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Abstract

We report a Fabry-Perot interferometer (FPI)-based multi-channel micro-spectrometer used for multi-gas measurement in the spectral

range of 3-5 #m and its gas sensing performance. The fabricated infrared (IR) spectrometer consists of two parts: an FPI on the top side

for selective IR filtering and a V,0s-based IR detector array on the bottom side for the detection of the filtered IR. Experimental results

show that the FPI-based multi-channel gas sensor has reliability and selectivity for simultaneously detecting environmentally harmful

gases such as CH,, CO,, N,O and CO in the spectral range of 3-5 #m. The fabricated FPI-based multi-channel gas sensor also

demonstrated that a reliable and selective detection of gas concentrations ranging from 0 to 500 ppm is feasible. In addition, the electrical

characteristics demonstrate a superior response performance in regards to the selectivity in the multi-target gases.
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1. INTRODUCTION

Many researchers have striven to develop long lasting
stable low cost infrared (IR) gas detectors for toxic and
environmental pollutant detection. IR gas detectors offer
significantly useful characteristics compared to other
sensors, especially in their selective gas absorption and
reliable optical response. However, many gaseous species
have their absorption spectra in an identical spectral region,
which makes it difficult to distinguish individual gas
species when simultaneously detecting various target
gases. As a result, a multi-gas measurement system is
needed to meet the requirements for high absorption
resolution, species selectivity, and band sensitivity from the
near-infrared (NIR) to the mid-infrared (MIR) ranges.
Consequently, many different types of Fabry-Perot
interferometer (FPI)-based gas sensors and sensor systems
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have been developed [1-5]. Makoto et al have reported
upon an electro-statically driven tunable FP filter with a
wide wavelength range for more precise selective gas
sensing [4]. Hui, Carlos, and Vargas et al have presented a
fiber FP gas system that measures mixed gas species with a
high resolution gas filter utilizing a surface microma-
chining process [5]. In addition, there are other examples
regarding the use of FP filter-based gas sensors and
systems [6-9]. In this paper, we present a FPI-based multi-
channel IR micro-spectrometer used for multi-gas
measurement and its gas sensing performance. The FP
filter is used as a key component in the sensor reported in
this paper and greatly simplifies the construction of the gas
sensor. As a result, a simple and highly selective gas sensor
is realized in this work.

2. DESIGN

2.1 Structure of the proposed gas sensor

Fig. 1 presents the structure of the proposed gas sensor.
The proposed multi-channel gas sensor functionally
consists of a FPI array on top for selective IR filtering and
a corresponding V,0s-based bolometric IR detector array
underneath each FPI filter for the sensing of the filtered IR
spectrum. Both the FPI and IR detector are prepared on a
double-layer membrane (Si;N,/SiO,) for minimizing both
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the parasitic thermal loss generated by thermal conduction

and the internal stress of the membrane.

The proposed FPI consists of two parallel mirrors, upper
silver (Ag) and lower aluminum (Al) layers, and an etalon
layer of silicon oxide sandwiched in between the two
mirrors. A specific resonance wavelength is selected by

different FPI etalon thicknesses.

SiO2 : to prevent oxidation .
SiO2 : for thermal isolation =1 Ag : mirror
FPI< 3 SiOz : etalon

mm Al : mirror

B V20s : bolometer

= SisNs
= S0

_4 Membrane

Fig. 1. Schematic view of the FPI-based IR spectrometer.

191

with different SiO, interlayer thicknesses of 1.17, 1.50,

1.59 and 1.72 /xm, used to filter the wavelength range for

the target gases. In this work, the spectral range of 3 to 5 #m
wavelength was scanned and measured for the detection of
specific target gases, CH,, CO,, N,O and CO. The
simulated FPI result demonstrates good wavelength

filtering characteristics as a function of etalon thickness.

The bolometric IR detectors are prepared using

vanadium oxide, which is one of the uncooled type IR

detectors. A bolometer can detect the presence of IR by the

increment or decrement in resistance due to the increment

of temperature by IR illumination. A fuller description of

the operating principles and IR detection mechanism are

described in our previously published paper [10].

Fig. 2 shows the schematic view of the multi-channel gas
sensor using the FPI-based IR spectrometer. A stacked pair
of FPI and IR detectors placed in multi-arrays is a unit
component used to detect a single target gas. By preparing
the gas sensing unit in the form of an array, it is possible to

simultaneously detect the various target gases.
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Fig. 3. Simulation results of the FP filter as a function of etalon
thickness.

Fig. 4 shows the fabricated FP filter characteristics as a
function of the etalon thickness measured in order to verify

the simulated results. Each FP filter is made on a bare glass

substrate for the optical measurement of the FPI-based
filter. The results of the fabricated FPI filter were quite
consistent with the simulation results, as can be seen in
Fig. 4 The discrepancy between the simulated and meas-
ured characteristics of the FP filter is mainly due to the non-

uniformity in the IR incident angle and variation in the

thickness of the thin film.
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Fig. 2. Schematic view of the multi-channel gas sensor using the

FPI-based IR spectrometer.

2.2 Multi-channel FPI

Fig.3 illustrates the simulated FP filtering characteristics
as a function of the etalon thickness. In the simulation, 30
nm-thick Ag and Al are used as the top and bottom mirrors
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Fig. 4. Measurement results of the FP filter as a function of the
SiO, etalon thickness.
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3. FABRICATION

Fig. 5 shows the fabrication sequence of the FPI-based
IR spectrometer. The SiO, layer was grown by wet
oxidation, and the Si;N, layer was deposited by PECVD.
Vanadium oxide is deposited using an RF sputtering
system and patterned using a Cr7SK solution. In order to
achieve high performance characteristics in an IR detector,
it requires a thermo-sensing film with a high TCR value,
low resistance, low noise, and a fast response time. We
selected the vanadium oxide thin films as the thermal
sensing layer in the un-cooled IR detector for their large
TCR, superior electrical resistance, and low 1/f noise. In
order to reduce the undesirable electrical parameters, an
added annealing process was introduced. The measured
TCR value of as-deposited vanadium oxide layer without
annealing was approximately -0.9 %/K, which is a rather
low value. However, a high TCR value about -4 %/K was
achieved after performing an annealing process for 2 min
at 500°C. The details of the annealing process can be found
in our previously published paper [10]. The measurement
results show a good TCR value as well as appreciable
electrical resistances suitable for IR sensor applications.

Si

SiO2 growth and SisN4 deposition

Metal electrode and backside patterning

V205 deposition and anneal
E Silicon etching
_——
si W Si0z [ Si0z [ Ag
[ SisN: = Al
FPI deposition and patterning Bl V205 [ Si02

Fig. 5. Fabrication sequence for the FPI-based IR spectrometer.

The FPI filter layers, Ag/SiO,/Al, are then deposited on
the front side of the composite membrane by e-beam
sputtering and patterned by wet etching. A PECVD oxide
layer is used as the etalon layer between the two metal
mirrors. The thickness of the etalon layer is controlled
during the fabrication process. The oxide layer between the
FPI and the IR detector is used for thermal isolation
between the FPI and IR detector. The top oxide layer on
the FPI keeps the Ag layer from oxidation.

The bulk silicon on the backside is selectively etched
away using 25 wt% tetramethyl ammonium hydroxide
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(TMAH) solutions in order to minimize the heat loss. The
fabricated multi-channel gas sensor using the FPI-based IR
spectrometer is shown Fig. 6.

TN

L

Fig. 6. Fabricated multi-channel gas sensor using the FPI-based IR
spectrometer.

4. MEASUREMENT

The spectral response of the fabricated FPI-based IR
spectrometer was measured with the equipment set-up
shown in Fig. 7. Optical systems often require the use of a
chopper to modulate the light beam. A mechanical optical
chopper (Model SR540) was used for square-wave
modulation of the optical signal intensity. The unit is
capable of chopping light sources at rates of 4 Hz to 3.7
kHz. The chopper frequency was set to 800 Hz. The output
characteristics of the fabricated device were measured
using a lock-in amplifier using the supplied chopper
frequency and current signal. A commercialized IR lamp
(72-0100-08 IR source BHK (MAX-IR)) was used for the
IR source part. Finally, the measured radiation wavelength
range at the exit slit of the monochrometer is 1 to 6 #m
with a 54 mW/cm? flux density.

. Infrared source
H

i Focusing lens

e Multi Channel
} ““Bad Fabry-Perot Spectrometer

Fig. 7. The measurement set-up used to analyze the FPI-based IR
spectrometer.
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Measurement of the proposed multi-channel gas sensor
was conducted by a scanning wavelength within 3 to 5 #m
at a resolution of 20 nm.

Fig. 8 presents the measurement results of the output
voltage as a function of the SiO, etalon thickness on the
fabricated FP-based IR spectrometer. The fabricated IR
spectrometer shows the proper output voltage at 3.3, 4.32,
4.5 and 4.62 m peaks that correspond to the wavelengths
where CH,4, CO,, N,O and CO gases have their maximum
absorption, respectively.
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Fig. 8. The output voltage characteristic of the FPI-based IR
spectrometer as a function of the SiO, etalon thickness.

Fig. 9. The gas measurement set-up used to analyze the FPI-based
IR spectrometer.

Fig. 9 and 10 show the gas measurement system and
resistance changes of the fabricated IR spectrometer-based
gas sensor for CO, CO,, N,O and CH, gases depending on
their concentrations. The FPI-based IR filter selects a
specific wavelength that corresponds to a single target gas
and the filtered wavelength spectrum arrives at the IR
detector. The measurement results revealed that the
fabricated bolometric IR detector shows a different output
resistance depending on the concentration of the gas
concentration.

Fig. 11 displays the gas absorption characteristics of the
fabricated FPI-based multi-gas sensor as a function of the
target gas concentrations. The measurement results show
superior response characteristics for CH,, CO,, N,O, CO
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gases at concentrations ranging from 0 to 500 ppm. The
proposed IR spectrometer-based multi-gas sensor is able to
selectively detect different gases simultaneously on a single

chip.
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Fig. 10. The resistance changes of the FPI-based IR spectrometer
for CHy, CO,, N,O, and CO gases at 500 and 1000 ppm
concentrations.
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Fig. 11. The resistance change of the FPI-based IR spectrometer as
a function of multi-gas concentrations.

5. CONCLUSIONS

An FPI-based multi-channel IR gas sensor has been
designed and fabricated using micro electro mechanical
systems (MEMS) technology and its gas sensing
performance with CH,, CO, N,O and CO, gases have been
characterized. The proposed sensor could simultaneously
detect the various target gases, CH,, CO, N,O and CO, on
a single sensor chip. Furthermore, more kinds of gas
detection can be realized by the proposed method as etalon
thickness engineering on the proposed multi-channel IR
gas sensor could control the filtering performance of the
target gases.
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