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HIGHLIGHTS

e On-chip C,H, measurement using poly-
meric Sus waveguide was
demonstrated.

e Euler-S bend was adopted to reduce
sensor size by more than a half.

e C,H, measurement was performed using
wavelength modulation spectroscopy
(WMS).

e The SU8 spiral waveguide provides a
compact, cost-effective way for gas
sensing.
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ABSTRACT

SUS8 is a cost-effective polymer material that is highly suitable for large-scale fabrication of waveguides. How-
ever, it has not been employed for on-chip gas measurement utilizing infrared absorption spectroscopy. In this
study, we propose a near-infrared on-chip acetylene (CaHz) sensor using SU8 polymer spiral waveguides for the
first time to our knowledge. The performance of the sensor based on wavelength modulation spectroscopy
(WMS) was experimentally validated. By incorporating the proposed Euler-S bend and Archimedean spiral SU8
waveguide, we achieved a reduction in the sensor’s size by over fifty percent. Leveraging the WMS technique, we
evaluated the CyH; sensing performance at 1532.83 nm for SU8 waveguides of lengths 7.4 cm and 13 cm. The
limit of detection (LoD) values were 2197.1 ppm (parts per million) and 425.5 ppm, respectively, with an
averaging time of 0.2 s. Furthermore, the experimentally obtained optical power confinement factor (PCF)
closely approximated the simulated value, with a value of 0.0172 compared to the simulated value of 0.016. The
waveguide loss is measured to be 3 dB/cm. The rise time and fall time were approximately 2.05 s and 3.27 s,
respectively. This study concludes that the SU8 waveguide exhibits significant potential for high-performance on-
chip gas sensing in the near-infrared wavelength range.
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H. Zhao et al.
1. Introduction

The rapid progress in industrial production has significantly stimu-
lated the advancement of gas sensor research [1-3]. Real-time, portable
and cost-effective measurement of specific gases are crucial for waste
gas treatment, energy mining, flammable and explosive gas monitoring
[4,5]. Various types of gas sensing systems have been developed using
discrete optical elements and techniques such as tunable laser absorp-
tion spectroscopy (TLAS) [6], cavity enhanced absorption spectroscopy
(CEAS) [7], photoacoustic spectroscopy (PAS) [8], and photothermal
spectroscopy (PTS) [9], among others. However, the size of these sensors
poses limitations on their portability. Consequently, there has been an
increasing demand for the development of real-time, portable, and
miniaturized gas sensor systems [10,11].

To achieve miniaturization, electrochemical sensing has gained
widespread use owing to its high resolution, good repeatability, and
cost-effectiveness [12,13]. However, electrochemical sensors do possess
certain limitations, including a short lifespan, limited selectivity, and
susceptibility to temperature variations. Alongside electrochemical
sensing, gas sensors utilizing optical waveguides have also garnered
significant attention in recent years [14,15]. Optical waveguide gas
sensing techniques mainly consist of refractive index sensing and optical
absorption sensing [16,17]. The concentration level of the analyte can
be extracted from the change of the effective refractive index, which
affects the output light frequency or phase from the waveguide, by
monitoring the refractive index of the analyte as the waveguide cladding
material varies with the concentration [18]. However, due to the limited
change range of gas refractive index, the detection sensitivity is low, and
the selectivity for analytes is poor. In contrast to refractive index
sensing, waveguide sensors based on optical absorption spectroscopy
provide greater selectivity since each analyte has a unique absorption
spectrum [19]. Concentration can be determined by detecting light
attenuation when the evanescent waveguide mode field with a specific
wavelength passes through the analyte.

Due to the limited interaction length between the optical waveguide
and the gas analyte, as well as the mode transmission loss in the
waveguide, the research on optical waveguide gas sensors has primarily
focused on increasing the effective absorption optical path length. In
2011, Chen et al. first used infrared absorption spectroscopy to gas
sensing on optical waveguides. They proposed an on-chip sensor based
on a silicon photonic crystal slot waveguide for detecting CH4 concen-
tration in the near-infrared, successfully demonstrating its capability to
detect 100 parts-per-million (ppm) CH4 [11]. Photonic crystal wave-
guides offer slow light effect, and the electric field in the slot waveguide
is significantly enhanced, leading to a substantially increased effective
absorption optical path length compared to the physical waveguide
length. Subsequently, a series of on-chip gas sensing studies were con-
ducted using photonic crystal waveguides [15,20]. Additionally, gas
sensing based on conventional waveguides has also been reported. In
2017, Green et al. employed tunable diode laser absorption spectroscopy
(TDLAS) to assess CH4 sensing performance in a 10 cm-long silicon
waveguide at 1650 nm, achieving a LoD at sub-ppm levels [21]. Sus-
pended waveguide structures have also been utilized to enhance the
overlap between light and analytes. In 2021, Jagerska et al. measured
the concentration of acetylene (CaHg) using a TayOs suspended ridge
waveguide at 2.566 pm, obtaining a LoD as low as 7 ppm [22].
Furthermore, on-chip gas measurements using microcavity and surface-
functionalized materials have been employed to enhance sensing per-
formance [23,24].

Depending on optical waveband, various waveguide materials have
been employed for optical absorption spectroscopic gas sensing. Silicon
waveguides have been utilized for detecting methane (CHy4) concentra-
tion in the near-infrared range, achieving a sub 100 ppm LoD [21].
Chalcogenide (ChG) glasses have typically been used in the mid-infrared
range due to their low absorption loss [25,26]. In order to achieve
single-mode transmission, the waveguide’s cross-sectional size needs to
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be small, resulting in mode mismatch with the coupling optical fiber.
Consequently, a mode spot converter or grating coupler is required,
which involves expensive techniques such as electron beam lithography
(EBL) or deep ultraviolet lithography (DUV) [23,27]. In addition to
these materials, polymers also serve as potential platforms for gas
sensing, including SU8 (EPONSU-8, Microchem), which exhibits high
transmittance within the 0.4-5 pm wavelength range [28]. SU8 is a
negative photoresist based on EPONSU-8 epoxy resin, commonly used in
microstructure processing. For SU8 waveguides, the fabrication process
is straightforward and does not require etching or film deposition. The
size of a single-mode SU8 waveguide falls within the micron range, and
it can be achieved using conventional UV lithography. Additionally, the
coupling mismatch with the optical fiber’s end face is small, and the loss
of SU8 waveguides is relatively low [29].

Presently, SU8 has been employed in on-chip gas sensing, including
its usage as a light guide medium. The material’s sensitive coating reacts
with the gas, leading to changes in absorbance, and consequently
detecting gas concentration through light intensity attenuation [30,31].
Furthermore, SU8 is employed as a support layer in gas sensors based on
Micro Electromechanical Systems (MEMS) [32,33]. Here, we propose a
spiral SU8 waveguide sensor design with CoHy detection using different
sensing lengths, instead of the more commonly used silicon and ChG
waveguides. The polymeric SU8 waveguides are applied to gas sensing
based on infrared absorption for the first time to our knowledge.
Further, in the design of spiral waveguides, we utilized Euler S-bend,
which effectively reduces the waveguide dimension size by more than
half. CoH, measurement with WMS resulted in a LoD down to the level of
hundreds of ppm, which suggests that SU8 is promising for high sensi-
tivity on-chip gas sensing.

2. SUS8 spiral waveguide structure and gas sensing theory

Fig. 1(a) shows the proposed SU8 spiral waveguide structure. The
materials of the core layer and lower cladding layer are SU8 and SiO,
respectively. The refractive index of SU8 and SiO5 at 1532.83 nm are
1.573 and 1.46, respectively. At the center of the spiral waveguide, there
is a S-bend waveguide composed of two Euler bends. There are input/
output straight waveguides at both sides, which are connected to the S-
bend waveguide through Archimedes spiral waveguides [34,35]. The
curvature of the Archimedes spiral changes gradually, while each pair of
neighboring circular waveguides is equally spaced.

The basic theory of a waveguide gas sensor obeys the Lambert-Beer
Law. Since only the evanescent field interacts with the gas analyte when
the light transmits in the waveguide, it is necessary to modify the
Lambert-Beer Law as follows [36]

I, = Ipexp(—T QgL — L) 1

where I; and I are output and input light intensity of the waveguide,
c is the gas concentration, agys is the absorption coefficient, ajy is the
intrinsic loss of the SU8 waveguide, and L is the waveguide length of the
sensing area. I is defined as the power confinement factor (PCF), which
can be expressed as

ngﬂcle\E\zdxdy

= 2
Re{na} [ [, €|EI*dxdy @

Here, ng is the group refractive index, n is the refractive index of
gas, ¢ is the permittivity, and E is the electric field. PCF represents the
fraction of light power confined within the evanescent field, which
corresponds to the portion of light that interacts with the gas sample.
PCF incorporates the impact of waveguide dispersion, as represented by
the group refractive index. The product between PCF and the length of
the sensing waveguide (L) provides the equivalent absorption optical
path length in free space. The intensity of light absorption is related to
four parameters: the power confinement factor, gas absorption coeffi-
cient, waveguide loss, and gas concentration. In our experiment, we
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Fig. 1. (a) Schematic of the SU8 spiral waveguide sensor, which is composed of two Euler S-bend waveguides, an Archimedes spiral waveguide and two straight
waveguides. (b) Relation curve of transmission loss and I” versus waveguide width. The insets show the TE mode field distribution with waveguide width of 1.6 pm
and 4 pm, respectively. (c) Schematic configuration of Euler bend (red line) and normal bend (blue line). The inset shows the relationship between the bending radius
R of the Euler bend and the curve length L. (d) The mode overlap factor at the Euler S-bend junction with different maximum radius Ry,.x and bending loss with
different minimum radius Ry, The inset shows the light transmission in Euler S-bend. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

utilized SU8-2002 with a coating thickness of 1.5 pm. Hence, the pa-
rameters that can be optimized are waveguide width and length. Fig. 1
(b) illustrates the curves of transmission loss and the I" of the TE mode
under different waveguide widths, calculated using finite difference
eigenmode (FDE). As the waveguide width increases, both the trans-
mission loss and I' decrease. The reduction in loss can be attributed to
the smaller overlap between the mode and the waveguide’s side wall.
The decrease in I' is a result of the increased waveguide width, which
enhances the ability to confine the optical mode. To achieve a balance
between waveguide loss and the power confinement factor, we set the
waveguide width to 2 pm and I' to 0.016.

In order to achieve greater chip sensing compactness, we have
adopted Euler bends instead of the typical bends. Fig. 1(c) shows the
schematic configuration of Euler bend (red line) and normal bend (blue
line). The 180° Euler bend consists of two symmetric 90° Euler bends,
which are determined by the maximum and the minimum bending
radius (defined as Ryax and Rpin). The curvature of Euler bend changes
linearly with the increase of curve length, which is defined as

o 1 L+ 1
dL~ R A% Ry

3

where R is the bending radius, L is the waveguide length, A is a constant,
which determines the rate of curvature change, as shown in the illus-
tration in Fig. 1(a). The Euler bend curve can be expressed in Cartesian
coordinates, as shown in Eq. (4) and Eq. (5)

L/A & A0
x=A /0 sin <E + Rmax) do 4)
L/4 # A0
=A . do 5

To minimize mode mismatch at the junction of Euler bend

waveguide (Rpyax), it is necessary to have a sufficiently large maximum
bending radius. Simultaneously, Ryin should be small enough to reduce
sensor size and large enough to guarantee low-loss single-mode trans-
mission. The width and thickness of the SU8 waveguide is 2 pm and 1.5
pm, respectively. Fig. 1(d) shows the calculated mode overlap factor at
the Euler S-bend junction with different Ry,x and bending waveguide
loss with different Ry, using the FDE solver in MODE Solutions. As the
bending radius increases, the overlap factor of the optical field mode at
the two Euler bending junctions approaches 1. Due to device size limi-
tations and fabrication errors, Ryax is set to 700 pm, while Rpy;j, is set to
200 pm to reduce the bending loss of the spiral waveguide. The effective
radius Refr is approximately 260 pm. Adopting a normal bend would
require a radius of at least 700 pm. For the 7.4 cm-long waveguide, the
area of the curved waveguide is reduced from about ~ 9 mm? to 2.1
mm?, and for the 13 cm-long waveguide, the area is reduced from ~
13.3 mm? to 4.4 mm?. The device becomes more compact by over 50%
through the use of the Euler S-bend design that decreases the size of the
spiral waveguide. The inset in Fig. 1(d) shows the TE mode field trans-
mission in Euler S-bend waveguide.

3. Fabrication and measurement
3.1. SUS8 spiral waveguide fabrication and transmission loss measurement

The fabrication process of SU8 waveguide is simple and cost-
effective compared to traditional silicon-based waveguide processes.
Initially, the silicon dioxide wafer’s surface is cleaned using oxygen
plasma. After that, SU8 is spin-coated, and photolithography and
development are performed. Finally, a series of baking processes are
necessary to complete the fabrication process of SU8 waveguide.

The fabricated SU8 spiral waveguides with different lengths are
shown in Fig. 2(a), and compact design and layout allow multiple
waveguide tests on the same chip. The cross-sectional scanning electron
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Fig. 2. (a) A photo of the fabricated SU8 spiral waveguides. (b) Cross-sectional SEM image of the SU-8 waveguide. (c) Microscopic photos with red light coupled into
the spiral waveguide. The inset shows a detailed characterization of the spiral waveguides with red light propagation. (d) Waveguide output spot observed by a near-
field infrared camera. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microscope (SEM) image of the fabricated SU8 waveguide is shown in
Fig. 2(b). Fig. 2(c) displays the observation of red light transmission
under a microscope using a tapered lens fiber to couple the light into the
SU8 waveguide. Hence, red light can assist in aligning the optical fiber
and waveguide during the test. To evaluate the light transmission per-
formance of the waveguide in the near-infrared band, a 1532 nm
distributed feedback (DFB) laser (DFB-1532-I-N-1-SM, Tengguang) is
coupled into the SU8 waveguide through a tapered lens fiber, and the
near-field infrared camera (CMOS 1203-IR, Cinogy) is used to monitor
the waveguide’s output. As depicted in Fig. 2 (d), the emission pattern
exhibits an approximately Gaussian type, indicating excellent perfor-
mance of SU8 waveguide in the near-infrared waveband.

To evaluate the transmission loss of the SU8 waveguide, a broadband
light source (ASE-C/L-100-FA-B, Ltss) is used to couple a laser beam into
the waveguide via a tapered lens fiber. The output of the waveguide is
coupled with another lens fiber, which is linked to an optical fiber
spectrometer (AQ6370D, Yokogawa) to measure the transmission loss.
Two waveguides with lengths of 7.4 cm and 13 cm are tested, and the
output spectra are shown in Fig. 3(a). The process involves subtracting
the two spectra and dividing the difference in spectra by the difference
in length to determine the waveguide loss, as demonstrated in Fig. 3(b).
At 1532 nm, the loss of the SU8 waveguide is approximately 3 dB/cm.
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However, the loss measured is higher than expected due to the neglect of
the actual roughness of the waveguide side walls during the simulation.
Improving the fabrication process can help reduce the waveguide loss.
Additionally, increasing the waveguide length can improve absorbance
and achieve lower LoD within an acceptable range of the total trans-
mission loss. Consequently, lengths of 7.4 cm and 13 cm were selected
for testing.

3.2. Experimental setup and details for CoH, sensing

The schematic diagram of on-chip CoHj sensing system based on the
fabricated SU8 spiral waveguide is shown in Fig. 4(a). A distributed
feedback (DFB) laser operating at 1532 nm was employed to scan the
absorption line of CyHy positioned at 1532.83 nm by modifying the
driving current. A three dimensional (3D) printed gas cell was bonded to
the SU8 sensor chip. Through a tapered lens fiber, the light from the DFB
laser was coupled into the SU8 waveguide, and the output light was
spatially coupled to an InGaAs detector (PDA20CS2, Thorlabs), which
converted the optical signal to an electrical signal. Through a LabVIEW-
controlled data acquisition (DAQ) card, a triangular wave signal and
high-frequency sine wave signal for driving the laser were generated and
supplied to the laser driver (LDC210C, Thorlabs). The LabVIEW-based
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Fig. 3. (a) The measured output spectra of two waveguides with lengths of 7.4 cm and 13 cm when a tunable broadband laser beam is input into the waveguides. (b)

Calculated SU8 waveguide loss.
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Fig. 4. (a) Schematic diagram of the on-chip C,H, sensing system; (b) A photo of the optical waveguide sensor system. The inset shows the transmission of red light
in the SU8 spiral waveguide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

signal processing program was used to deal with the absorption signal. Then the relationship between absorbance and PCF can be obtained
Fig. 4(b) shows a photo of the optical waveguide system. The alignment by Eq. (1) and Eq. (6), as shown below
of the waveguide output to the detector can be assisted by introducing

red light into the waveguide, as shown in the inset. Absorbance = —In(11/1;) = TaycL @
. . -1

In (.)rder to scan the absorption line of CoH; at 6023.88 cm™, the For the 13 cm-long waveguide, the measured absorbance is 0.051 at

operating temperature of the DFB laser was set to 32 °C. The wavelength 40% CyH concentration. According to the high-resolution transmission

scan signal of the DFB laser has a start voltage of 0.4 V and an amplitude (HITRAN) database, the ag;s of CoHy at 1532.83 nm is 0.57 cm ™.
of 0.45 V, leading to a current range of 40 — 85 mA. The ernissif)ln Therefore, the measured PCF of the SU8 waveguide is 0.0172, which is
wavelength of the DFB laser can sweep from 6523.26 to 6524.49 cm . close to the theoretical value of 0.016 calculated by simulation.

The sampling rate of the DAQ card is 5 kHz, resulting in 2 x 10* data

points in each scanning cycle. In order to obtain the gas absorbance at

the same time, at the rising edge (with modulation) and falling edge 3.4. Modulation amplitude optimization and sensor calibration using
(without modulation) of the scan signal, gas measurements were per- WMS
formed based on WMS and direct absorption spectroscopy (DAS),
respectively. Prior to WMS measurement, modulation amplitude should be opti-
mized to enhance the second harmonic (2f) signal, and consequently, the
3.3. Absorbance and power confinement factor signal-to-noise ratio (SNR). At a CoH; concentration level of 30%, the
measured 2f signal amplitude using the 7.4 cm and 13 cm-long wave-
A gas dilution system (Environics, Series 4000) was used to miX  gyjdes was experimentally obtained under different modulation ampli-
acetylene (C2Hp) and Ny, resulting in five prepared acetylene samples tudes, as shown in Fig. 6. The 2f signal amplitude becomes the maximum
with concentration levels of 0%, 10%, 20%, 30%, and 40%. Two SU8 when the modulation amplitude is 0.12 V. As the laser current had
waveguides with lengths of 7.4 cm and 13 cm were selected for DAS and reached its maximum limit, modulation amplitude could not be
WMS measurements. The prepared gas samples were injected into the increased any further, prompting the experiment to use 0.12 V as the
gas cell for 5 min at each concentration and the resulting absorption modulation amplitude.
signal and absorbances were recorded using a LabVIEW-based signal During WMS measurement, a triangle wave scan signal and a high-
processing program with a sampling period of 0.2 s. The measured frequency sine wave modulation signal at 5 kHz were combined at the
absorbance of the 7.4 cm and 13 cm-long waveguides are shown in Fig. 5 rising edge. Each gas sample was measured for 5 min at different CoHy
(a) and Fig. 5(b). concentration levels, with a sampling period of 0.2 s. Both the 2f signal
The PCF can be obtained by analyzing the measured absorbance. waveform and amplitude were recorded. The 2f signal waveforms of the
When pure Ny is injected into the gas cell, the relationship between the 7.4 cm and 13 cm-long waveguides at different concentration levels are
output and input light intensity is shown in Fig. 7(a) and 7(b), respectively.

The recorded 2f signal amplitude was averaged at each concentra-

I = loexp(—a L 6 . o : .
1 = foexp(~ainL) ©) tion, and the relationship between the 2f signal amplitude and CoH,
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Fig. 5. The measured absorbance of the (a) 7.4 cm-long waveguide and (b) 13 cm-long waveguide under different C,H, concentration levels of 0, 10%, 20%, 30%
and 40%.
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ulation amplitude under 30% C,H, concentration level for the 7.4 and 13 cm-
long waveguide sensors.

concentration of the 7.4 cm- and 13 cm-long waveguides is shown in
Fig. 7(c) and 7(d). The relation curve between the 2f signal amplitude
(denoted by Max(2f), V) and the CoH; concentration (C, ppm) are lin-
early fitted as

Max(2f); 4o, = 1.5878 x 107¥C-+0.00195 ®)

Max (2f) ., = 249139 x 1078C+0.00153

9

13cm

3.5. Stability

In order to evaluate the stability and noise level of the waveguide
sensor, inject pure N3 into the gas cell and record the 2f signal amplitude

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 302 (2023) 123020

with a data sampling time of 0.2 s. Using Eq. (8) and Eq. (9) to convert
the 2f signal amplitude into concentration. The time series of the
measured CoH, concentration levels versus observation time are shown
in Fig. 8(a) and 8(b). Curves of the Allan deviation versus averaging time
based on the measurement data in Fig. 8(a) and 8(b) are shown in Fig. 8
(c). The 16 LoD (o represents Allan deviation) of the 7.4 cm-long and 13
cm-long waveguides are 2197.1 ppm and 425.5 ppm at an averaging
time of 0.2 s. The LoD of the 7.4 cm-long waveguide is 281.4 ppm at an
optimum averaging time of 40.2 s, while the LoD of the 13 cm-long
waveguide is 28.7 ppm at an optimum averaging time of 48.6 s.

From Fig. 5, it is evident that the ratio of absorbance for the 7.4 and
13 cm-long SU8 waveguides is approximately equal to the ratio of their
lengths at different concentrations. However, it is noteworthy that the
background noise for the 7.4 cm waveguide is higher compared to that
of the 13 cm waveguide. The LoD determined by Allan deviation is
influenced by both the absorbance and noise. Consequently, the differ-
ence in LoD is slightly larger than the disparity in waveguide length. It is
speculated that the noise primarily originates from mechanical vibration
of the optical fiber. To mitigate this issue, future work can focus on
packaging and integrating the sensing waveguide with the optical fiber
to minimize the effects of mechanical vibration noise.

3.6. Response time

To evaluate the response time of the waveguide sensor system, pure
Na, 20% CyHj sample and pure Ny was injected into the gas cell in turn.
The 2f signal amplitude obtained using the 7.4 cm-long waveguide was
recorded, and the CyHs concentration variation was converted accord-
ing to Eq. (8). The measurement results are shown in Fig. 9. The
measured 10%-90% rise time and 90-10% fall time are ~ 2.05 s and ~
3.27 s, respectively.

3.7. Performance comparison
This section compares the performance of the reported silicon pho-

tonic CHy4 sensor [21] with the SU8 spiral waveguide CoH; sensor pro-
posed in this paper, as shown in Table 1. With a concentration level of
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Fig. 9. Response time measurement by injecting CoH, samples with concen-
tration levels of 0 ppm (N2), 20% and 0 ppm (Ny).

100%, the absorption coefficient of CH4 at 1653.7 nm is 0.3 em™!, which
is close to 0.57 cm™! of CyH, at 1532.8 nm.

The CH4 sensor based on a silicon photonic spiral waveguide with a
normal bend was evaluated using DAS technique. In terms of waveguide
length, loss, absorption coefficient, both types of sensors are compara-
ble. The PCF of the silicon waveguide is significantly greater than that of
the SU8 waveguide by one order of magnitude. The relatively weak PCF
of the SU8 waveguide is a limiting factor that affects its sensing per-
formance. To improve the light-gas interaction, it becomes necessary to
increase the waveguide length. However, the small refractive index
difference between the SU8 material and cladding requires a larger
bending radius, resulting in an increase in device size. In this paper, an
Euler S-bend was utilized to reduce device size while achieving a
waveguide length of more than 10 cm. Due to the use of WMS, the LoD of
the SU8 waveguide can also reach the order of 100 ppm, which is at the
same level as that of the silicon waveguide. Conventional ultraviolet
lithography can fabricate the microns order wide SU8 single mode
waveguide. The SU8 waveguide can be easily coupled with a tapered
lens fiber without the necessity of mode spot converters or grating

couplers, and red light coupling can achieve efficient alignment.

In comparison with the waveguides made from other materials, SU8
waveguides offer several advantages for gas sensing applications.
Firstly, the fabrication process of SU8 waveguides is straightforward,
cost-effective, and compatible with the commonly used substrate ma-
terials. Additionally, the wide transparency range of SU8 enables the use
of red light for alignment during testing, which simplifies the mea-
surement process. Moreover, due to the large cross-sectional size and
minimal coupling mismatch with fiber mode field, SU8 waveguides have
the potential for large-scale, low-cost waveguide-fiber packaging.
However, it is worth noting that SU8 waveguides also have certain
limitations, including a lower power limiting factor and relatively larger
waveguide size.

To address the issue of the low power limiting factor, one potential
solution is to fabricate a suspended waveguide, which can enhance the
overlap between the evanescent field and the gas. Additionally, the SU8
waveguide exhibits low-loss transmission at wavelengths below 5 pm,
making it suitable for mid-infrared gas sensing applications. Given the
significant gas absorption in the mid-infrared band, it can compensate
for the low PCF and allow for a reduction in the waveguide’s length and
size while maintaining effective gas interaction.

4. Conclusions

On-chip CoHy measurement at the wavelength 1532.83 nm was
realized using SUS8 spiral waveguide DAS for the first time to our
knowledge. The use of an Euler S-bend design significantly reduces the
dimension size of the spiral waveguide by more than 50% compared to
the normal bend structure, allowing for high integration of sensors on a
single chip. Two SU8 waveguides of different lengths (7.4 cm and 13 cm)
were utilized for CoH; sensing based on WMS. At an averaging time of
0.2 s, the LoD for the two waveguide sensors are 2197.1 ppm and 425.5
ppm, respectively. The LoD can reach 281.4 and 28.7 ppm by increasing
the averaging time to 40.2 s and 48.6 s, respectively. The measured PCF
of the fabricated SU8 waveguide is 0.0172 with an optical loss of ~ 3
dB/cm. By further PCF optimization and reducing waveguide loss, a
lower LoD can be expected. The SU8 spiral sensing waveguide offers a
compact, cost-effective solution for high-performance on-chip gas
sensing.

Table 1
Comparison between the reported silicon photonic CH,4 sensor and this sensor.
Refs. Wavelength (pm) Waveguide material and type Technique L(cm) Qjne (dB/cm) PCF (%) LoD (ppm)
[21] 1.654 Silicon normal spiral DAS 10 2 25.4 100@1min
This paper 1.532 SU8 Euler S-bend spiral WMS 7.4 3 1.72 2197@0.2 s
13 425@48.6 s
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