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A B S T R A C T   

Compared with direct absorption spectroscopy (DAS), wavelength modulation spectroscopy (WMS) with good 
ability of suppressing noise is rarely used in waveguide sensor. The influence of waveguide parameters on WMS 
sensing performance is required to clarify in both theory and experiment. Three mid-infrared waveguide 
methane (CH4) sensors (trapezoid, rectangular, suspended) were proposed and optimized for WMS simulation. 
Theoretical formulation and the experimentally derived sensing noise were used to numerically evaluate the key 
figure of merit more accurately. Simulation results were presented to show the influence of waveguide param-
eters on sensing performance. Two chalcogenide on magnesium fluoride (ChG-on-MgF2) trapezoid waveguide 
CH4 sensors were fabricated using lift-off method, and CH4 measurement was carried out using WMS. The 
waveguide loss was measured to be 1.52 dB/cm, leading to an optimal sensor length of 2.7 cm. The limit of 
detection (LoD) of CH4 for the 1cm- and 2cm-long waveguide sensors are 0.68% and 0.17% with an averaging 
time of 0.2 s. The experimentally achieved second harmonic (2f) signal amplitude and LoD show good agreement 
with the theoretical results, verifying the feasibility of the design and analysis model of the WMS-based wave-
guide sensor. Due to the use of WMS and a reduction of waveguide loss from 3.6 to 1.52 dB/cm, the LoD of the 
2cm-long ChG-on-MgF2 sensor is 24 times lower than our previously reported 2cm-long ChG-on-SiO2 sensor 
based on DAS. This work provides a systematic guidance for the design of waveguide gas sensor based on WMS 
and contributes to improving the sensitivity of on-chip gas sensing.   

1. Introduction 

Direct absorption spectroscopy (DAS) and wavelength modulation 
spectroscopy (WMS) are two commonly-used techniques for gas detec-
tion [1–5]. Compared with DAS, WMS processes sensing signal at a high 
frequency region to suppress noise and reveals better performance [6]. 
For a gas sensing system with bulk discrete units (e.g., gas cell, lens), the 
free-space light passing through a gas cell without the target analyte can 
be considered lossless and the contribution of long optical path 
(generally m to km scale) to enhance light-gas interaction is obvious. 

However, this kind of sensing system is large in size and is easily affected 
by environmental vibration and consumes high power. Optical wave-
guide sensor integrated with a laser and a detector on a single-chip with 
small size can solve these problems, but the waveguide intrinsic loss αint 
(mainly includes material absorption loss, scattering loss and bending 
loss), small sensing waveguide length L (generally mm to cm scale) and 
small external confinement factor γ (generally < 1) decrease absorption 
signal and signal-to-noise ratio (SNR). The factor γ indicates the inter-
action effect between light and gas molecular, where γ = 1 for free-space 
light absorption. A suspended waveguide with γ = 107% was proposed 
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for near-infrared (NIR) acetylene (C2H2) sensing based on DAS, but the 
non-negligible αint made the limit of detection (LoD) larger than the 
free-space light sensing with the same optical path length [7]. 

Generally, the three parameters αint, γ and L influence the perfor-
mance of an on-chip sensor together. The main purpose for optimizing 
such a small-size sensor is decreasing LoD, which determines its appli-
cation prospect. Five key issues to improve the performance of the on- 
chip gas sensor are as follows. (1) Selecting suitable core layer and 
cladding layer materials to decrease the material absorption loss at the 
operating wavelength. (2) Selecting and optimizing the waveguide 
structure to increase γ. (3) Considering the feasibility and cost of the 
fabrication process. (4) Selecting an appropriate L according to αint to 
improve SNR. (5) Selecting appropriate spectroscopy sensing technique. 

Design and simulation of a waveguide gas sensor are important for 
field applications. The performance of a waveguide gas sensor based on 
DAS was theoretically studied considering only the noise of the detector 
[8–18]. However, the LoD is affected by not only the noise from the 
detector but also the interference from some environmental factors, e.g. 
vibration. Instead of DAS, our group proposed a mid-infrared (MIR) 
chalcogenide (ChG) on magnesium fluoride (MgF2) waveguide carbon 
dioxide (CO2) sensor at ~ 4319 nm based on WMS for the first time [19]. 
Compared with DAS, the LoD was reduced by > 8 times by virtue of 
WMS. Under the same LoD requirement, the use of WMS is beneficial to 
the miniaturization of an on-chip waveguide sensor. However, detailed 
theoretical analysis of waveguide parameters on sensing performance 
has not been studied yet, and gas measurement is still needed to verify 
the analysis theory and simulation model for the design of a waveguide 
gas sensor based on WMS. 

In this work, three typical mid-infrared waveguide methane (CH4) 
sensors (trapezoid, rectangular, suspended) were proposed, and theo-
retical analysis, waveguide fabrication and gas measurement were 
conducted on two ChG-on-MgF2 waveguide sensors. The novel aspects 
of this work include: (1) Theoretical formulation and simulation model 
of ChG waveguide gas sensor were proposed based on WMS. (2) The 
performances of three typical waveguides (trapezoid, rectangular, sus-
pended) sensors were simulated by using the optimized waveguide pa-
rameters as well as some experimental parameters for high accuracy. (3) 

Two optimized ChG-on-MgF2 waveguides were fabricated for CH4 
measurement. (4) The LoD of the fabricated meander ChG-on-MgF2 
waveguide is 24 times lower than the ChG-on-SiO2 sensor with the same 
length based on DAS. (5) The experimentally achieved relation between 
the amplitude of the second harmonic signal and waveguide length 
shows good agreement with the theoretical result. 

2. Optical waveguide sensing theory and formulation 

The sensing schematic diagram of a waveguide sensor based on WMS 
is shown in Fig. 1. For WMS operation, a high-frequency sinewave signal 
(usin(t) = Asinsin(ωsint)) is added to a low-frequency triangular-wave 
scan signal utri(t) to drive the laser. Asin and ωsin are the amplitude and 
angular frequency of usin(t), respectively. The scan signal utri(t) with an 
amplitude of Atri (0 ≤ t ≤ Ttri) is expressed as [6]. 

utri(t) =
{
− Atri/2 + (2Atri/Ttri)t, 0 ≤ t ≤ Ttri/2
3Atri/2 − (2Atri/Ttri)t,Ttri/2 ≤ t ≤ Ttri

(1) 

The drive signal uWMS(t) can be expressed as 

uWMS(t) = utri(t) + usin(t) (2) 

The signal uWMS(t) applied on the ICL results in a current signal i(t) 
(in mA), which changes both the emitting wavenumber (v, in cm− 1) and 
output power (P0, in mW). For the used ICL with a central wavelength of 
3291 nm, the relation curves of v and P0 versus i at 16 ◦C are shown in 
Fig. 1(b) and the linear fitting equations are 

v(t) = − 0.15934i(t)+ 3046.8152 (3)  

P0(t) = 0.14445i(t) − 2.6969 (4) 

The absorption sensing theory of a waveguide CH4 sensor obeys 
Lambert-Beer law [13,14], expressed as 

P = P0exp
(
− γαgasCL − αintL

)
(5)  

where C is the CH4 concentration; P is the waveguide output light power; 
αgas is the CH4 absorption coefficient, which can be obtained from the 
high-resolution transmittance (HITRAN) molecular spectroscopy 

Fig. 1. (a) Schematic diagram of a waveguide sensor based on WMS. (b) Curves of v and P0 of the used ICL versus i at an operating temperature of 16 ◦C. (c) The 
absorption coefficient αgas of pure CH4 and 2% H2O versus wavenumber v, where the ambient temperature is 27 ◦C, the atmospheric pressure is 1 atm and the 
interaction length L = 1 cm. 
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database [21]. The αgas of pure CH4 and 2% H2O versus v is shown in 
Fig. 1(c) at an ambient temperature of 27 ◦C, an atmospheric pressure of 
1 atm and an optical absorption length of L = 1 cm. The absorption 
coefficient of H2O is 6 orders smaller of magnitude than CH4, and the 
effect of H2O can be neglectable. The external confinement factor γ can 
be expressed as [20]. 

γ =
ng
∫∫

gasε(x, y)|E(x, y)|
2dxdy

ngas
∫∫

totalε(x, y)|E(x, y)|
2dxdy

(6)  

where E and ε are the electric field and permittivity of the waveguide 
cross-section in the z direction, respectively. ng and ngas are group index 
and the refractive index of the CH4 sample (≈ 1), respectively. 

The optical power output from the waveguide is converted to an 
electric signal ur(t) by a detector, expressed as 

ur(t) = KDoeP0(t)[1+muWMS(t)]exp
(
− γαgas(t)CL − αintL

)
(7)  

where m is the light intensity modulation coefficient, and K and Doe are 
amplifying factor and photoelectric conversion coefficient, respectively. 

The schematic diagram in Fig. 1(a) also shows how the second har-
monic (2f) signal A2f(t) is generated. The A2f(t) extracted from the 
LabVIEW-based orthogonal lock-in amplifier can be expressed as 

A2f (t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
A2f ,⊥

)2
+
(
A2f ,‖

)2
√

(8)  

where A2f,⊥ and A2f,‖ are the two orthogonal components. The amplitude 
of the 2f signal (max(A2f)) is related to C and absorption peak wave-
length, which is used for gas concentration calibration. 

During a long-term WMS detection of a gas sample with a concen-
tration level of C, define the mean value of the measured 2f signal 
amplitude as max(A2f ), and the 1σ noise of the measurement result as 
n1σ, where σ represents the standard deviation. Then the SNR of the 
sensor can be calculated by max(A2f )/ n1σ. Therefore the LoD of the 
sensor with a good linear response can be expressed as [19]. 

LoD =
C

SNR
=

Cn1σ

max
(
A2f

) (9) 

Here, n1σ will be experimentally derived through CH4 measurement 
(see Section 4.3). 

3. Optimization and simulation of optical waveguide sensor 

3.1. Waveguide structure and optimization 

Rectangular waveguide [22–24] and suspended waveguide [7,25] 
are two typical waveguide structures used for gas sensing based on 
infrared absorption. However, a trapezoid waveguide is easily obtained 
when fabricating a ChG rectangular waveguide using lift-off technique 
[19]. The structure of the ChG trapezoid, rectangular and suspended 
waveguide are shown in Fig. 2(a), (b) and (c), respectively. Compared 
with ChG-on-SiO2 waveguide, since the refractive index of MgF2 is lower 

than that of SiO2, the light power in the under cladding layer is smaller 
resulting in a higher γ [19]. Besides, compared with SiO2 with an 
operating wavelength less than 3.6 µm, the transparency window of 
MgF2 can be up to ~ 7 µm, which makes the ChG-on-MgF2 waveguide 
operate in a wider wavelength range. Since the laser emitting beam is 
polarized along the vertical direction, the three waveguide structures 
with the quasi-TM0 mode are optimized to increase γ using COMSOL 
Multiphysics. A similar optimized method can be seen in our previous 
work [13,14] and the optimized results are shown in Table 1. At 
3.291 µm, the calculated γ of the three waveguides are 0.078, 0.151 and 
1.152, respectively. The optical mode field distribution are shown in the 
insets of Fig. 4(a), (b) and (c), respectively. Compared to the trapezoid 
and rectangular structure, the suspended waveguide with γ = 1.152 
shows enhanced light-gas interaction effect by exposing more mode field 
to analyte, which is larger than the light-gas interaction in free space (γ 
= 1.0). 

3.2. Influences of waveguide loss and external confinement factor 

Curves of the 2f signal amplitude max(A2f) versus the waveguide loss 
αint is shown in Fig. 3(a), where γ = 0.078, 0.151 and 1.152 for the three 
waveguides, L = 1 cm and 2 cm, and C = 1% (1% = 10,000 ppm, parts 
per million). The max(A2f) decreases with the increase of αint because of 
the decrease of output light power. So a waveguide with lower αint shows 
better performances. The total optical loss of the 2 cm-long waveguide 
increases more obviously than that of the 1 cm-long waveguide with the 
increase of αint, leading to a smaller output power. So the max(A2f) of the 
2cm-long waveguide sensor decreases more obviously with the increase 
of αint. When αint reaches 5.5 dB/cm, the max(A2f) of the 1 cm-long 
trapezoid waveguide is close to the noise level n1σ (the experimental 
result in Section 4.3), and at this time, SNR ≈ 1. When αint increases 
from 1 dB/cm to 3 dB/cm, the max(A2f) decreases by ~ 2.5 times. 
Generally, the αint of a reported ChG waveguide can be < 3 dB/cm 
[26–28], which will be considered in the following simulation. 

The simulated max(A2f) versus γ and the linear fitting lines are shown 
in Fig. 3(b), where L = 1 cm and 2 cm, αint = 1 dB/cm and C = 1%. The 
waveguide with large γ can increase SNR. Typically, the γ of a suspended 
waveguide can be > 1 but the fabrication process needs two lithography 

Fig. 2. Structures of (a) trapezoid, (b) rectangular and (c) suspended waveguides.  

Table 1 
Optimized results of the ChG trapezoid, rectangular and suspended waveguide 
at 3.291 µm.  

Waveguide Mode Structural parameters Value (μm) γ 

Trapezoid Quasi-TM0 Top width, w1  2.8  0.078 
Bottom width, w2 

Strip height, h  
6.4 
1 

Rectangular Quasi-TM0 Strip width, w3  3 
0.45  

0.151 
Strip height, h 

Suspended Quasi-TM0 Strip width, w3  4  1.152 
Strip height, h  0.1 
Planar layer width, W  8 
Planar layer height, H  0.3  
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steps [7]. The γ of a slot waveguide can be larger than a rectangular 
waveguide, but the fabrication of the slot waveguide requires 
high-precision electron beam lithography process and the larger scat-
tering loss caused by dry etching limits the sensing performance [29]. 

3.3. Influence of waveguide sensor length 

Curves of the simulated max(A2f) of the three waveguide modes 
versus L are shown in Fig. 4(a), (b) and (c), respectively, where αint 
= 0 dB/cm, 1 dB/cm, 2 dB/cm, and 3 dB/cm and C = 1%. The max(A2f) 
increases linearly with the increase of L when αint = 0 dB/cm, which can 
be treated as an ideal condition. When αint ‡ 0 dB/cm, the max(A2f) in-
creases first and then decreases as L increases. The waveguide length 
corresponding to the maximum max(A2f) is defined as the optimal 
waveguide length Lopt. When L < Lopt, the increase of L decreases the 
output power, but the effect of gas absorbance on max(A2f) is larger than 
that of αint. However, when L > Lopt, the effect of αint on max(A2f) is more 
obvious than that of absorbance. Curves of Lopt of the three waveguide 

sensors versus αint are shown in Fig. 4(d). Lopt decreases with the in-
crease of αint because of the increased waveguide loss. The three 
waveguides with different γ have the same Lopt, indicating that Lopt is 
independent on αint. The max(A2f) becomes larger with the decrease of 
αint. The simulated curve of max(A2f) for a free-space optical sensor 
(γ = 1) is shown in Fig. 4(c), where C = 1%. The max(A2f) of the sus-
pended waveguide sensor with αint = 1 dB/cm is larger than the free- 
space sensor when L < 0.6 cm. However, the max(A2f) of the sus-
pended waveguide with L < 0.6 cm is at least 2 times lower than the 
maximum max(A2f) at Lopt = 4.3 cm. This shows that the performance of 
the suspended waveguide sensor can be better than the free-space sensor 
with a small L. 

For a high precision of performance estimation, a noise level of n1σ 
= 0.2 mV is taken in numerical simulation, which was experimentally 
obtained as can be seen in Section 4.3. Based on Eq. (9), curves of LoD for 
the three waveguide sensors versus L are shown in Fig. 5(a), (b) and (c), 
respectively, where αint = 1 dB/cm, 2 dB/cm and 3 dB/cm. The LoD of 
the suspended waveguide sensor with αint = 1 dB/cm is 145 ppm, which 

Fig. 3. (a) The simulation curves of the 2 f signal amplitude max(A2f) versus waveguide loss αint, where γ = 0.078, 0.151 and 1.152, L = 1 cm and 2 cm, and C = 1%. 
(b) Curves of the simulated data dots of max(A2f) versus γ as well as the linear fitting curves, where L = 1 cm and 2 cm, αint = 1 dB/cm and C = 1%. 

Fig. 4. Curves of the simulated 2 f signal amplitude max(A2f) of (a) trapezoid, (b) rectangular and (c) suspended waveguides versus L, where αint = 0 dB/cm, 1 dB/ 
cm, 2 dB/cm, and 3 dB/cm and C = 1%. Insets: The optical field distribution of the corresponding waveguides. (d) Curves of the optimal waveguide length Lopt versus 
waveguide loss αint, where γ = 0.078, 0.151 and 1.152, and C = 1%. 
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is > 6 times smaller than the LoD of the rectangular waveguide. In the 
absence of absorption enhancement effect (e.g., slow light effect [15,16, 
30,31] and surface-enhanced infrared absorption effect [32]), the LoD of 
a waveguide sensor with small length is difficult to reach a 
parts-per-billion (ppb) level. According to the linear relationship be-
tween γ and max(A2f) in Fig. 4(b) and the rectangular waveguide per-
formances, the LoD of the waveguide with the optimal length can be 
< 1000 ppm when γ > 0.145 (αint = 1 dB/cm), 0.290 (αint = 2 dB/cm) 
and 0.428 (αint = 3 dB/cm). Curves of LoD for the three waveguides 
versus αint are shown in Fig. 5(d), where L = Lopt. As can be seen that 
either increasing γ, or decreasing αint or choosing appropriate L are 
effective methods to improve the performances of waveguide sensor. 
The performances of the three waveguides with optimal length are 
shown in Table 2. 

3.4. Analysis of the optimal waveguide sensor length 

Due to the use of wide coupled waveguides on both sides of the 
sensing waveguide (the trapezoid fabricated waveguide structure in 
Section 4.1), the sensing waveguide length cannot be changed after 
fabrication, so it is necessary to select an appropriate waveguide length 

before fabrication. The simulation results in Fig. 4(d) show that the 
variation of γ has no influence on Lopt. So αint is only considered in 
optimizing Lopt. The αint of the reported ChG waveguide sensors was 
usually ≤ 8 dB/cm [19,26,28,32], and it is a challenge to fabricate a 
ChG waveguide with αint ≤ 1 dB/cm. Based on Fig. 4(d), the corre-
sponding range of Lopt is 2.7–0.6 cm when 1.5 ≤ αint ≤ 8 dB/cm. Under 
the case of αint = 1.5 dB/cm (i.e. the measured waveguide loss in this 
work), the max(A2f) of the waveguides with L = 1 cm and L = 2 cm are 
0.703 times and 0.967 times of the waveguide with Lopt = 2.7 cm, 
respectively. 

4. Waveguide sensor fabrication and experiment 

4.1. Fabrication of ChG-on-MgF2 waveguide 

The fabrication process of the ChG-on-MgF2 waveguide is shown in  
Fig. 6. A MgF2 film was deposited on the silicon (Si) substrate by thermal 
evaporation (IT-302, LJUHV). MgF2 has a high transmittance in the MIR 
with a refractive index of ~ 1.39. Then a Ge28Sb12Se60 core layer was 
fabricated on MgF2 layer by lift-off method [19]. The lift-off method 
requires different exposure doses at the top and bottom of the photo-
resist to form an undercut structure after developing. The undercut 
structure of photoresist can ensure the success of using lift-off method 
for waveguide fabrication, but a trapezoid waveguide other than a 
rectangular waveguide is usually formed due to the undercut photoresist 
structure. The refractive index of Ge28Sb12Se60 is ~ 2.63 at ~ 3.291 µm. 
CH4 was adopted as the upper cladding layer with a targeted absorption 
wavelength of ~ 3.291 µm. Following the optimization results in Section 
3.4, the waveguide length was selected as L = 1 cm and 2 cm for CH4 
sensing. The schematic diagrams of the straight ChG-on-MgF2 wave-
guides (WG1) with a length of L1 = 1 cm and the meander ChG-on-MgF2 
waveguides (WG2) with a length of L2 = 2 cm are shown in Fig. 7(a). 
The bending radius of WG2 was 50 µm and the bending loss can be 
ignored. A polydimethylsiloxane (PDMS) gas cell (16 mm × 10 mm ×
10 mm) with an inlet and an outlet was bonded on the chip. The width of 

Fig. 5. Curves of LoD for (a) trapezoid, (b) rectangular and (c) suspended waveguides versus L, where αint = 1 dB/cm, 2 dB/cm, and 3 dB/cm and C = 1%. (d) Curves 
of LoD versus αint, where γ = 0.078, 0.151 and 1.152, and L = Lopt. 

Table 2 
Simulated performances of the three waveguide sensors with optimal length.  

Waveguide Mode αint (dB/ 
cm) 

Lopt 

(cm) 
max (A2f) 
(V) 

LoD 
(ppm) 

Trapezoid Quasi- 
TM0  

1  4.3  0.00110  1790  
2  2.1  0.00060  3407  
3  1.4  0.00040  5093 

Rectangular Quasi- 
TM0  

1  4.3  0.00209  957  
2  2.1  0.00104 

0.00070  
1923 
2837  3  1.4 

Suspended Quasi- 
TM0  

1  4.3  0.01379  145  
2  2.1  0.00743  269  
3  1.4  0.00509  393  
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the coupled waveguides on both sides of the sensing waveguide were 
increased to 16 µm. The scanning electron microscope (SEM) images of 
the straight waveguides and meander waveguides are shown in Fig. 7(b) 
and (c), respectively. The SEM image of the waveguide cross-section 
structure is shown in Fig. 7(d). The thickness of the MgF2 lower clad-
ding layer is 2.7 µm and the structural parameters of ChG core layer are 
the same as those of the trapezoid waveguide in Table 1. The quasi-TM0 
mode optical field distribution is shown in the inset of Fig. 4(a). 

4.2. Sensor system 

A schematic diagram of the waveguide gas sensor system based on 
WMS is shown in Fig. 8. The function of the orthogonal lock-in amplifier 
was realized by a LabVIEW-based lock-in amplifier. The low-pass filter 
was realized by a second-order Butterworth filter, and the high cutoff 
frequency and low cutoff frequency were set as 0.45 Hz and 0.125 Hz, 
respectively. A current driver and a temperature controller were used to 
drive the ICL (Nanoplus, Germany) with transverse magnetic (TM) po-
larization and a beam diameter of ~ 4 mm. The light from the ICL with 
an emission wavelength of ~ 3.291 µm was coupled to a single mode 
(SM) indium fluoride (InF3) fiber (Le Verre Fluoré, France) by a reflec-
tive collimator (RC08, Thorlabs, USA). The ChG-on-MgF2 waveguide 
was butt-coupled with the SM fiber and the output light of the wave-
guide was detected by a mercury cadmium telluride (MCT) detector 
(PVI-4TE-5, VIGO System, Poland). The signal output from the detector 
was derived by a data acquisition (DAQ) card (USB 6361, National In-
struments) and processed by a LabVIEW platform to obtain the 2 f 

signal. The DAQ card generated a triangular wave signal superimposed 
by a sine wave signal to the current driver to drive the ICL. A gas mixing 
system (Environics, Series 4000) controlled the flow rate of CH4 
(99.999%) and nitrogen (N2) (99.999%) to obtain CH4 samples with 
different concentration levels. 

Fig. 6. The fabrication process of the ChG-on-MgF2 waveguide.  

Fig. 7. (a) Top-view structure of the straight and meander waveguides. The 
SEM images of (b) straight waveguide, (c) meander waveguide, and (d) 
waveguide cross-section structure. 

Fig. 8. Schematic diagram of the waveguide gas sensor system based on WMS. 
WG: waveguide; RC: reflective collimator; SM: single mode; MRS: manual 
rotation stage; CD: current driver; TC: temperature controller; DAQ: data 
acquisition; GMS: gas mixing system; LIA: lock-in amplifier. Inset: the sensor 
chip with PDMS gas cell. 
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4.3. CH4 sensing results 

First, the waveguide loss was determined without modulating the 
laser. The temperature of the ICL was set to 16 ◦C. The current range was 
45–55 mA and the scan signal frequency was set to 10 Hz to cover the 
CH4 absorption line. Since the atmospheric CH4 concentration level is 
only ~ 2 ppm [33], the absorption outside the PDMS gas cell can be 
ignored compared to the absorption in the gas cell with a CH4 concen-
tration level of 20%. WG1 and WG2 were measured at C = 20% with a 
flow rate of 100 sccm. Under the operation of only a triangle wave signal 
for wavelength scan of the ICL, the measured output signal from the 
detector and the linear fitting curves for WG1 and WG2 are shown in  
Fig. 9(a). Under the same input power and coupling method, the 
waveguide loss can be calculated by the measured voltage of WG1 
(AmpL2) and WG2 (AmpL1) as αint = –10 log10(AmpL2/AmpL1)/(L2–L1) 
= 1.52 dB/cm. The coupling loss from the MIR fiber to the waveguide 
was measured to be ~ 6.6 dB. 

Then the sensing performance of WG1 and WG2 based on WMS were 
analyzed. A sinewave with a frequency of 5 kHz was added to the pre-
vious triangular wave. Curves of max(A2f) and modulation depth versus 
modulation amplitude are shown in Fig. 9(b), where the CH4 concen-
tration is 20%. The modulation amplitude was optimized as 0.03 V to 
obtain the largest max(A2f) and the corresponding modulation depth 
was 0.08849 cm− 1. CH4 samples with concentration levels of 0%, 10%, 
20% and 30% were flowed into the gas cell at a flow rate of 100 sccm. 
Before injecting CH4 samples into the gas cell, pure N2 was passed into 
the gas cell to remove the residual CH4. The 2 f signals of WG1 and WG2 
at different CH4 concentration levels from 10% to 30% are shown in  
Fig. 10(a) and (c), respectively. The average value of max(A2f) for WG1 
and WG2 at C = 20% are 2.28 mV and 4.08 mV, respectively. The data 
dots of max(A2f) at each CH4 concentration level from 0% to 30%, the 
corresponding fitting curves for WG1 and WG2 and the simulated max 
(A2f) data dots are shown in Fig. 10(b) and (d), respectively. The 
simulation results are consistent with the experimental results, which 
shows a good accuracy of the simulation model. The fitting equation 
between CH4 concentration (in ppm) and the max(A2f) (in V) of WG1 
and WG2 are 

CWG1 = 1.5091 × 108 max
(
A2f

)
− 5.9187 × 104 (10)  

CWG1 = 7.7124 × 107 max
(
A2f

)
− 1.4675 × 104 (11)  

where CWG1 and CWG2 are CH4 concentration of WG1 sensor and WG2 
sensor, respectively. 

Pure N2 was flowed into the PDMS gas cell for analyzing the Allan 
deviation of the sensor. The measured CH4 concentration for WG1 and 
WG2 versus measurement time in N2 environment are shown in Fig. 11 
(a) and (b), respectively. In addition to the temperature drift of the 

detector and environmental vibration, other noises include the dilution 
ratio variation of the gas mixing system, the fluctuation of laser power 
and mode interference of the waveguide and fiber. The 1σ noise (defined 
as n1σ) for WG1 and WG2 are 0.25 mV and 0.15 mV, respectively. Based 
on Eq. (9), the LoD of WG1 and WG2 were calculated as 2.2% and 0.7%, 
respectively. The LoD of WG2 based on WMS decreased by > 3 times 
compared to WG1. The Allan deviation curves of WG1 and WG2 versus 
averaging time are shown in Fig. 11(c). The data acquisition time (i.e. 
minimum averaging time) is 0.2 s, which includes the signal sampling 
time of 0.1 s and the data processing time of 0.1 s. For a linear system, 
the LoD is usually determined by standard deviation or Allan deviation. 
With the increase of averaging time, the white Gaussian noise of the 
sensor is reduced, resulting in the decrease of Allan deviation and a 
lower LoD. However, as the averaging time increases to a certain value, 
system drift starts to play a dominant role, leading to the increase of 
Allan deviation and LoD. The LoD of WG1 and WG2 are 0.68% 
(6784.2 ppm) and 0.17% (1727.1 ppm) at an averaging time of 0.2 s, 
respectively, which are in the same order of magnitude as the LoD 
calculated based on Eq. (9). The LoD of WG2 is 140.8 ppm at an opti-
mum averaging time of 32.4 s and the LoD of WG1 is 396.7 ppm at an 
optimum averaging time of 81.8 s 

5. Comparison and discussion 

5.1. Comparison between simulation and experiment 

Under the case of αint = 1.52 dB/cm and C = 30%, simulated curves 
of max(A2f) versus L as well as the measured max(A2f) of the two 
waveguide sensors are shown in Fig. 12. As can be seen, the two 
measured data dots are on the simulated line, which verifies a good 
agreement between experiment and simulation. A detailed comparison 
between the simulation and experiment results are summarized and 
shown in Table 3, from which a similar conclusion can be drowned. 
Therefore, the proposed formulation and simulation procedure are 
effective and accurate in the design of such waveguide sensors prior to 
fabrication. It should be note that, waveguide loss is quite important in 
device optimization, which needs to be precisely determined first based 
on measurement. 

5.2. Comparison with other waveguide sensors 

A comparison between the MIR ChG waveguide CH4 sensors is shown 
in Table 4. Compared with other ChG-on-SiO2 rectangular waveguides, 
the proposed ChG-on-MgF2 waveguides have the smallest αint, which 
makes a great contribution to the improvement of max(A2f) and SNR. 
The γ of the proposed waveguide is in the same order of magnitude than 
other ChG-on-SiO2 waveguides in Refs. [22,24]. The optical part and gas 
sampling path part of the proposed sensor system are the same as our 

Fig. 9. (a) Under the operation of only a triangle wave signal for wavelength scan, the measured output signal from the detector and the linear fitting curves for WG1 
and WG2. (b) Curves of max(A2f) and modulation depth versus modulation amplitude, where the CH4 concentration level is 20%. 
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previous work [32]. Under the condition of the same sensing waveguide 
length of 2 cm, the γ with the same order of magnitude and the same CH4 
absorption wavelength of 3291 nm, compared with the ChG-on-SiO2 
waveguide CH4 sensor, the LoD of the ChG-on-MgF2 waveguide CH4 
sensor is reduced by > 24 times. Compared with other ChG waveguide 
CH4 sensors, our waveguide sensors have the lowest LoD. The product of 
LoD×L of the proposed 2 cm-long waveguide is the smallest, which 
represents the minimum detectable absorbance. This shows that the 
performance of the on-chip waveguide gas sensor can be significantly 
improved by using WMS and our optimization methods. In addition to 

Fig. 10. (a) The measured 2 f signal of WG1 at 
different CH4 concentration levels from 10% to 
30%. (b) The measured data dots of max(A2f) at 
a CH4 concentration level from 0% to 30%, the 
corresponding fitting curves of WG1 as well as 
the simulated data dots of max(A2f). (c) The 
measured 2f signal of WG2 at different CH4 
concentration levels from 10% to 30%. (d) The 
measured data dots of max(A2f) at a CH4 con-
centration level from 0% to 30%, the corre-
sponding fitting curves of WG2 as well as the 
simulated data dots of max(A2f). R2: goodness 
of fit.   

Fig. 11. The measured CH4 concentration for (a) WG1 and (b) WG2 versus measurement time in N2 environment. (c) The Allan deviation curves of WG1 and WG2 
versus averaging time. 

Fig. 12. Simulation curve of max(A2f) versus L and the measured max(A2f) with 
L = 1 cm and L = 2 cm, where the CH4 concentration level is 30% and αint 
= 1.52 dB/cm. 

Table 3 
Comparison between the simulation and experimental results for the two 
waveguide sensors.  

Result Sensor L (cm) max (A2f) (mV) LoD 

Simulation Straight sensor  1  0.00262 2.9% 
Experiment  0.00228 2.2% 
Simulation Meander sensor  2  0.00403 1.1% 
Experiment  0.00408 0.7%  
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waveguide, hollow-core fiber can also be used in gas detection as a 
chamber [34–36]. Miniaturized on-chip gas detection can be realized by 
integrating a sensing waveguide, a laser and a detector. However, the 
length of a hollow-core fiber can be as long as several meters which 
makes the LoD of a fiber-based gas sensor obviously smaller than a 
waveguide sensor with a length of only several millimeters. 

6. Conclusions 

Structural parameters of trapezoid, rectangular and suspended 
waveguides were optimized to increase the external confinement factor 
through simulation. The influence of waveguide parameters (αint, L and 
γ) on the 2f signal amplitude (max(A2f)) were theoretically analyzed. 
Noise result obtained from experiment was used to numerically evaluate 
the LoD for improving the accuracy of the simulation. The simulation 
results provide a guidance for designing such waveguide sensor based on 
WMS. Two ChG-on-MgF2 waveguide CH4 sensors with a sensing length 
of 1 cm and 2 cm were fabricated to verify the accuracy of the WMS 
simulation model and design theory. Based on WMS, the experimentally 
achieved LoD of WG1 and WG2 were 0.68% and 0.17%, respectively. 
Using WMS and the optimization method, the LoD of the ChG-on-MgF2 
waveguide CH4 sensor was reduced by > 24 times compared to the ChG- 
on-SiO2 waveguide CH4 sensor based on DAS. This work provides a 
detailed theory and performance evaluation method for the design of 
other on-chip waveguide gas sensors based on WMS. Future work is to 
fabricate ChG suspended waveguide with a large γ and a reduced noise 
level for sensing performance improvement. 
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