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We demonstrated a versatile and innovative gas sensing system based on a Fabry-Pérot (FP) filter detector, which
operates in the spectral range from 3.1 to 4.4 um (3226-2273 cm~ ') with a spectral resolution of 20 nm. The de-
veloped sensor system can be used to record the entire spectrum by means of a one-time scan or, alternatively, to
access selected spectral regions by using the tunable FP filter detector. A multipass cell with an effective path

length of 2.5 m was implemented to improve the detection sensitivity. The spectra of methane, formaldehyde
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and carbon dioxide were simultaneously measured, with detection limits of 200 ppm, 900 ppm and 20 ppm, re-
spectively. A seven-day continuous measurement for indoor carbon dioxide gas was carried out demonstrating
the stability and robustness of the reported sensor system.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Absorption spectroscopy in the mid-infrared (mid-IR) spectral range
is a versatile detection technique for identifying the composition of gas
mixtures and determining their concentration levels, since the strongest
absorbing features of many highly targeted and important molecules
are located in this range [1-3]. The 3-4 um spectral window is the finger
print region of many important hydrocarbons, such as methane (CHy,),
ethane (CyHg), propane (C3Hg), ethylene (C;H4), propylene (CsHg)
and acetylene (C;Hs), and some of them characterized by broadband
absorption profiles [3,4]. Formaldehyde (CH,0), widely used in indus-
trial manufacturing of products, and carbon dioxide (CO;) also have
strong absorption features located in this spectral window [5-7].
Hence, there is a growing demand for robust, cost-effective, multi-gas
sensor systems operating in the 3-4 um spectral range, capable to per-
form environmental monitoring, chemical analysis, industrial process
control, medical diagnosis and pollution monitoring.

To target these applications, many optical detection techniques were
optimized and adopted [8-24]. Conventional Fourier transform infrared
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(FTIR) spectroscopy present, so far, the most flexible technique, capable
to cover from near to far infrared spectral ranges [25-29]. The filter-
based mid-IR gas detection technique is a low-cost alternative method
that relies on the employment of an incoherent light source for detect-
ing broadband absorbers [30-32]. A filter-based gas sensor usually em-
ploys an IR detector with spectrally selective filters, each of them allows
to access to a small fixed range of the IR spectrum. As a result, such a de-
tector exhibits high selectivity in an open-air condition. Although the
spectral coverage and resolution cannot compete with expensive FTIR-
based spectrometers, low-cost filter-based gas sensors offer adequate
performance making them attractive and suitable for multi-gas envi-
ronmental detection, when detection limits in the ppm range are re-
quired [33,34].

Multi-gas detection based on a filter-based gas sensor is usually im-
plemented by employing a rotating filter wheel with multiple filters.
However, only a limited number of filters can be mounted on a wheel
and, as a result, the spectral resolution across a specific spectral region
is accordingly reduced [35]. Furthermore, the spectral response of filters
must exactly match the specific gas absorption band in order to meet
the measurement requirements. For the detection of gas species with
absorption bands spaced by few tens of cm™!, there is specific require-
ment of the spectral specifications of narrow-band filters.

Recently, a Fabry-Pérot (FP) filter detector based on
microelectromechanical systems (MEMS) has been reported [36,37].
The detector integrates a FP interferometer and a pyroelectric detector
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into a compact TO8 housing equipped with a signal preamplifier. The FP
interferometer consists of two flat and parallel reflector plates, acting as
half-wave resonator and producing a series of transmittance peaks of
successive interference orders. The spacing between the two plates is
varied by using a driving voltage, tuning both the peak positions and
the center wavelength of the incident optical beam on the pyroelectric
detector. An additional band-pass optical filter is placed in series with
the FP interferometer to remove undesired harmonics. Therefore, the
FP filter detector can transmit selected wavelength ranges by adjusting
the driving voltage of the FP interferometer [38,39]. The MEMS based FP
filter detector has a small footprint, low-cost and high ruggedness and
can cover a large spectral range with a continuous wavelength tunabil-
ity and without the requirements of any additional precision optics.
These new designs can be mass-produced, covering different mid-IR
spectral region. Therefore, the use of a tunable filter instead of a
narrow-band filter can remove the restrictions imposed by rotating
wheel filter-based sensors, realizing a compromise between perfor-
mance and price, and paving the way to measure several gases at one
time with a single detector.

To obtain a high detection sensitivity, a long effective absorption
pathlength is required according to Beer-Lambert law. With a filter-
based gas sensor, the short absorption path in filter-based gas sensors
limits their detection sensitivity, due to the fact that it is a challenge to
collimate an incoherent light beam with a large divergence angle to
pass through a long pathlength.

In this paper, we describe an optical sensor for multi-gas detection
based on a FP filter detector. The optical sensor employed a SiC thermal
light source emitting in a broad spectral range between 1 um and 25 pm.
The absorption spectra of three species (CH4, CH,0 and CO,) were si-
multaneously measured by the FP filter-based sensor, operating in the
3-4 um wavelength range. In order to improve the detection sensitivity,
a multipass cell with an effective pathlength of 2.5 m was coupled with
the FP filter detector, resulting in a sensitive and cost-effective gas sen-
sor system.

2. Sensor design

The operating principle of the FP-based optical sensor allows ar-
bitrary access to selected spectral regions by adjusting the MEMS
control voltage. In this way, the FP filter control can be used to mon-
itor a broad spectral region, continuously. When a specific transmit-
ted wavelength is selected, the full widths at half maximum (FWHM)
of the transmission band can be expressed by the following expres-
sion [35,40]:

2d |(1—R)?

FWHM = =5\ [ (1)

where d is the distance between the reflective surfaces, m is the in-
terference order and R is the reflectivity. Usually, a FWHM of typi-
cally 30-70 cm™! can be achieved.

For wavelength calibration, the FP filter implemented in this work
(InfraTec GmbH, Model LFP-3144C-337) was coupled to a Thermo Sci-
entific Nicolet iS50 FTIR spectrometer acting as an external detector.
Transmission windows of the FP filter were measured at different driv-
ing voltages by averaging 32 scans, as shown in Fig. 1(a), corresponding
to the spectral range from 3.1 to 4.4 um (3226-2273 cm ™~ !). The trans-
missivity exhibits a nearly linear decrease with the increasing voltages
from 25.3 V to 34.9 V and starts to rise at 35.7 V. Moreover, there is a
transmissivity valley in the range of 18.8V to 25.3V. Therefore, back-
ground elimination is required for the multi-gas sensing. The FWHMs
and the driving voltages as a function of wavenumber are plotted in
Fig. 1(b). The FWHMs of the transmission curves increase from
30 cm~ ! up to 65 cm™ ! in the investigated voltage range, with the
smallest value measured at 2273 cm™' (17 V). The relationship
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Fig. 1. (a) Transmission windows of the LFP-3144C-337 when different driving voltages
are applied. (b) FWHMs (blue dots) of the transmission curves and the related applied
voltage (red dots) measured as a function of wavenumber. The green solid line
represents the best fit using Eq. (2). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

between driving voltage V; and central transmission wavenumber v
can be expressed as [38]:

a
Va=Vay =55 2)

where Vi, and Vs are two asymptotic values of the inverse function
and a is a constant factor. Eq. (2) was fitted to the measured transmis-
sion spectra, producing a = 9647.93 cm ™'V, Vg, = 43.12 V and Vggy = 1
908.62 cm~!, which can be used to calibrate the wavenumber axis and
set the scanning with an equidistant step size.

A broadband thermal light source (Hawkeye Technologies, Model
IR-Si 207) was chosen as the mid-infrared light source. Its emission
spectrum, spanning from 1 um to 25 um, was measured by the FTIR
spectrometer, as shown in Fig. 2. The emission spectrum has a strong
light intensity between 2.5 and 7 um. The inset in Fig. 2 shows the emis-
sion spectra in the tuning range of the FP filter from 3.1 to 4.4 um. The
valleys around 3.4 um and 4.25 pm are due to the absorption of methane
and carbon dioxide in air, respectively.

The multi-gas optical sensor based on a FP filter detector and a
multipass gas cell is schematically depicted in Fig. 3. The optical sensor
system, which has dimensions of 40 x 20 x 26 cm’, consists of an optical
part, electrical circuits and a gas handling part. In the optical part, the in-
frared radiation was focused into the multipass cell by using two para-
bolic mirrors, M1 with a 10-cm reflected focal length (Thorlabs, Model
MPD149-P01) and M2 with a 5-cm reflected focal length (Thorlabs,
Model MPD129-P01). A chopper (Thorlabs, Model MC1F2) was placed
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Fig. 2. Emission spectra of the broadband thermal light source in the infrared region. Inset:
emission spectra in the tuning range of the FP filter from 3.1 to 4.4 pm.

between the two parabolic mirrors to modulate the light at 20 Hz, with a
duty cycle of 60%. The multipass cell with a volume of 1.5 L has an opti-
cal pathlength of 2.5 m for the incoherent light beam and employs a
White cell configuration, in which three spherical mirrors having the
same radius of curvature are used. A White cell configuration allows
for a high numerical aperture, which is beneficial to the incoherent
beam coupling. The output beam from the White cell was focused on
the FP filter detector employing a parabolic mirror. A 1.5-mm pinhole
was placed between the parabolic mirror M3 with 5-cm reflected focal
length (Thorlabs, Model MPD129-P01) and the detector in order to im-
prove the spectral resolution by spatially filtering oblique incident
beams. The tunable FP filter detector is driven by an electrical circuit

board including a controllable high voltage power supply and a signal
amplifier. The electronic signal from the tunable FP filter detector was
amplified by the driving board and then was demodulated by a lock-
in amplifier (Stanford Research Systems, USA, Model SR830) using a
12 dB/oct filter slope and 1-s time constant. The spectrum was acquired
by changing the driving voltage. The waiting time between two driving
voltages was set to 300 ms to allow the stabilization of the optical filter.
A complete scan of the spectrum (3100-4400 nm) with a step size of
20 nm lasted ~40 s. Data collection and analysis were performed by
using a LabVIEW-based software.

Certified gas samples (Beijing Air Products BAIF Gases Industry Co.,
LTD.) with the following concentrations were employed: pure N, 1%
CHy4: N, and 0.1% CO,:N,, all of them with a 2% gas analytical uncer-
tainty. A gas dilution system (Environics Inc. Model EN4000) was used
to mix the gas samples at selected concentrations. A mass flow meter
(Alicat Scientific, Inc. Model M-500SCCM-D) and a needle valve were
placed upstream in the gas line to monitor and control the gas flow in-
side the cell, respectively. A gas pressure controller (MKS Instrument
Inc., USA, Model 649B) was located downstream, together with a vac-
uum pump (KNF Technology Co., LTD, Model N813.5ANE), to maintain
the pressure inside the cell at 700 Torr. Formaldehyde vapors can be
added to the gas mixture by inserting a 38.5-mm diameter cylindrical
diffusion cell with a liquid solution of CH,0 between the needle valve
and the mass flow meter. The CH,O vapor concentration was deter-
mined by the CH,0 liquid concentration and the flow rate of carrier
gas passing through the diffusion cell. When the gas carrier flow rate
was set to 100 sccm, a CH,0 vapor concentration of 0.5% was obtained.

3. Results and discussion

With an incoherent light beam, the actual number of pass counts
achievable in a White cell is much less than that obtained when using
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Fig. 3. Schematic of the sensor system designed for multi-gas measurements based on a tunable FP filter detector. MFM is mass flow meter; M;, M, M5 are parabolic mirrors; NV is a needle

valve.
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alaser beam. This is due to the much larger divergence of the incoherent
beam from the thermal light source with respect to the laser beam [41].
In order to determine the effective absorption pathlength, a 0.5-m long
gas cell was filled with 1% CH,4:N, mixture and was used as a reference.
With the incoherent light beam, the 1% CH,4 spectra measured using the
0.5-m long gas cell and the White cell are shown in Fig. 4. Since the ab-
sorbance area just depends on the absorption pathlength in the case of
the same target gas concentration and absorption line strength, a com-
parison between two areas can be used to determine the effective ab-
sorption pathlength. The ratio of the two spectral absorbance areas is
~5 times, resulting in an effective absorption pathlength of 2.5 m.

The feasibility, reliability and the validity of the sensor system was
assessed by acquiring spectra of methane, formaldehyde and carbon di-
oxide. The spectra obtained using the multi-gas optical sensor were
compared with those measured by a FTIR, as shown in Fig. 5. Pure N,
was fed into the multipass cell to obtain the signal background in
order to subtract it from the spectra acquired for different gas samples.
As a result, the uneven emission spectrum of the light source and trans-
mission window of the FP filter detector can be removed. The spectra
measured for the three selected gas species using both the FTIR spec-
trometer and the tunable FP filter-based sensor are shown in Fig. 5.
The FTIR spectrometer provides well-resolved absorption features. The
FP-based multi-gas sensor well reconstructs the absorption bands of
three gas species at the same wavelengths, although with a lower reso-
lution with respect to the FTIR spectrometer.

The performance of the FP filter-based multi-gas sensor was evalu-
ated by varying the CO, concentrations from 20 ppm to 1000 ppm
using the gas dilution system. As shown in Fig. 6(a), the area under
the absorption curve decreases while the CO, concentration decreases.
The CO, concentrations as a function of absorbance area are plotted in
Fig. 6(b). Each absorption spectrum was measured multiple times and
the averaged values of the absorbance area was used. A polynomial
fitting was implemented to calibrate the sensor system response versus
CO, concentration. A cubic fitting of the curve with the R square value of
>0.999, as shown in Fig. 6(b), yields the following expression:

Cco, = 8.50227 x 107%5>—1.05675 x 10~°s? + 5.73342
x 107*s—0.00742 3)

with s and ¢ denoting the CO, spectra absorbance area and the CO, con-
centration, respectively. This expression can be used as calibration
curves to retrieve the gas concentration for a single gas component in
No.
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Fig. 4. 1% CH, absorption spectra from a reference cell (blue dot line) and a White cell (red
dot line). The Ay is the absorbance area of the spectrum from the reference cell. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 5. Spectra of three gas samples obtained using the FTIR spectrometer (solid line) and
the tunable FP filter-based sensor (dashed line). The gas species were CH,4 (blue line),
CH,O0 (red line) and CO, (green line), respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Using the same experimental approach, the absorption spectra mea-
sured for CH4:N, (with CH4 concentration varying from 600 ppm to
10,000 ppm) and CH,0:N, (with CH,0 concentration varying from
1700 ppm to 10,200 ppm) are shown in Fig. 7.
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Fig. 6. (a) Absorption spectra measured for different CO, concentrations in N; in the
tuning range of the FP filter-based sensor. (b) Concentration level (%) of CO,:N; as a
function of the absorbance area (blue dots). The red curve represents the best cubic fit
of the data. (For interpretation of the references to colour in this figure legend, the
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The corresponding cubic best fits for CH4:N, and CH,0:N; are:
e, = 123229 x 10775 —5.08455 x 10755% + 0.00323s + 0.01052 (4)
and
Ceny0 = 9.4353 x 107853 —2.77806 x 1052 + 0.00417s—0.01893 (5)

The R-squared values are 0.999 and 0.998 for CH4 and CH,0, respec-
tively. Detection limits of 200 ppm, 900 ppm and 20 ppm, were esti-
mated for CH4, CH,0 and CO,, respectively, since their spectra could
not be observed from the noise background when lower concentration
levels of target gases were filled into the sensor system.

The spectral data analysis for multi-gas sensing was based on the
general linear fit method. The experimentally acquired spectra were
represented as a linear combination of absorption spectra of CHy4, CO,
and CH,0 [42]:

SA) = 23: aiSi(N) (6)

i=1

where S(\) is the measured spectra as a function of the wavelength, S;
(N\) fori =1 to 3 represent the spectra of CHg4, CO, and CH,0, respec-
tively. The coefficient g; is proportional to the concentration of the i-th
compound. Once g; values are obtained, the absorbance area for three
spectra of CHy, CO, and CH,0 and the related concentrations can be
calculated.

The following step demonstrated the capability of the tunable FP
filter-based sensor to detect multi-gas simultaneously in a single gas
matrix. Initially, a mixture of 0.56% of CH4:N, was sent to the diffusion
cell containing the formaldehyde liquid solution using a gas flow rate

of 270 sccm. Then, a 0.20% of CH,0 was added into the gas mixture by
means of a diffusion effect. This gas mixture passed through the
multipass gas cell. Subsequently, the mixture of 0.56% of CH4:N, was re-
placed with a mixture of 0.04% CO,:N,. The CH, was gradually removed
from the gas cell, while the CO, concentration level rises steadily. Due to
the constant gas flow rate, the concentration level of CH,0 should re-
main unchanged.

Every three spectra S(\)s were averaged to improve the detection
sensitivity, resulting in a data updating rate of 2 min. The concentration
evolution curves of CHy and CO as a function of time are shown in Fig. 8.
The developed sensor was able to follow the variation of CH, and CO,
concentrations versus time. The concentration levels of CH, decrease
logarithmically with time, while the concentration levels of CO,
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Fig. 8. Evolution of the CH,4 and CH,0 concentrations versus time. At t = 0, the CH4:N, flux
was stopped and CO,:N; started to flow through the sensor system.
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Fig. 9. CO, concentrations measured during a week's period in Oct. 2018 in a laboratory of the Shanxi University campus, Taiyuan, China.

increase logarithmically with time. The CH,0 concentration remains
stable during all time.

4. Continuous 7-day monitoring of indoor air

A continuous 7-day monitoring of indoor air inside a laboratory lo-
cated in the Shaw Amenities Building on the Shanxi University campus
in Taiyuan, China, was demonstrated. The gas samples were sampled
utilizing a Teflon tube with an air filter installed at the inlet to remove
any dust or particulate matter. The measurements were performed at
room temperature and atmospheric pressure.

The CO, concentration data (Oct. 10, 2018 to Oct. 16, 2018) are
shown in Fig. 9. The CO, concentration level is closely related to staff ac-
tivities. Indoor CO, starts to rise from 8:00 a.m. and decrease after
10:00 p.m. every day, due to the presence of staff during this time pe-
riod. One exception is on Sunday, Oct. 14, 2018 since nobody entered
the laboratory until 8:00 p.m. Furthermore, fluctuations of CO, concen-
tration levels during workhours follow an irregular and unpredictable
flow of people.

5. Conclusions

A robust, compact and cost-effective prototype of a FP filter-based
sensor for real-line monitoring of a multi-gas mixture was realized
and tested. To validate this system, CH4, CH,O and CO, have been
used as gas targets. The spectra are well reconstructed by the FP filter-
based sensor. Key components of the developed FP filter-based sensor
include a broadband thermal IR light source, a tunable FP filter detector
and a multipass gas cell with an effective optical path length of 2.5 m.
The absorption spectra of three gas analytes at different concentrations
allowed the retrieval of the related calibration curves. Detection limits
of 200 ppm, 900 ppm and 20 ppm were achieved for CH4, CH,0 and
CO,, respectively. We demonstrated the capability of the systems to
perform multi-gas detection by analyzing a mixture containing CHy,
CH,0 and CO,, using N, as carrier gas, and retrieving the corresponding
concentrations versus time. To demonstrate the possibility to use the
developed sensor system for environmental monitoring purposes, con-
tinuous monitoring of CO, concentration inside a laboratory-
environment was carried out for one week. The measured concentra-
tion variations of CO, reflect the presence of people in the laboratory.
The realized gas sensing system represents a cost-effective, robust and
miniaturized solution that can be employed for measurement of
known compositions with overlapping bands, for process control and
environmental monitoring applications. It represents an interesting al-
ternative to establish spectroscopic sensors (such as FTIR) for gas
samples multi-component analysis. Further improvements in the

minimum detection limit can be achieved by implementing a multipass
cell with longer effective optical pathlength.
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