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A B S T R A C T   

The advantages of integrating infrared (IR) waveguide gas sensors on a chip include compactness, low power 
consumption, and high selectivity. Mid-IR waveguide sensors could be made of a variety of metal oxides with 
merits of low cost, high stability, transparency in the visible-IR spectrum, and non-toxicity. However, because 
most metal oxides have low refractive index, they are rarely used as waveguide core materials. To overcome this 
limitation, we chose niobium pentoxide (Nb2O5), a transparent material with high refractive index in the 
0.35–10 µm wavelength range, as the core layer. We fabricated a Nb2O5 rectangular waveguide gas sensor using 
magnetron sputtering and lift-off process. The Nb2O5 waveguide with an external confinement factor of 11.5% 
was used for on-chip methane measurement at 3.291 µm based on wavelength modulation spectroscopy. A 
detection limit of 348 parts per million was achieved with an optimal averaging time of 61.2 s for a 2 cm long 
waveguide. The reported Nb2O5 waveguide gas sensor not only broadens the waveguide sensor core material 
family from silicon, chalcogenide (ChG) glass to metal oxides, but also provides detailed preparation and 
characterization methods for such kind of waveguide device.   

1. Introduction 

Infrared (IR) absorption spectroscopy is a powerful tool for identi-
fying various gas components [1], which is realized by analyzing the IR 
absorption spectrum of gas analytes [2]. For traditional discrete gas 
sensor systems, multi-pass cell assemblies (such as White cells, Herriot 
cells) improve light-gas interaction by increasing the absorption path 
length [3–5]. However, such systems are typically bulky, energy inten-
sive, and susceptible to environmental vibrations. To meet the demand 
for easy access to IR gas sensors, people continue to miniaturize IR gas 
sensors that can be integrated into smartphones, tablets, and wearable 
devices [1,6,7]. Integrating a photonic waveguide on a chip allows for 
compact and field deployable sensors [8]. 

Traditional materials for waveguide sensors include silicon (Si) [9, 
10], silicon nitride [11,12], and chalcogenide (ChG) glass [13,14]. 
Metal oxides, e.g. niobium pentoxide (Nb2O5), molybdenum trioxide 
(MoO3) and tantalum pentoxide (Ta2O5), show the advantages of low 

cost, high stability, transparency in the visible-IR spectrum, and 
non-toxicity [15–17]. However, because most metal oxides have low 
refractive index, there has been little research into fabricating mid-IR 
waveguide sensors from them. To overcome this limitation, we will 
fabricate waveguide sensors out of Nb2O5, a transparent material with a 
high refractive index (n, ~ 2) and a low extinction coefficient (κ, < 0.1) 
in the 0.35 – 10 µm wavelength range [16,18]. More importantly, Nb2O5 
waveguide is suitable for on-chip sensing of numerous gas analytes with 
molecular absorption fingerprints in this region. 

Nb2O5 has received very little attention as waveguide material over 
the last forty years [19]. Recently, Yoshiki Hayama et al. demonstrated 
the feasibility of fabricating a Nb2O5 horizontal slot waveguide using 
modern nanofabrication techniques (e.g. sputtering, e-beam lithog-
raphy) [20]. In this paper, we will demonstrate how to fabricate a simple 
rectangular Nb2O5 waveguide using only magnetron sputtering and 
lift-off process. Also, we will show how to use a Nb2O5 waveguide as a 
gas sensor, with sensor performance validated at 3.291 µm for 
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measuring methane (CH4) concentration. The primary novelties of this 
work are: (1) Nb2O5 films prepared by magnetron sputtering are trans-
parent and homogeneous, with high refractive index (~2) in the mid-IR; 
(2) a Nb2O5 waveguide for gas sensing is designed using theoretical 
modeling; (3) the Nb2O5 waveguide is fabricated using magnetron 
sputtering and lift-off process; and (4) the sensing capability of the 
Nb2O5 waveguide sensor is validated for on-chip CH4 concentration 
measurement using wavelength modulation spectroscopy (WMS). 

2. Preparation and characterization of Nb2O5 films 

2.1. Nb2O5 film preparation 

We deposited Nb2O5 films at room temperature on fused quartz 
substrates (15 × 15 × 0.5 mm3, cut-off wavelength: ~ 5 µm) and zinc 
selenide (ZnSe) substrates (15 × 15 × 1.5 mm3, cut-off wavelength: ~ 
22 µm) using radio frequency magnetron sputtering with a Nb2O5 
ceramic target (diameter: 46 mm, thickness: 3 mm, purity: 99.99%). The 
bare substrate was cleaned with acetone, ethanol, and deionized water 
prior to sputtering. The deposition chamber’s base pressure before 
sputtering was set to < 8 × 10–6 Torr. Table 1 lists the key parameters 
during magnetron sputtering. 

2.2. Characterization of Nb2O5 films 

The X-ray diffraction (XRD) patterns were captured using an X-ray 
diffractometer (TTR III, Rigaku Corporation, Japan) with a Bragg–-
Brentano parafocusing geometry and a Cu Kα source (1.54184 Å). The 
morphology of Nb2O5 films was photographed using a field emission 
scanning electron microscope (JSM-7500 F, JEOL Ltd., Japan). The film 
thickness was measured using a probe-type surface profiler (XP-2, 
Ambios Technology Inc., United States). The UV–visible–IR transmission 
spectroscopy was examined using a UV–visible spectrophotometer (TU- 
1810, Beijing Purkinje General Instrument Co., China). The IR trans-
mission spectra were obtained using a Fourier transform IR spectrometer 
(Nicolet iS50, Thermo Fisher Scientific Inc., United States). The refrac-
tive index of the film was determined using a spectroscopic ellipsometer 
(IR-VASE Mark II, J.A. Woollam Company, United States). 

2.3. Optical and structural properties of Nb2O5 films 

XRD measurements were performed to investigate the crystal struc-
ture of the Nb2O5 film. Fig. 1(a) shows the XRD pattern of a deposited 
Nb2O5 film. The broad peak at ~20◦ is attributed to the fused quartz 
substrate. There are no obvious crystalline peaks, indicating that the as- 
deposited film is amorphous [16,21]. The UV–visible–near-IR and 
near-IR to mid-IR transmission spectra of the Nb2O5 film with a thick-
ness of 350 nm are depicted in Fig. 1(b) and (c), respectively. The Nb2O5 
film has a high average transmittance of 82.55% within 350–1100 nm 
(Fig. 1(b)), and a good transmittance, averaging 88.67% in the range of 
1.35–4.7 µm (Fig. 1(c)). The dip at 2.94 µm is caused by impurity ab-
sorption from hydroxide (OH− ) ions in the fused quartz substrate. The 
morphology of a 350 nm thick Nb2O5 film is depicted in the scanning 
electron microscopy (SEM) image in the inset of Fig. 1(a). The film is 
uniform with few defects and no visible grain boundaries on the surface. 

The SEM results are consistent with the amorphous nature revealed by 
the XRD results. 

The thickness, n, and κ of the Nb2O5 film can be determined using 
ellipsometry. The fitted thickness of the Nb2O5 film is 310 nm, in 
reasonable agreement with the surface profiler’s measurement of 
350 nm. The wavelength dependence of n and κ is shown in Fig. 2(a). 
The CH4 absorption lines in the 2–10 µm range are plotted as a reference 
based on the molecular spectroscopic database [22]. The Nb2O5 film has 
high n values (~ 2) and low κ values (< 0.1) in the mid-IR. For example, 
n = 2.04 and κ = 0.046 at 3.291 µm, and a strong CH4 absorption line is 
located nearby. As a comparison with other alkane gases, the absorbance 
curves of CH4, ethane, propane and butane are shown in Fig. 2(b) within 
3.290 – 3.292 µm, at a concentration level of 50000 parts per million 
(ppm) and an optical path length of 15 cm. Propane and butane have 
almost no absorption, while ethane has some small absorption peaks 
overlapping with CH4. But the ethane absorbance is 8 times smaller than 
CH4. Moreover, in practical applications, e.g. atmosphere monitoring, 
the ethane concentration is 100 – 1000 times smaller than CH4. So 
ethane with small concentration levels has almost no effect on CH4 
measurement. Even though at large ethane concentration levels, the 
cross interference between ethane and CH4 can be solved using our 
proposed algorithm [23]. 

3. Mid-IR Nb2O5 waveguide sensor for CH4 measurement 

3.1. Nb2O5 waveguide design and optimization 

We propose a rectangular waveguide with a core of Nb2O5 (n = 2.04) 
and a lower cladding of SiO2 (n = 1.41). The upper cladding is the target 
gas (n = ~ 1). The operating wavelength is 3.291 µm. The electromag-
netic field distribution was simulated using the COMSOL Multiphysics 
software. Fig. 3 shows the effective refractive index (neff) of the TM0 and 
TM1 modes as a function of the core layer thickness, with a core width 
held constant at 5.2 µm. The electric field distribution in TM0 mode is 
depicted in the inset of Fig. 3. 

The confinement factor (Г) of the external evanescent field in the 
upper cladding is [24]. 

Γ =
ng

Re{ncm}

∫∫
ncm ε|E|2dxdy

∫∫ ∞
− ∞ ε|E|2dxdy

(1)  

where ng is the group refractive index, ncm is the cladding refractive 
index (~ 1 for CH4), and E and ε are the electric field and dielectric 
constant, respectively. According to Fig. 3, the core layer thickness 
should be within 524 – 726 nm for single-mode operation. In this range, 
Г increases as the core thickness gets larger. As a tradeoff between 
single-mode operation and high Г, we chose 650 nm as the core thick-
ness. The Г derived by Eq. (1) is 11.53% for a 650 nm thick and 5.2 µm 
wide waveguide. 

During CH4 measurement, the evanescent field is absorbed by CH4 at 
particular wavelengths, such as the fundamental absorption wavelength 
at 3.291 µm. As a result, the intensity drop of the waveguide output light 
is related to CH4 concentration, expressed as [25]. 

Iout = Iinexp( − ΓαCH4 cL − αCH4 L) (2)  

where Iout and Iin are the intensities of the input and output light, 
respectively, αCH4 and αint are the absorption coefficient and waveguide 
loss, respectively, L is the length of the sensing region, and c is the CH4 
concentration. 

In addition to the waveguide modeling results, we analyzed the op-
tical response of a 650 nm-thick Nb2O5 core layer. We fabricated a 
genuine 650 nm thick Nb2O5 film on a ZnSe substrate to verify its IR 
transparency. In Fig. 1(d), the 650 nm thick Nb2O5 film on the ZnSe 
substrate has a high transmittance over 1.35 – 10 µm, which is compa-
rable to the bare ZnSe substrate. The dips in transmittance at ~ 3 µm, ~ 

Table 1 
Parameters maintained during the deposition of Nb2O5 films.  

Deposition Parameters Values 

Base pressure 8 × 10− 6 Torr 
Sputtering pressure 1 × 10− 2 Torr 
Target to substrate distance 14 cm 
Ar gas flow rate 20 sccm 
Substrate temperature Room temperature 
Sputtering power 80 W  
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6 µm and ~ 7 µm are most likely caused by absorption from niobium- 
oxygen bonds in the Nb2O5 film [26,27]. 

3.2. Fabrication of a Nb2O5 waveguide sensor 

Fig. 4 depicts the magnetron sputtering and lift-off process to fabri-
cate the Nb2O5 waveguide sensor. The waveguide was built on a Si 
substrate with a 2 µm thick SiO2 layer. First, the substrate was spin- 
coated with the RN-218 photoresist to generate a 5 µm thick overcoat. 
The photoresist covering was photolithographically patterned and then 
developed to form a groove within it. The exposure dose was set to 
60 mJ/cm2 and the development duration to 180 s. After that, a 650 nm 
thick Nb2O5 film was deposited using magnetron sputtering. Finally, the 
photoresist was removed using acetone to reveal the Nb2O5 waveguide. 

Fig. 5(a) depicts a schematic of the waveguide sensor, consisting of a 
sensing region in the center, two transition regions, and two coupling 
regions at both ends. The transition and coupling regions were used to 
improve fiber coupling efficiency. The coupling region has a width of 
16 µm, which gradually decreases via the transition region (300 µm 
long) to 5.2 µm. Fig. 5(c) and (d) show the SEM micrographs of the 

coupling and sensing regions of the waveguide, respectively. Fig. 5(b) 
shows a SEM micrograph of the cross-section of the sensing region, 
which measures 5.2 µm in width and 650 nm in height, exactly match-
ing the desired values. The length of the meandering sensing region is 
2 cm, and the bend radius is 50 µm to reduce bend loss. The waveguide 
chip was bonded to a polydimethylsiloxane (PDMS) gas cell 
(16 mm × 10 mm ×10 mm inside), and the photograph in Fig. 6 shows 
how small this waveguide gas sensor is. 

The waveguide loss was calculated using the cut-off method. The loss 
can be approximated using the formula αint = –10 log10 (AmpL2/ 
AmpL1)/ (L2 – L1), where L1 and L2 are the lengths of two different 
waveguides, and AmpL1 and AmpL2 correspond to the output light in-
tensities for the two waveguides, respectively. We ran an experiment 
using two waveguides with lengths of 1 cm (straight) and 2 cm 
(meander), respectively. The gas chamber was filled with flowing ni-
trogen (N2). The amplitudes of the two output signals were measured to 
be 729.8 mV and 482.1 mV, respectively. Then the waveguide loss was 
estimated to be αint = 6.06 dB/cm, primarily caused by the surface 
roughness or inherent defects in the as-deposited films. 

Fig. 1. Structure, morphology and optical properties of Nb2O5 films. (a) The XRD pattern of a 350 nm thick Nb2O5 film. The transmission spectra of a 350 nm thick 
Nb2O5 film deposited on a fused quartz substrate are shown in the (b) UV–visible–near-IR and (c) near-IR to mid-IR ranges, respectively. (d) The IR transmission 
spectrum of a 650 nm thick Nb2O5 film deposited on a zinc selenide substrate. The inset in (a) shows the SEM micrograph of a 350 nm thick Nb2O5 film deposited on 
a Si substrate. 
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3.3. CH4 concentration measurement using a Nb2O5 waveguide sensor 
system 

Fig. 6 depicts the block diagram of a mid-IR Nb2O5 waveguide gas 
sensor system. The light source was a 3.291 µm interband cascade laser 
(Nanoplus, Germany). The laser beam was coupled into a single-mode 
fluoride fiber (Le Verre Fluoré, France) via a reflective collimator 
(RC08, Thorlabs, Inc., United States). The output beam from the fiber 
was coupled into the waveguide. The output beam intensity was 
measured using a mercury cadmium telluride (MCT) detector (PVI-4TE- 
5, VIGO Photonics, Poland). 

WMS was adopted for CH4 measurement. Using high-frequency 
wavelength modulation (resulting in absorption coefficient modula-
tion) and coherent demodulation, the 1/f noise can be suppressed for 
signal-to-noise ratio (SNR) enhancement. Compared to direct absorption 
spectroscopy (DAS), WMS can reduce the limit of detection (LoD) by a 
factor of 5 – 10. The sine-wave modulation frequency and the triangular- 
wave scan frequency are typically in the order of kHz and Hz, respec-
tively. These two frequencies are decided by the parameters of the laser 
driver electronics, and determine the integral time of the digital lock-in 
amplifier. In this work, the two frequencies were set to 5 kHz and 10 Hz, 
respectively, resulting in an acceptable data sampling rate by hardware 
and enough data for high-resolution spectrum processing. The 10 Hz 
triangular-wave signal was used to periodically tune the laser wave-
length across the 3.291 µm absorption line. The 5 kHz sine-wave signal 
was used to modulate the laser wavelength so as to extract the sine 
modulation wave’s second harmonic (2 f = 10 kHz) signal through the 
lock-in amplifier. The maximum amplitude of the 2 f signal (max(A2f)), 
proportional to CH4 concentration, was used for concentration deter-
mination with a high accuracy. 

The amplitude of the sine-wave signal represents modulation depth 
(i.e. the amplitude of the modulated laser wavenumber), which de-
termines the 2f signal amplitude and needs to be optimized. Fig. 7 shows 
the variation curve of max(A2f) as a function of the sine-wave amplitude 
at a concentration level of 3 × 105 ppm. The highest max(A2f) is ob-
tained when the modulation amplitude is 0.03 V, and the optimal 
modulation depth is 0.09 cm− 1. 

In sensor calibration, a 100 standard cubic centimeters per minute 
(sccm) CH4 in N2 flow was directed through the gas cell. A gas mixing 
system (Series 4000, Environics, United States) controlled the CH4 
concentration. Fig. 8(a) shows the measured 2f signal waveforms for the 
105–106 ppm CH4 in N2. In Fig. 8(b), curve of max(A2f) (in V) is plotted 
against CH4 concentration (c, in ppm). The measurement data set was 

Fig. 2. (a) The refractive index (n) and extinction coefficient (κ) of the Nb2O5 film as a function of wavelength. The CH4 absorption lines are plotted as a reference. 
(b) The absorbance curves of CH4, ethane, propane and butane within 3.290–3.292 µm at a concentration level of 50000 ppm and an optical path length of 15 cm. 

Fig. 3. The effective refractive index (neff) of the waveguide in TM0 and TM1 
transmission modes, as well as the confinement factor of the single-mode (TM0) 
waveguide, as a function of the core layer thickness. The core width is fixed at 
5.2 µm. Inset: The electric field distribution in TM0 mode of a 650 nm thick and 
5.2 µm wide rectangular Nb2O5 waveguide. 

Fig. 4. The magnetron sputtering and lift-off process for fabricating the 
Nb2O5 waveguide. 
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fitted by a straight line with the equation of 

max
(
A2f

)
= 1.16 × 10− 8 × c+ 0.26 × 10− 2 (3) 

The good linear fit demonstrates a wide CH4 measurement range 
from nearly 0–106 ppm for the sensor. 

LoD is the lowest concentration (Cmin) that can be detected by the 
sensor, mainly dependent on noise level. The standard or Allan devia-
tion, is commonly used to calculate the LoD. For the Allan deviation 
analysis, the gas cell should be fed with pure N2 flow. Fig. 9(a) depicts 
the reading of CH4 concentration from the waveguide sensor as a 
function of measurement time. The data sampling period was 0.2 s, i.e. 
0.1 s scan time plus 0.1 s data processing time, leading to a 2 f signal 
acquisition rate of 5 Hz and 2000 data dots in total. The negative 

reading results from the inapplicability of Eq. (3) to a CH4 concentration 
less than the LoD. Fig. 9(b) shows the Allan deviation as a function of 
averaging time (τ). The Gaussian white noise is suppressed as τ in-
creases, lowering the Allan deviation. However, when τ exceeds a 
certain threshold, the Allan deviation begins to rise due to the gradual 
increase in system drift. The relation curve of LoD (ppm) versus τ (s) can 
be fitted by Eq. (4).  

LoD = 2⋅22×104exp(–5τ) + 3⋅41×103exp(–0⋅25τ) + 8⋅23×102, 0 ≤ τ ≤ 400 
(4) 

The LoD of the sensor can be characterized by the smallest Allan 
deviation, i.e. 348.6 ppm with τ = 61.2 s. In this case, the measurement 

Fig. 5. (a) A schematic of the Nb2O5 waveguide sensor consisting of a sensing region, two transition regions and two coupling regions. (b) A SEM micrograph of the 
cross-section of the sensing region. (c, d) SEM micrographs of the (c) coupling region and (d) sensing region of the Nb2O5 waveguide. 

Fig. 6. The block diagram of a mid-IR Nb2O5 waveguide sensor system. CD: 
current driver, TC: temperature controller, SM: single mode, PC: personal 
computer, DAQ: data acquisition. In the upper left corner, a photograph of the 
PDMS gas cell bonded to the waveguide sensor is presented. 

Fig. 7. The 2f signal amplitude (max(A2f)) and modulation depth as a function 
of the sine-wave amplitude when the CH4 concentration is 30%. 
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range is 384 – 106 ppm. The LoD increases rapidly as τ decreases. When 
τ = 0.2 s, the LoD reaches ~ 1.28 × 104 ppm, corresponding to a mea-
surement range of 1.28 × 104 – 106 ppm. In practical application, 
smoothing filtering can be used for data averaging, in order to suppress 
Gaussian white noise and improve measurement accuracy. 

Resolution is the minimum concentration change ( ± ΔC) that can be 
distinguished from the background concentration (C) by the sensor. 
Resolution is also related to noise level and will change with concen-
tration for nonlinear systems. However, for our linear waveguide sensor 
(Fig. 8(b)), the resolution does not change with concentration and is 
therefore equal to the LoD. 

During CH4 measurement, the 2 f signal amplitude may change 
because of light intensity variation caused by vibration for instance. To 
minimize the effect of light intensity change, in addition to maintaining 
the measurement setup stable, the background signal (representing light 
intensity) can be obtained by fitting the absorption signal output from 
the detector, followed by a ratio operation between the two signals 
before 2 f signal extraction [28]. 

3.4. In comparison to waveguides made of other materials 

Table 2 contrasts the Nb2O5 waveguide sensor with our reported ChG 
[24] and SOI [29] waveguide sensors. These sensors have the same 
sensing length of 2 cm, the same operating wavelength of 3.291 µm, and 
a similar structure. The advantages of the Nb2O5 waveguide sensor 

include low cost, simple preparation, high stability, transparency in the 
visible spectrum, and non-toxicity, which pave the way for mass pro-
duction and commercialization of Nb2O5 sensors on a large scale. The 
only disadvantage of this sensor is its high waveguide loss (αint =

6.06 dB/cm), and we are working on several methods to improve Nb2O5 
quality in order to reduce waveguide loss. 

Fig. 8. (a) The measured 2f signal waveforms for 105–106 ppm CH4 in N2. (b) The measured data dots and linear fitting curve of max(A2f) versus CH4 concentration 
within the 105–106 ppm range. 

Fig. 9. (a) The CH4 concentration measured by the Nb2O5 waveguide sensor in a pure N2 environment as a function of measurement time. (b) The Allan deviation 
and fitting curve of the waveguide sensor versus averaging time. The red line (~ 1/√τ) indicates the Allan deviation of a Gaussian white noise dominated sensor. 

Table 2 
Comparison of the 2 cm long mid-IR waveguide CH4 sensors.   

Key features Nb2O5 SOI[29] ChG[24] 

Material 
properties 

n ~2 ~3.4 ~2.6 
Transparent 
range 

0.35–10 µm 2–8 µm ~1–20 µm 

Preparation 
process 

Lift-off Dry 
etching 

Lift-off 

Toxicity Low Low High 
Stability High High Low 

Waveguide 
sensor 

Price (USD) 10 20 10 
Confinement 
factor 

11.53% 34.3% 7.8% 

LoD 349 ppm 
(@ 306 s) 

604 ppm 
(@ 0.2 s) 

141 ppm 
(@ 32 s) 

αint 6.06 dB/cm 
0.71 dB/ 
cm 

1.52 dB/ 
cm  
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4. Conclusions 

In conclusion, instead of the traditionally reported silicon and ChG 
waveguide gas sensors, we demonstrated a novel Nb2O5 waveguide gas 
sensor based on IR absorption spectroscopy. Magnetron sputtering and 
lift-off process were used to fabricate the sensor. Nb2O5 has a wide 
transparency range of 0.35–10 µm, suitable for on-chip sensing of a 
variety of gases with molecular absorption fingerprints in this region. 
We measured CH4 concentration using WMS at 3.291 µm. The Nb2O5 
sensor has a LoD of 348 ppm and a maximum detectable concentration 
of 106 ppm. The reported Nb2O5 waveguide sensor broadens the 
waveguide core material family to include metal oxides, which is 
beneficial to mass production and commercialization of such waveguide 
sensors on a large scale. 

CRediT authorship contribution statement 

Ran Bi: Conceptualization, Methodology, Software, Writing – orig-
inal draft. Mingquan Pi: Conceptualization, Methodology, Software, 
Validation. Chuantao Zheng: Conceptualization, Methodology, Super-
vision, Writing – review & editing. Huan Zhao: Hardware circuit. Lei 
Liang: Methodology, Validation. Fang Song: Writing– original draft 
preparation. Dingdi Wang: Conceptualization, Methodology, Writing – 
review & editing. Yu Zhang: Supervision. Yiding Wang: Writing – re-
view & editing, Supervision. Frank. K. Tittel: Writing – review & 
editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to express their gratitude to the National 
Natural Science Foundation of China (Nos. 62175087, 62235016, 
62105118, 61960206004), Key Science and Technology Research and 
Development Program of Jilin Province, China (No. 20200401059GX), 
and the Key Research and Development of Changchun (No. 21ZGN24). 

References 

[1] D.M. Kita, H. Lin, A. Agarwal, K. Richardson, I. Luzinov, T. Gu, J. Hu, On-chip 
infrared spectroscopic sensing: redefining the benefits of scaling, IEEE J. Sel. Top. 
23 (2017) 340–349. 

[2] J. Hodgkinson, R.P. Tatam, Optical gas sensing: a review, Meas. Sci. Technol. 24 
(2013), 012004. 

[3] J. Glockler, C. Jaeschke, Y. Kocaoz, V. Kokoric, E. Tutuncu, J. Mitrovics, 
B. Mizaikoff, iHWG-MOX: a hybrid breath analysis system via the combination of 
substrate-integrated hollow waveguide infrared spectroscopy with metal oxide gas 
sensors, ACS Sens 5 (2020) 1033–1039. 

[4] V. Kokoric, A. Wilk, B. Mizaikoff, iPRECON: an integrated preconcentrator for the 
enrichment of volatile organics in exhaled breath, Anal. Methods 7 (2015) 
3664–3667. 

[5] P.R. Fortes, J.F. da Silveira Petruci, A. Wilk, A.A. Cardoso, I.M. Raimundo Jr, 
B. Mizaikoff, Optimized design of substrate-integrated hollow waveguides for mid- 
infrared gas analyzers, J. Opt. 16 (2014), 094006. 

[6] D. Popa, F. Udrea, Towards integrated mid-infrared gas, Sensors, Sensors 19 (2019) 
2076. 

[7] R. Bogue, Recent developments in MEMS sensors: a review of applications, markets 
and technologies, Sens. Rev. 33 (2013) 300–304. 

[8] P. Nizamidin, A. Yimit, J. De Wang, K. Itoh, Optical properties and sensing 
applications of lithium iron phosphate thin films, Thin Solid Films 520 (2012) 
6250–6255. 

[9] T. Hu, B. Dong, X. Luo, T.-Y. Liow, J. Song, C. Lee, G.-Q. Lo, Silicon photonic 
platforms for mid-infrared applications, Photon. Res. 5 (2017) 417–430. 

[10] L. Tombez, E.J. Zhang, J.S. Orcutt, S. Kamlapurkar, W.M.J. Green, Methane 
absorption spectroscopy on a silicon photonic chip, Optica 4 (2017) 1322–1325. 

[11] P. Tai Lin, V. Singh, L. Kimerling, A. Murthy Agarwal, Planar silicon nitride mid- 
infrared devices, Appl. Phys. Lett. 102 (2013), 251121. 

[12] C. Ranacher, C. Consani, A. Tortschanoff, R. Jannesari, M. Bergmeister, T. Grille, 
B. Jakoby, Mid-infrared absorption gas sensing using a silicon strip waveguide, 
Sens. Actuator A Phys. 277 (2018) 117–123. 

[13] A. Gutierrez-Arroyo, E. Baudet, L. Bodiou, J. Lemaitre, I. Hardy, F. Faijan, 
B. Bureau, V. Nazabal, J. Charrier, Optical characterization at 7.7 μm of an 
integrated platform based on chalcogenide waveguides for sensing applications in 
the mid-infrared, Opt. Express 24 (2016) 23109–23117. 

[14] Z. Han, P. Lin, V. Singh, L. Kimerling, J. Hu, K. Richardson, A. Agarwal, D.T.H. Tan, 
On-chip mid-infrared gas detection using chalcogenide glass waveguide, Appl. 
Phys. Lett. 108 (2016), 141106. 

[15] W. Park, G. Lee, J. Kim, Reactive-sputtered transparent MoO3 film for high- 
performing infrared Si photoelectric devices, Sens. Actuator A Phys. 271 (2018) 
251–256. 
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