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Nanophotonic waveguides hold great promise to achieve chip-scale gas sensors. However, their performance is
limited by a short light path and small light-analyte overlap. To address this challenge, silicon-based, slow-light-
enhanced gas-sensing techniques offer a promising approach. In this study, we experimentally investigated the
slow light characteristics and gas-sensing performance of 1D and 2D photonic crystal waveguides (PCWs) in the
near-IR (NIR) region. The proposed 2D PCW exhibited a high group index of up to 114, albeit with a high
propagation loss. The limit of detection (LoD) for acetylene (C,H,) was 277 parts per million (ppm) for a
1 mm waveguide length and an averaging time of 0.4 s. The 1D PCW shows greater application potential com-
pared to the 2D PCW waveguide, with an interaction factor reaching up to 288%, a comparably low propagation
loss of 10 dB/cm, and an LoD of 706 ppm at 0.4 s. The measured group indices of the 2D and 1D waveguides are

104 and 16, respectively, which agree well with the simulation results.
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1. INTRODUCTION

Gas detection has wide applications in fields such as industrial
process control, environmental monitoring, and medical diag-
nosis. Many gas sensors have been proposed in the current sce-
nario [1-3]. Among these, an IR absorption spectroscopy-
based gas sensor is considered as one of the most promising
due to its capability to identify distinct gas species and measure
their concentration levels with high sensitivity, a short response
time, and real-time as well as remote monitoring ability. It is the
unique “fingerprint areas” in the IR band that facilitate this pre-
cision [4-7]. Over the past few years, on-chip gas sensors based
on optical waveguides, such as chalcogenide glass waveguides
[8], silicon-on-insulator (SOI) waveguides [9-11], silicon-
on-silicon nitride (SON) waveguides [12], silicon-on-sapphire
(SOS) waveguides [13], and Ta,O5 waveguides [14], have at-
tained considerable progress. Compared to the gas sensors
based on discrete optical devices, on-chip waveguide sensors
eliminate the need for large gas chambers and complex optical
alignment. Notably, the integration of a passive waveguide
with a laser and a photodetector on a single chip [15-17]
has enabled the realization of miniaturized and ultracompact
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gas sensors. Optical waveguide sensors show great potential,
especially in distributed sensors and large-scale sensor network
deployment.

The principle of the IR absorption spectroscopy of the on-
chip sensor also obeys Beer—Lambert law, and the absorbance of
gas molecules can be expressed as A = yaCL, where y is the
interaction factor of the waveguide, « is the absorption coeffi-
cient, C is the gas concentration, and L is the waveguide length.
According to the perturbation theory [18], y = f x 7y, where
£ is the overlap factor between the electric field and gas, ng is
the group index of the waveguide mode, denoting the slowing
factor of light. IBM has reported a new sensor to detect meth-
ane (CHy) through absorption spectroscopy, based on a near-
IR silicon photonic waveguide with a 10 cm silicon strip and a
limit of detection (LoD) of 772 ppm (parts per million) [19].
However, the performance of optical waveguide sensors is lim-
ited due to the short optical length and weak evanescent field
intensity. To improve the performance, various methods have
been proposed to increase y, which is related to the sensitivity of
the sensor. In our previous work, we used a suspended slot chal-
cogenide waveguide [20] and silver island film [21] to enhance
absorption. Furthermore, suspended waveguides [22] can
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achieve a greater overlap factor f, while photonic crystal wave-
guides (PCWs) and subwavelength grating waveguides (SWGs)
with larger 7, have replaced traditional strip waveguides
[23-26]. Most of the existing reports focus on the mid-IR
(MIR), where optical instruments are expensive and bulky,
making them unsuitable for packaging, integration, and field
applications. Moreover, rotating the waveguide mode may
be necessary for certain MIR waveguide sensors [27,28], which
leads to extra loss and more complicated optical calibration.
Despite the low cost of near-IR (NIR) optical components,
the application of on-chip gas sensors in NIR is limited because
the absorption of most gases in the NIR region is more than
one order of magnitude weaker than that in the MIR. A slotted
photonic crystal waveguide has been shown to be feasible for
NIR methane detection [29], simultaneously exhibiting con-
siderable f and 7,. However, its propagation loss is about three
times that of ordinary PCWs [30], which negatively impacts
the on-chip sensor’s performance.

1D PCWs have been shown to generate slow light effects
like 2D PCWs because of their strong structural dispersion.
These waveguides are widely used for refractive index sensing
of liquids or chemicals due to highly correlated transmittance
with a wavelength [31-33]. Nevertheless, since gas analytes
have a refractive index slightly higher than that of air
[34,35], refractive index sensing is unapplicable for their detec-
tion. To achieve enhanced sensitivity in NIR detection, we de-
veloped a 2D PCW with a non-slot structure featuring a group
index of up to 114 and an impressive interaction factor of 6.84.
Concurrently, the theoretical and experimental investigations
of the slow light characteristics and gas-sensing performance
using IR absorption spectroscopy of a 1D PCW were
conducted. Although the 2D PCW demonstrates a superior

detection sensitivity at a 1 mm length, it is important to con-
sider the propagation loss in the context of deploying large-scale
sensor networks and optimal performance achievement.
Consequently, the 1D PCW remains a favorable choice because
of its low propagation loss. Additionally, it is anticipated that a
1 cm length 1D PCW could achieve an LoD of tens of ppm in
the NIR. Our research focuses on the detection of acetylene
(C,H,) as the target gas.

2. DEVICE DESIGN

A. 2D PCW

We selected an SOI platform as the medium to design the
PCWs due to its high refractive index difference between
the core and cladding materials, which is conducive to the cre-
ation of photonic band gaps in a photonic crystal. In Figs. 1(a)
and 1(b), we present a 3D structure diagram of the 2D PCW,
which comprises a hexagonal lattice photonic crystal structure
with a lattice constant of #z and a waveguide width of W1.1. At
its center, a row of bulk holes with a radius of R along the I" - K
direction is replaced by smaller ones with a radius of ;. Note
that the 2D PCW offers a TE band gap at a low frequency
band; hence, we exclusively explore its slow light characteristics
in the context of TE polarized light. The extent of the bandgap
frequency range of the 2D photonic crystal slab depends on
both the thickness of the slab # and R. Therefore, to secure
a wide band gap below the light line, we kept R fixed at
0.254, while / was set at 220 nm.

Figure 1(c) displays a typical dispersion diagram of a PCW
when the background materials are pure C,H, and air, respec-
tively; at room temperature and atmospheric pressure, the re-
fractive index of pure C,H, is approximately 3.24 x 1074
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Fig. 1. (a) 3D schematic of the 2D PCW with a 220 nm thick Si layer and a 2 pm thick BOX layer. (b) Geometric parameters of the 2D PCW
including the lattice constant @, radius of bigger air holes R, radius of center defect holes r, waveguide width W1.1, thickness of Si /4, and direction of
the defect I" - K. (c) Dispersion diagram under air and pure C,H, background with R = 0.252 and , = 0.5R. (d) Hz distributions of even mode
and odd mode when 42/27 = 0.5. () |E| distribution of the even mode at a wavelength of 1532.83 nm. |E| distributions (f) at the cross section
through a defect hole and (g) through Sislab in (e). (h) Guided mode bandwidth below the SiO, light line in terms of wavelength (nm) and f versus

70/ R ratio. (i) Simulated curves of group index and insertion loss versus the lattice constant.
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higher than that of air (1.000273) [34,35]. The guided mode
shows no shift under a pure C,H, background. Thus, the in-
troduction of C,H, with different concentration levels will not
change the band structure or mode of the PCW, excluding the
influence on the absorption signal. The dark gray solid line de-
notes the light line, above which the propagation of light is
prevented in the central region of the PCW due to significant
vertical leakage loss. The guided modes within the band gap are
distinguished from the slab modes by positive stop gaps, delin-
eated by solid blue lines. The Hz components of the guided
modes are symmetrically and antisymmetrically distributed
along the center of the PCW, and named even and odd modes,
respectively, as shown in Fig. 1(d). Odd TE modes in the PCW
can be excited by higher-order modes with an odd Hz field in
the strip waveguide that coupled to the PCW. This means that
additional mode converters must be designed carefully to en-
sure the existence of higher-order modes. But an even mode in
the PCW can be directly excited using the fundamental mode
in the strip waveguide without mode conversion, so we select
the even mode to customize the waveguide sensor [36,37]. The
electric field intensity profiles of the even mode in the horizon-
tal and vertical cross sections of the 2D PCW are illustrated in
Figs. 1(e)-1(g). The photonic band gap effect localizes the en-
ergy to the central region, possessing a width of 1.1 x /34, and
enhances the electric field intensity in the defect holes com-
pared to the silicon slab. The filling factor f, which is a critical
index determining the interaction between the waveguide and
gas that represents the proportion of analyte energy to the entire
volume energy, is defined as

f = fffair(néas|Egas|2)dV
ffﬁoral(néa5|Eg35|2 + nszlab|EsIab|2 + nglad|Eclad|2)dV.

U]

The integral lying on the numerator denotes the fraction of
mode power that interacts with the analytes, whereas the inte-
gral at the denominator is the mode power in the whole vol-
ume. 724, is the refractive index of gas analyte, and 7y, is the
refractive index of the silicon layer. 7,4 is the refractive index of
the lower cladding material; i.e., silicon dioxide. Eyy, Ep, and
E 4,4 are the electric field intensity in, respectively, gas, Si slab,
and SiO,.

Figure 1(h) illustrates the curve of the even mode bandwidth
lying below the SiO, light line, presented as a function of the
normalized frequency (wa/27c) and the filling factor with re-
spect to 79/R. During the fabrication of a PCW, the guided
mode may encounter a shift, owing to the occurrence of fab-
rication errors, and moderate side wall roughness causes a loss
to mode propagation. Consequently, if the bandwidth is nar-
row, there is a likelihood that the light that was initially posi-
tioned on the guide mode will fall into the stop gap. To
accurately ascertain the regime of slow-light transmission of
the guided mode, it is crucial to ensure a large guiding band-
width for the optimized 2D PCW. Moreover, a large f must
also be ensured, thereby making the choice of 7y = 0.5R the
optimal design.

To detect C,H, in NIR, the target wavelength was set to
1532.83 nm, where the absorption coefficient @ = 1.037 cm™!.
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To achieve a high interaction factor at A = 1532.83 nm, it is
crucial to ensure a large group index. However, slow light
PCWs exhibit transmission loss proportional to their group in-
dex, and excessive loss can adversely affect the SNR of the sen-
sor. To strike a balance between these factors, we optimized the
group index of the 2D PCWs by carefully selecting an appro-
priate lattice constant. Figure 1(i) illustrates the group index of
the 2D PCW under varying lattice constants. As the lattice con-
stant « increases, the group index gradually decreases. When
a = 390 nm, the target wavelength aligns with the photonic
bandgap. Additionally, we employed a 3D finite-difference
time-domain (FDTD, Ansys Lumerical) method to simulate
the insertion loss of the 2D PCW, considering different
group indices when the length L = 1002, R = 0.254, and
ro = 0.5R, as shown in Fig. 1(i). The primary source of inser-
tion loss stems from the mode field mismatch between the
coupled strip waveguide and the PCW. Consequently, a higher
n, exacerbates this mismatch, resulting in a more significant
insertion loss. Therefore, we opted for a lattice constant of
392 nm in this design, which ensured a relatively large 7, while
maintaining an acceptable level of insertion loss.

B. 1D PCW

The schematic of the 1D PCW is shown in Fig. 2(a). It is com-
posed of periodically etched air holes in a strip waveguide with a
thickness of 220 nm and a width of w. Unlike the 2D PCW,
the 1D PCW is only periodic in the propagation direction; in
the y and z directions, light is localized in the waveguide by
total internal reflection. The periodicity of the x direction leads
to the appearance of incomplete photonic band gaps, in which
no guided mode exists. Figure 2(b) shows the dispersion dia-
gram of the 1D PCW with a period of 4, and the background
materials are pure C;H, and air, when the holes have a radius
R, = 0.254, and waveguide width w = 1.64,. Similarly, the
guided mode shows no shift under a pure C,H, background.
There are four TE bands below the SiO, light line, and each
one can serve as a guided mode. The Hz distribution of the four
modes is presented in Fig. 2(c), where modes 1 and 2 are even
modes while modes 3 and 4 are odd modes. Figures 2(d)-2(f)
illustrate the electric field intensity distribution of mode 1 in
the horizontal and vertical cross sections of the 1D PCW, and
Figs. 2(g)-2(i) exhibit that of mode 2. It is discernible that the
electric field of mode 2 is primarily concentrated in the air
holes, which is advantageous to enhance gas absorption. The
filling factors of modes 1 and 2 are 4% and 15%, respectively;
thus, mode 2 is intended for the waveguide sensor. The radius
R, and waveguide width w are optimized based on the filling
factor and guided mode bandwidth. The plot in Fig. 2(j) illus-
trates the bandwidth below the SiO, light line in terms of nor-
malized frequency (wa/2zc) and f* plotted against w/a, when
R, = 0.24a,, as well as R/a; when w = 1.54,. f increases
with an increase in R, and a decrease in w, while the bandwidth
has an opposite situation. The final results indicate that a com-
promise between f and guided bandwidth is achieved at
R, = 0.254, and w = 1.54,. Figure 2(k) shows the group index
and corresponding insertion loss of the 1D PCW under varying
lattice constants, when the length L = 1004,. Similar results
can be obtained to that of the 2D PCW regarding the relation
between group index and insertion loss. 2, = 407 nm is chosen
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(a) Geometric parameters of the 1D PCW including the lattice constant «, radius of air holes R, waveguide width w, and thickness of Si

layer 4. (b) Dispersion diagram under air and pure C,H, background when R, = 0.244, and w = 1.6R. (c) Hz distributions of the four modes in
(b) at ka, /2 = 0.5. |E| distributions of mode 1 (d) at the horizontal section, (e) at vertical section through an air hole, and (f) through Si slab when
the wavelength is 1532.83 nm. |E| distributions of mode 2 (g) at the horizontal section, (h) at vertical section through an air hole, and (i) through Si
slab when the wavelength is 1532.83 nm. (j) Guided mode bandwidth and f* versus w/a, when R, = 0.244,, and versus R, /a, when w = 1.54;.
(k) Simulated curves of the group index and insertion loss versus the lattice constant . (I) Simulated transmission of the optimized 1D PCW.

as the optimal value in this case. We simulated the transmission
of the optimized 1D PCW. As shown in Fig. 2(l), mode 1
shows a higher transmittance at longer wavelengths (1830—
1930 nm), while mode 2 demonstrates a higher transmittance
at shorter wavelengths (1470-1547 nm). The target wave-
length 1532.83 nm is located in the slow light region of mode
2, which ensures the excitation of mode 2 in an experiment.

C. Grating Coupler

To achieve good coupling between optical fibers and the
PCWs, we designed a subwavelength grating (SWG) coupler
that requires just one etching step and can be fabricated simul-
taneously with the PCWs. Figure 3(a) shows the schematic of
the SWG coupler, featuring an array of air trenches. Based on
the effective medium theory (EMT) [38], the SWG coupler
can be deemed equivalent to the structure delineated in
Fig. 3(b). To begin, we implemented 2D FDTD simulations
to evaluate the coupling efficiency to air versus the grating
period and the equivalent refractive index 7g,,. These outcomes
are presented in Fig. 3(c). The period of the grating is opti-
mized to be 760 nm, and 7y, is 2.45. The duty circle
(Lyyp/period) is fixed at 50% during the optimization.
Figure 3(d) shows the zeroth order approximation and the sec-
ond order approximation of 7y, of the TE and TM modes
versus the duty cycle f, of the air trench (wyy,/Py,). For
the zeroth order approximation of the TE mode, 7y, = 2.45
when f;, = 0.1. Due to the incompatibility of the condition
of the zeroth order approximation [39] with the accuracy of
electron beam lithography (EBL), the second-order approxima-
tion is adopted. For the second-order approximation of the TE
mode, the corresponding f, for 7y, = 2.45 is about 0.2.
Consequently, wy,, is optimized to be 80 nm, and the period
of the trench P, is 400 nm. Figure 3(e) shows the coupling
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Fig. 3. (a) 3D schematic geometric parameters of the SWG coupler
including the length L, width wy,, and period Py, of the air trench.
(b) Equivalent model of the SWG coupler including the period of the
grating and equivalent refractive index 7. (c) Coupling efficiency to
air versus period and 7. (d) Refractive index for different f', cal-
culated by EMT with zeroth-order and second-order approximations
when P, =400 nm. (¢) Coupling efficiency simulated by 3D
FDTD when Py, = 400 nm, wy,, = 80 nm, period = 760 nm,
and L, = 380 nm.

efficiency of the designed SWG coupler simulated by 3D
FDTD. For A = 1532.83 nm, the corresponding coupling
efficiency is found to be 37%.
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3. FABRICATION AND MEASUREMENT

Subsequently, we employed electron beam lithography (EBL)
and inductively coupled plasma reactive ion etching (ICP-RIE)
to fabricate the 2D PCW and 1D PCW on a commercially
available SOI wafer with a top silicon layer with a 220 nm
thickness and a buried oxide (BOX) layer with a 2 pm thick-
ness. As depicted in Fig. 4 obtained from SEM, Fig. 4(a) illus-
trates the SWG coupler with dimensions of 17 pm in length
and 10 pm in width, which matches with the core size of a
single-mode fiber (SMF). Additionally, a tapered waveguide
with a length of 500 pm is employed for mode transition,
which is followed by a strip waveguide with a length of
500 pm. Figures 4(b) and 4(c) display the 2D and 1D
PCW, respectively, and the same configuration is used for an-
other port. Moreover, a transition zone was designed to reduce
end reflection, as shown in Fig. 4(d). The diameter of air holes
of the optimized 1D PCW is 204 nm. Considering that the
minimum linewidth that can be etched is approximately
40 nm, the diameter of the air holes in the transition zone
gradually increases from 44 nm to 204 nm, with a step size
of 10 nm. Adjacent to both ends of the 1D PCW, 16 cycles
of smaller holes form the transition zone. To measure the
propagation loss and 7,, we fabricated both the 2D PCW
and 1D PCW with varying lengths; namely, 200 pm, 600 pm,
and 1000 pm. In addition, using the optimized fabrication

Fig. 4. SEM images for the fabricated (a) SWG coupler, (b) 2D
PCW, (c) 1D PCW, and (d) mode transition zone in the 1D PCW.
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parameters, no stiction was observed through SEM with the
etching done.

The schematic of the gas measurement system is shown in
Fig. 5. The light emission wavelength of the laser is tuned to
1532.83 nm by regulating the temperature controller and cur-
rent controller. To mitigate low frequency noise in the system,
an acousto-optic modulator (AOM) was implemented, modu-
lating the intensity of the laser beam at a 40 kHz frequency.
The beam is coupled to the chip via an SMF after passing
through a polarization controller. During the testing procedure,
a gas mixing system (Series 4000, Environics) was employed to
mix pure nitrogen (carrier gas) and a standard C,H, sample
(concentration level 5%), resulting in varying concentration lev-
els of the gas mixture. Subsequently, the prepared gas sample was
conveyed to the chip surface using a gas tube made of polytetra-
fluoroethylene with a diameter of 0.125 in. (1 inch = 2.54 cm).
The mixed gas was released at a height of approximately 0.2 mm
from the chip surface, and then diffused into the holes of the
PCWs. Both the gas concentration level and flow rate were
determined by the gas mixing system. A flow rate of 200 stan-
dard cubic centimeters per minute (sccm) was set to ensure a
consistent and stable absorption sensor signal. Moreover, a
temperature control module with an accuracy of 0.01°C spe-
cially integrated on the chip holder was used to maintain the
chip temperature at 20°C. A sine wave at the same frequency
generated by the signal generator was used as the reference signal
of the lock-in amplifier (LIA). The first harmonic signal
demodulated by the LIA was harvested by the data acquisition.

Figure 6(a) shows the variations in light intensity over a
1 mm 2D PCW when exposed to pure N, and 5% C,H,.
A drop of approximately 4% is observed in the light intensity,
with a sensor response time of 5.6 s and a recovery time of 4 s.
The baseline drift in Fig. 6(a) may be caused by airflow disturb-
ances as well as the gas dilution process. Although there appears
to be some drift over a short period of time, it is noted that the
baseline becomes relatively stable after a measurement duration
of 12 min, as depicted in the insert in Fig. 6(c). Short-term
measurements in Figs. 6(a) and 6(d) illustrate the dynamic test-
ing process as well as the sensor’s response time and recovery
time. Note that the measured response time and recovery time
of the sensor include the gas sample preparation time of the gas
mixing system. Excluding this time, the sensor response time
mainly depends on the gas flow rate and the gas diffusion speed

Computer
) PD

Light out

[ Current ] [ Signal /\/\/\/

control generator J

{ LIA H DAQ ]

Fig. 5. Measurement setup. AOM, acousto-optic modulator; PC, polarization controller; PD, photodetector; LIA, lock-in amplifier; and DAQ:

data acquisition.
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(a) Measured transmitted light intensity through the 1 mm long 2D PCW when exposed to 5% C,H,. (b) Absorbance of the 2D PCW

sensor versus different concentration levels of C,H,. (c) Allan deviation as a function of the averaging time 7; the insert shows the baseline stability
during a 12-minute measurement test. (d) Measured transmitted light intensity through the 1 mm long 1D PCW when exposed to 5% C,H,.
(e) Absorbance of the 1D PCW sensor versus different concentration levels of C,H,. (f) Allan deviation as a function of the averaging time 7.

into the air holes. The sensor response can be sped up by in-
creasing the gas flow rate. For practical application, the sensor
chip also can be bonded to a gas cell, and the gas pressure in the
cell can be increased to speed up the gas diffusion.

The absorbance of the 2D PCW at distinct concentration
levels of C,H, is plotted in Fig. 6(b). When investigating the
gas absorption with varying concentration levels, we first intro-
duced pure N, to the chip. After an approximate duration of
10 min, we proceeded to infuse the chip with 5% C,H, for
~10 min, and then reintroduced pure N,. The identical pro-
cess was subsequently employed to record the absorption sig-
nals of C,H, at concentration levels of 10%, 15%, and 20%,
respectively. The solid blue line shows a linear fit of absorbance,
indicating high linearity of the sensor. To evaluate the mini-
mum detectable acetylene concentration of the sensor, an
Allan deviation analysis was performed on the data collected
in a nitrogen environment, as shown in Fig. 6(c). In the mea-
surement, the data sampling rate was set at 2.5 Hz, leading to
an acquired data dot per 0.4 s. At an averaging time of 0.4 s, the
sensor achieves a 16 LoD of 277 ppm. An averaging time of
33.6 s brings down the 16 LoD of the sensor to 24 ppm. The
level of Gaussian white noise is indicated by the gray dashed
line. At 0.4 s, the sensor is mainly dominated by Gaussian
white noise. With an increase in the averaging time, the
Gaussian white noise of the sensor is gradually suppressed, re-
sulting in a decrease in the Allan deviation. The 2D PCW sen-
sor reaches an optimal averaging time of 33.6 s, corresponding
to the minimum noise level. After that, ultralow frequency
noise and system drift dominate the sensor. Slight vibration
of the optical platform and alignment drift between the fiber
and grating couplers may result in system drift, consequently
leading to a gradual increase in the Allan deviation.

An injection of 5% C,H, into the 1D PCW with a length
of 1 mm leads to a 1.5% drop in the sensor signal, as depicted
in Fig. 6(d), with response and recovery times of 4 s and 4.8 s,
respectively. The absorbance of the 1D PCW based sensor is
plotted against varying C,H, concentration levels in
Fig. 6(e). In addition, the Allan deviation is calculated and dis-
played in Fig. 6(f), showing a 16 LoD of 706 ppm. The mini-
mum Allan deviation is achieved at 18.4 s, and the
corresponding LoD is 120 ppm. The reason for the drift in
the 2D and 1D PCW sensors is similar, which is due to the
vibration and optical alignment change during measurements.
To improve the Allan deviation, we can package the input/out-
put fiber with the grating couplers to avoid a coupling position
change, and the sensor can be immune to environmental
vibration.

4. COMPARISON AND DISCUSSION

A. Absorption Analysis of PCWs and Strip Waveguide
To elucidate the characteristics of slow light in the PCWs, the
absorbance caused by the strip waveguide was calculated. The
strip waveguides connecting the 2D PCW and the 1D PCW
have widths of 749 nm and 610 nm, respectively. In Figs. 7(a)
and 7(b), the fundamental TE modes of their electric field in-
tensity distribution are plotted. For the nondispersive structure,
it is reasonable to assume that the effective refractive index 7
is equal to the group index. For the 2D PCW, the external
confinement factor f, of the strip waveguide is 1.3%, and
the 7.g is 2.65. The absorbance of the 1 mm long strip wave-
guide is calculated to be 0.00018 at 5% concentration of C,H,,
which corresponds to mere 0.45% of the total absorbance.
The strip waveguide that connects the 1D PCW exhibits an
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(c) Allan deviation of the system based on IMS and DAS versus aver-
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absorbance of 0.0002, accounting for a modest 1.3% of the
overall absorbance. Consequently, the absorption of the two
strip waveguides can be safely disregarded. Based on the mea-
sured absorbance and concentration, the group indices of the

2D PCW and 1D PCW are estimated to be 114 and 18,
respectively.

B. Comparison of DAS and IMS

Figure 7(c) shows the Allan deviation analysis of the system
based on direct absorption spectroscopy (DAS) and intensity
modulation spectroscopy (IMS), where the 2D PCW serves
as the sensing waveguide. The 16 noise of the system amounts
to 740 pV and 200 pV, indicating that the low-frequency noise
can be suppressed by employing an AOM for intensity modu-
lation with the fixed modulation frequency of 40 kHz, thereby
improving the SNR by 3.7 times. Moreover, unlike choppers,
the AOM does not add any supplementary noise from fiber
alignment and mechanical noise. The sensor noise may origi-
nate from fluctuations in the laser power, airflow disturbance,
and shot noise associated with the NIR detector. The sensor
noise can also be suppressed by some denoising or filtering

algorithms; e.g., wavelet denoising and Savitzky—Golay filtering
algorithms [40].

C. Group Index Measurement

To verify the accuracy of the findings, we established a Mach—
Zehnder interferometer (MZI) with SMFs incorporating an
amplified spontaneous emission (ASE) light source and an op-
tical spectrum analyzer (OSA; AQ6370D, Yokogawa), which
enabled measurement of 7,. The measurement setup is shown
in Fig. 8(a). The variable optical attenuator (VOA) is used for a
power match between the two MZI arms. By adjusting the cou-
pling distance between the collimator and the SMF through a
precision displacement table, the optical path difference can be
changed. Figure 8(b) displays the interference fringes of the
MZI based on the 2D PCW, where a phase difference of
27 corresponds to the two peaks of the interference spectrum.
When the wavelength range is from 1528 nm to 1533.1 nm,
the spacing between the resonant peaks becomes increasingly
dense. Figure 8(c) is a local part of Fig. 8(b). When the wave-
guide length is 200 pm, the wavelength difference between ad-
jacent interference fringes is 0.072 nm. Thus, the initial optical
path difference between the two arms is 32.6 mm. As the length
of the reference arm is increased, the fringes become denser,
indicating that the optical path of the reference arm is longer.
When the length of the waveguide is 1000 pm, it was observed
that the optical path of the waveguide arm became longer, and
the wavelength difference between the adjacent interference
fringes changed to 0.056 nm. At this point, the distance be-
tween the collimator and the SMF increased by 9 mm com-
pared to the initial distance. The value of A1, = 0.056 nm
is the result of the combined effect of increasing the 2D
PCW length by 800 pm and the increase in the free-space op-
tical path of 9 mm, with an initial optical path difference of
32.6 mm. According to 7,(4) = 22 /(AA x L) [41,42], where
A is defined as the wavelength difference between two adja-

cent peaks of the interference spectrum, 7, is obtained as 104.5.
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(a) Experimental setup to measure 7,

Wavelength (nm) Wavelength (nm)

. BS, beam splitter; FC, fiber coupler. Interference fringes when the lengths of the 2D PCW are

200 pm and 1000 pm, where the wavelength range is (b) 1528-1533 nm and (c) 1532.6-1533.0 nm. Interference fringes when the lengths of the
1D PCW are 200 pm and 600 pm, where the wavelength range is 1528-1536.5 nm. Curves show the group index versus the wavelength for (e) the

2D PCW and (f) the 1D PCW.
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Table 1. Comparison of the 2D PCW, the 1D PCW, and the Reported Waveguide Gas Sensors?®
Refs. Waveguide A (um) L (cm) f g % SLBW (nm) a (dB/cm) LoD (ppm)
This work 2D PCW 1.53 0.1 6% 114 6.84 27 44 277 (C,H,)
1D PCW 1.53 0.1 16% 18 2.88 10 10 706 (C,H,)
[19] Strip 1.65 10 — N 0.254 — 2 772 (CHy)
[22] Strip 4.24 0.32 — — 0.44 — 3 NM (CO,)
[12] Strip 4.26 1 — — 0.195 — 4 NM (CO,)
[14] Rib 2.57 2 — — 1.07 — 6.8 40 (C,H,)
[26] SWG 6.65 2.84 — — 0.24 —_ 3.9 25 (C;Hy)
[43] SWG 7.33 1 — — 1.13 — 4.7 10 (acetone)
[28] SWG 6.15 0.3 10% 15 1.5 — 4.1 5 (NH3;)

“L, waveguide length; SLBW, slow light bandwidth; and NM, not mentioned.

Similarly, the interference fringes of the MZI based on the 1D
PCW are shown in Fig. 8(d). For a waveguide length of
200 pm, the initial wavelength difference is 2 nm, while it
is 1.07 nm with a length of 600 pm. A4; = 1.07 nm is caused
by an increase in the length of the 1D PCW by 400 pm and an
increase of 3 mm in the free-space optical path, with respect to
the initial optical path. As a result, 77, = 16.3. There is an error
of approximately 10% in the calculation of the 7, obtained via
absorbance, which is in good agreement with the gas detection
results. The error could be caused by fluctuations in the gas
concentration and the inaccurate measurement of spectral den-
sity of interference fringes. The group index curves of the 2D
and 1D PCWs extracted from the interference spectra are
shown in Figs. 8(e) and 8(f), respectively.

D. Comparison of the Proposed 1D/2D PCW

and Other Waveguide Gas Sensors

Table 1 shows the overall comparison of the slow light char-
acteristics of the 2D PCW and the 1D PCW. The most re-
markable difference is that the group index of 2D PCW
reaches 114, which is 6.3 times that of the 1D PCW, resulting
in an effective increase in the optical path by slowing down the
light speed. However, the 2D PCW suffered from high propa-
gation loss. The filling factor of the 1D PCW is approximately
2.7 times that of the 2D PCW due to its larger air hole area and
smaller waveguide width. The slow light bandwidth, defined as
a wavelength range when 7, > 10, is calculated through the
dispersion structure of the PCWs. The slow light bandwidth
of 2D PCW is 27 nm, while the 1D PCW has only 10 nm
bandwidth, signifying greater ease in achieving a slow light ef-
fect and tolerance for errors in the 2D PCW. With a length of
1 mm, the ultraslow light performance of the 2D PCW allows
it to reach a lower LoD. However, high propagation loss may
restrict its application in NIR absorption spectroscopy since the
waveguide must be very short. Despite the fact that the sus-
pended strip waveguide [22] and suspended rib waveguide
[14] may possess a relatively significant y, they need a compa-
ratively complex manufacturing process with inferior structural
robustness. The nonsuspended strip waveguides [12,19]
showed the lowest loss, with y being only approximately
20%. The SWGs [26,43] demonstrated lower transmission
losses, but the reported maximum y is 150% [28]. In contrast,
the 1D PCW boasted low propagation loss compared to the 2D
PCW and an extraordinary interaction factor of up to 288%,
which exhibits incomparable merits in gas detection.

When we consider the photodetector noise and the intensity
noise of the laser, the LoD of the PCW gas sensor can be ex-
pressed as [24,43]

SNR,,;, - (NEPV/B + £ - Py)

LoD~
v-agL- Py exp(-al)

, @2

where SNR ;. is the minimum detectable SNR of the sensor;
Py is the injected power into the waveguide; k refers to the
coefficient related to intensity noise of the laser; NEP and B
are the noise equivalent power and bandwidth of the photo-
detector, respectively; L is the waveguide length; a is the propa-
gation loss of the PCW/; a, is absorption coefficient of the gas
analytes; and y is the interaction factor.

LoD is inversely proportional to the interaction factor y and
absorption coefficient @, while also being influenced by a fluc-
tuation in the laser power, the NEP, and the bandwidth of the
photodetector. To minimize the LoD, it is imperative to maxi-
mize y and select a strong absorption line (i.e., large a,). Under
the same input power P, LoD increases with an increase in a.
Therefore, for a PCW sensor with a high propagation loss, the
waveguide length L can be shortened; otherwise, the input
power must be amplified.

Compared to the waveguide sensor in Ref. [19], which is
also an NIR sensor, the absorption coefficient of C,H, was
found to be 2.2 times higher than that of CHy, but the PCW
length was 100 times shorter. Despite this, we successfully real-
ized a lower LoD, which stems from two factors: the ultrahigh
interaction factor enabled by the compact design of the PCW's
and the implementation of intensity modulation spectroscopy
to effectively suppress the low-frequency noise inherent to the
sensor. However, compared to other mid-IR waveguide sensors
[26,28], which usually have absorption coefficients of 2-3
orders of magnitude larger than those in the near-IR, the re-
ported PCW sensors show a higher LoD in general.

5. CONCLUSION

In summary, we demonstrated the NIR on-chip gas sensing
capabilities of the 2D PCW and the 1D PCW, and suppressed
the noise of the sensor by implementing an AOM to modulate
the laser beam at a high frequency. The designed 2D PCW
exhibited a group index of up to 114, with a detection limit
of 277 ppm for C,H, when the waveguide length was
1 mm. Although the 1D PCW did not perform in LoD as well
as the former, the lower propagation loss and an extraordinary
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interaction factor make it a more promising structure for an on-
chip gas sensor with large scale integration than both the 2D
PCW and the reported SWGs.
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