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Abstract: This article describes the theoretical basis, design and implementation of X-ray microdetectors based on 

scintillating materials and CMOS technology. The working principle of such microdetectors consists in the absorption of 

X-rays by scintillators, which produce visible light. The visible light is then detected and converted into electric signals by 

means of photodetectors. In order to understand such detectors, several issues related to its implementation are presented 

in this article, namely: 

Production of X-rays and interaction between them and matter - the first step necessary to the detection of X-rays is that 

they must be absorbed by some material, in this case by a scintillator; 

Radiation detectors - there are several types of detectors, namely: pn junctions, photoconductors, based on thermal effects 

and scintillators; 

Fabrication of scintillator arrays - after the X-ray radiation is absorbed by a scintillator, this material emits visible light 

whose intensity is proportional to the total energy of the absorbed X-rays; 

Optical interfaces between scintillators and photodetectors - the visible light generated by scintillators must arrive to the 

photodetectors, so, it is necessary to have an interface between the scintillators and the photodetectors that ideally does not 

introduce losses; 

Photodetectors and interface electronics - the visible light is absorbed by the photodetectors and converted into electrical 

signals, which are finally converted into digital images by means of interface electronics. The article presents some 

promising patents on X-ray detectors based on scintillators and CMOS technology. 

Keywords: X-rays, scintillators, digital radiography, CMOS imaging. 

1. INTRODUCTION 

 In the years that preceded the discovery of X-rays, some 
physicists observed high-voltage electric discharges in 
vacuum tubes. In 1895, the German physicist Wilhelm 
Konrad Röentgen studied the same phenomenon in a 
Crookes tube [1] operating at high voltage, in a darkened 
room. Suddenly, he observed fluorescence (brightness) in a 
barium platinocyanide screen placed a few meters from the 
tube. He quickly concluded that the fluorescence was caused 
by an invisible, unknown radiation, which could completely 
pass through solid materials such as paper and wood, once 
they did not prevent the fluorescence when placed between 
the tube and the screen. He also verified that the radiation 
could be stopped by denser materials, such as lead. 

 Röentgen discovered the X-rays and at the same time, he 
discovered the first radiographic image detector. Barium 
platinocyanide is not used anymore, but the principles of 
fluorescence or scintillation are applied in about 95% of 
modern X-ray detectors. In some detectors, like traditional 
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radiographic films, scintillators are not essential, but they are 
generally used. In some imaging systems, such as com-
puterized tomography and nuclear medicine imaging, an 
essential characteristic of the scintillators is used to 
advantage: they produce a flash of light proportional to the 
energy of each X-ray photon that interacts with them. A 
system for providing multiple images in an imaging unit is 
disclosed by Erwen et al. in 2010 [2]. 

1.1. X-Ray Nature 

 An X-ray beam belongs to a group of radiations of the 
same nature as infrared, visible light, ultraviolet, radio waves 
and other types of radiation energy [3]. All these energy 
forms are classified as electromagnetic radiations, that is, 
fluctuations of electric and magnetic fields. The electric and 
magnetic fields change perpendicularly to the propagation 
direction, as well as between themselves. Its speed is 
constant and equal to 299 792 458 ms

-1
. This is known as 

speed of the light in vacuum. 

 All types of electromagnetic radiation differ only in the 
frequency of oscillation, , and/or in the wavelength, . 
These two quantities are related by the constant speed of the 
light, c: 

= c / .  (1) 
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 The electromagnetic radiation can also be understood as a 
set of particles that travel in space at the speed of light, 
called quanta or photons, each one having a fixed amount of 
energy given by: 

E = h ,  (2) 

where h = 6.63 10 34 Js  is the Planck’s constant. They also 

have momentum given by: 

p = E / c.  (3) 

 An electromagnetic radiation is fully characterized by its 

wavelength, its frequency or its energy, once these quantities 

are related. The X-rays are usually characterized by their 

energy, measured in electron-Volt (eV), where 1eV is the 

energy that an electron acquires when it is speed up by a 

potential difference of 1 Volt and is approximately 

1.6 10 19 J . The X-rays used in medical imaging usually 

are in the range from 15keV to 120keV. 

1.2. Production of X-Rays 

 There are some devices used for the production of X-ray 
radiation, namely the X-ray tube, the synchrotron, and the 
free electron laser. In medical imaging, the X-ray tube is the 
most widely used source, whereas in radiotherapy, the 
synchrotron is also used. The working principle of the X-ray 
tube is described in the following sections. Tutomu et al. 
described the function of X-ray tube in patents no. 
US7773726 (2010)[4]. 

1.2.1. X-Ray Tube 

 When electrons are speed up to more than 5keV and 
strike directly in the surface of a target, X-rays are emitted. 
The X-rays are mainly originated in the fast deceleration of 
the electrons, when they interact directly with the nuclei of 
the atoms of the target. This principle of production of X-
rays is called bremsstrahlung, a German word which means 
braking radiation. Fig. (1) shows a schematic diagram of an 
X-ray tube.  

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic diagram of an X-ray tube. 

 

 Basically, an X-ray tube is composed by: 

 A filament that is heated by a low-voltage electric 
current. This filament delivers electrons by thermionic 
emission. 

- A glass cover to keep the device in vacuum conditions. 

- An anode that converts the energy of the electrons into 
X-rays. 

- A case with a window transparent to X-rays, for the 
outgoing of the X-rays. 

 When an electrical current flows through the filament, 
electrons are released by thermionic emission. They are then 
sped up by a potential difference, of the order of tens or 
hundreds of kilovolts, which is applied between the filament 
and the anode. The high-sped electrons, when striking in the 
anode, lose their energy in the form of heat and electro-
magnetic radiation. A small part of this radiation is in the 
spectral range of the X-rays, as will be shown in the 
following paragraphs. 

1.2.2. X-Ray Spectrum 

 If electrons are speed up by a potential of 35kV, when 
they strike in a molybdenum anode, the spectrum of Fig. (2) 
is produced. This spectrum is composed by two parts: the 
continuous spectrum of the braking radiation and the 
characteristic radiation spectrum of the molybdenum anode. 

1.3.3. Continuous Spectrum 

 When a high-speed electron collides with the anode, 
several processes can occur: the most probable one is that the 
electron suffers a small elastic scattering, which corresponds 
to transference of energy to the anode, which normally 
appears under the form of heat. In the energy range used in 
medical imaging, about 99% of the electron energy is 
converted into heat. Its dissipation is one of the biggest 
technical problems of X-ray tubes. 

 Occasionally, the electron passes very close to an atomic 
nucleus, where it suffers a deflection, mainly due to the 
nuclear charge. The interaction of the electron with the 
atomic nucleus results in a change of its kinetic energy, 
which results in the emission of a photon in the spectral 
range of the X-rays. The energy lost by the electron can have 
a wide range of values, which justifies the continuous 
spectrum. The emission of X-rays can also occur after some 
elastic scattering interactions, which means that the X-rays 
are not always emitted from the surface of the anode. This 
factor, besides justifying the continuous spectrum of the 
emission of X-rays, also justifies its continuous spatial 
distribution. 

1.2.4. Characteristic Spectrum 

 Overlapped to the continuous spectrum, characteristic 
peaks normally appear which are the result of the interaction 
of high-speed electrons with the ones of the atoms of the 
target. If a high-speed electron has enough energy, it can 
ionize an atom, removing one atomic electron from its 
orbital. In this case, the orbital in question will have a lack of 
an electron, i.e., a hole. Usually, this happens in the layers 
close to the nucleus. The hole will then be filled by another 
electron of a higher shell, which jumps to it. In this jump, the 
electron loses energy by releasing a photon. If the 
phenomenon occurs in the layers close to the nucleus, the 
released photon will be in the spectral range of the X-rays. 
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 As an example, a high-speed electron removes an 
electron of the K shell of an atom. An electron from the L or 
M shells will fill the existing hole in K shell. As the energy 
difference between electrons of L or M shells and K shell is 
constant for each chemical element, all photons released in 
this way have the same energy. This explains the spectral 
peaks, where each one of them corresponds to a well-defined 
jump. The peaks shown in the spectrum of Fig. (2) corres-
pond to jumps between LI, LII and K shells in molybdenum. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). X-ray spectrum produced by a molybdenum anode and a 

potential difference of 35 kV. 

1.3. Interaction Between X-Rays and Matter 

 The operation of any X-ray detector depends basically on 
the way the radiation interacts with the material that cons-
titutes it. Notwithstanding several interaction mechanisms of 
X-rays and matter are known, only three of them are impor-
tant in their measurement: photoelectric absorption, Comp-
ton scattering and production of electron-positron pairs. 
These processes are based on the partial or total transfer of 
the X-ray photon energy to an atom. As a result, the trajec-
tory and the energy of the photon are drastically modified.  

 When a beam of X-rays passes through a body, along x 
direction, after the distance dx in its interior, the X-rays 
intensity decreases. The decrease in intensity is given by: 

dI
dx

= μ I ,  (4)  

where I is the intensity of the beam and μ is the coefficient of 
linear absorption of the material. Integrating along the 
thickness of the body, gives: 

I = Ioe
μ x

, (5)  

where Io is the initial intensity of the beam. Usually, instead 
of μ, the mass absorption coefficient μ/  is used (coefficient 
of linear absorption per unit of density) and equation (5) 
becomes: 

I = Ioe
μ/( ) x

. (6)  

 The mass absorption coefficient μ/  is related to the 
cross-sections of the interaction processes of the X-rays with 
matter, according to: 

μ / =
NAV
A i

i
, (7)  

where i is the atomic cross-section of the interaction process 
i, A is the relative atomic mass of the atom with which the 
interaction occurs and NAV is Avogadro’s number 
( 6.022 1023 ). For energies below 100 keV, the dominant 
interaction is the photoelectric absorption [5], which can be 
represented by: 

 + atom  atom
+
 + e  (8)  

where  represents a photon and e  an electron. In the 
medium range of energies (close to 1 MeV), the Compton 
effect is dominant. The Compton effect is basically the 
scattering of a photon when interacting with an electron [5]: 

 + e    + e . (9)  

At very high energies (far above 1 MeV), the cross-section 
for the production of electron-positron pairs is the most 
significant [5], 

 + nucleus  e
+
 + e  + nucleus. (10)  

 In this case, e
+
 represents a positron. 

1.3.1. Photoelectric Effect 

 Atomic electrons can absorb the total energy of a photon, 
whereas for free electrons, due to momentum conservation, 
such is not possible. The absorption of a photon by an atomic 
electron requires a third collision entity, which in this in case 
is the nucleus of the atom. The cross-section for the absorp-
tion of a photon of energy E in the K shell of an atom is 
particularly high (  80% of the total cross-section), due to 
the proximity of the third collision entity, the atomic nucleus, 
which absorbs the recoil momentum. The total cross-section 
for the photoelectric effect in the non-relativistic range far 
from absorption edges is given by the Born approach [6]: 

photo
K =

32
7

4Z5 Th
e , (11)  

where: 

= E /mec
2 , (12)  

is the reduced energy of the photon, E  is the photon energy, 

me is the electron mass, Z is the atomic number and c is the 

speed of light. Th
e  is the Thomson cross-section for elastic 

collisions between photons and electrons, given by: 

Th
e =

8
3

re
2 = 6.65 10 29 m2 ,  (13)  

 From classical theory, the electron radius is given by: 

re =
1

4 o

e2

mec
2 = 2.81794 10 15 m , (14)  
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where e is the electron charge and o is the vacuum 
permittivity (8.85 x 10

12
 F/m). The fine-structure constant is 

given by: 

 

=
e2

4 ohc
= 7.29735 10 3 , (15)  

where 2/h=h  is the reduced Planck constant. 

 Close to the absorption edges, the dependence between 

the cross-section and the photon energy is modified by a 

function f E ,Eedge  [6]. For high energies the depen-

dence between cross-section and energy for the photoelectric 

effect is: 

photo
K = 4 re

2Z5 4 1 . (16)  

 In equations (11) and (16), the dependence between the 
cross section and the atomic number is Z5 . This is an 
indication that interactions between photons and isolated 
atomic electrons do not occur. Actually, the dependence 
between the cross-section and the atomic number shows that 

photo is a more complex function of Z. In the energy range 
between 100 keV and 5 MeV, the exponent of Z ranges 
between 4 and 5. 

 As a consequence of the photoelectric effect in an inner 

shell of an atom (K shell, for example), some secondary 

effects can occur. If the hole left after the interaction 

between the photon and the electron is filled by another 

electron of a higher shell, the energy difference can be 

released under the form of a characteristic X-ray photon, 

which in turn can be absorbed by another electron of the 

same or neighboring atoms. If the energy is higher than the 

binding energy of the electronic shell of the atom in 

question, another electron can leave the atom (Auger effect) 

[7]. The energy of these Auger electrons is necessarily 

smaller than the energy of the primary electron. For example, 

if the photoionization occurs in K shell with binding energy 

EK, and the hole is filled by an electron of L shell, whose 

energy is EL, the amount of energy EK  EL will be released. 

This energy, in turn, can be transferred to another electron of 

L shell. If EK  EL > EL, this electron can leave the L shell as 

an Auger electron, with kinetic energy of EK  2EL. 

1.3.2. Compton Effect 

 The Compton effect describes the scattering of photons 
when interacting with free electrons. In practice, one can use 
the relations established here for atomic electrons although 
the theory is developed for free electrons. In the mathe-
matical model of this interaction process, the binding energy 
of electrons to atoms is normally disregarded. The total 
cross-section, for each electron, for the Compton scattering 
is given by the Klein-Nishina formula [8]: 

c
e = 2 re

2 1+
2

2 1+( )
1+2

1 ln 1+2( ) +
1
2
ln 1+2( )

1+ 3

1+2( )
2

,  (17) 

where  is given by equation (12) and re by equation (14). 

 The Compton scattering for an atom as a whole is 

proportional to the atomic number:  

c
atom = Z c

e  (18)  

 The relationship between the energies of scattered and 
incident photons is given by:  

E '

E
=

1

1+ 1 cos( )
, (19)  

where  is the scattering angle of the photon in the 
referential of the laboratory Fig. (3). 

 

 

 

 

 

 

 

Fig. (3). Kinematic variables of the Compton scattering process. 

 

 When  = 180
o
 (backscattering) the energy transferred to 

the electron reaches its maximum value. The relationship 
between the energies of scattered and incident photons is 
then given by: 

E '

E
=

1

1+ 2
. (20)  

 The scattering angle of the electron, relatively to the 
direction of the incident photon is given by: 

cot e = 1+( ) tan
2

. (21)  

 Due to momentum conservation, this angle cannot be 

larger than /2. In Compton scattering only a portion of the 

photon energy is transferred to the electron. The cross-

section of energy scattering can then be defined as: 

cs =
E '

E c
e  (22)  

and the absorption cross-section is defined as: 

ca = c
e

cs . (23)  

 Equation (23) is important in absorption processes and is 
related to the probability that the kinetic energy 
Ecin = E E '  be transferred to an electron. 

 Compton scattering occurs not only with electrons, but 
also with other charged particles. However, the interaction 
with atomic electrons is the most important for the operation 
of radiation detectors. 

1.3.3. Production of Electron-Positron Pairs 

 The production of an electron-positron pair in the electric 
field of the nucleus of an atom is only possible if the energy 
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of the photon exceeds a certain threshold, given by the rest 
masses of the electron plus the positron, multiplied by c

2
, 

added to the recoil energy that is transferred to the nucleus of 
the atom. From the conservation of energy and momentum, 
the energy threshold for the production of an electron-
positron pair is [8]: 

E 2mec
2
+ 2

me
2

mnucleus
c2 . (24)  

 As the electron mass (me) is far smaller than the mass of 
the nucleus (mnucleus), the expression of the energy threshold 
can be approximated by: 

E 2mec
2.  (25)  

 On the other hand, if the interaction takes place in the 
electric field of an electron, the expression for the energy 
threshold becomes: 

E 4mec
2.  (26)  

 The probability of the production of an electron-positron 
pair occurring in the field of the electron is, however, far 
smaller than the probability of occurring in the field of the 
nucleus [8]. 

 In the case where the nuclear charge is not shielded by 
atomic electrons (the photon passes close to it) and 

<
1

Z1/3
,  

the cross-section for electron-positron pair production is 
given by [9]: 

pair = 4 re
2Z2

7

9
ln2

109

54
. (27)  

 At low energies, the photon must pass relatively close to 
the nucleus so that a pair production can take place, which 
means that the photon will see the nucleus uncovered by 
electrons. 

 In the case of high photon energy, that is, 

>>
1

Z1/3
,  

and the nucleus is shielded by electrons, the cross-section for 
the production of electron-positron pairs is given by: 

pair = 4 re
2Z2

7

9
ln
183

Z1/3
1

54
. (28)  

 In this case, the fact that the nuclear charge is covered by 
electrons must be taken into account. For high energy 
photons, the cross-section for the production of electron-
positron pairs tends to a value that is independent of the 
energy of the incident photon, as it can be seen in equation 
(28). As the term 1/54 in equation (28) is far smaller than the 
other, it can be disregarded, giving the following appro-
ximated equation: 

pair
7

9
4 re

2Z2 ln
183

Z1/3
.  (29)  

 Notice that the production of an electron-positron pair 

cannot happen in vacuum, due to momentum conservation. 

The photon has a momentum p = E / c , and as E 2mec
2  

(equation (25)), p 2mec , that is, the electron and the 

positron would move at speeds superior to the one of the 

light, which is impossible. Therefore it is necessary that 

another particle, in whose field the formation of pairs occurs, 

to receive the difference of momentum. 

1.3.4. Other Processes of Interaction Between X-Rays and 
Matter 

 Beyond the three previously described processes, there 
are others whose interest for the implementation of detectors 
is smaller, namely: 

Coherent or Rayleigh Scattering 

 In opposite to the Compton scattering of photons in 
individual electrons, the Rayleigh scattering occurs only in 
electrons that are part of an atom. Once the recoil momentum 
in Rayleigh interaction is absorbed by the atom as a whole, 
the loss of energy of the photon is insignificant and the 
scattering angle is small. Due to the fact that the effect in the 
energy or direction of the photon is minimal, usually it is a 
common procedure to ignore Rayleigh scattering in the 
calculations of interactions between X-rays and matter [10]. 

Photonuclear Absorption 

 The absorption of a photon by an atomic nucleus 
normally results in the emission of one or more neutrons 
and/or protons. This interaction can contribute 5% to 10% to 
the total cross-section of interaction with photons in a 
relatively narrow range of energies, normally between 5 
MeV and 40 MeV, depending on the nucleus in question [11 
- 15]. The effects of this interaction can be observed in 
measurements of the total attenuation coefficient [16]. 
However, there is an irregular dependence between this 
cross-section and the atomic number or the atomic mass, and 
there are not theoretical models comparable to the ones of 
the other cross-sections. 

Elastic Nuclear Scattering 

 This is an effect analogous to Compton scattering, but 
produced by the nucleus. In this process, a photon interacts 
with the nucleus in such a way that it is absorbed and re-
emitted with the same energy [12]. 

Inelastic Nuclear Scattering 

 The nucleus of an atom is excited to a higher energy level 
by the absorption of a photon. The excited nucleus then 
releases another photon with equal or smaller energy than the 
first one [12]. 

Delbrück Scattering 

 The phenomenon of scattering of a photon by the electric 
field of the nucleus is called Delbrück scattering. This 
phenomenon can be understood as the formation of a virtual 
electron-positron pair in the field of the nucleus followed by 
its annihilation [17, 18]. 
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1.3.5. Total Cross Section of Absorption of Photons  

 The mass absorption coefficient, which is related with the 
cross-sections for the interaction processes, according to 
equation (7), is shown in Fig. (4) for cesium iodide. In this 
figure, it can be verified that in the energy range of interest 
for X-ray detectors (represented in a gray background), the 
most important processes of interaction are the photoelectric 
effect and Compton scattering. 

 Since Compton scattering has a special importance in the 
interactions between photons and electrons, due to the fact 
that only a portion of the energy is transferred between them, 
the mass attenuation coefficient and the mass absorption 
coefficient must be distinguished [8]. The mass attenuation 
coefficient (μcs) is related to the cross section of the energy 
scattering of Compton ( cs) (equations (22) and (7)). In an 
analogous way, the mass absorption coefficient (μca) is 
calculated from the cross-section of energy absorption of 
Compton ( ca) (equations (23) and (7)). 

 The mass absorption coefficient of a composite or 
mixture of elements can be calculated from the individual 
coefficients of the elements from: 

μ /( )c = wi
i

μ /( )i  (30)  

where wi represents the ratio of mass of element i in the 
composite or the mixture. In the example of Fig. (4), iodine 
with atomic number 53 and relative atomic mass of 126.9 
contributes with a ratio of mass of 48.8%, whereas cesium, 
with atomic number 55 and relative atomic mass of 132.9, 
contributes with a ratio of mass of 51.2%. 

2. RADIATION DETECTORS 

 The output signal of a radiation detector results from the 
ionization and/or excitation of atoms produced by the 
previously described interactions, which occur in the detec-
tion medium. The output signal of the detector can be pro-
duced by primary ionizations, thermal changes or scintil-
lations that afterward are converted into electric signals. 
Usually, the output electric signal must be close to a value 
proportional to the energy that falls upon the detection 

medium. There are several types of detectors, namely: pn 
junctions, photoconductors, based on thermal effects and 
scintillators. Each method has its own advantages and dis-
advantages. 

2.1. Detectors Based in pn Junctions 

 The simplest model of radiation detector is based on a pn 
junction, usually implemented in amorphous silicon 
substrates. X-ray photons that are absorbed in the depletion 
region of the junction create electron-hole pairs, which are 
separated by the electric field that exists in this region. 
Amorphous silicon is often preferred instead of crystalline 
silicon in high-area detectors (up to cm50cm50 ) for 
digital radiography. This is mainly due to the enormous 
difficulty in manufacturing devices of those dimensions in 
crystalline silicon. The main advantage of this method is that 
a little more than 1 eV of energy is enough to produce an 
electron-hole pair. Unfortunately, the X-ray absorption 
power of silicon is much reduced. For example, a silicon 
detector with thickness of 525 μm would only absorb 
approximately 2.2% of 100 keV X-rays. In order to increase 
the absorption to near 50%, the same detector must have 16 
mm of thickness, which is not practical. 

2.2. Detectors Based in Photoconductors 

 The photoconductor method uses materials with higher 
absorption power than silicon and whose conductivity 
changes with the amount of absorbed radiation. 

 The best known photoconductor is probably amorphous 
selenium. When compared with silicon, its X-ray absorption 
is a little better (the thickness of 525 μm would absorb 
approximately 12.7% of 100 keV X-rays), but it needs about 
50 eV for producing an electron-hole pair. Another disad-
vantage is that it needs a relatively high bias voltage (about 
10 V/μm) to work properly [19]. 

 Other promising photoconductors are based on CdTe, 
CdZnTe, HgI2 and PbI2 [20 - 22]. Due to the fact that they 
are constituted of heavy elements, they have high X-ray 
absorption power. However, they show almost the same 
disadvantages as amorphous selenium. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Mass absorption coefficients of cesium iodide. The energy range of interest for X-ray detectors based in scintillators is represented 

in a gray background.  
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2.3. Detectors Based in Thermal Effects 

 The working principle of this kind of detector is based on 
the Seebeck effect. It consists of the detection of the 
temperature increase caused by the absorption of X-rays by a 
material of high atomic number and high density. The junc-
tion of two thermoelectric materials, with different Seebeck 
coefficients, is used to detect the temperature increase. Fig. 
(5) shows the basic structure of such detector. As target, 
copper can be used and as thermoelectric materials, Sb2Te3 
of p type and the Bi2Te3 of n type materials can be used [23]. 

 

 

 

 

 

 

 

 

Fig. (5). Structure of an X-ray detector based in thermal effects.  

 

 This method does not need bias voltages, as the previous 
ones, since the output signal appears as an electric voltage. 
As main disadvantage, it can be pointed out the frequency 
response, which is very reduced, of the order of tenths of Hz, 
or at most of some Hz. 

2.4. Detectors Based in Scintillators 

 This method uses a material that absorbs the radiation 
and converts its energy into visible light, which is then 
detected by a conventional photodetector. A good scintillator 
must be constituted by chemical elements of high atomic 
number and have high density, in order to absorb the X-rays. 
It must further produce a high number of visible light 
photons for each absorbed X-ray photon. 

 This approach seems to be the best, since scintillators 
have high X-ray absorption power, they do not need bias 
voltages and they have very high frequency responses 
(usually in the GHz range). 

Fig. (6) shows the structure of an X-ray image detector based 
on scintillators. It consists basically of a scintillating layer 
placed on top of a matrix of photodetectors. 

 

 

 

 

 

 

 

 

 

Fig. (6). Basic structure of a X-ray detector based on scintillators. 

 This method, being relatively simple, has some limita-
tions in spatial resolution, due to the restrictions imposed by 
the height of the scintillator. On one hand, it is desirable to 
have a a large height of the scintillator layer, so that more X-
ray photons are absorbed. On the other hand, when 
increasing the height of the scintillator, the amount of light 
produced in one pixel that reaches its neighbors is higher, 
that is, the spatial resolution decreases [24]. 

 A method to increase the spatial resolution, without 
decreasing the height of the scintillator, consists of using an 
individual scintillator for each pixel, separated by layers of a 
reflector material, as is shown in Fig. (7). 

 

 

 

 

 

 

 

 

 

Fig. (7). Schematic representation of a structure based on light 

guides that are used to increase the spatial resolution of the detec-

tors of radiation based on scintillators. 

 

 This method will be detailed in the following sections. 

3. X-RAY DETECTORS BASED ON SCINTILLATORS 

 X-ray detectors based on scintillators, firstly convert X-
ray energy into visible light, which is then converted into 
electrical signals by means of photodetectors. Fig. (8) shows 
a schematic diagram of a detector of this kind, where the 
scintillator is the thallium doped cesium iodide (CsI:Tl), 
which is embedded inside reflective layers of aluminum. 
Aluminum is a material of low atomic number and low 
density, allowing the penetration of X-rays. On the other 
hand, it shows high reflectivity for visible light, guiding it to 
the corresponding photodetector. 

 The most critical steps of this process that can influence 
the efficiency and the signal to noise ratio of the detector are: 

 

 

 

 

 

 

 

 

 

Fig. (8). Schematic diagram of an X-ray imaging detector based in 

scintillators. 
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• Transmission of the X-rays through the aluminum 
reflective layer. 

• Absorption of X-rays by the scintillator and their 
conversion into visible light. 

• Reflection of visible light by the reflective layers. 

• Transmission of visible light to the photodetector. 

• Detection of visible light and its conversion into 
electrical signals. 

 Some considerations must be taken into account before 
the explanation of each step: 

1. The most common noise sources in X-ray imaging 
detectors are the photon noise, the fixed pattern noise 
and the noise of the readout electronics [25]. Fixed 
pattern noise is present in all detector matrices and can 
be cancelled by using gain maps [26]. The readout 
electronic noise depends mainly on the electronic con-
figuration and usually is less important than the photon 
noise. 

2. The photon noise, caused by the quantized nature of X-
rays, is the fundamental limitation of the signal to noise 
ratio of the detector. Several theoretical and experi-
mental analyses demonstrate that the intrinsic photon 
noise of counting the events from an X-ray beam is 
random and follows a Poisson distribution, that is, the 
standard deviation, prx, is equal to the square root of the 
mean number of detected photons, mprx [27, 28], i. e.: 

prx = mprx  (31) 

 Fig. (9) shows the spectral distribution of the photons 
produced by an X-ray tube with molybdenum anode, when it 
is powered by a 35 kV, 1 mA source, measured by a detector 
of 1 mm

2
 of area, placed at 0.5 m from the anode [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Spectrum of the radiation produced by an X-ray tube with 

molybdenum anode, powered at 35 kV, 1 mA. The signal is mea-

sured by a detector of 1 mm
2
 area, placed at 0.5 m from the anode. 

 

 Fig. (10) shows the corresponding signal to noise ratio, 
which is calculated, for each energy, as the ratio between the 
mean number of photons and its standard deviation, for a 
unit exposure time. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Signal to noise ratio of the radiation produced by an X-

ray tube with a molybdenum anode, when powered by 35 kV, 1 

mA. The signal is measured by a detector of 1 mm
2
 area, placed at 

0.5 m from the anode. 

 

 As mentioned before, the photons coming from the X-ray 
tube must follow several steps before being detected. These 
steps will be described in the following sections. 

3.1. Transmission of the X-Rays Through the Aluminum 
Reflective Layer 

 When an X-ray beam penetrates some material, it is 
absorbed according to equation (5). Fig. (11) shows the X-
rays percentage transmitted by aluminum layers of different 
thicknesses, between 10 μm and 500 μm. As it can be 
observed, there is a reduction of the transmissivity with 
increasing the thickness of the layer. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). Transmissivity to X-rays of different aluminum 

thicknesses. 

3.2. Absorption of X-Rays by the Scintillator and Their 
Conversion Into Visible Light 

 The absorption of X-rays by the scintillator depends on 
the laws described in previous sections. However, scintil-
lators are formed by composites or mixtures of some 
elements, therefore, the mass absorption coefficient must be 
calculated from the individual elements that form the 
composite, using equation (29). As was seen for CsI:Tl, 
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iodine with atomic number 53 and relative atomic mass of 
126.9 contributes with a fraction of mass of 48.8%, whereas 
cesium, with atomic number 55 and relative atomic mass of 
132.9, contributes with a fraction of mass of 51.2%. 
Thallium concentration in the CsI:Tl is of about 0.02% to 
0.03% [30], and its contribution for the absorption of rays-x 
is negligible. 

 Fig. (12) shows the percentage of X-rays that is absorbed 
by CsI:Tl scintillators with thicknesses between 100 μm and 
900 μm. As expected, the absorption increases with thick-
ness. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (12). Absorption of X-rays by CsI:Tl scintillators of different 

thicknesses.  

 

 The scintillator will convert X-rays into visible light. In 
the case of CsI:Tl, about 65 900 visible photons (wavelength 
close to 560 nm) are produced for each 1 MeV of absorbed 
energy, at room temperature [31]. This means that for each 
photon of 1 MeV, a random number of visible photons is 
produced, whose mean is 65 900. 

 Therefore, the average amount of visible light produced, 
LR E( ) , at a given X-ray energy, for a unit time, is obtained 
from the product of five factors: 

1. Number of X-ray photons that fall upon the detector, N, 
which is random, 

2. Transmissivity of aluminum, Tral Fig. (11), 

3. Absorption of the scintillator, Absc Fig. (12), 

4. 65 900 photons/MeV, which is the mean of a random 
process, 

5. Energy of the incident X-ray photon, E, in MeV. 

That is: 

LR E( ) = N Tral Absc 65 900 E.  (32)  

 In this case, the variance of the produced visible photon 
distribution is given by the product of the average value of 
X-ray photons absorbed by the scintillator by the square of 
the number of visible photons produced by each X-ray:: 

LR
2 E( ) = N Tral Absc 65 900E( )

2
 (33) 

 This result shows that the variance (equation (33)) is 
superior to the mean (equation (32)) and the number of 
visible photons does not follow a Poisson distribution 
anymore. The difference between the variance and the mean 
of the distribution is known as Swank noise [32, 33]. 

 The signal to noise ratio can be calculated, for each value 
of energy, by: 

SNR(E) =
LR E( )

LR
2 E( )

= N Tral Absc . (34) 

 Fig. (13) shows the mean of the number of photons per 
second, produced by the scintillator, for the input signal of 
Fig. (9). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (13). Number of visible photons produced per second in the 

scintillator as a function of the incident X-ray energy. 

 

 Fig. (14). shows the corresponding signal to noise ratio, 
obtained from equation (34). 

 

 

 

 

 

 

 

 

 

 

 

Fig. (14). Signal to noise ratio associated to the visible photons 

produced by the scintillator. 

 

 By comparing the signal to noise ratio of the scintillator 
Fig. (14) with the one of the X-ray tube Fig. (10), it can be 
observed that this is practically constant. 
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 With this result, the first step of the working principle of 
the X-ray detector based in scintillators is completely 
characterized. Walter et al. described the applications of an 
X-ray detector in 2010 [34]. 

3.3. Reflection of Visible Light by the Reflective Layers 

 The visible light that reaches the reflector can have two 
independent polarizations. The light that reaches the reflector 
in an angle , measured from the normal, can have either the 
electric field vector or the magnetic field vector parallel to 
the plane of incidence. In the first case, the polarization is 
called p and in the second case, it is called s. In general, the 
electric field vector has an arbitrary angle with the incidence 
plane and can be decomposed into two components, one of 
polarization p and another one of polarization s. 

 The refractive index, n, is equal to H/E, where H and E 
represent the amplitudes of magnetic and electric fields 
respectively. In a similar way, a generalized refractive index, 
u, can be defined for each polarization: 

up = H / E cos( ) = n / cos  

us = H cos / E = ncos . (35) 

 Notice that the directions of electric fields of the light 
produced by scintillators are random and can be decomposed 
into the two polarizations with equal probability. 

 In the case of a homogeneous metallic reflector, the 

reflectivity of the interface between scintillator and reflector 

is given by: 

R =
usc ur
usc +ur

2

,   (36)  

where usc and ur represent the generalized refractive indexes 

of the scintillator and the reflector respectively. In the case of 

materials that absorb light, the value of the refractive index, 

n of equation (35), has an imaginary component and must be 

substituted by n jk , where k is the extinction coefficient of 

the material and j is the complex operator 1( ) . 

 In a more generic case of a reflector with multiple 
interfaces (for example, when a thin film of silicon dioxide is 
placed between the scintillator and a silicon wall) [35 - 38], 
the reflectivity can be calculated from [39]: 

 

Eq
+

Eq

=
1

2

1 1 / usc
1 1 / usc

Mi ,L,M1
1

uw
Eo
+  (37)  

where, Eq
+ , Eq , and Eo

+  represent the amplitudes of the 

electric field vectors of the incident, reflected and trans-

mitted waves, respectively. Variable usc and uw represent the 

generalized refractive indexes of the scintillator and the wall 

respectively, and: 

Mi =
cosgi j singi / ui
jui singi cosgi

 (38)  

is a matrix that contains the details of thin film i, placed 
between the scintillator and the wall. Basically, Mi relates the 

values of E and H of one side of the film with the ones of the 
other side. Here, the generalized refractive index of the film 
is represented by ui and gi is the phase thickness of the film, 
given by: 

gi =
2 uid cos i , (39) 

where d is the thickness of the film and i is the angle of 
incidence of the light, given by the Snell law: 

usc sin sc = ui sin i = uw sin w .  (40)  

 In this case, the reflectivity is given by: 

R = r 2 = Eq / Eq
+
2

 (41)  

 In the case of the CsI:Tl scintillator, the light produced 
has a wavelength around 560 nm [31]. The dependence 
between the reflectivity and the angle of incidence of the 
light, for an aluminum reflector, is shown in Fig. (15). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (15). Dependence between the reflectivity of the visible light 

and the angle of incidence, for a CsI:Tl - Aluminum interface. 

3.4. Transmission of the Visible Light to the 
Photodetector 

 Due to the differences of refractive indexes between the 
scintillator and the photodetector, some light produced by the 
first one is reflected in the surface of the second one. In order 
to minimize this phenomenon, an anti-reflective filter can be 
necessary. The simplest way to obtain such filter consists in 
the application of a thin film in the surface of the photo-
detector. The parameters of the film can be obtained from 
equation (42), which was deduced from equation (37): 

Esc
+ =

1

2uscutf
uscutf +utf uph( )cosgtf + j uscuph +utf2( )singtf Eph

+ ,  

Esc =
1

2uscutf
uscutf utf uph( )cosgtf + j uscuph utf

2( )singtf Eph
+ ,  

(42)  

where 
+

sc
E  is the amplitude of the electric field vector of the 

incident light (coming from the scintillator), 
sc

E  is the 
amplitude of the electric field vector of the light reflected at 
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the interface and 
+

phE  is the amplitude of the electric field 
vector of the light that penetrates into the photodetector. The 
quantities usc, utf and uph represent the generalized refractive 
indexes of the scintillator, the thin-film and the photodetector 
respectively. Finally, gtf is the phase thickness of the thin-
film, given by equation (39). 

 The reflectivity is given by: 

R =
Esc
Esc
+

2

=
uscutf utf uph( )cosgtf + j uscuph utf

2( )singtf
uscutf +utf uph( )cosgtf + j uscuph +utf2( )singtf

2

 

(43)  

 For the reflectivity to be null, the numerator of equation 

(43) must be equal to zero. So, it is enough to make 

cosgtf = 0  and uscuph utf
2
= 0 , that is, gtf = / 2± k( ),  

 
k = 0, 1, 2,L( )  and utf = uscuph . A way of verifying both 

conditions is a thin-film with refractive index equal to 

uscuph  and whose optical path (refractive index times 

distance) is given by: 

 

utf d cos tf =
2k +1( )
4

, k = 0, 1, 2,L , (44)  

that is, a quarter-wave film. Sometimes it is not easy to 

obtain a material that satisfies the requirement of the 

refractive index to be equal to uscuph . However, for the 

interface between CsI:Tl scintillator and silicon photo-

detectors, a good candidate is a film of silicon nitride with 

621 nm of thickness. Fig. (16) shows the values of the 

reflectivity of the CsI:Tl-Si interface, as a function of the 

incidence angle, with and without the silicon nitride film. 

Other good candidates to antireflective films for this 

application are ZrO2 and the TiO2, with refractive indices of 

2.22 and 2.94, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (16). Dependence between the reflectivity and the angle of 

incidence of the light, for the CsI:Tl-Si interface, with and without a 

film of silicon nitride 621 nm thick. 

 

3.5. Light Guidance to the Photodetector 

 The light produced by the scintillator, after multiple 
reflections, reaches the photodetector. However, each reflec-
tion introduces losses that depend mainly on the geometry of 
the optical system. 

 Let´s consider a scintillator of prismatic or parallele-
pipedic form, placed above a photodetector. On the top and 
in the lateral sides of the scintillator, aluminum layers are 
placed, which work as reflectors, as it is represented in Fig. 
(17) 

 The relationship between the area of the surface of the 
scintillator seen by the photodetector, a, and the total area of 
its surface, A, is given by: 

RA =
a

A
=

l c

2l c+ 2hc+ 2l h
  (45)  

where l, c and h are defined in Fig. (17). Considering that the 
scintillator is transparent and emits light in all directions with 
equal probability, the amount of light that reaches directly 
the photodetector, without any reflection, is given by: 

 

 

 

 

 

 

 

 

Fig. (17). Scintillator placed above a photodetector, with all its 

faces coated by reflectors. This configuration represents one pixel 

of Fig. (8).  

 

Lpd
*

= LRRA  (46)  

where LR is the total light produced by the scintillator. As 
some light is reflected in the surface of the photodetector, the 
absorbed one is given by: 

Lpd
** = Lpd

* 1 Rph( ) = LRRA 1 Rph( ) , (47)  

where Rph is the reflectivity of the surface of the 
photodetector, given by equation (43). In a similar way, the 
light that reaches the reflector is given by: 

Lcm = LR Lpd
** = LR 1 RA 1 Rph( ) . (48)  

 In the scintillator-reflector interface, an amount of light is 
lost. The remaining one is reflected back to the scintillator. 
The percentage of light lost in each reflection is given by: 

Rloss =1 R  (49)  

where R is the reflected light, given by equations (36) or 
(41). 

 After many reflections, the light that reaches the photo-
detector is given by:  
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Lpd = LRRA 1 Rph( ) 1 RA 1 Rph( )( ) 1 Rloss( )
i

i=0

 (50)  

 Equation (50) represents a geometric series, whose 

common ratio 1 Rph( ) 1 RA 1 Rph( )( ) 1 Rloss( )  is less 

than 1, therefore the series is convergent. So, the light 

percentage that reaches the photodetector is given by: 

Lpd
LR

=
RA 1 Rph( )

1 1 RA 1 Rph( )( ) 1 Rloss( )
.  (51) 

 Fig. (18) shows the efficiency of the optical system, 
given by the equation (51), for c = l = pixel size, h = 500 μm, 
and without antireflective filter of silicon nitride. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (18). Efficiency of the optical system for c = l = pixel size, h = 

500 μm, and without silicon nitride antireflective filter.  

 

 Detection of visible light by the photodetector.  

 Fig. (19) shows the quantum efficiency of a CMOS 
photodetector, manufactured from a n+/p-epilayer junction, 
coated by a Si3N4 layer. The efficiency at the wavelength of 
emission of CsI:Tl is marked by dashed lines. 

 In the case of incident photons following a Poisson 

distribution, the losses introduced in the system modifies the 

mean and the variance of the distribution in a similar way, 

that is, the distribution of electron-hole pairs created in the 

photodetector is still a Poisson distribution. However, the 

light produced by the scintillator, due to the randomness of 

the processes of X-rays production and X-ray conversion 

into visible light, does not follow a Poisson distribution. In 

can be described by a normal distribution with mean msc and 

variance sc
2 . In this case, the process of attenuation 

described by equation (51) can be modeled by a binomial 

distribution, whose probability of success (the photon is 

detected) is given by: 

p =
Lpd
LR

. (52)  

 

 

 

 

 

 

 

 

 

 

 

Fig. (19). Quantum efficiency as a function of the wavelength of 

the incident light, for a 400 μm  400 μm CMOS photodiode, based 

in a n+/p-epilayer junction and coated by a layer of Si3N4.  

 

 The distribution of electron-hole pairs generated in the 
photodetector is obtained by multiplying the distribution of 
the light produced in the scintillator by this binomial distri-
bution. The mean of the resultant distribution is given by: 

mehp = p msc  (53)  

and the variance is given by [40]: 

ehp
2 = p 1 p( )msc + p

2
sc
2 .  (54)  

3.6. Direct Detection of X-Rays by the Photodetector 

 The last fact that must be considered is that some X-ray 
photons cross completely the scintillator and are absorbed by 
the photodetector. The most usual way to calculate the signal 
to noise ratio associated with this absorption is the Monte 
Carlo method [41]. Nevertheless, following a more formal 
procedure, this absorption can be calculated using the 
equations (31) to (34), knowing that by each 1 MeV of 
energy absorbed by silicon, around 277 000 electron-hole 
pairs are produced [36]. 

 Fig. (20) shows the percentage of X-ray photons directly 
absorbed by a photodiode with a junction depth of 1 μm, for 
a CsI:Tl scintillator thicknesses in the range between 100 μm 
and 900 μm and 10 μm of aluminum on top of it. As in the 
case of the scintillation mechanism, to obtain the mean value 
of electron-hole pairs produced, it is necessary to multiply 
five factors:  

- Number of X-ray photons produced by the tube that 
reach the detector. 

- Transmissivity of the reflector placed in the top of the 
detector. 

- Transmissivity of the scintillator. 

- 277 000 pairs/MeV. 

- Energy of the incident photon. 
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Fig. (20). Percentage of X-ray photons absorbed by a silicon 

photodiode with 1 μm of junction depth, for CsI:Tl scintillators 

with thicknesses in the range between 100 μm and 900 μm and a 10 

μm layer of aluminum in their top.  

 

 Also, as in the case of the scintillation mechanism, the 
variance of the distribution of electron-hole pairs is given by 
the product of the mean of X-ray absorbed photons by the 
square of the number of electron-hole pairs generated by 
each X-ray photon. 

 Finally, the contributions of the two processes of gene-
ration of electron-hole pair in the photodetector must be 
added. As both processes can be described by normal 
distributions, the final result can also be represented by a 
normal distribution, whose mean is the addition of the two 
means and whose variance is the addition of the two 
variances. 

 The study of the main processes involved in the X-ray 
detectors based in scintillators, namely the transmission of 
X-rays through the reflective layer, the absorption of the X-
rays by the scintillator and its conversion into visible light, 
the reflection of the visible light in the reflective layer, the 
transmission of the visible light to the photodetector, the 
dependence between the efficiency and the geometry of the 
pixel and the direct absorption of X-rays by the 
photodetector is thus concluded. 

3.7. Efficiency of the Scintillator With and Without Light 
Guides 

 At the end of this section, the advantages of the light 
guides in this kind of detector will be presented. The goal of 
this section is to prove that, beyond an improvement in the 
spatial resolution, the introduction of light guides increases 
the visible light detection efficiency of the detector, which 
allows a reduction of the X-ray dose in medical imaging. 

 Fig. (21) shows one pixel of an X-ray detector based in 
scintillators without light guides. In this case, contrarily to 
the one presented in Fig. (17), the CsI:Tl has a top aluminum 
layer, but the other four faces are not coated by reflectors. 

 When an X-ray photon is absorbed by the scintillator, it 
produces an amount of visible light, represented by LR. 

 

 

 

 

 

 

 

 

 

 

Fig. (21). Scintillator without lateral coatings placed on the top of a 

photodetector.  

 

 The ratio between the scintillator surface area seen by the 
photodetector, a, and its total surface area, A, is given by 
equation (45). Considering that the scintillator is transparent 
and emits light uniformly in all directions, the amount of 
light that is directly absorbed by the photodetector, without 
any reflection, is given by: 

L1
*
= LRRA(1 Rph ),  (55)  

 In the following calculations it is considered that all the 
points of the aluminum reflector are at the same distance of 
the photodetector, that is, the reflector instead of being plane, 
is a small area in the surface of a sphere, whose radius is h. 
In this case, the light reflected in the surface of the photo-
detector that reaches the reflector of aluminum is given by: 

LM1
*

= LRRARph
a

2 h2
 (56)  

 Being Rloss the percentage of light lost in the reflector, the 
light that is reflected back to the photodetector is given by: 

L2
* = LM1

* 1 Rloss( )
a

2 h2
1 Rph( )  (57)  

 Once again, a light percentage is reflected in the surface 
of the photodetector and comes back to the aluminum 
reflector, which reflects it again and thus successively. The 
total amount of light absorbed by the photodetector is given 
by the sum: 

 

L* = L1
*
+ L2
*
+L+ Ln

*
= LRRA(1 Rpd )Rpd

i (1 Rloss )
i a

2 h2

2i

i=0

   (58) 

 On the other hand, the light produced by the scintillator 
can go directly to the reflector of aluminum, where it is 
reflected to the photodetector and thus successively. In this 
case, the light that is absorbed by the photodetector is given 
by:  

 

L** = L1
**+ L2

**+L+ Ln
** = LRRA(1 Rpd )Rpd

i (1 Rloss )
i+1 a

2 h2

2i+1

i=0

(59) 

 The total amount of light, ,
***

LLL +=  is obtained by 
adding the terms of the right hand side of equations (58) and 
(59). After mathematical handling, it can be written as a 
function of LR:  
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L
LR

=
2 h2RA a+2 h2 aRloss( ) 1 Rpd( )

4 2h4 +a2 1 Rloss( )Rpd
 (60)  

 As practical example, let´s consider that the reflectivity 
of the surface of the photodetector is 5%, the losses in the 
reflector are 15%, h=100 μm, c=30 μm and l=30 μm. In this 
case, equation (60) gives a percentage of absorbed light of 
6.27%, whereas equation (51) gives a percentage of absorbed 
light of 30.57%. This means that with the introduction of the 
light guides, beyond the obvious increase in spatial 
resolution of the image, the efficiency of the visible light 
collection of the detector is also increased. By the other 
hand, the efficiency of the X-ray absorption and visible light 
production is slightly reduced due to the dead area intro-
duced by aluminum walls. However, this efficiency 
reduction, which can be calculated by the ratio between the 
area of the walls and the total area of the matrix, is usually 
smaller than the figures presented above. 

4. FABRICATION OF A SCINTILLATOR MATRIX 

 The fabrication of a matrix of scintillators similar to the 
one shown in Fig. (7) can be performed by several methods. 
The production of the cavities can be achieved using a 
drilling machine, a laser or Deep Reactive Ion Etching 
(DRIE). The scintillator can thereafter be placed in their 
interior by pressure at high or low temperatures. The matrix 
can also be fabricated using a photolithographic process.  

 In the following sections, the first process will be 
described in a summarized form, whereas the last one will be 
more detailed. 

4.1. Production of the Cavities by Using a Drilling 
Machine, a Laser or DRIE 

 In the case of the drilling machine, an aluminum foil with 
thickness of the order of 500 μm is used, in which holes with 
diameters between 300 μm and 400 μm are made, with the 
help of an x-y table. Instead of the drilling machine, a laser 
can be used, allowing in this case holes with diameters of the 
order of 100 μm. Alternatively, the matrix can be fabricated 
using DRIE. Following a conventional photolithographic 
process, with a photoresist of 10 μm thick, the etching of a 
silicon substrate can be made using an inductively coupled 
plasma (ICP) [42], originating a matrix of cavities with 
perfectly vertical walls and dimensions as small as 50 μm 
(Fig. (22)). 

4.2. Fabrication of the Matrix Using a Photolithographic 
Process 

 The fabrication of the matrix by a photolithographic 
process is based on SU-8, which is a varnish sensible to 
ultraviolet light (photoresist). At the beginning of the 
photolithographic process, sacrificial layers of MicroChem 
OmniCoat

TM
 and SU-8

TM
 are deposited above the matrix of 

CMOS photodetectors, as it is shown in Fig. (23a). The 
OmniCoat is another photoresist that is used to remove the 
SU-8 after its hardening, as it will be shown later. SU-8 was 
chosen since it allows deep structures, with very small 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. (22). SEM picture of cavities fabricated by DRIE. 

 

roughness of the walls, which is necessary for the cavities of 
the light guides with scintillators. Moreover, the fabrication 
process of SU-8 implies a relatively low cost, when com-
pared with the costs associated with other microfabrication 
techniques. The necessary steps for fabricating the matrix of 
scintillators are the following:  

- Cleaning of the substrate and placement of OmniCoat. 

- Deposition of SU-8. 

- Soft bake; 

- Placement of mask and exposition to ultraviolet light; 

- Post exposure bake; 

- Development; 

- Washing and drying; 

- Placement of aluminum; 

- Removal of SU-8; 

- Placement of the scintillator inside the cavities; 

- Polishing of the top surface; 

- Placement of a final aluminum layer in the top of the 
detector. 

 Fig. (23) shows these steps, which will be explained with 
more detail in the following paragraphs. 

4.2.1. Cleaning of the Substrate and Placement of 

OmniCoat 

 In order to obtain the maximum reliability of the process, 
the substrate must be clean and dry. A bath in a cleaning 
solvent or a rinsing in a diluted acid, followed by another 
rinsing in distilled water must be used. After that, the surface 
must be dried by placing it in a hotplate at 200ºC during 5 
minutes. 

 Still in this phase, a thin film of OmniCoat will be 
deposited. The use of this photoresist is essential to remove 
the SU-8, after the placement of the reflective material of the 
matrix. The fabrication of this film can be divided into four 
steps: first, with a spin-coater, about 2 or 3 drops of 
OmniCoat will be deposited on the substrate. Next, with a 
spin velocity of 500 rpm during 20 seconds, the OmniCoat 



X-ray Detectors Based on Scintillators and CMOS Technology Recent Patents on Electrical Engineering, 2011, Vol. 4, No. 1    15 

will be spread uniformly. In the third phase, a spin at 3000 
rpm during 30 seconds will be performed, in order to obtain 
a film with thickness in the order of tenths of micrometer. 
Finally, a heating at 200 ºC for 1 minute will be made in the 
hotplate. 

4.2.2. Deposition of SU-8 

 Over the OmniCoat a layer of SU-8 is deposited by spin-
coating. Fig. (24) shows the relationship between the rotation 
speed and the obtained thickness, for two types of SU-8 with 
different viscosities. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (24). Obtained thicknesses for two types of SU-8 with different 

viscosities, as a function of the rotation speed of the spin coater. 

 

 After the placement of some amount of SU-8 in the 
substrate, a first spin at lower speed and a second spin at 
higher speed will be performed. The first spin has the 

duration of 20 seconds, at speed of 500 rpm, so that the film 
is spread regularly by the surface of the substrate. The 
second spin lasts for 30 seconds at the necessary speed to 
obtain the desired thickness according to Fig. (24). 

4.2.3. Soft Bake 

 After having been placed in the substrate, the SU-8 must 
be heated (soft bake) so that the solvent evaporates and it 
becomes harder. Soft bake is performed in 2 phases: 

1. Heating at temperature T1 = 65ºC, allowing a slower 
evaporation of the solvent. 

2. Heating at the temperature T2 = 95ºC, for evaporating 
the remaining solvent and hardening the film. 

 The duration of each phase depends on the thickness of 
the film. A hotplate with good thermal control and 
uniformity is recommended for the heating. Conventional 
ovens are not recommended. Table 1 shows the duration of 
the soft bake temperatures for SU-8 of series 2000. 

Table 1. Duration of the Soft Bake Temperatures for SU-8 of 

Series 2000 [43]. 

Film Thickness 

(μm) 

Duration of 

T1 (Minutes) 

Duration of  

T2 (Minutes) 

100-150 5 20-30 

160-225 5-7 30-45 

230-270 7 45-60 

280-550 7-10 60-120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (23). Fabrication processes of light guides with scintillators: (a) the matrix of photodetectors is coated by OmniCoat and SU-8; (b) after 

the exposition to ultraviolet light, the parts of SU-8 and OmniCoat not exposed to the light are removed; (c) an aluminum layer is deposited 

above the matrix; (d) SU-8 and OmniCoat are removed, as well as the aluminum in their top; (e) the scintillator is placed inside the cavities. 

The upper surface is polished; (f) a final aluminum layer is placed in the top of the detector. 
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4.2.4. Placement of Mask and Exposition to Ultraviolet 

Light  

 In this stage of the fabrication process, the SU-8 is 
exposed to ultraviolet light through an appropriate mask, 
with the geometry and dimensions of the desired cavities. 
After a brief cooling, the SU-8 will be exposed to ultraviolet 
light, using a mask aligner. 

 SU-8 is optimized to harden with ultraviolet light 
between 350 nm and 400 nm. An excessive dose of radiation 
below 350 nm results in an exceeding absorption in the 
surface of the film, hardening it too much. If the ultraviolet 
lamp has wide spectrum, radiation below 350 nm must be 
filtered, in order to obtain better results. The exposure energy 
that must be supplied to the SU-8 films of series 2000 is in 
Table 2. 

Table 2. Dose of Energy as a Function of the Thickness to be 

Supplied to SU-8 Films of Series 2000 [43]. 

Film Thickness (μm) Exposure Energy (mJ.cm-2) 

100-150 240-260 

160-225 260-350 

230-270 350-370 

280-550 370-600 

 

4.2.5. Post Exposure Bake 

 The post exposure bake must be made to selectively bind 
the parts exposed to the ultraviolet light. Two steps are 
necessary for this process: 

1. Heating at 65 ºC. 

2. Heating at 95 ºC. 

 According to Table 3, the duration of each step depends 
on the thickness of the film. After this heating, fast cooling 
must be avoided. 

Table 3. Duration of the temperatures of post exposure bake 

for the SU-8 of series 2000 [43]. 

Film Thickness (μm) Duration of T =  

65 ºC (Minutes) 

Duration of T =  

95ºC (Minutes) 

100-150 5 10-12 

160-225 5 12-15 

230-270 5 15-20 

280-550 5 20-30 

 

4.2.6. Development 

 Before the development of SU-8, a small cooling of the 
substrate of approximately 15 minutes at room temperature 
must be performed. Later, the film is immersed in a bath of 
MicroChem Developer

TM
, where the parts of the film not 

exposed to the ultraviolet light, are removed. The time of this 
process depends on the thickness of the film, as it is shown 

in Table 4. Agitation of the bath for thicker structures is 
recommended. 

Table 4. Time of Development as a Function of the Thickness 

for SU-8 of Series 2000 [43] 

Film Thickness (μm) Development Time (Minutes) 

100-150 10-15 

160-225 15-17 

230-270 17-20 

280-550 20-30 

 

 After this step, the OmniCoat is also developed, using 
Microposit MF-319 Developer. Columns of SU-8 at the top 
of the photodetectors are shaped. 

4.2.7. Washing and Drying 

 The substrate must be washed with isopropanol and dried 
with compressed air or nitrogen. If during the washing pro-
cess, a white film is produced, it means that the development 
is not complete, and therefore the film must be placed again 
in the development solution. When this step is finished, the 
structure of Fig. (23b) is obtained. 

4.2.8. Placement of Aluminum 

 The next step is to deposit an aluminum layer in the 
entire detector surface. The chosen method for this depo-
sition is LIGA (Lithographie Galvanoformung Abformung in 
German language) [44 - 47]. A thin film (with some tens of 
nanometers) of aluminum is deposited in the entire matrix by 
PVD (Physical Vapor Deposition), to form the electrode. 
Notice that no electric contact is established with the 
aluminum placed above the SU-8 Fig. (23c), which means 
that the LIGA process does not deposit aluminum on it. 

4.2.9. Removal of SU-8 

 MicroChem Remover PG will perform a clean and deep 
removal of the SU-8, once a film of OmniCoat was applied. 
The bath must be heated between 50 ºC and 80 ºC, and the 
substrate must be placed in it between 30 and 90 minutes, so 
that the removal is effective. The thin layer of aluminum that 
was deposited at the top of SU-8 is also removed, originating 
the structure of Fig. (23d). 

4.2.10. Placement of the Scintillator Inside the Cavities 

 The deposition of the CsI:Tl is a critical process for the 
implementation of an X-ray image sensor based in this 
scintillator, once a proper deposition of this scintillator 
originates X-ray detectors with better spatial resolutions and 
higher efficiencies, among other advantages. This scintillator 
is deposited by PVD, but due to the many aspects of the 
deposition possess, it will be described it in the next section. 
Shamik et al. explained the versatility of X-ray detector 
[48]. 

4.2.11. Polishing of the Top Surface 

 In this step, the CsI:Tl deposited at the top of the 
aluminum walls will be removed. Its surface will have less 
roughness too Fig. (23e). 
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4.2.12. Placement of a Final Aluminum Layer in the Top 

of the Detector 

 Finally, a new aluminum layer is deposited by PVD, in 
the top of the scintillators Fig. (23f). 

4.3. Deposition of Scintillator 

 A crucial step of the fabrication of the scintillator matrix 
consists in the deposition of the scintillator. As it is a 
relatively complex process with many variables into play, it 
will be described in this separate section. There are some 
methods that can be used, namely pressure, melting or PVD. 
Some of these methods are briefly explained in the following 
paragraphs. 

4.3.1. Pressure 

 In this method, the CsI:Tl scintillator is placed inside the 
cavities through a pressure of about 10 MPa, applied with a 
machine whose diagram is in Fig. (25) [49]. 

 The scintillator is placed above the cavities. Above the 
CsI:Tl, a system composed by two plates separated by 
springs is placed. When the stepper motor rotates, the screw 
pushes the upper plate, compressing the springs, which in 
turn makes that the lower plate exerts pressure on the CsI:Tl. 
From the value of compression of the springs, measured in 
the scales, their elasticity constant and the area of the surface 
of CsI:Tl, the exerted pressure is calculated. In order to 
assure that the cavities are completely filled, the system of 
Fig. (25) is placed inside of a vacuum chamber, so that the 
air inside the cavities does not make the process difficult. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (25). Schematic diagram of a system for placing the scintillator 

based on pressure.  

 

 After this step, an annealing procedure is necessary to 
reorganize the crystals. 

4.3.2. Melting 

 In this method, the CsI:Tl is melted at 621 
o
C in the top 

of the cavity matrix. The matrix is later submerged in the 
liquid assuring a complete filling of the sockets. 

 As it can be seen in Fig. (26), a spring keeps the matrix in 
thermal contact with the sample-holder during the process, 
preventing that it floats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (26). Schematic diagram of the melting system for placing the 

CsI:Tl inside the cavities [50].  

 

 The system operates in a nitrogen atmosphere, so that 
oxidation is minimized and thermal conduction by convec-
tion is allowed. The electrical power supplied to a heating 
resistor, which is placed underneath the sample-holder, is 
controlled by a thermocouple. As final step of this technique, 
it is necessary to polish the surface to eliminate some CsI:Tl 
that is above the aluminum. 

4.3.3. Physical Vapor Deposition (PVD) 

 It is known that the deposition of the CsI:Tl by physical 
processes under vacuum conditions improves the 
performance of the X-ray detectors that use this scintillator, 
once the deposition of these films in vacuum stimulates the 
appearance of columnar microstructures and promotes the 
development of more uniform and homogeneous films [51]. 
The deposition by PVD that uses resistive heating is the most 
common process of deposition of this scintillator, since it is a 
relatively simple and cheap method, it is not aggressive for 
materials, it has good deposition rates and minimum 
contamination of the films due to the used high vacuum 
level. However, the use of vacuum evaporation techniques 
can be problematic to deposit a film with the same stoichio-
metric composition of the source material when, as it is the 
case, the vapor pressure of its constituents are completely 
different [52]. Moreover, the final composition of the film 
can be non-homogeneous in the entire thickness of it, due to 
difference of volatilities of its elements. It is a general rule 
that the element of higher vapor pressure, in this in case is 
thallium iodide (TlI), will have the higher probability of 
being vaporized, and thus the thallium will be in higher 
concentration in the final matrix than initially in the source 
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material [52]. In this process it is also important to take into 
account the dissociation energy. In this particular case, the 
CsI is a composite thermally very stable, and in such a way 
its dissociation, in iodine and cesium during the vaporization 
process, is irrelevant [53].  

 Usually, the source material to be deposited is obtained 
by mixing CsI and Tl powder, with the desired concen-
trations. In this process, metallic powder of Tl is preferable 
instead of TlI salt, due to its smaller vapor pressure [54].  

 A more efficient control of the composition of CsI:Tl can 
be made with coevaporation, where CsI and the Tl are 
vaporized from different sources, with independent control 
of temperatures. Another alternative solution would be to 
deposit a film of TlI above the film of CsI, followed by an 
annealing process to spread thallium for the entire film of 
CsI [51]. The properties of the CsI:Tl film can still be 
optimized by the correct parameterization of the deposition 
conditions [55]. The optimal conjugation between tempe-
rature and evaporation pressure, properties and temperature 
of the substrate, deposition rate, thallium concentration and 
thermal treatments after deposition globally improves the 
quality of the obtained films.  

Evaporation Pressure 

 Depositions in conditions of low vacuum and low 
temperatures of the substrate tend to form microstructures in 
the form of quadrangular needles much less dense than in 
conditions of high vacuum. 

 When the CsI:Tl scintillator is deposited in conditions of 
high vacuum and low temperature of the substrate, higher 
light intensities are obtained, when the film is subject to the 
radiation [54]. High temperatures of substrate, higher than 
100 ºC, cause the vaporization of TlI, which is more volatile 
than CsI, forming a film with smaller concentration of 
thallium [56]. 

Properties and Temperature of the Substrate 

 The crystalline orientation of the substrate conditions the 
orientation of the CsI:Tl film. In the case of a substrate with 
certain orientation, it is originated a film of CsI:Tl with a 
perfect columnar structure, because some orientations are 
preferential, usually different of the crystalline orientation of 
the substrate [51]. Amorphous substrates foment the forma-
tion of polycrystalline structures [55]. In these films, the pre-
sence of grain borders promotes the dispersion and the absor-
ption of the produced light, making the light propagation 
through the columns more difficult [51].  

 With higher substrate temperatures, the deposition results 
in fibers of higher sizes, very dense and with better adhesion 
the smooth surfaces. With lower substrate temperatures, thin-
ner columnar structures were obtained [54, 57]. In the condi-
tions of low temperatures, the substrate must have a rougher 
surface in order to improve the adhesion [57]. 

Deposition Rate 

 It is confirmed that slower evaporation rates tend to 
originate more uniform CsI:Tl films and with higher thallium 
concentrations [51, 55], resulting in a higher intensity of pro-
duced light. Fig. (27) shows the relationship between the  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (27). Relationship between the deposition rate and the output 

signal of a photodetector, obtained with an X-ray source of 50 kVp 

[57]. 

 

deposition rate of CsI:Tl and the production of visible light 
by the resulting crystal when radiated by a 50 kVp X-ray 
source. 

Thallium Concentration 

 Different thallium concentrations promote certain 
crystalline orientations [54]. Moreover, the intensity of light 
produced by the CsI:Tl scintillator is highly sensible to the 
thallium concentration, since the thallium atoms work as 
activators in alkali-halide scintillators, and therefore they 
promote the efficiency in the light production, as well as the 
production of light with higher wavelengths. A homo-
geneous thallium concentration is necessary to optimize the 
performance of the CsI:Tl scintillator [58]. Fig. (28) shows 
the relationship between some properties of the CsI:Tl and 
the thallium concentration. 

Thermal Treatments After Deposition 

 A thermal treatment of annealing after the deposition of 
the film of CsI:Tl improves its optical properties. This 
treatment promotes the thermal diffusion of atoms of Tl and 
CsI, originating the creation of more luminescence centers. 
In this process, the increase of temperature causes an 
increase of the light production, however high temperatures 
(superior to 500 ºC) induces degradation the light produc-
tion, once the atoms of Tl evaporate [52]. Table 5 shows the 
production of light of some CsI:Tl samples before and after 
thermal treatments of annealing. 

5. PHOTODETECTORS AND CMOS INTERFACE 
ELECTRONICS  

 In the previous sections theoretical studies about the 
production and detection of X-rays, scintillators and optical 
interfaces have been carried through. In order to complete 
the study of the X-ray microdetectors based on scintillators, 
this section is dedicated to the photodetectors and the 
interface electronics. 
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Table 5. Production of Light by CsI:Tl Crystals Before and 

After a Thermal Treatment of Annealing. Conditions 

of Deposition: A - CsI:Tl 0.3 mol%, Temperature of 

the Substrate of 35°C, Pressure of 10
-5

 torr; B - CsI:Tl 

0.3 mol%, Temperature of the Substrate of 30°C, 

Pressure of 10
-5

 torr; C - CsI:Tl 0.3 mol%, Tempera-

ture of the Substrate of 250°C, Pressure of 10
-5

 torr. 

The Results Were Obtained with an X-ray Source of 

80 kVp [54]. 

 Produced Light (% of Maximum) 

Deposition Conditions Before Annealing After Annealing 

A 97 100 

B 86 92 

C 50 57 

 

5.1. Photodetectors in CMOS 

 CMOS fabrication process is adjusted for digital 
electronics designs allowing however to manufacture analog 
electronics and some kinds of photodetectors [60]: 

- Vertical photodiodes (three different types). 

- Lateral photodiode. 

- Vertical bipolar phototransistor. 

- Lateral bipolar phototransistor. 

- Photogate. 

- Avalanche photodiode [61]. 

 The schematic diagram of Fig. (29) shows each one of 
them. 

5.1.1. Vertical Photodiodes  

 The working principle of the three types of vertical 
photodiodes Fig. (29a, b c) is identical. Between them only 
the junction depth and the concentration of impurities is 
different. All of them use the photoelectric effect [62] to 

convert photons into electron-hole pairs. When a photon with 
higher energy than the bandgap of silicon (1.124 eV) is 
absorbed, it excites an electron to the conduction band, 
leaving a hole in the valence band. This means that all 
photons with wavelength smaller than 1.1 μm have some 
probability to excite electrons from the valence band to the 
conduction band. These electrons, as well as the holes of the 
valence band, move freely through the crystal lattice, origi-
nating electric currents. This means that, using to advantage 
the photoelectric effect, transducers that convert the incident 
light into electrical current can be manufactured. The 
electron-hole pairs will form an electric current if their 
recombination is avoided. 

 One of the simplest methods to separate the electron-hole 
pairs and prevent their recombination consists of using an 
inversely polarized pn junction, which originates a region 
free of charges (depletion region), in which the electric field 
is very intense. If an electron-hole pair is generated in the 
depletion region (or close to the depletion region and 
penetrates there by diffusion), the electric field quickly 
separates the electron from the hole. The electron travels to 
the p side and the hole to the n side, originating an electric 
current through the junction. This current is proportional to 
the intensity of the incident light. 

 The absorption of visible light by a semiconductor 
depends on its wavelength. The radiation of short wave-
length, that is, of higher energy is quickly absorbed at small 
depth. In the opposite, the radiation of longer wavelengths 
penetrates much deeply before being absorbed. Notice that 
this behavior is valid only for the visible region of the 
spectrum (or close to it). In other regions of the spectrum, as 
in the X-ray range, the behavior of photons is very different. 
The absorption length, defined as the distance in which 1/e (e 

 2.71828) of incident photons are absorbed, is close to 0.3 
μm for the blue light of 475 nm and 3 μm for the red light of 
650 nm [63]. This behavior is explained by the distribution 
of probability of photons with some energy to excite carriers 
of the valence band to the conduction band. Visible light 
photons of higher energy have higher probability to excite 
electrons of the valence band, then they are absorbed more 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (28). Optical properties of CsI:Tl as a function of the thallium concentration [59]. (a) Emission spectra; (b) Production of light, 

measured in a silicon photodiode, for gamma rays of 622 keV.  
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quickly. The dependence between the absorption and the 
wavelength justifies the different behavior of the three types 
of photodiodes. The junction n-well/p-epilayer is the deepest 
of the three, so this photodiode has a better response to 
longer visible wavelengths. The junction p+/n-well is close 
to the surface, therefore this photodiode has a better response 
to shorter wavelengths. The junction n+/p-epilayer has an 
intermediate depth, so the response of this photodiode to 
different wavelengths is also intermediate relatively to the 
other two. 

5.1.2. Vertical Phototransistor  

 Vertical phototransistors Fig. (29e) also use the photo-
electric effect to convert photons into electron-hole pairs. 
The electron-hole pairs, generated by the photoelectric 
effect, are separated and collected using a pn junction inver-
sely biased, very close to another pn junction directly biased. 

 As in a photodiode, the incident radiation in the inversely 
biased junction (collector/base) causes an electric current 
that is proportional to the intensity of the light. This current 
flows into the region of the base, which means that it is 
multiplied by the gain parameter  of the transistor. As the 
value of  is typically of the order of the tens or hundreds, 
after this gain multiplication, the phototransistor can show 
quantum efficiency higher than 1 in the visible light 
spectrum. 

5.1.3. Lateral Devices, Photogates and Avalanche 

Photodiodes 

 The working principle of lateral diodes and bipolar 
transistors Fig. (29d) and (f) respectively) are similar to the 
corresponding vertical ones. The main difference is in the 

spectral response. The structures of lateral diodes and bipolar 
transistors have a good response in the blue region, due to 
the fact that in these types of photodetectors, the junction 
extends to the surface, where most of the blue light is 
absorbed. 

 Photogate Fig. (29g) consists in a capacitor between the 
gate (terminal PG in Fig. (29g) and the substrate. When a 
voltage is applied to the gate, a depletion region in the zone 
below it is created. The electron-hole pairs generated in that 
zone are separated and contribute for the current of the 
photogate [61]. 

 Of all the structures, this is the one that has smaller 
quantum efficiency due to the fact that the generated current 
is mainly due to carrier diffusion and because the material 
used in the gate absorbs most of photons of small and 
medium wavelength [60]. In order to reduce this second 
problem, the gate material must transmit the maximum 
possible number of photons in the wavelengths of interest. 
Preferably, silicon composites or metals must not be used 
[64, 65]. To increase the light transmission, in the case of the 
photodetector is big enough, small windows can be opened 
in the gate. 

 The avalanche photodiode Fig. (29h) can be implemented 
from a n+/p-epilayer junction and a ring shaped from a n-
well region. This ring is used to prevent the premature 
deterioration of the diode from its lateral borders, due to the 
fact that it is inversely biased close to the rupture zone. 
Normally, this diode is biased with voltages of several tens 
of volts, and when it receives light, it occurs an effect similar 
to the avalanche that happens in zenner diodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (29). CMOS photodetector structures. (a) n-well/p-epilayer vertical diode. (b) p+/n-well vertical diode. (c) n+/p-epilayer vertical diode. 

(d) Lateral diode. (e) Vertical bipolar transistor. (f) Lateral bipolar transistor. (g) Photogate. (h) Avalanche photodiode.  
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5.2. Pixel Structures 

 When X-ray detectors are developed for obtaining 
images, it is necessary to use the photodetectors in matrix 
form, together with some interface electronics. The set 
photodetector - electronics forms the pixels of the detector. 

 There are three basic pixel structures in CMOS image 
detectors: the passive pixel sensor (PPS), which was the first 
one to be developed, the active pixel sensor (APS), which 
was developed with the goal of improving the quality of 
image, and the digital pixel sensor (DPS). The APS has an 
amplifier stage, whereas the PPS has only one commutation 
transistor. The DPS is characterized by having an analog to 
digital converter for each pixel. Martin et al. disclosed a 
large-area CMOS flat X-ray detector. The detector includes a 
plurality of CMOS detector chips [66].  

5.2.1. Passive Pixel Sensor  

 The PPS [67, 68] was the first CMOS image sensor 
available in the market, but its development was discon-
tinued due to factors related with the signal to noise ratio 
(SNR). Each pixel of a PPS consists basically in a photo-
diode and a commutation transistor, as it is shown in Fig. 
(30). The readout of pixels is processed in a similar way as a 
DRAM memory.  

 

 

 

 

 

 

 

 

 

Fig. (30). Basic circuit of a PPS. Capacitor Cpd represents the 

capacitance of the pn junction and capacitor CC is the capacitance 

of the column wire. 

 

 Due to its simple structure, PPS has high fill-factor (ratio 
between the photosensitive area and the total area of each 
pixel), but the commutation noise is a very negative factor. 
In the PPS circuit of Fig. (30), the accumulated charge is 
read through a resistor placed outside of the matrix. Another 
process would be to use a charge amplifier instead of the 
resistor [67, 68]. 

 This configuration has some disadvantages, namely: 

- High smear noise. 

- High reset noise ( )CkT / . 

- High fixed pattern noise. 

 Due to these disadvantages, the transversal signal line 
passive pixel sensor (TSL-PPS) was developed [69 - 71], 
where a column selection transistor is placed in each pixel 
Fig. (31). 

 

 

 

 

 

 

 

 

 

 

Fig. (31). Basic structure of a TSL-PPS [69]. 

 

 In opposite to the basic PPS, the TSL-PPS allows to 
disconnect all pixels, except the one that is being read. With 
this procedure, the smear noise is eliminated [72]. 

5.2.2. Active Pixel Sensor 

 The APS is characterized by having an active element 
that amplifies the signal of each pixel. Fig. (32) shows the 
APS configuration with three transistors (3T-APS), where, 
besides the line and column selection transistors, there is a 
third one, connected in a common drain amplifier confi-
guration, which improves the signal to noise ratio of the 
image. Unhappily, CkT / noise is still present. 

 

 

 

 

 

 

 

 

 

Fig. (32). Basic structure of a 3T-APS. 

 

5.2.3. Digital Pixel Sensor  

 In the pixel structures previously presented, the analog to 
digital conversion is performed outside of the matrix. In the 
DPS, each pixel contains the photodetector, the analog to 
digital converter and sometimes, the memory necessary to 
keep the value of the conversion. Fig. (33) shows its basic 
structure. 

 In this way, a truly parallel conversion of all pixels and a 
fast access to the memory of each one is possible. The 
transmission of digital signals is much more immune to 
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Fig. (33). Basic structure of a DPS.  

 

noise, so high-performance transmission lines are not neces-
sary. The proximity between photodetector and analog to 
digital converter also eliminates the analog multiplexing 
circuits and hence the noise introduced by their commu-
tations. 

 The reduced space for the implementation of the analog 
to digital converting circuit has stimulated the development 
of simpler and more programmable structures. 

 DPS architecture has some advantages relative to analog 
image sensors, namely a better adaptation to CMOS tech-
nology, since it does not need high-performance analog cir-
cuits, and it eliminates the readout noise associated with each 
column [73]. 

The biggest disadvantage of the DPS is that it needs more 
transistors per pixel than conventional analog image sensors, 
therefore it must have bigger pixel sizes with more reduced 
fill-factors. 

 As CMOS technology develops, it is becoming possible 
to integrate more transistors in each pixel, which explains the 
fact that in the future all image sensors tend to evolve to the 
DPS type [74]. Happily, the pixel area occupied by the ana-
log to digital converter and the consequent reduction of the 
fill-factor does not occur for the X-ray image sensors based 
on scintillators and light guides [75], since in this archi-
tecture, each scintillator is separated from its neighbors by 
reflective walls. The analog to digital converter of each pixel 
can be placed underneath the reflective walls, not decreasing 
the photodetector area or the fill-factor. 

 The first DPS converters were based in pulse width 
modulation (PWM) or pulse frequency modulation (PFM). 
They are represented in Fig. (34). 

 The PWM converter works generally in a single slope 
configuration, using the time of charge of a capacitor and a 
differential amplifier or a digital inverter as comparator [76]. 

In the PFM converter, the charge and discharge times of a 
capacitor defines the frequency of the output pulses [77]. 

 A little more elaborated approach uses a single slope 
analog to digital converter, constituted by around 40 transis-
tors [73, 74, 77, 78]. 

 DPS structures with sigma-delta converters have also 
been proposed, with resolutions of 12 bits or more [79 - 83]. 
According to these and other authors, the sigma-delta 
modulation allows for conversion circuits that are simple and 
insensitive to variations of the fabrication process [82, 84]. 

 In a general way, as it will be demonstrated in the 
following sections, the first-order sigma-delta converter has 
the best performance of all known converters used in DPS 
devices, having physical dimensions equal or smaller than 
the others. 

5.3. First-Order Sigma-Delta Modulation  

 In a DPS image sensor with the sigma-delta type, each 
pixel is constituted by a photodetector and an analog to 
digital converter. The blocks of temporization and control 
logic are also integrated into the same chip, but outside the 
pixel matrix. This architecture allows several ways of image 
readout, where the gradual scanning of the entire matrix is 
the most common. The readout of some area of interest of 
the matrix, where only a small region is selected, or the 
random access to each pixel, are also possible. These readout 
ways increase the access rates to interest areas, which 
together with changeable oversampling rates allow increa-
sing of the readout speed, with lower resolutions, for 
example. 

 In the design that will be presented throughout this 
section, the addressing of the columns of the matrix is made 
using clock signals shifted in time, allowing that the digital 
outputs of all pixels of a line are connected to the same wire. 
In this case, if the line has N pixels, the duty-cycle of the 
clock signal must be smaller or equal to 1 / N( ) 100% . 

 The communication between each pixel and the exterior 
of the matrix is made by a current signal (and not a voltage 
one), that is, each time a pixel sends a logic 1, a current pulse 
is injected into the output wire. 

 Fig. (35) shows a block diagram of the circuit of each 
pixel, which contains, besides the photodetector, a first-order 
sigma-delta modulator. When an image is focused on the 
photodetector matrix, the sigma-delta converters start the  

 

 

 

 

 

 

 

Fig. (34). Basic structures of analog to digital conversion for DPS: (a) Pulse width modulation (PWM); (b) Pulse frequency modulation 

(PFM). 
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Fig. (35). Block of each pixel.  

 

conversion. The oversampling ratio is defined by the desired 
resolution, that is, the number of output bits. This means that 
the oversampling principle allows a flexible compromise 
between the conversion time and the precision of the result. 

 In the particular application of the X-ray image sensor, a 
1 bit first-order sigma-delta converter, with an oversampling 
ratio of 256 or 512, can be used, with a not very high clock 
frequency (1 MHz, for example). The digital values that 
come from each sigma-delta converter are reconstructed 
using a decimation filter, which can be implemented in the 
hardware or programmed in a microcontroller. 

 Fig. (36) shows the complete schematic diagram of each 
pixel. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (36). Schematic diagram of each pixel.  

 

 The circuit consists in three main sections: the integrator, 
composed by M1, M2 and C, the comparator, composed by 
transistors M3 to M8 and the 1 bit digital to analog converter, 
composed by M9 and M10. 

5.3.1. Integrator 

 The integrator is based on a common-source amplifier, 
where the capacitor establishes a negative feedback, forming 
a Miller integrator, whose capacitance multiplication is given 
by: 

( )
vM

ACC = 1 , (61)  

where Av is the gain of the common-source amplifier. With 
this technique, good performances are reached with 
capacitors as small as 100 fF. 

 Fig. (37) shows the output voltage of the integrator for 
photodiode currents of 10 nA and 100 nA. The linearity of 
these curves results in coefficients of Pearson 0.9999979  
and 0.999999929  respectively, that is, very close to 1. 
Notices that the integrator does not need to be linear for the 
sigma-delta converter work correctly. However, with a linear 
integrator, the signal to noise ratio is increased [84, 85]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (37). Output voltage the integrator for input currents of 10 nA 

and 100 nA.  

 

 The bias voltage of M2 (Vbias) is supplied by current 
mirror configuration, placed outside of the matrix and 
common to all pixels. 

5.3.2. Comparator 

 In the comparator circuit, M6 and M7 form a differential 
pair that amplifies the difference between the output voltage 
of the integrator and Vref. The difference is stored in the pair 
M3 and M4, which forms a latch, in the negative transitions 
of clock. The state of this latch is kept constant while M5 is 
not conducting, that is, while the clock is at the low level. 
When the clock changes to the high level, M8 disconnects the 
circuit, reducing the power consumption. 

 The performance of the comparator is shown in Fig. (38), 
for a Vref of 1.5 V and a random input voltage, vin. In this 
figure it can be observed that to each negative transition of 
clock, the output voltage of the comparator goes to the high 
logical level if vin < Vref and goes to the low logical level if 
vin > Vref. In this figure, the clock signal has a period of 1 μs 
and a duty-cycle of 99%, originating a duty-cycle of 1% in 
the output signal. 

 In the circuit of Fig. (36) it is convenient to use a clock 
signal with a very high duty-cycle, for two basic reasons: 
firstly, during the comparison (clock at the low level), the 
input signal must be approximately constant. Secondly, this 
procedure allows the sharing of the output wire, as it will be 
seen in the next paragraphs. 
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Fig. (38). Output waveform of the comparator, for a random input 

voltage, vin and Vref=1.5 V. The clock signal has a period of 1 μs 

and a duty-cycle of 99%. 

5.3.3. 1 Bit Digital to Analog Converter 

 The 1 bit digital to analog converter is composed by M9 
and M10, which perform a logical AND operation between 
the output signal of the comparator and the complementary 
of the clock signal. Therefore, when clock is at the low level 
(the complementary is high) and the output signal of the 
comparator is high, the capacitor C is discharged and a 
current pulse is injected in the output wire. 

 The output signal of each sigma-delta converter appears 
under the form of a current, obtained from the discharge of 
the capacitor. This output signal is only activated at the low 
level of clock, being in a high impedance state in the 
remaining time. This means that with a clock with high duty-
cycle, the possible number of pixels in each line can be 
bigger, being enough that each column receives its clock 
pulse shifted in time. Additionally, with this technique it is 
possible to share the output wire by all pixels of the same 
line. For example, a clock signal with duty-cycle of 99.9%, 
allows a matrix with 1000 columns to share the same output 
wire of each line, since each column is active during 0.1% of 
the clock period.  

 Fig. (39) shows the waveform the output signal of the 
comparator, for input currents of 67nA Fig. (39a) and 130nA 
Fig. (39b). 

CURRENT & FUTURE DEVELOPMENTS 

 The main goal of this review was to present the main 
issues related to the design and fabrication of X-ray detectors 
based in scintillators. Mats et al. described the present 
invention relates to a device with high competence and high 
spatial resolution for detection of individual x-rays [86]. The 
first step necessary to detect the X-rays is that its energy 
must be absorbed by some material, that is, it is necessary 
that some interaction between X-rays and matter occurs. 
After the X-ray energy being absorbed, there are some 
processes of converting it into electric signals, namely based 
in photoconductive materials, in scintillators or in thermal 
processes. From that processes, the detectors based on 
scintillators, have the best characteristics in terms of 
performance. The scintillators, when absorbing X-rays, emit  
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Fig. (39). Output waveforms of the comparator for input currents of 

(a) 67 nA; (b) 130 nA.  

 

visible light, which in turn, must reach the photodetectors so 
that it is converted into electric signals. So, it is necessary an 
interface between both, which ideally does not introduce 
losses. The visible light is absorbed by the photodetectors 
and converted into electric currents. The electric currents are 
finally converted into digital signals by the interface 
electronics, which in this case, the first-order sigma-delta 
converters associated with DPS architectures seems to be a 
very promising solution. 
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