying amounts of water vapour 
around, but constant oxygen concentration. Water 
vapour plays an important role for the detection, as 
was shown in previous publications [1,2,3]. Usually it 
is assumed that for reducing gases like carbon 
monoxide and hydrocarbons (HCs), tin oxide sensors 
work through oxidation of the analyte with interaction 
of the doping material [4], but also under conditions 
with a low concentration of oxygen (below 100 ppm), 
tin oxide sensors still show a sensitivity against CO 
and HCs. This work investigates the sort and the 
amount of products related to sensing during the 
detection of CO and HCs with tin oxide sensors. 

2 Experimental 

The measurements were performed at different sensor 
temperatures (between 200 and 400°C) and different 
analyte concentrations (cf. Table 1) in dry and humid 
nitrogen (10 % r.h. at room temperature). An FT-IR 
gas analyser (Innova Airtech) was used to monitor the 
gas composition upstream and downstream the 
sensors and simultaneously, the sensor resistance was 
recorded. Home-made SnO2-based thick film sensors 
[1] doped with Pd were used, consisting of an alumina 
substrate and screen-printed platinum interdigitated 
electrodes (front side) and resistive heater (back side). 
The seven identically prepared sensors were mounted 
jointly in one chamber, which was alternatively 
supplied by two separate gas flows, one with nitrogen, 
the other with varying concentrations of the analytes 
in nitrogen. The pressure inside the flow system was 
monitored with a barometer (Vaisala) and used as a 
correction in the gas analyser. The oxygen partial 
pressure was measured with a process oxygen 
analyser (ABB) and recorded together with the 
resistances of the sensors. To distinguish between the 
consumption of the sensitive material and the 
consumption of the transducer, additional 

measurements are performed with substrates equipped 
with electrodes and heater only. 

Table 1. Analytes and measured concentrations. 

analyte carbon monoxide propane

10 15

20 30

50 50

measured 
concentrations 
[ppm] 

100 100

3 Results and Discussion 

For conditions with low oxygen concentration and 
low humidity, propane and CO behave differently: for 
propane, sensor signal as well as consumption and 
CO2 production show a saturation for higher 
concentrations, with a maximum around 350°C for 
the sensor signal (see Fig. 1 left). CO on the other 
hand shows (except for 200°C) an almost linear 
behaviour , not only for the sensor signal (Fig. 1 
right), but also for the amount of CO2 which is 
produced in the sensing process.  
When 2% (vol.) oxygen are added, the situation 
changes dramatically: for CO, the sensor signal is 
reduced around on order of magnitude, and the 
temperature dependence of the sensor signal is 
inverted (Fig. 2 right). For propane it is shifted down 
by a factor of around 2 (Fig. 2 left), but is almost 
linear to the concentration of propane. For 
temperatures up to 300°C, adding oxygen results in 
more consumption and more produced carbon dioxide 
for CO (Fig. 3), but not for propane (not shown).  
For CO, the experimental findings can be explained 
by assuming the following competitive detection 
mechanism: in the absence of oxygen, CO can adsorb 
at the surface of the sensitive layer and act as an 
electron donor. As shown by the experimental results, 
the effect in resistance is quite dramatic (>1 order of 
magnitude change). The maximum coverage is 
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reached for relative small concentrations for CO 
(above 100ppm, cf. [5]). In the presence of small
amounts of oxygen (intended 0%), two competitive
reactions take place: 1) the adsorption of the analyte
as electron donor and 2) the reaction of the analyte
with adsorbed oxygen species and formation of CO2,
of which the adsorption as electron donor results in 
the larger electrical effect. The generation of CO2 is 

probably due to the residual O2 still present in the gas
and at the surface. At higher oxygen concentrations,
the generation of CO2 is the main reaction, but results
in less electrical effect than the direct adsorption,
which is confirmed by the decrease in sensor signals
and increase in CO2 generation.
The explanation for propane is still under
consideration.
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Fig. 1. Sensor signal for propane(left) and CO (right) in dry N2 without oxygen.
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Fig. 2. Sensor signal for 50ppm propane (left) and 50ppm CO (right).
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Fig. 3. Produced CO2(left) and CO consumption for 50ppm CO.
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Summary: We present the results on the use of a catalytic filter (Pt-Al2O3) printed on a tungsten oxide

active layer to selectively detect benzene. It is shown that the effect of the catalytic layer is twofold: First it

dramatically increases the sensitivity of the tungsten oxide film to benzene vapours and second, it de-

sensitises the film to ethanol. The response of the sensors with catalytic filter to other gases such as CO,

CH4, NH3 and NO2 has been studied. The results show that the use of two sensors (one coated with a

catalytic filter and one uncoated) allows for the selective detection of benzene in the presence of any of

these gases and ethanol.

Keywords: gas sensors, catalytic filter, thick film, screen printing, benzene

Category: 5 (Chemical Sensors)

1 Introduction

Thick-film semiconductor gas sensors have been
intensively studied in the last years. In particular,
the screen-printing technique leads to more porous
active layers than other deposition techniques such
as physical or chemical vapour deposition. A more
porous film is preferred since it shows more surface
area (higher sensitivity) and is less prone to
poisoning than more compact films. In this context,
the use of catalytic filters has been reported to
remove alcohol interference in CO or CH4 detection
[1,2].

In this work we report on the use of a screen-
printed catalytic filter to modify the sensing
properties of WO3 thick-film gas sensors,
enhancing their sensitivity to benzene. Benzene,
which is carcinogenic, is very relevant to many
different applications such as food safety,
environmental monitoring, etc. In the next section
some details are given on the fabrication of the
sensors and the deposition of the catalytic filters.
Then the characterisation of the sensors is
described. Finally, the results obtained are
presented and discussed.

2 Sensor fabrication details

Sensors were fabricated by screen-printing onto
alumina substrates. In the first step, a heating
element and a temperature sensitive meander were
printed on the backside using a commercial
platinum paste (Heraeus C3657). After levelling,
the substrates were dried (10 minutes at 125ºC) and

fired (peak temperature was set to 850ºC). In the
second step, interdigitated gold electrodes were
deposited on the front side of substrate by using a
commercial conductive paste (ESL 8884). After
levelling, the substrates were dried (10 minutes at
125ºC) and fired in a belt furnace with a peak
temperature of 850ºC. In the third step, the gas
sensitive layers were deposited onto the electrodes.
Electrode area was 25 mm2. The sensors were
prepared by using a commercial WO3 powder
(Sigma-Aldrich) and mixed with 5% wt Bi2O3 to
improve adhesion. The active layers were dried at
125°C for 10 min and fired at 850°C.
Half of the samples were then coated with a Pt-
Al2O3 catalytic filter. An insulating alumina paste
was printed to cover the WO3 layer. After drying a
Pt layer (Heraeus C3657) was printed onto the
Al2O3 layer. The catalytic filter was fired at 850°C.

3 Experimental

The morphology of the sensors was investigated by
scanning electron microscopy (SEM). The gas
sensing properties of the sensors to ethanol,
benzene, nitrogen dioxide, ammonia, carbon
monoxide and methane were investigated. The
sensors with and without catalytic filter were kept
in a temperature and moisture controlled test
chamber (40ºC, ±1ºC and 15% R.H.). The sensors
were operated at 250ºC, 300ºC and 350ºC (by
applying a voltage to the heating resistor) to analyse
the effect of temperature on their response. The
resistance of the sensors in the presence of either
pure air or the different pollutants at different
concentrations was monitored and stored in a PC.
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4 Results and discussion

SEM analysis: The morphology of the films was
investigated by SEM. The tungsten oxide layers
were nano-particular with a particle size around 50
nm. Figure 1 shows the SEM image of a section of
a sensor with catalytic filter. From the surface
toward the substrate (left to right), the different
regions labelled correspond to: I Pt-filter, II
insulating Al2O3, III gold electrode and tungsten
oxide layer, IV alumina substrate. SEM results
reveal that the catalytic filter is very porous.

Fig. 1. SEM image of a section of a WO3 sensor coated
with catalytic filter

Gas sensitivity studies: Neither the sensors with
catalytic filter nor those without filter were
sensitive to CO (tested up to 1,000 ppm) and CH4

(tested up to 10,000 ppm) at the different operating
temperatures studied. Figure 2 shows the effect of
the catalytic filter in the detection of benzene and
ethanol vapours.

Fig. 2. Responses to ethanol and benzene of WO3 sensors
with (W1CF) and without (W1) catalytic filter, operated
at 300oC.

Ethanol or benzene vapours lead to a decrease in
the sensors’ resistance, which is the normal
behaviour of n-type metal oxide sensors in the
presence of reducing species.
While un-coated sensors (pure tungsten oxide)
show high sensitivity to ethanol and negligible
sensitivity to benzene, the sensors coated with a
catalytic filter show sensitivity to benzene and
reduced sensitivity to ethanol. The Pt-based porous
catalytic filter is able to burn out most of the
ethanol and, sensitivity to these vapours is
significantly reduced. On the other hand, it acts as a
catalyst enabling the detection of benzene.
The catalytic filter substantially changes the
response of the sensor in the presence of NH3.
While the pure WO3 sensor is almost insensitive to
ammonia, the sensors with catalytic filter increase
their resistance in the presence of ammonia. NH3

reacts with oxygen at the filter creating NO2 and
H2O, then NO2 (oxidising species) diffuses through
the filter and is detected at the surface of the sensor.
The catalytic filter does not significantly alter the
response of the sensors to NO2. NO2 was tested at
0.1, 1 and 10 ppm). All these results are
summarised in Table 1. Sensitivity was defined as
Rair/Rgas. Sensitivity figures lower than unity
indicate that the sensor resistance in the presence of
NO2 and NH3 is higher than in air.

Vapour W1CF W1
C2H5OH (250ºC) 2.23 1.74
C2H5OH (300ºC) 1.73 2.84

C2H5OH (350ºC) 1.72 1.73
C6H6 (250ºC) 1.35 1.09
C6H6 (300ºC) 2.29 1.07

C6H6 (350ºC) 1.20 1.06
NH3 (250ºC) 0.28 1.04
NH3 (300ºC) 0.22 1.01
NH3 (350ºC) 0.24 1.00
NO2 (250ºC) 0.67 0.66
NO2 (300ºC) 0.87 0.87
NO2 (350ºC) 0.97 0.95

Table 1. Sensitivity at different operating temperatures
for sensors with (W1CF) and without (W1) catalytic
filter. All the gases at 10 ppm exception made of NO2 at
1ppm.

In conclusion, the inclusion of a Pt catalytic filter
on top of a WO3 gas sensor allows for a selective
detection of benzene in the ppm range. The filter
works at moderate temperatures (300oC).
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Summary:  Either by screen-printing or sputtering, sensitive layers of nanoparticle tin oxide were deposited on

silicon micromachined substrates. The procedures allow the deposition of sensing layers before membranes have

been etched, which leads to gas micro-sensors with an excellent fabrication yield. The sensor response to
ethanol, acetone and ammonia vapours and their binary mixtures was studied. By using an integrated array of 4

microsensors operated at two different temperatures and a fuzzy ARTMAP neural network, it was possible to

identify and quantify the different species (success rate was 100%). These results confirm the viability of the

techniques introduced to obtain micromachined sensors suitable for battery-powered gas/vapour monitors.

Keywords: metal oxide, r.f. sputtering, screen-printing, micromachined array, quantitative gas analysis

Category: 5 (Chemical sensors)

1 Introduction

We report on a method to obtain integrated
micromachined gas sensor arrays with a very high
fabrication yield. The usefulness of the active-film
deposition methods in terms of fabrication yield,
sensor performance and compatibility with
conventional microelectronic technology is
demonstrated.

2 Integrated micro-sensor array

The integrated micro-hotplates with arrays of four
microsensors were fabricated on double-side
polished p-type <1 0 0> Si substrates 300 µm thick.
The structure of the device basically consists of a
gas sensing layer, the electrodes, insulating layers
and a polysilicon heater. The technological process
needed to fabricate the sensors had the following
steps [1]: (1) Deposition of the membrane layer.
Membranes consisted of a 0.3 µm thick Si3N4 layer
grown by LPCVD. Each chip had 4 membranes, the
size of which was 900 × 900 µm2 (2) Deposition
and patterning of a POCl3-doped polysilicon
heating meander of 6 Ω/sq. The temperature
coefficient of resistivity (TCR) was 6.79×10-4 C-1.
The heater is used as a temperature sensor. (3)
Deposition of a 0.8 µm thick SiO2 layer to insulate
the heater from the electrodes and the sensing film.
(4) Opening of contacts for the heater bonding pads
to be accessible. (5) Deposition of either parallel or
interdigited 0.2 µm thick Pt electrodes, patterned by
lift-off. The electrode area was 400 × 400 µm2. (6)
Patterning of the backside etch mask. (7)
Deposition of the sensing layer onto the electrode
area. (8) Backside silicon etching with KOH to

create the thermally-insulated membranes. (9) Wire
bonding and packaging.
The deposition of the active films was either by
screen-printing or by r.f. sputtering. The details are
as follows:
The screen-printing was made before backside
silicon etching and packaging. This procedure
avoids damaging the sensor membranes and thus,
leads to an excellent yield (>95%). The sensing
layer consisted of a 5 µm thick SnO2 nanopowder.
A printable paste was prepared by using an organic
vehicle based on therpineol. The paste was printed
onto the semi-processed wafers by using a high
precision screen-printing machine that allows one-
side mask alignment. Wafers were subsequently
dried for 15 minutes at 125oC for the organic
vehicle to be completely dried, and then fired for 1
hour in a belt furnace at a single level of
temperature, equal to 600oC. The sputtering was
done on semi-processed wafers using a metallic Sn
target at ambient temperature. Pressure was set to
5×10-3  mbar, and gas flow was set to O2=6 sccm,
Ar=6 sccm. After deposition, wafers were annealed
in air for 2 hours at 400oC.
Sputtered or screen-printed wafers were then ready
for backside etching, dicing and packaging.

Fig. 1: View of a micro-array mounted on standard TO-8

Eurosensors XVII - The 17th European Conference on Solid-State Transducers Metal-Oxide Sensors

667



3 Morfology and gas sensitivity studies
AFM, SEM and EDX were used to study the
morfology of the films. For the screen-printed
films, grain size was below 40 nm. Grains form
agglomerates which create a porous layer. For the
sputtered films, grain size was around 80 nm. SEM
and AFM showed that the sputtered films were
more compact than the screen-printed ones.

Fig.2: Screen-printed tin oxide    Sputtered tin oxide

The sensitivity to different concentrations of
ethanol, acetone and ammonia vapours (single
gases and binary mixtures) was studied at different
operating temperatures. The sensitivity was
calculated as the ratio Ra/Rg where Ra is the
resistance of the sensor in the presence of clean air
(20% R.H., 30oC) and Rg is the sensor resistance in
the presence of a diluted volatile.
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Fig. 3: Sensitivity to ammonia vapours: Top sputtered
sensors, Bottom: screen-printed sensors

Operating temperatures were 110, 200 and 380oC
for interdigited electrodes and 150, 250 and 480oC
for parallel ones. Differences in operating
temperatures are due to the fact that membranes
with parallel and interdigited electrodes had

different values of the heating polysilicon resistors
(i.e. 600 Ω and 700 Ω for interdigited and parallel
electrodes, respectively) and the same heating
current was injected to these resistors. The power
consumption of the membranes operated at 480oC
was around 80 mW. Devices with interdigited
electrodes have higher sensitivities at lower
operating temperatures than those with parallel
electrodes. These results are in good agreement
with the theory of porous active layers with a
uniform distribution of active sites, which predicts
an increase in sensor response if electrode spacing
is reduced and film thickness and electrode length
are kept unchanged. The response curves prove that
the technological processes employed, lead to very
sensitive metal oxide microsensor arrays with a
very high yield (more than 95% of the microsensors
work after dicing, wire bonding and packaging).
The sputtered sensors showed more repeatability
than the screen printed sensors: for each vapour or
mixture and concentration measured, the ratio
between standard deviation of the response and its
mean (over 5 replicate measurements) was below
4.6×10-2 and 1.1×10-1 for the sputtered and screen
printed sensors, respectively. The lower this ratio is,
the better the repeatability.

4 Quantitative gas analysis
A quantitative analysis of the vapours was
performed with a fuzzy ARTMAP neural network.
The interdigited electrode sensors were operated at
380oC and the parallel electrode sensors at 480oC.
This consisted in a 18- category classification (6
species and binary mixtures × 3 concentrations).
Since either the response (conductance change) of
the 4 sputtered or the 4 screen-printed sensors were
used, the neural networks had 4 input neurones and
18 output neurones. Each measurement was
replicated 5 times. Therefore, a total of 90
measurements were available to train and validate
the networks. A leave-one-out cross-validation was
implemented to estimate the performance of the
methods. When the responses of the 4 screen-
printed sensors were input to the network an 89%
success rate in vapour identification and 82.3% in
quantification were reached. On the other hand,
when the responses of the 4 r.f. sputtered sensors
were input to the network, 100% success rates in
vapour recognition and concentration estimation
were reached.

5 Conclusions
We have reported a high-yield method to deposit
sensing films onto microhotplates before the
membranes are etched (this avoids membranes
damage during film deposition). The integrated
microarrays are suitable for gas mixture
identification and quantification.
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Summary:  Hybrid CoTPP-SnO2 thin films have been obtained by the sol-gel approach coupled with spin
coating technique. These films have been deposited onto interdigital electrodes and their performances as
chemical sensors have been measured towards the detection of methanol vapors. These CoTPP-SnO2

sensors showed fast and reversible responses towards different concentrations of methanol and best results
were obtained at 250 °C working temperature, while a sharp decrease was observed at higher
temperatures. These results are attributed to the well known catalytic activity of metalloporphyrins, which
is not thermally decomposed at 250 °C, as confirmed by optical measurements.

Keywords: metalloporphyrins, tin dioxide, chemical sensors, VOC
Category: 5 (Chemical sensors)

1 Introduction

A critical step in the development of reliable and
high performances chemical sensors is the rational
choice of the sensing material, because among
others selectivity and sensitivity properties of the
sensors critically depend on the sensing material.
Both inorganic and organic compounds have been
proposed as sensing materials, each of them tuned
for the particular application where to be exploited.
Recently a novel and promising approach is
represented by the development of hybrid materials,
where organic and inorganic constituents are
combined in the same matrix. The aim is to take
advantage of the chemical stability of the inorganic
components, exploiting in the same time the
reactivity and synthetic flexibility of the organic
materials. In this framework the sol-gel technique is
one of the most active and promising approach to
prepare hybrid materials, because this method
allows both an optimal dispersion of the organic
compounds in the inorganic matrix and a low
temperature preparation of the material [1]. This
approach has been widely exploited for the
preparation of optical sensors based on silica
glasses where several dyes have been entrapped. On
the other hand the non-silicate hybrids is a field
almost completely unexplored.
Tin dioxide is probably the prototypical example of
inorganic oxides exploited as sensing materials and
SnO2-based devices have been widely used for
practical applications [2]. The sensing mechanism
of SnO2 involves chemisorbed oxygen at the oxide

surface and different metals have been used as
dopants to modify the selectivity and sensitivity
properties of SnO2-chemical sensors. On the other
hand it is well known that metalloporphyrins
(Figure 1) are able to bind and activate molecular
oxygen and in particular cobalt porphyrins have
been exploited for the electrocatalytic reduction of
O2 [3]. For this reason it is particularly intriguing
the exploitation of metalloporphyrins as dopants in
SnO2 based gas sensors.
In recent years our groups have been involved in
the development of chemical sensors based on
porphyrins or tin dioxide as sensing materials and
in this paper the preparation of hybrid Co
porphyrin-SnO2 sensors by sol-gel technique will
be reported and some example of their
performances for the detection of gaseous analytes
will be illustrated and discussed.

Fig. 1. Molecular structure of porphyrins
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2 Experimental

Pure SnO2 sols were prepared starting from
anhydrous SnCl4, water, propanol (C3H7OH),
isopropanol (2-C3H7OH), in the following molar
ratios: SnCl4:H2O: C3H7OH:2-C3H7OH = 1:9:9:6.
For preparing the cobalt porphyrin doped sol, the
prescribed amount of the porphyrin dissolved in 5
ml of THF was added to the pure sol, in order to get
a Co:Sn atomic ratio of about 1 %.
Thin films were deposited by spin coating
technique and then gradually heated at 110 °C to
drying. The films used for sensing tests were
deposited onto alumina substrates incorporating
interdigital electrodes and Pt heater. The devices
were then mounted onto a TO-8 socket and placed
in a dynamic flow system.
The SEM image of the CoTPP-SnO2 thin film
shows a compact layer. The morphology of the film
changes after measurements, as a consequence of
thermal treatments, showing however a porous
structure.
The sensing performances of the developed CoTPP-
SnO2 sensors were tested towards the detection of
methanol vapors. Different concentrations of
methanol have been obtained by dilution of
saturated vapors of the alcohol with synthetic air.
Fast and reversible responses of CoTPP-SnO2

sensors have been obtained, as reported in Figure 3.
The influence of the temperature on the CoTPP-
SnO2 sensor responses was also studied by
exposure to methanol vapors (Figure 4). Best
results have been obtained at 250 °C, while higher
temperatures showed a dramatic decrease of the
sensor responses, probably due the thermal
decomposition of the metalloporphyrin.

Fig. 3. Dynamical response of CoTPP-SnO2 sensors to
different concentration of methanol at 250 °C

Fig. 4. Response of CoTPP-SnO2 sensors towards
different concentration of methanol as a function of
temperature

To investigate the presence of the porphyrin at the
different temperatures, the optical reflectance
spectra of the CoTPP-SnO2 thin films have been
recorded at different temperature. The CoTPP is not
thermally decomposed at 250 °C, as showed by the
reflectance spectrum reported in Figure 5, where
the characteristic bands around 420 and 500 nm are
present. At higher temperature (400 °C) these bands
disappear, as a consequence of thermal
decomposition.

Fig. 5. Reflectance spectrum of CoTPP-SnO2 thin film
after thermal treatment at 250 °C

More detailed characterisation of the sensor
responses towards different gases will be presented
in the final paper.
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Summary: The influence of the thickness of  thick film SnO2 sensors (10 to 80 µm)  on their detection 

performances depends on the studied gases: response to CO presents a maximum while ethanol

response continuously decreases with increasing thickness. A simplified geometrical model based on 

a resistivity distribution within SnO2 depleted area is presented. This model takes into account the

role of gold electrodes which enhance the creation of space charge area thanks to the three

boundary points “gas-metal-oxide”. Calculations of conductance allow to simulate the influence of 

the thickness on the gas response.

Keywords: tin oxide, space charge area, modeling
Category: 5 (Chemical sensors)

1 Introduction

In a previous paper [1], the role of a metal (gold) 
on the electrical response on tin oxide sensor was
investigated thanks to the development of a
particular test bench : it allowed to separate the
atmosphere surrounding SnO2 region in contact
with gold electrode from the atmosphere in the
area between electrodes. The action of oxygen and 
of reducing gas was under focus and was greatly
enhanced in the region containing gold. This result 
associated with calorimetric tests indicated the
creation of specific oxygen species at the metal-
oxide interface. A qualitative physico-chemical
model based on the electronic effect of these
adsorbed species, resulting in the increase of space 
charge area was proposed (Fig. 1).
The purpose of the present study is to validate the
proposed mechanism by a quantitative model,
based on geometrical considerations about space
charge areas.

2 Experimental

Sensors are constituted of rectangular (2*4mm2)
SnO2 thick film deposited by screen-printing onto

α-alumina substrate with a platinum heater on the
opposite size. From 1 to 8 deposits were performed, 
allowing to obtain various layers thickness in the
range 10-80µm. The sensing material was then
annealed at 700°C during 16 hours. Gold
electrodes (2*1 mm2) were deposited by sputtering.
Sensors were tested at 450°C under dry
atmospheres : air, carbon monoxide (300ppm) and 
ethanol (100ppm) in air. The conductance (G) was 
measured using a dc electrical circuit with a
standard resistance and a normalized response was 
defined by S= Ggas/Gair. For each layer thickness,
measurements were conducted with three sensor
production batch’s.

3 Results

The variations of the conductance and of the
normalized response under carbon monoxide
S(CO) and under ethanol S(C2H5OH) versus the
sensor thickness are reported in figures 2 to 4. It
can be noticed that the conductance under air
increases and that the responses to CO and ethanol 
present a different behavior: S(CO) has a
maximum whereas S(C2H5OH) is continuously
decreased.
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Fig. 1. Proposed mechanism based on space charge area at the three boundary point (gas/metal/oxide) to explain 
metal effect on tin oxide electrical conduction (from [1]).
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Fig. 2. Conductance variation under air at 450°C versus 
sensor thickness (points: 3 sensors batch, line: model)

Fig. 3. CO response at 450°C: variation versus sensor 
thickness (points: 3 sensors batch, line: model)

Fig. 4. Ethanol response at 450°C: variation versus 
sensor thickness (points: 3 sensors batch, line: model)

Taking into account our proposed mechanism (Fig. 
1), literature results [2, 4], a geometrical model is
proposed. We consider that the sensor is
constituted of depleted area located at the sensor
surface and under the electrode (three-boundary
point), and of non depleted area (Fig. 5). Then, it is 
supposed that the resistivity ρM of the not depleted 
area is constant and independent on the
atmosphere. The resistivity ρS of the depleted area 
is constant within the thin layer thickness “y” but a 
gradient from ρS to ρM is considered in the depleted 
area linked to the electrode. The slope of the
gradient depends on the coverage fraction of
oxygen species at the three-boundary point (Fig. 1) 
and thus depends on the atmosphere: it is noted “a” 
under air and “γa” under gas (Fig. 6). γ is a

constant dependant on the nature of the gas, and
higher than 1 for a reducing gas as the space
charge area is decreased in this case, resulting in a 
conductance increase.

Fig. 5. Schematic representation of space charge area 
considered for the geometrical modeling

Fig. 6. Resistivity  distribution in the depleted area 
relative to the three boundary point.

On the basis of previous assumptions, it was
possible to calculate the conductance and to
simulate its variations versus thickness (Fig. 2 to
4). The agreement with experiments is correct if
we consider  the simplified hypothesis: this model 
allows to explain the particular shape of the curves. 
It should be now improved to be more realistic and 
the parameters (ρS, ρM, β, y) have to be validated.
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A Dual Element Multipoint Optical Fibre Water Sensor System Utilising 

Fourier Transform Signal Processing and Artificial Neural Network 

Pattern Recognition. 
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Summary:  A dual element multipoint optical fibre sensor capable of detecting ethanol in water supplies is 

reported. A U-bend configuration is used for each sensor in order to maximize sensitivity and the sensor system 

is interrogated using Optical Time Domain Reflectometry (OTDR). The signal processing technique has been 

designed to optimise the neural network adopted in the existing sensor system. Using Stuggart Neural Network 

Simulator (SNNS), a feed forward three layer neural network was constructed with the aim of successfully 

classifying the sensor test conditions based on the frequency domain response of the sensor. In this investigation, 

the sensors are immersed in distilled water, 25% and 50% ethanol and exposed to air. 

Keywords: Multipoint Optical Fibre Sensor, U-bend Configuration, Optical Time Domain Reflectometry, 

Discrete Fourier Transform, Artificial Neural Networks. 
Category: Applications.

1 Introduction 

Optical fibre sensors possess a number of 
advantages over conventional electronic sensing 
techniques, which make them attractive for use in a 
wide range of application areas. These advantages 
include safety in chemically hostile environments, 
immunity to electromagnetic interference, 
electrically passive operation, sensitivity, weight 
and versatility. As a result of this, the use of optical 
fibre sensors for the purpose of environmental 
monitoring has expanded rapidly over the past 
decade [1-2]. 
 In this investigation a dual element 
multipoint sensor was incorporated into a 1Km 
length of 62.5 µm core polymer-clad silica (PCS) 
optical fibre. The multipoint sensor utilises 
evanescent wave absorption sensors as this type of 
sensor guarantees high sensitivity and a linear 
dynamic range. In order to maximize sensitivity 
once the cladding has been removed, a U bend 
configuration was used for the sensor and the core 
exposed directly to the measurand. Much 
experimental work has already been reported for a 
U-bend sensor detailing resulting sensitivity gains 
from evanescent wave increases from the curving 
of the sensing fibre. It has been shown in previous 
work by Gupta et al that the sensitivity of the 
sensor increases with decreasing bend radius of the 

probe and also with the increase in refractive index 
of the fluid under test [3]. The bend radii of the 
sensors used was measured to be 1mm using a 
convential optical microscope. 

2 Sensor Interrogation 

The interrogation of such a sensor uses a technique 
known as Optical Time Domain Reflectrometery, 
OTDR. OTDR is capable of detecting attenuation 
as a function of distance along the fibre and 
therefore is able to locate position and changes in 
the sensor signals along the fibre [4]. As a result of 
this, OTDR has found many applications in both 
single and multipoint sensors where the OTDR 
instrument is used to monitor the fluctuation in the 
optical fibre attenuation caused by an external 
parameter induced by a measurand. 

3 Measurement System Configuration 

The system configuration for this investigation is 
shown in figure 1. It comprises of the optical fibre 
sensors, an EXFO IQ7000 (0.85µm) OTDR and a 
Pentium MMX 200 MHz PC running LabVIEW [5] 
Virtual Instrument (VI) programs for data capture 
and pre-processing.  
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4 Analysis 

The application of a DFT to OTDR output data 
improves the efficiency of the ANN as it has 
reduced the computational resources of the network 
compared with previous work based purely on time 
domain results [6]. It can be observed from the 
extracted OTDR peaks shown in figure 2, that it is 
relatively low frequency information that is of 
interest in this classification. Due to the low 
frequency nature of the information, a discrete 
Fourier transform (DFT) using an FFT algorithm 
can be directly applied to the OTDR peaks without 
having to apply any windowing transform. The 
resulting PSD plots are shown in figure 3. As 
anticipated, the main PSD area of interest is located 
in the low frequency region. As a result of the 
application of the discrete Fourier transform, the 
OTDR peak information is now more explicit and 
easier for the user to access in comparison to time-
domain based results which require all of the 
extracted OTDR peak data points.  

Using SNNS [7], a feed forward three 
layer neural network was constructed with the 
number of input nodes corresponding to the number 
of points required to represent the sensors 
frequency domain response, see figure 4. A total of 
320 patterns were used to train the ANN, requiring 
600 epochs using a backpropagation algorithm. 80 
patterns were used to test the trained ANN and the 
results from this test are shown in table 1. 

Table 1: ANN Test Results 

Test (S1 & S2) Expected 

Output 

Observed 

Output 

Accuracy

Air          Air 0 0 0 1 0 0 0 1 90% 
50% Eth 50% 
Eth 

0 0 1 0 0 0 1 0 91.73% 

Water Water 0 1 0 0 0 1 0 0 92.41% 
25% Eth 25% 
Eth 

1 0 0 0 1 0 0 0 93.02% 
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Figure 1: Measurement System Configuration 

Figure 2: OTDR Sensor Peaks 
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Summary: A post-processing method to reduce the coupling gap between the resonator and electrode in

SOI-fabricated microresonator is presented. The method allows a reduction of the coupling gap to a level

which is significantly lower that the limits set by the fabrication process. This gap reduction leads to an

increased electro-mechanical coupling which results in a reduced impedance level of the resonator which
in turn simplifies the noise-matching of the resonator with for example oscillator electronics.

Keywords: RF-MEMS, capacitive coupling

Category: 10 (Applications)

1. Introduction

We report a post-processing gap adjustment used
with a very high-Q (>100 000) 13 MHz bulk
acoustic mode microresonator. The gap-adjustment
allows the reduction of gap significantly below the
minimum linewidth set by the process. This leads to
an improvement in electro-mechanical coupling
which in turn reduces the impedance level of the
resonator, both factors being typically bottlenecks
for microresonators.

High coupling constant  between mechanical
motion and electrical current is essential for
capacitively actuated microelectromechanical
resonators. This is even further emphasized in
length extensional mode resonators due to the high
mechanical spring constant [1].

2
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d
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DC
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x
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DC
U

ε
η ≈

∂
∂= (1)

From Eq (1) it can be seen, that the coupling
constant can be increased by increasing the
transducer area A or the voltage UDC or by
decreasing the gap d. The design with an increased
electrode-resonator area presented in [2] is used
here to further increase the coupling. However, the
area cannot be increased infinitely and the design in
[2] is close to the practical limit before the parasitic
modes appear. Also the use of very high DC-
voltages is not feasible due to the problems with the
voltage generation and breakthrough.

2. Operation

The operating idea is based on a moving electrode
that is displaced by applying a DC voltage over the

comb fingers in Figure 1. The required adjustment
voltage is kept low by using the finger structure to
increase the area and soft springs to support the
structure. In Figure 2, the decrease in the gap can
be seen as increased transmission and also as a shift
in the resonance frequency caused by increasing
capacitive non-linearity. Approximately at
Uadj = 19 V the voltage causes a displacement that
is greater than one third of the initial gap and pull-
in occurs. This can be also seen from Figure 2. The
idea is similar as presented in [3], but the
electrostatic force is increased by using the comb
structure with interdigited fingers. Also this is the
first time when the post processing gap adjustment
is used on length extensional mode resonator.

3. Fabrication and results

The resonator is fabricated on a 10 µm thick SOI-
wafer using DRIE and the device layer is released
using HF wet-etch.

The gaps in Figure 1 were designed to d = 0.8 µm
and D = 0.5 µm, leading to a final electrode-
resonator gap of d-D = 0.3 µm. The electrode-
resonator gap values, d-D, extracted from the
measured data in Figure 2, are 1.1 µm without
adjustment voltage and 0.6 µm with an adjustment
voltage Uadj = 19 V. This would allow the reduction
of bias-voltage from 75 V to 22 V while
maintaining the coupling constant.
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Fig 1. Schematic and SEM views of post-processing gap adjustment structure with interdigited finger comb
electrodes. The areas denoted by white rectangles are attached to the substrate and hence immobile.

The widening of the gaps is probably due to the
over-etching. The important result, however is, that
the electrode-resonator gap can be made 0.5 µm
more narrow using an adjustment voltage of no
greater than 19 V. The voltage can be even futher
reduced by using a double-comb structure which
will be presented at the conference. The double-
comb structure will also allow a more precise
tuning of the gap.
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Fig 2. Measured transmission data from a resonator with gap adjustment voltages of Uadj = 0 V, 18 V and 19 V.
The pull-in behaviour can easily be seen at Uadj = 19 V.
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Summary:  This paper presents a modular fluxgate magnetometer with digitization realized by delta-sigma 
modulation, which allows us to implement a magnetometer with -  modulator inside or outside the sensor 

feedback loop. Comparison of the results from these two concepts gives us an answer to the question, if 
phenomenon of -  modulator implementation to the sensor feedback loop can bring us some improvement 

or not. 

Keywords: delta-sigma modulation, fluxgate magnetometer, digital magnetometer 

Category:  9 (System architecture, electronic interfaces, wireless interfaces)

1 Introduction 

Delta-sigma modulation is a technique used in the 
high-resolution analog-to-digital and digital-to-
analog converters. But in the last several years it 
has been also applied in the sensor systems, where 
it is used for direct digitization. Output signal from 
such systems is a bit-stream, which can be analog 
or digitally post-processed for obtaining of analog 
or digital output information. 

The main advantage of delta-sigma modulation is 
possible high-resolution, practically zero non-
linearity and relatively simple implementation. The 
main disadvantage is relatively low frequency 
response of the system. 

Fluxgate sensors are the most-sensitive magnetic 
sensors working in the room temperature [1]. If 
they are used in the feedback configuration, their 
dynamic range usually exceeds 120 dB (it is 
equivalent to more then 20 bits of resolution) and 
their non-linearity is less than 10 ppm; they may 
have  frequency range of  kHz.  

Up to now the application of delta-sigma 
modulation in the fluxgate sensor feedback loop has 
been used for micro-sensors with the aim  of 
integration of the whole system (including sensor 
and interface) to one chip. The results from these 
projects show, that the limiting factors of these 
systems are the parameters of used sensors and the 
potential of interface is not by far reached [1] [2]. 

If we want to use full potential of the interface, we 
must use it  with standard size precise fluxgate 
sensors. But question is, if it brings any 
improvement compare to commonly used 
digitization of fully analog feedback fluxgate 
magnetometers output by using of high-resolution 
A/D converters. 

2 Delta-sigma modulation in the fluxgate 

sensor feedback loop 

Basic block diagram of the interface with delta-
sigma modulator in the sensor feedback is shown in 
Fig. 1. System consists of a sensor,  output signal 
analog processing (in case of fluxgate sensor it is 
amplification and phase sensitive detection), an 
integrator, a delta-sigma modulator, a 1-bit digital-
to-analog converter and a feedback analog low-pass 
filter. A generator and an excitation drive are also 
particularity of fluxgate sensor. 

Fig. 1. Sensor interface with  -  modulator 

Compared to the standard analog feedback of the 
fluxgate magnetometer described for example in 
[1], the modulator, the 1-bit DAC and the feedback 
LPF are added into the feedback loop. These 
additional blocks increase the system order, which 
brings problems with system stability. But this 
solution has also one advantage – integrator in the 
negative feedback loop together with n-order -
modulator can bring about (n+1)-order noise 
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 shaping of quantization noise. But this advantage is 
achieved only if the correct system mode  is  set 
(see [3]). 

3 Magnetometer with precise fluxgate 

sensor and delta-sigma modulation 

Our magnetometer with standard size precise 
fluxgate sensor and -  modulation directly comes 
out from the block diagram shown in Fig. 1. This 
magnetometer is solved as a modular system, which 
consists of several  blocks realized on separate 
PCBs (see Fig. 2. and Fig. 3.). This solution allows 
us to build system with modulator outside the 
feedback loop (standard fully analog fluxgate 
magnetometer with consequential digitization of its 
output) and with modulator inside the feedback 
loop as was described above. Resulting data will be 
used for comparison of both concepts. 

Fig. 2. Modular system with possibility of -
modulation inside or outside the feedback loop

Fig. 3. Modular fluxgate magnetometer with 
-  modulation 

As -  modulator and digital filter we used  ADC 
system made by Analog Devices, which has  
nominal resolution of 24 bits. This system consists 
of two ICs – AD1555 (4th-order -  modulator) 
and AD1556 (digital filter with serial data output). 
A board with digital filter also includes 
microprocessor, which controls digital filter modes 
and handles communication with PC. This two-
board A/D converter has effective resolution of 
20.3 bits (dynamic range 124 dB) with sampling 
frequency of 250 sps. 
The first tested magnetometer was the 
magnetometer with -  modulator outside the 
feedback loop. The dynamic range of the whole 
system (including magnetometer and digitizer) is 
110 dB (ie. 18 bits) – measured with the sensor 
placed in the 6-layer permalloy magnetic shielding. 
As the effective resolution of the digitizer is 
20.3 bits, the limiting factor of the whole system is 
analog magnetometer, actually its noise. Linearity 
error is less then 0.01 %. Long time stability is in 
range ±1.5 nT measured during 6 hours and also 
with the sensor inside the magnetic shielding. 
Measuring range of this magnetometer is ±100 µT. 
At the present time the configuration with -
modulator inside the feedback loop has been 
measured and tested. After finishing of all tests we 
will be able to decide if -  modulation inside the 
feedback loop can bring some improvement or not. 

4 Conclusion 

The principle of application of the -  modulation 
in the sensor feedback loop was described and the 
modular magnetometer with possibility of 
configuration with modulator inside or outside of 
the sensor feedback was designed and has been 
tested. The results from these two concepts will be 
compared in the final manuscript. First results 
show, that adding of the modulator to the feedback 
loop (and also necessary DAC and LPF) does not 
bring any improvement of the system parameters, 
but  brings a problem with feedback stability and 
makes the system more complicated. 

References

[1] P. Ripka et al.: Magnetic sensors and 
magnetometers, Artech, Boston,  2001 
[2] Kawahito S., Maier Ch., Schneider M., 
Zimmermann M., Baltes H.: A 2-D CMOS 
Microfluxgate Sensor System for Digital Detection 
of Weak Magnetic Fields, IEEE Journal of Solid-
state Circuits, Vol. 34, No. 12, December 1999 
[3] S. Kawahito, A. Cerman, and Y. Tadokoro:” A
Digital Fluxgate Magnetic Sensor Interface Using 
Sigma-Delta Modulation for Weak Magnetic Field 
Measurement“, IMTC 2002, Anchorage, Alaska,
Proc. Vol. A, pp 257-260 

S
E
N
S
O
R

 Time base

1-channel analog magnetometer 

-
modulator

V ref. LPF 

1bit DAC & analog LPF 

HPF 

IFB
Digital filter

&
RS232 com.

IFB 

Eurosensors XVII - The 17th European Conference on Solid-State Transducers System Architectures

678



Towards a distributed architecture for MEMS integration

B. Lorente2, J.Oliver2 and C. Ferrer1,2

1Centre Nacional de Microelectrònica (CNM-IMB), CSIC
2Dept. Informàtica. Universitat Autònoma de Barcelona (UAB)

08193 Bellaterra (Barcelona), Spain
email: carles.ferrer@cnm.es http://www.cnm.es/imb

Summary: Our main objective in this work has been to develop a distributed architecture for MEMS

integration based on a hierarchical communication system. This communication system is based on the use

of a dedicated sensor bus composed by only two wires. The reduced number of wires is an extraordinary

advantage because produce a minimal interconnection between all the components and as a consequence

the size of the microinstrument becomes smaller. The use of distributed architecture permits to develop a

flexible and modular solution to integrate sensors and actuators and the data processing.

Keywords: distributed architectures, smart sensors, microsystems interface.

Category: 9 (System architecture, electronic interfaces and wireless interfaces)

1 Introduction

Silicon technologies make possible to produce
sensing microdevices combining extreme
sensitivity, accuracy and compactness devices.
MEMS: Microelectromechanical systems offer a
number of benefits including reducing mass,
volume, and power consumption; greater
redundancy of system functions and simpler
architectures. In view of their remarkable
characteristics, it can be expected that such “micro-
sensors” will be used extensively wide spread
number of applications if an adequate solution is
found to reduce the design costs and simplify the
electrical interfacing [1],[2],[3].

The problem of interfacing microdevices, as
requisite to manufacture and integrate fully
functional microsystems, can be separated in the
following two levels: the electronic interface and
the technological interface, that permits to
interconnect different types of microdevices and
their associated circuitry.

For the electronic interface, two main
interconnection architectures exist: a classical
architecture where the sensed data are multiplexed,
conditioned and digitized using a dedicated
microcontroller, and a distributed architecture
where a bus organized system is used. The second
approach introduces the advantages of modularity
and interchangeability as it permits a flexible
interconnection applicable to different sets of
microsystems (see Fig. 1).

The main objective of this paper is to show an
architectural approach based on the use of a
methodological communication system between
sensors and actuators that can be applied in the
development of micro instrumentation. At this level
we apply the concept of smart sensors. An smart
sensor is a device which is added a simple interface
that allow to connect the sensor to the bus sensor

without causing any incompatibility or difficulty to
adapt the new element to the bus.

Fig. 1. Distributed architecture.

The global communication system implements a
hierarchical protocol communications from the
microsystem’s devices to the main host. This
communication system includes the bus sensor to
aid to the development of each micro instrument
and an instrumentation bus in other to connect all
the microinstruments to the main host.

2 Bus sensor development

The bus sensor has to be a bus that allows
transmitting commands, addresses and data. It has
to permit the intercommunication between sensors,
actuators and a dedicated microcontroller, in such a
way that they can communicate to react to the input
events received. The terminals of the
communication system will be sensors and
actuators and the device that makes the join, the
microcontroller. In the microcontroller there is to be
a control algorithm to give the appropriated
commands to sensors/actuators and allow them the
response in real time and also it would permit to
add local processing with the data obtained by the
sensors before to be transmitted to the main host.
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So, we will make the design of the
communication bus protocol and the appropriated
drivers for all the elements we want to interconnect
with the bus sensor [4]. These elements are smart
sensors (slaves) and the microcontroller (master), to
prove the reaction of the final comunication’s
elements. These drivers will allow giving certain
intelligence to the sensor/actuator, making smart
sensors/actuators (see Fig. 2).

Comunication partSpecific part

SENSOR DRIVER

SDL

SCL
Sensor/Actuator

+

Circuitry

Sensor Bus

 Fig. 2. Smart sensor development.

To make a real time system, the implemented
drivers have to give a quick response, so the ideal
communications will be at least 1 MHz. This low
rate of transmission is due to the low volume of
data if we compared the application with another
one that requires a high volume of data. With this
sensor bus we will integrate discrete sensors that
will measure parameters with a low variation rate
instead of the array of sensors (p.e. CCDs, etc.) that
produce a very high amount of data to be
transmitted. So, the chosen data rate is enough to
transmit the total amount of data produced by a
limited number of sensors

3 Architecture development

To make the communications design system we
decided to make a topology bus. In this topology
the elements that form the bus are linearly
connected. The information frames are propagated
trough the bus reaching all nodes (master and
slaves).  Every node of the bus has to read the
frame and identify if the frame is for itself. So they
monitor the bus.

In the protocol is not implemented any control
through the data transmitted, supposing a very low
BER (Bit Error Rate) and in case of error the
superiors levels nets will correct the mistakes. This
allows to make simpler the protocol and in
consequence, with less volume in final
implementation, for a better integration.

If we interconnect them in topology bus we can
put more sensors, so the microcontroller is not so
saturated as in other topology, with signals from
different sensors. In that way we can introduce a

hierarchical interconnection systems composed by
the interconnection sensor level and the system
connection level (see Fig.3). With the sensor bus
presented previously, the lower parts of the system
has been minimized giving more control while we
go climbing to the highest parts of the hierarchy.
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Summary:  Combined ISFET-APS sensor – a novel technique for simultaneous pH and image monitoring

in CMOS ISFET-based Microsystems is presented. The operational concept is based on modulation of VT

drop by pH fluctuations in Pass Transistor ISFET. The operational concept is followed by SPICE 
simulation results and by applicability discussion. The ability of the combined simultaneous monitoring of

images and pH levels expands the variety of clinical applications in which the pH biotelemetry can 

contribute, and allows implementation of array-type multiple-mode sensing for biomedical applications.
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Category: 10 (Applications)

1 Introduction

The ability of combined ion and image sensing is an
important challenge in the development of advanced
biotelemetry systems. The design of image sensors in
standard CMOS technology is been under extensive
research during last decade, basing on Active Pixel 
Sensor (APS) as the common structure of the CMOS 
image sensor. In this study a novel concept of
integration of the ISFET sensor in the structure of the
APS is developed and analyzed. The novel sensor
allows a simultaneous chemical and image monitoring
by applying the ISFET in Pass Transistor
configuration and using the threshold drops in the
original APS structure.
First, the APS review is presented followed by the
structure of the combined ISFET-APS sensor. The
operational concept and simulation results are 
demonstrated. Finally, the applicability analysis of
future biotelemetry microsystems is presented.

2 Combined ISFET-APS

The structure of the APS 0 is shown in Fig. 1. a. The
operation is based on the charge integration mode of a 
photodiode. Before the integration cycle, the diode is
been reset to a high voltage by the reset switch M1.
The diode and its correlating node are represented by:
(a) the sensing capacitance, (b) the current source that 
is function of photon flux during the illumination and
the diode area. After the reset phase stops, the
photodiode is discharged according to:

photo

dV t
C i

dt

The source follower M2 acts as a voltage buffer that 
drives the output.
Resetting to high V  voltage by NMOS transistor, as 

it mostly done in APS, results in losing the range of

reset voltage on the photodiode to a value of

DD

1MTDD VV , where V  is the threshold voltage of 

the reset transistor operating as Pass Gate. An 
additional  drop occurs in the output of the

sensor because of the source follower.

1MT

2MTV

Row

M1 M2

M3

Reset

The threshold drop is considered as an undesired
limitation on the dynamic range of the image sensor.
However, this drop is an important benefit in ISFET-
based sensors [2]. In order to take a full advantage of
this effect, the reset MOSFET transistor in the APS
structure has to be replaced by ISFET sensor, which
will operate in a similar way as reset switch for image
sensor, while producing additional data on pH level
via the threshold voltage drop.
The structure of the combined ISFET-APS sensor is
shown in Fig. 2. The reset transistor M2 is replaced by
ISFET sensor. The gate signal of the switch is applied
to the reference electrode. The electrode is common
for all the ISFETs in the sensors array. This triggers
the requirement for additional change in APS 
operation: the single reference electrode has to be
constantly biased, thus the pulsation of reset signal
has to be applied to the drain of the reset ISFET, 
while the gate is constantly kept high (for n-type
sensor).

Vout

Fig. 1. Structure of the APS sensor.
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Reset
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Fig. 2. Structure of the combined ISFET-APS sensor

The ISFET sensor is operating as reset transistor,
producing a VT drop in the initial voltage of the diode
before the integration. Thus, a modulation of a signal
is obtained, while the pH fluctuations influence the
upper peak values of the signal in the Reset phase.
After the reset, the Integration phase begins, in which
the capacitor is been discharged from the initial value,
which was determined by pH value during the Reset
phase, to a lower value which is determined by the
intensity of the illumination. The operation in the
Integration phase is identical to a regular operation of
APS in image sensor. Every cycle can be referred as a
simultaneous sampling of the values of pH and
illumination in a certain location and time.
The APS circuit was implemented in 0.5µm CMOS
technology with 3VP-P voltage supply. SPICE
simulations were performed during the verification of 
the combined sensor. Fig. 3. presents the transient
simulations of regular APS sensor operating in
constant illumination. The slope and the overall
voltage change during the integration are equal in 
each cycle for constant illumination. In case of regular
APS without pH sensor, the initial and the final values
of the integration are equal as well. 
The combined ISFET-APS sensor was simulated with
AC waveforms imitating the pH-caused fluctuations
in VT of the ISFET. Square wave was applied to the
drain to provide the Reset and Integration phases. As
a result of pH fluctuations, the upper bound of the
output signal is modulated, due to varying VT drop,
and gets the shape and values similar to the changes in
VT of the ISFET. The simulation in Fig. 4. shows the
detailed response of the combined sensor to sinus
fluctuations in pH, while the illumination is constant.
It can be seen, that due to the constant illumination,
the slope and the value of the discharge of capacitor
are equal in every cycle. The signal is reduced by a 
certain gain as it passes through the source follower.
The responses of both pH and image signals are
preserved in the output of the APS.
The ability of the combined simultaneous monitoring
of images and pH levels expands the variety of
clinical applications in which the pH biotelemetry can
efficiently contribute [3]. The measurement of pH 
levels correlated with image monitoring of the brain
surface, allows an efficient locating and identification
of trauma injuries in neurosurgery.

Fig. 3. Transient simulations of image APS sensor 

Fig. 4. Response to pH fluctuations of the ISFET-APS
sensor with constant illumination.

The combined of pH-image sensor in a biotelemetry
pill will allow an efficient and convenient monitoring
of gastro-intestinal tract. Combining of the ISFET and
APS sensors in arrays with 10-20µm grid will also
provide a platform for high-performance recording
systems for neuronal monitoring.

3 Conclusions

A concept of novel chemical-image sensor was
developed in this study. The combined sensor is based
on integration of ISFET sensor as functional part of 
APS image sensor. The operational concept is based 
on modulation of VT drop by pH fluctuations in Pass 
Transistor ISFET. The verification was performed by 
SPICE simulations, showing an accurate response of
the combined sensor to pH fluctuations. The design
allows implementation of array-type multiple-mode
sensing for various monitoring applications.
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Summary: We describe a method for profiling large and relatively flat surfaces. For this purpose, the

measurement method is based on fringe projection and phase shifting technique.  A new algorithm has been
also developed to bypass the calibration step.

Keywords: fringe projection, profilometry, object reconstruction.

Category: 10 (Applications)

1 Introduction

Several optical methods exist which can be
employed for the determination of object shapes
and profiles [1]. They have the advantages of being
non-contact, and rapidly acquiring spatially dense
data on large and small surfaces. This article
presents a shape measurement method for large and
flat surfaces based on the technique of fringe
projection. This application forms part of an
important stage of a wider research project,
dedicated to fundamental research in particle
physics, and requires the building of a large
detector system whose structural elements are
carbon sandwich panels. Controlling the flatness of
these large panels (2450*450 mm) is thus essential.
The flatness criterion has been determined to be
better than 150µm.m-1.

The fringe projection method has been widely
exploited for small objects measurements [2].
However, due to some inherent calibration
difficulties, relatively few published work have
been reported on large area measurements using
this method. We report in this abstract a new
algorithm which permits the profile of objets to be
reconstructed with relative ease. Theoretically, the
algorithm may be applied for profiling objects of
any arbitrary size. The theory and principles
associated with our proposed method are thus
discussed.

2 Fringe pattern analysis

Sinusoidal fringes are projected onto the objet from
one direction and viewed, with a CCD camera,
from another direction (fig 1). These fringes are
obtained by direct illumination of an optical grating
and projected onto the object whose profile is to be
determined. For object surfaces which are
deformed, the projected fringes, and hence, their
intensities are modulated accordingly.

grating

projector
camera

Fig. 1. Scheme of fringe projection.

This resulting intensity distribution is then recorded
by the CCD camera and can be given by the
following expression

[ ]),(cos).,(),(),( yxyxbyxayxI φ+= (1)

where a(x,y) and b(x,y) are the fringe pattern
average and modulation intensities and φ(x,y) is the
phase containing the surface relief deformation.

To extract the phase φ(x,y) from the intensity
distribution, we use a phase shifting method, where
the phase is calculated for each pixel.

To determine the phase, several consecutive sets of
fringes, each with a constant and pre-determined
phase-shift, are projected onto the object. Among
the various algorithms available, we have chosen to
work with the windowed discrete Fourier transform
(WDFT) [3] given by the following expression
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where IK is the kth fringe intensity recorded and

N

πδ 2= is the phase-shift. φ(x,y) lies within the

range [-π, π].
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The 2π phase jump, introduced by the “arctan”
term, must be removed by the process known as
phase unwrapping to recover the surface heights.
This process consists of adding or subtracting an
adequate multiple of 2π. The result of this process
is a phase map, a continuous two-dimensional
phase variation of the object surface.

The phase map is then processed to give a set of
depth information from which the desired object
profile and flatness can be obtained. For small
objects, a physical reference plane is used to
calibrate the set-up and a simple relation can be
found between the object profile and the phase
map. However, this method is no longer applicable
to objects of large dimensions. Section 3 describe
the technique we have employed to profile large
object surfaces.

3 Reconstruction algorithm

To obtain the shape of an object from the given
phase map, we consider the complete theoretical
approach. We also define an exact transformation
relating each point on the original grating (known
as projector reference) to their respective image
points as observed by the camera (receiver
reference). This transformation is determined by
assuming a virtual plane object surface and leads to
a theoretical phase expression (φth). This in turn
results in an expression for the height variation (zth)
of this object. Each expression depends on the
associated geometrical parameters of the
experimental set-up (magnifications, grating pitch,
distances between the three reference planes :
object-projection planes and object-receiver planes,
projection and receiving angles), as well as those of
the object itself (α, ϕ, d, corresponding to object
angle with respect to the horizontal, the object tilt
angle and the distance from the reference origin,
respectively).

Assuming that the above parameters are known, we
can then calculate the height variation and the
profile of the object. The former parameters can be
estimated with reasonable ease. Although the
geometrical parameters of the object are not easily
available from direct measurements, they can,
however, be inferred from unwrapped phase. In
order to do this, the object surface is divided into
many equal elementary planes, Pi, where i
represents the ith plane. Since only three points, Ai,
Bi, Ci suffice mathematically for the description of
a plane, the theoretical phase and height variation
expressions for each individual point can therefore
be solely determined by the three unknown
parameters (α, ϕ, d as describe earlier). To obtain a
good estimate of the above parameters for each
plane, we have adopted the following procedure :

1-  Define three starting unknowns : α0, ϕ0 and d0.

2- Then calculate the theoretical phases for the
three points Ai, Bi, Ci, given by ),,( 000 d

iAth ϕαφ ,

),,( 000 d
iBth ϕαφ , ),,( 000 d

iCth ϕαφ , respectively.

3- Obtain the experimental phases of the three

points, given by
iAexpφ ,

iAexpφ ,
iAexpφ , from the

phase shifting and unwrapping schemes.

4- The parameters αi, ϕi and di, for a plane Pi, can
then be found by fulfilling the below conditions :
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5-  Concretely, in order to achieve the best possible
approximation of the parameters, we exploited a
minimising function given by
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where
Aexpφ ,

Bexpφ ,
Cexpφ are the measured phases

at points A, B and C, respectively, during fringe

projection, and
Athφ ,

Bthφ ,
Cthφ  are the

corresponding calculated phases.

The surface height for an individual plane, zi, can
thus be calculated as a function of the geometrical
parameters, αi, ϕi and di. Subsequently, the height
values for other elementary planes, zi+1, …, zi+n, can
be similarly calculated. The entire surface profile of
the object can finally be reconstituted from the
calculated heights of all elementary planes.

4 Conclusion

This abstract presents a method for full-field shape
measurements on large surfaces by exploiting
structured light projection. It is non-contact, rapid
and can be easily automated. Our algorithm
reported here, developed for relatively flat surfaces,
does not require any cumbersome calibration
procedures and its principal advantage is that it can
be applied on both large and small surfaces.
Experimental work is currently in progress to
validate our algorithm.
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