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Abstract

A micro-spectrometer has been realized based on an array of Fabrv-Perot cavit
Fabry-Perot thin-film optical resonators. The 16 channel a2 y
micro-spectrometer is IC fabrication compatible and 777777 .
operates in the visible spectral range with an inter-channdZzZ2/ % Al
shift of 6 nm. Each of the channels is sensitive in a single [0t 2
peak with FWHM of 16 nm. A FWHM < 2 nm and finesse SI0;
of 40 for narrowband operation is demonstrated. D Silver

Fig.1: Schematic structure of the micro-spectrometer: individual channel in
cross-section.

Numerous applications, e.g. systems for chemical analysis
by optical absorption and emission line characterization,
will benefit from the availability of low-cost single-chip
spectrometers. Miniaturized spectrometers will offer
significant advantages over existing instruments, including
size reduction, low cost, fast data-acquisition and high
reliability. Previously developed micro-spectrometers [1-5],
fabricated using bulk or surface micromachining, contain
movable parts to perform wavelength tuning. As a result,
these are less reliable and suitable only for operation in a |

limited spectral band (mostly near-IR) [5-6]. Moreover’Fig. 2: A 4x4 array micro-spectrometer in perspective. Each of the

high-voltage ?'eCtrO_StatiC actuation is necessary fogapry perot cavities is tuned to transmit in different spectral band.
resonance cavity tuning.
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Introduction

The impinging spectrum is filtered in the Fabry-Perot reso-
Operation in the visible spectral range (with transmission iRator and the intensity of the selected spectral component is
a single peak) requires cavity length below 500 nmmeasured in transmission using an underlying integrated
Fabrication and modulation of a such narrow airgaphotodiode array. On top of each photodiode an AR
between the two mirrors is severally hindered by capillaryayer stack is deposited functioning as the Fabry-Perot opti-
forces inside of the cavity. Also, electrostatic pull-in andca| filter. The thickness of the PECVD silicon dioxide layer,
subsequent sticking of the two mirrors limits the operatingvhich is enclosed inbetween two semi-transparent metallic
range of the device to one third of the initial air gap [7].  mirrors, determines the wavelength tuned to. In N subse-

quent plasma etching steps (using different photoresist

Micro-Spectrometer Design masks), the initially deposited PECVD oxide layer is

thinned forming ¥ channels, each with different resonance
We have developed a new single-chip Fabry-Perot arrayavity length. An oxide layer is present between the cavity
type micro-spectrometer suitable for the visible spectrahnd the photodiode and introduces a wavelength-dependent
range which does not require electrostatic actuation. Theansmission of the incident radiation. Its thickness was de-
realized device, schematically shown in Fig. 1 (arsigned for a flat transmittance over the visible spectra range
individual channel in cross-section) and Fig. 2 (the completg-9]. Evaporated metallic mirrors were used instead of
4x4 array micro-spectrometer), is fully fabrication high-performance dielectric mirrors, to maintain fabrication
compatible with a standard IC processing. simplicity (only one layer must be deposited).

*On leave from University of Minho, Dept. of Industrial Electronics,
Portugal, Grant #FCT-Program Praxis XXI-BD/5181/95.



Another advantage of metallic mirrors is the suitability for

use over a wide spectral range [10]. Silver and aluminum
have been selected for high reflectivity at visible 100
wavelengths (see Fig. 3). Fabry-Perot filters using metallic
mirrors cannot provide both high finesse (ratio between the_ 4 |
free spectral range and Full-Width-Half-Maximum, &
FWHM) and high transmittance simultaneously due to the
optical absorption in the metal layers (Fig. 4). Unlike
macroscopic applications of silver-based reflective coatingss
[11], the poor environmental resistance of silver is notg 401 |~ Finesse
critical in a microsystem application. Sealing of a complete§
system avoids any environmentally caused mirror— 5 |
degradation.
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A thin-film optics software package was used to perform 10 20 20 0

optimization of the FP filter. The transmittance for a 60 nm- Silver thickness (hm)
Ag/1000 nm-SiQ/60 nm-Ag layer stack (Fig. 5) shows _ _ _ _ _ _
FWHM of 1.8 nm and finesse of 40. The Ag layer thicknesg'g' 4: Transmittance and finesse as a function of silver thickness.
is a trade-off between achievable FWHM and absorption
loss. For fabrication compatibility reasons, Al layer was
used for the bottom mirror. Due to higher absorption in Al
(when compared to Ag), the performance slightly decreases . |
as shown in Fig. 6 (a FWHM of 6 nm for a finesse of 12).

50 60

20 +
Device Fabrication

ttance (%)

15 +
Photodiode array is fabricated using a standard IC procesg
sing (bipolar or CMOS). Fabry-Perot etalons are added in & 10+
post-processing module. Firstly, a 20 nm Al layer is evapo+=
rated and patterned using lift-off. Then a PECVD oxide lay- 5+

er is deposited with thickness equal to the maximum cavity Jk‘ JL l
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length. Subsequently, N plasma etching steps are used to o
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form 2\ different thicknesses of the oxide layer. Thickness
Wavelength (nm)

accuracy better than 2 nm was achieved. Silver layer is de-
posited in the very end of the fabrication sequence and paty. s: simulated transmittance vs. wavelength for 60 nm Ag / 1000 nm
terned using lift-off. Fig. 7 shows a photograph of the fabrisio, / 60 nm Ag layer stack.

cated device with overall dimensions of 4.7 x 4.79nm
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Fig. 3: Reflectance of Ag, Au and Al as a function of radiation
wavelength [10]. Fig. 6: Measured reflectance vs. wavelengths for a 45 nm Ag/ 1000 nm
SiO,/ 20 nm Al layer stack.



Ag-layer thickness improves selectivity but causes higher
absorption losses and, therefore, sensitivity, is decreased.
For 45nm-Ag and 20nm-Al layers used, a maximum
transmittance of about 15 % was measured.
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i ] e Fig. 9 presents the spectral responsivity (A/W) between
- e | 400 nm to 800 nm for all 16 channels using on-chip
| - l B | photodiodes. The ratio between the base line and the peak
— ! - maximum ranges from 4 to 7. Large variations (comparing
. . with Fig. 8) in the height of the peaks is due to: the spectral
(l— - sensitivity of the integrated photodiodes and the relatively
- ™y high stray light sensitivity (no optical shielding between the
- - e individual Fabry-Perot channels was used).
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Fig. 7: Photograph of the fabricated micro-spectrometer with 4x4
channels. The die area is 4.7x4.7 fom
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Experimental Results

TPansmittance (%)

The electrical characteristics and spectral responsivity wer
measured using an HP4142B DC Source/Monitor (full-scale
range from 13° A to 1 A and a resolution of 1 A). A 21
100 W quartz tungsten halogen lamp with a monochromator —, E== NS 2
TRIAX-180 (1200 g/mm grating with a spectral dispersion 400 450 500 550 600 650 700 750 800
of 3.6 nm/mm and a spectral resolution of 0.3 nm at Wavelength (nm)
546 nm), was used as the light source. A collimator lens wasg. 8: Measured transmittance vs. wavelength for 45 nm Ag,/ SDnm
used to image the light on the entrance slit. At the exit slit &' layer stack. The Siglayer thickness is used as a parameter and changes
pinhole and a focusing lens were used to achieve a bedif{™ 225 nm to 300 nm in 5 nm increments.
with a diameter of about 4Q0m [12]. The measurements
were calibrated with a commercial photodiode Hamamatsu
S1336-5BQ. oo
g
System operation is demonstrated on a 16 channel micr """ |
spectrometer designed to be sensitive in the spectral ran%‘ 001 |
between 400 to 500 nm with inter-channel shift of aboutZ
6 nm. Each of the channels consists of a 20 nm-Al 4$iO & 0.008 |
45 nm-Ag layer stack, where oxide layer thickness change%
between 220 nm and 300 nm with 5nm steps. Opticafr 0000 ]
spectral measurements (using an external detector) shog 0004 {
(see Fig. 8) that each of the channels is sensitive to only or*@
narrow spectral band with FWHM of 16 nm over the entire(j‘)-o-002 bAs
visible spectral range (400 to 780 nm).

225 nm
300 nm

. 360 420‘ ‘46‘30‘ ‘51‘10‘ ‘6(‘)0‘ ‘650‘ ‘720‘ ‘75‘30‘
Sl_Jbs_equentIy, measurements were per_formed on the devic_ Wavelength (nm)
with integrated photodiodes shown in Fig. 7. A dark current
of 0.2 pA at 0 V and 1 pA at -4 V (see Table 1) wasFig. 9: Spectral responsivity of the 16 channel micro-spectrometer for a
measured for a photodiode active area of ]_Zrﬁ'rhe overall 45 nm Ag / SiQ/ 20 nm Al layer stack. The Siayer thickness is used as
device performance is a trade-off between Sensitivitya parameter and changes from 225 nm to 300 nm in 5 nm increments.

selectivity and the number of channels used. An increased



Table 1: Electrical and optical characteristics

Feature Result
Technology Bipolar or CMOS
Device area 4.7 X 4.7 mrA
FWHM 16 nm
@tSiOZZ3OO nm
Finesse Single peak
@tSiOZ:SOO nm
FWHM (simulated) | 1.8 nm
@60 nm Ag mirrors
@tsio7~1um
Finesse (simulated) | 40
@60 nm Ag mirrors
@tsio7~1 Um
Dark current@ 0 V 0.2 pA
Dark current@ -4 V 1pA

Spectral response
maximum @-4V

0.013 AAW@388 nm

Incident angle range

+10°

Conclusions

Current work aims on an entirely CMOS integrated
microsystem that includes on-chip power management,
signal conditioning circuits, A/D conversion and a digital
bus interface for external interface.
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A single-chip spectrometer, combining Fabry-Perot[g]
resonance cavities on a distributed photodetectors array,
was fabricated and characterized. The advantage of th¥]
device presented is that it can easily be tuned duri
fabrication to cover a different spectral band, by adjustin
the etching time only, without affecting the device layout.
Such a device is extremely suitable for applications in
microsystems (e.g. WTAS), because of its small size, high2] G. M. Yee, N. I. Maluf, P. A. Hing, M. Albin, G. T. A. Kovacs,
spectral selectivity and low cost. Also, micro-spectrometers
for the UV and IR are feasible using this technique.
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