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A novel, to the best of our knowledge, mid-infrared chalco-
genide (ChG) on magnesium fluoride (MgF,) waveguide
gas sensor was fabricated by using the lift-off method. MgF,
was used as a lower cladding layer to increase the external
confinement factor for enhancing light—gas interaction.
Wavelength modulation spectroscopy (WMS) was used
in carbon dioxide (CO;) detection at the wavelength of
4319 nm (2315.2cm™!). The limit of detection for the
1-cm-long sensing waveguide based on WMS is ~0.3%,
which is >8 times lower than the same sensor using direct
absorption spectroscopy (DAS). The combination of WMS
with the waveguide gas sensor provides a new measurement
scheme for the performance improvement of on-chip gas
detection. © 2021 Optical Society of America

https://doi.org/10.1364/0L.440361

An optical waveguide sensor with small size and high integra-
tion [1] can realize the same or similar sensing function as a
discrete sensor system with bulk size [2,3]. Direct absorption
spectroscopy (DAS) and wavelength modulation spectroscopy
(WMS) are two typical techniques used for gas sensing [4]. The
principle of WMS is modulating the laser wavelength using
a high-frequency sinusoidal signal while scanning the laser
wavelength using a low-frequency triangular wave signal. The
second harmonic (2 f) signal, whose amplitude is proportional
to the gas concentration, is extracted from the absorption signal.
Compared to DAS, the WMS technique is capable of noise
suppression (e.g., 1/ f noise) by using coherent demodulation
for sensitivity improvement [4]. However, undil now, there is
no report of an optical waveguide gas sensor based on WMS,
and the reported sensors are generally based on DAS. In 2018,
Ranacher et a/. proposed a silicon (Si) on silicon nitride (SizNy)
suspended waveguide carbon dioxide (CO; sensor based on
DAS with a limit of detection (LoD) of 0.5% [5]. In 2020,
Ottonello-Briano er al. proposed a suspended silicon-on-
insulator (SOI) waveguide CO; sensor based on DAS with a
LoD of0.1% [6].
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In addition to the spectroscopy technique, the selection of
waveguide material is one method to improve sensing perform-
ance. The transparent window of magnesium fluoride (MgF,
can reach 7 um, which covers the fundamental mid-infrared
(MIR) absorption band of most gas species. Also, MgF, with a
low refractive index of 1.34 at 4319 nm (23152 cm™") [7] is a
preferred lower cladding material for decreasing the light power
confined in the lower cladding layer. Chalcogenide (ChG) glass
with a high refractive index (>2) is transparent in the MIR
range. Selecting ChG glass as the waveguide core layer material
can decrease absorption loss.

In this Letter, to improve the sensing performance, we pro-
posed a ChG-on-MgF, waveguide gas sensor based on WMS.
MgF, was used as the lower cladding layer to decrease the light
power confined in the lower cladding layer. CO, was used as
the gas analyte with absorption at ~ 4319 nm. A CO; sensing
experiment was performed to verify the feasibility and function
of combining the waveguide gas sensor with WMS. A gas sens-
ing experiment based on DAS was also conducted to show the
advantage of WMS for noise suppression.

For a waveguide using gas analyte as a cladding layer
(Re(n2¢ad) & 1), the external confinement factor (), which
indicates the interaction effect between light and the gas analyte,
can be expressed as [8]

ng/fmalytcg(x’ }/) IE(x’ )/)Izdxd)/
)/ =
oo e DIE G, y)Pdxdy

where 7, is the group index (7 = Neg — Ad Negr/dA, A is the
wavelength and N is the effective refractive index), E is the
electric field, and ¢ is the real part of the permittivity of each
layer over the waveguide cross-section. y is related to (1) the
modal gain determined by 7, and (2) the spatial confinement
of the energy density to the active sensing region exposed to the
target gas [8]. The reported largest y achieved by a suspended
waveguide can be up to 107% [9].

For a MIR waveguide CO; sensor system, the emitting beam
from the laser first passes through free-space and then enters a
MIR fiber for mode coupling with the waveguide. The output
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Fig. 1. Curves of N, (black) and y (red) of the waveguide versus
the lower cladding refractive index 7 at 4319 nm. Insets: The quasi-
TM, mode optical field distribution of the waveguide with four typical
MIR lower cladding layer transparent materials.

beam from the waveguide will also pass through free-space and
is finally focused on a detector. Based on the Lambert—Beer law
[10], the lightintensity 7 received by the detector is

I= 10 exp (_yagasccellLs,WG) . (2)

Here, L, wc is the sensing waveguide length, and Cey is
the gas concentration in the cell; @, is the absorption coeffi-
cient; and 1 is the light intensity received by the detector when
Ceell =0, expressed as

]0 = Ilaser CXP(_aintLt,WG - acoupling) eXp(_()lgas CspaceLspace)-

Here, L wq is the total waveguide length; dcoupling is the
coupling loss; dtiy, is the waveguide intrinsic loss, including the
material absorption loss and scattering loss and excludes the loss
from gas absorption; /i, is the output light intensity from the
laser; Copace is the CO; concentration in free-space; and L gace is
the free-space length.

A high absorbance [—In(//1))] is needed to improve the
sensing performance. Curves of N and y of the waveguide
versus the refractive index () of the lower cladding layer are
shown in Fig. 1, where the top width (Ge;3Sb12Seq), 7 = 2.62)
of the core layer is 2.8 pm, the bottom width of the core layer is
6.4 pm, the core layer thickness is 1 im, and the wavelength is
4319 nm. The quasi-TMy mode optical field distribution with
four typical MIR lower cladding layer transparent materials
[MgF, sapphire, SisNy, and ChG glass (Ge-As-S)] are shown in
the insets of Fig. 1. Ny increases and y decreases as 7 gets larger.
The increased N indicates that more light power is confined in
the dielectric material with a high refractive index. y is dropped
by >40 times when 7 rises from 1.3 to 2.2. Therefore, using
MgF, as the lower cladding layer can decrease the light power
confined in the lower cladding layer.

The fabrication process is given as follows. First, a MgF,
layer was deposited on a Si substrate by thermal evaporation
(IT-302, LJUHV). Then a Gey3Sb1,Sego core layer was fabri-
cated by using the lift-off method. A detailed fabrication process
of the lift-off method can be seen in our previous work [11].
Polydimethylsiloxane (PDMS) and a curing agent were mixed at
a mass ratio of 10:1 and poured into the 3D-printed mold. The
mixture was cured at room temperature to form the PDMS gas
cell. Finally, the gas cell with an inlet and an outlet was bonded
on the substrate [Fig. 2(b)] by epoxy resin adhesive.

An interband cascade laser (ICL) was used for gas measure-
ment, which mainly emitted polarized light in the vertical
direction. So the quasi-TM mode of the waveguide was only
considered. The quasi-TM, mode optical field distribution of
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Fig.2. (a) Scanning electron microscope (SEM) image of the ChG-
on-MgF, waveguide cross-section structure. (b) Schematic diagram of
the waveguide integrated with a PDMS gas cell. Det, detector.
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Fig.3. Schematic diagram of the waveguide gas sensor system based
on WMS. CD, current driver; TC, temperature controller; RC, reflec-
tive collimator; FG, function generator; PC, personal computer; WG,
waveguide; DAQ), data acquisition; SM fiber, single-mode fiber.

the ChG-on-MgF, waveguide is shown in the inset of Fig. 1.
The y of the quasi-TM, mode waveguide was calculated to be
10.4% based on Eq. (1). Two coupling waveguides on both sides
of the sensing waveguide were used for mode coupling. The
sensing waveguide length (Z; wa1) is 1 cm, and the width of the
coupling waveguide is 16 pum. The main purpose of enlarging
the coupling waveguide width is to improve the mode confine-
ment effect of the core layer and to reduce the absorption loss of
PDMS [12].

A schematic diagram of the waveguide gas sensor system
based on WMS is shown in Fig. 3. The ICL (Nanoplus) was
driven by a current driver (LDC210C, Thotlabs) and a temper-
ature controller (TED200C, Thorlabs). A reflective collimator
(RCO08, Thorlabs), whose reflective lens has a focal length of
33 mm, was used to couple the light into a single-mode indium
fluoride (InF3) fiber (Le Verre Fluoré, France) with a core diam-
eter of 7.5 pm. The waveguide was butt-coupled with the fiber
and aligned by a microscope. The output light from the wave-
guide was directly detected by a Mercury Cadmium Telluride
(MCT) detector (PVI-4TE-5, VIGO System). A data acquisi-
tion (DAQ) card (USB6211, National Instruments) was used
to obtain the data from the lock-in amplifier (SR830, Stanford).
A laptop was connected to the DAQ card, and a LabVIEW
platform was used to process the data.

The temperature of the ICL was set to 0°C. The scan current
range was 31.5-58.5 mA (the wavelength range 4317.28-
4321.40 nm) to cover the CO, absorption line. The scan
signal frequency was 10 Hz, and the modulation frequency
was 5 kHz. The absorption of atmospheric CO;, mainly came
from the coupling optical path between the laser and the
fiber (Lgpace =~ 7 cm). We defined a differential 2 f* signal
(Dyp=2f signal (Cear) — 2 f signal (Ceeit = 0%)) to remove
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Fig. 4. (a) Simulated and experimental data dots as well as the
linear fitting curve of Amp(D,s) versus CO; concentration. R?,
goodness of fit. (b) The measured 2 f signals for 40% CO, (solid) and
N, (dash) and the differential 2 f" signal (dot). (c) Dynamic response
curve (black) by passing 10% CO, into the gas cell followed by a N,
injection. Curve of the corresponding CO, concentration in free-space
versus measurement time (red) obtained by the dynamic response
curve (black). (d) Allan deviation curve of the sensor.

the background absorption (Ce =0%). The D,y signal
amplitude reached the maximum when the modulation ampli-
tude was optimized as 0.055 V (the corresponding current of
1.02 mA). Since the modulation frequency of the ICL current
was as low as 5 kHz, the modulation depth was directly obtained
according to the practically measured relationship between
the ICL wavenumber and the driving current at an operation
temperature of 0°C. The modulation depth is 0.57 times of the
full width at the half maximum (0.15 cm™") of the selected CO,
absorption line [13]. The experimental D, ¢ signal amplitude
within the concentration range of 0-100%, the linear fitting
line, and the simulation results are shown in Fig. 4(a). The linear
fitting equation between Ceqyi (in %) and the D,y amplitude
(Amp(D;f),in V) is

Ceat = 147620 x 10% Amp (D, ) — 1.00802.  (4)

The process of the ICL wavelength modulation, the scan
of the CO; absorption line profile, and the 2 f signal extrac-
tion by a lock-in amplifier were simulated based on the theory
and formulations in our previous work [4]. The important
simulation parameters mainly include the measured ICL
tuning characters, the waveguide parameters, and the CO,
absorption line profile obtained from the high-resolution
transmission (HITRAN) database [13]. The measured
relationship between the emitting wavenumber (WN, in
cm™'), the output power (P, in mW), and the current (Z,
in mA) of the ICL at an operation temperature of 0°C is
WN = —0.0877 +2319.48 and P =0.088/ — 2.41, respec-
tively. The response coefficients (i.e., the slope of the response
curve) of frequency (dAmp(D, ¢) /d fin at 5 kHz) and intensity
(dAmp(D,¢)/dAmpg, at 1.02 mA) to the sinusoidal modula-
tion signal are numerically as small as —7.9 x 107 V/Hz and
—2.0 x 107> V/mA, respectively, indicating that Amp(D, )
nearly reaches the maximum at 5 kHz and 1.02 mA. As can be
seen from Fig. 4(a), the simulation results of Amp(D, ) are
consistent with those from the experiment within 0%-100%.
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The noise level of the sensor was evaluated to obtain the
LoD using WMS. The measured 2 f* signals for 40% CO,
(Ceel = 40%) and Ny (Ceqy = 0%) and the D,y signal are
shown in Fig. 4(b). The measured Amp(D, ) was 2.83 mV,
and the 1o noise of the D,/ signal was determined to be

71 =0.06 mV through long-term measurement. Then the
LoD can be determined by [4]

LoD = CCCH/SNRC = Ccell/(Amp(D2f)/n10')' (5)

Here, SNR(: is the signal-to-noise ratio under the concentra-
tion level of C.j. The LoD can be calculated as ~ 0.8%.

Pure N, was injected into the gas cell to remove the CO,
adsorbed by PDMS. Then a 10% CO; sample was injected
for 34 s. The dynamic response curve is shown in Fig. 4(c). A
peak can be observed during the injection. After that, the CO,
concentration returned to the initial concentration level after
the injection of N at the end. Setting Cjj to be 10%, the curve
of Cypace Versus measurement time is shown in Fig. 4(c). When
the target CO; concentration in the gas cell was relatively stable,
the measured averaged value of Cyyace is 0.04% with a variation
of ACpace =0.037%.

An Allan deviation analysis [Fig. 4(d)] was performed by
the measurement of the Amp(D;y) at the N, environment
(Ceert = 0%) for ~ 15 min, which also indicates the dominated
noise type and level of the waveguide sensor system. The Allan
deviation result shows a 1o LoD of 0.3% for a 0.2 s averaging
time, which is in the same order of magnitude as the LoD calcu-
lated based on Eq. (5). So the dynamic range of the sensor can be
regarded to be 0.3%—100%. The noise mainly comes from envi-
ronmental vibration, mode interference of the waveguide and
fiber, the error of the gas mixing system (Environics 4000), and
the temperature drift of the detector. The environmental vibra-
tion, which severely affects the coupling between the fiber and
the waveguide, leads to a small optimum averaging time (0.8 s).
The atmospheric CO; absorption can be treated as background
absorption, which was subtracted from the absorption signal.
So the atmospheric CO; doesn’t affect the LoD calculation and
Allan deviation analysis results. However, a measurement of the
background signal is needed when the sensor is exposed to air.

For comparison, the DAS technique was used to evaluate the

sensor performance, where a scan signal with a current range of
41-58 mA was used to drive the laser, generating a wavelength
range of 4317.80-4321.10 nm. Under the atmospheric CO,
concentration level (Cegi = Cypace)s the averaged absorption
signals obtained from the waveguide with L wg =1cm
and another waveguide with L, w2 =2 cm on the same sub-
strate were recorded [Fig. 5(a)] for the calculation of ¢, The
two baselines were achieved to remove the gas absorption. As
shown in Fig. 5(a), according to the amplitude of the fitting
baselines vo(Lswg) at 4319.3 nm, it can be estimated that
aintIdB/cm = 1Ologlo[UO(LS,WG2)/U0(LS,WG1)]/(LS.WGZ -
L wa1) = 5.1 dB/cm. The absorption in Fig. 5(a) includes two
parts: the first part is the free-space absorption, and the second
part is the absorption from the sensing waveguide. Compared
with the first part, the second part can be ignored because of an
extremely small L, wg and y. The larger loss of the 2-cm-long
waveguide made the output sensing signal smaller than that of
the 1-cm-long sensing waveguide. That is why the two absorp-
tions have different baselines. Under the condition of the same
absorbance of free-space CO; the signal attenuations under the
two cases were different.
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Table 1. Comparison between the MIR ChG-on-MgF, Waveguide Sensor and Other MIR Waveguide Sensors
Refs. Platform A (um) Gas o (dB/em)  y(exp) L(cm) Leg(em) LoD Ly x LoD (cm) — Technique
(6] SOI 424  CO, 3 44% 0.32 0.1408  0.1% 0.01408% DAS
(5] Si-on-Si3Ny 4.23 CO, — 19.5% 1 0.195 0.5% 0.0975% DAS
[12] ChG-on-Si0O, 3.31 CHy 7 — 1 — 2.5% — DAS
This ChG-on-MgF, 4.319 CO, 5.1 4.6% 1 0.046 2.5% 0.115% DAS
work 0.3% 0.0138% WMS
"'s—zébsor_ptwn STZNal (Cogy = Copac E.F~Toa=Tm Lowen | a simple fabrication process and a small L.g based on WMS
~o.5 [ Baseline (L, \y;, = 1 cm) 2 P =L =00lcm _jp—="C1 GU | . .. . .
&7l = Absorption signal (Cogy = Cypacd B2} * * Luwen = | c@— voLowa)] o can obtain the similar performance as other waveguides with
g ~Basdine Ly, =2 em) Euo N S g better performances based on DAS. Therefore, under the same
=" Sos f £ LoD requirement, the use of WMS technique is beneficial to the
Uiy _ )| S, =007 A E miniaturization of the sensor.
N earS -)‘<’f‘("1~-—' ) :ij \_/ " In conclusion, we proposed a novel ChG-on-MgF, wave-
Pl o Loene] Sefb) § RSO guide gas sensor based on the WMS technique for the first time
Wavelength (nm) Wavelength (nm) as far as we know. MgF, was used as the lower cladding layer to
Fig. 5. (a) Averaged absorption signals from the waveguide with a decrease the light power confined in the lower Cladding layer.

length of 1 cm (black) and 2 cm (blue) with air in the gas cell and the
baselines (red and green). (b) The fitting line of the normalized trans-
mission curve of the waveguide (green, Ceai = 40%, L, wai = 1 cm),
the simulated normalized transmission curve of free-space absorption
(red, C = Cet =40%, Lr=0.01cm), and the absorbance signal
(blue, Ceeit = Cypace> Ls, w1 = 1 cm) obtained from Fig. 5(a).

The normalized transmission of the sensing waveguide
with L w1 = 1 cm as well as the transmission with free-space
absorption with an effective optical path length of L. is used
to determine y. The normalized transmission curve for the
sensing waveguide (L;wag1 =1 cm, Ceqi =40%) is shown in
Fig. 5(b), which was obtained by a ratio operation between the
absorption signal (C.qi =40%) and the background signal
(Ceell = 0%) with Lorentz fitting. Also, the simulated curve of
free-space CO,; absorption (Leg=0.01 cm, C = C.i = 40%)
based on the HITRAN database [13] is shown in Fig. 5(b).
The normalized transmission at the central wavelength for
the waveguide is exp(—y g Ceeti L5, wG1) = 0.183, and the
normalized value of the simulated free-space CO, absorption is
exp(—0lgas Ceell Lefr) = 0.693. Therefore, y can be estimated to
be 4.6%.

Without modulation, the DAS-based sensor suffers from
the influence of low-frequency noise. The absorbance signal
[—In(absorption signal /baseline)] obtained from Fig. 5(a) is
shown in Fig. 5(b), whose 1o noise is 0.107. Based on Eq. (5),
the LoD can be calculated as 40%/[— In(0.183)/0.107] =
2.5%.

A comparison between the proposed sensor and other gas
sensors is shown in Table 1. The waveguide loss is smaller than
the other ChG-on-SiO; sensors. The g, at 4.319 pm is at
least 3 times lower than that in the ~ 4.23 pum [5,6]. The LoD
of this sensor based on DAS is higher than other waveguide
CO; sensors because of the small Leg (Leg=y X L wg) and
gas- Lefr can be increased by reducing the waveguide width to
increase y or by increasing L; wg. L. X LoD represents the
minimum detectable absorbance. Considering the difference
in absorption line strength, the Lg x LoD of the proposed
sensor (0.115%/3 = 0.0383%) based on DAS is of the same
order of magnitude as other CO; sensors (0.0141%, 0.0975%).
Compared to DAS, the LoD of our sensor obtained by WMS

can be decreased by >8 times. The proposed waveguide with

The simulation results showed that the y can be increased by
>40 times by using the MgF, as the lower cladding layer instead
of the ChG glass with a refractive index of 2.2. The LoD of the
waveguide gas sensor based on WMS was ~ 0.3%, which was
>8 times lower than that of the DAS. Using the WMS tech-
nique and a MgF, lower cladding layer, the performance of the
sensor can be effectively improved, which is of great significance
to the miniaturization of the waveguide sensor chip.
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