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ABSTRACT: A surface-enhanced infrared absorption spectroscopic chalcogenide waveguide sensor based on the silver island film
was proposed for the first time to enhance the sensing performance in both liquid and gas phases. The chalcogenide waveguide
sensor was fabricated by the lift-off and oblique angle deposition methods. The surface morphology of the silver island film with
different thicknesses was characterized. The absorption of ethanol (liquid) at a wavelength of 1654 nm and that of methane (gas) at
3291 nm were measured using the fabricated chalcogenide waveguide sensor. The chalcogenide waveguide sensor integrated with
the 1.8 nm-thick silver island film revealed the best sensing performance. With an acceptable increased waveguide loss resulting from
the fabrication of the film, the absorbance enhancement factors for ethanol and methane were experimentally obtained to be >1.5
and >2.3, respectively. The 1σ limit of detection of methane for the sensor integrated with the 1.8 nm-thick silver island film was
∼4.11% for an averaging time of 0.2 s. The mathematic relation between the absorbance enhancement factor and the waveguide loss
was derived for sensing performance improvement. Also, the proposed rectangular waveguide sensor provides an idea for the design
of a sensor-on-a-chip instead of other waveguide sensors with a high requirement of fabrication accuracy, for example, a slot
waveguide or a photonic crystal waveguide.

KEYWORDS: surface-enhanced infrared absorption spectroscopy, chalcogenide waveguide, waveguide sensor, silver island film,
gas detection, liquid detection

1. INTRODUCTION

Infrared absorption spectroscopy has been maturely applied to
the analysis and characterization of gas and liquid analytes.1−5

However, a sensor system consisting of discrete components
and modules usually has a large size and heavy weight, which is
not preferred for portable sensing applications. At the same
time, environmental vibrations and high power consumption
also limit the application of such sensors. On the contrary, an
on-chip optical waveguide sensor based on the evanescent field
can overcome these problems by integrating a laser, a sensing
waveguide, and a detector on a single chip.6 However, the
small light−matter interaction waveguide length, the large
waveguide loss, and the small filling factor limit the
performance of a waveguide sensor.7,8

On one hand, both the waveguide material and the structure
affect the performance of a waveguide sensor.9−11 Generally,
the absorption line strength of an analyte in the near-infrared
(NIR) range is at least 2 orders smaller than that in the mid-
infrared (MIR) region. Therefore, using a waveguide sensor
with a low absorption loss in the MIR range can improve the
gas-sensing performance. As we know, silica (SiO2) has a high
optical loss in the MIR range (>3.6 μm), which does not allow
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the silicon-on-insulator (SOI) waveguide for MIR applications.
As an alternative to the SOI waveguide, chalcogenide (ChG)
glass with a high refractive index (>2.0) is transparent from the
NIR region to the MIR region,12 which can serve as a good
candidate for MIR measurement.
On another hand, the cross-sectional structure determines

the filling factor of a waveguide,13,14 which shows that the
evanescent mode field accounts for the proportion of all light.
A vertical slot waveguide can confine the light in the slot area
to enlarge the filling factor. However, the fabrication process of
a slot waveguide is complicated, and the sidewall of the slot
fabricated by dry etching is usually rough, which increases the
scattering loss and decreases the sensing performance.15

Previously, our group proposed a suspended slot waveguide16

and a horizontal slot waveguide17 to increase the filling factor,
but their fabrication process is also more complex than that of
a rectangular waveguide. Different from the slot waveguide, a
ChG rectangular waveguide can be easily fabricated by the lift-
off method without etching to decrease the scattering loss. To
minimize the device size, meander18 and spiral waveguides19

were proposed for light−matter interaction enhancement
within a compact footprint size. Though a microring resonator
can increase the effective interaction length, the resonant
wavelength is difficult to be aligned with the gas absorption
peak,17 and the coupling distance with the submicron size is
hard to be controlled without electron beam lithography
(EBL).
Besides, in addition to increasing the waveguide length and

filling factor, some physical effects can be utilized to improve
the sensing performance. The slow light effect in a photonic
crystal waveguide (PCW) or a subwavelength grating wave-
guide was utilized to improve the effective optical path
length.20−22 However, the propagation loss of such a
waveguide is usually large,23 and a PCW should be fabricated
by EBL through a high-cost and long-time procedure. The
adsorptive material can be coated on the waveguide as an
upper cladding layer to increase the local concentration of the
analyte, but the adsorption and desorption processes need a
long response time.24 Refractive index sensing is another
commonly used waveguide-sensing method, but a refractive
index sensor without an adsorptive cladding layer or a selective
cladding layer has poor selectivity for analytes. In addition, for
waveguide gas sensing, the relative wavelength change (Δλ/λ)
based on refractive index sensing is less sensitive than the
relative power change (ΔP/P) based on optical absorption
because the refractive index change of gas is low due to the
concentration change.17 In 2018, Chen et al. integrated Au
nanorods on an SOI rib waveguide for surface-enhanced
infrared absorption (SEIRA) spectroscopy for the first time.25

The output laser beam intensity was improved because the
analyte changed the coupling efficiency of light to the Au nano-
antenna.25−27 However, the absorption of an analyte cannot be
directly decided according to the change in the output light
intensity. The resonant peak influenced by the fabrication error
will be difficult to align with the absorption peak, and the
nano-antenna needs to be fabricated by EBL. Alternatively, the
metal island film with a rough island nanostructure is designed
to produce the SEIRA effect, which can be easily fabricated by
the oblique angle deposition method.28,29

In this work, in order to obtain a waveguide sensor-on-a-chip
with an improved sensing performance both in the NIR and
MIR ranges, for the first time as we know, we propose an
efficient method to increase the light−matter interaction by

depositing a silver (Ag) island film on the surface of the ChG
rectangular waveguide. The novel aspects of this sensor include
the following: (1) the waveguide sensor with a Ag island film
introduces the SEIRA effect to improve the sensing perform-
ance; (2) the lift-off method and oblique angle deposition
method were used in the fabrication of the SEIRA
spectroscopic waveguide sensor, which are simple and fast
for sensor fabrication; (3) absolute ethanol (C2H6O), water
(H2O), and methane (CH4) were used as liquid and gas
analytes to verify the SEIRA effect; and (4) shale gas
measurement was performed to show the normal operation
of the on-chip waveguide sensing technique.

2. EXPERIMENTAL SECTION
2.1. Sensor Fabrication Process. The ChG waveguide sensor

was fabricated on a silicon (Si) substrate with a 2 μm-thick oxide
layer. The fabrication process diagram is shown in Figure 1. First, the

RN-218 photoresist (Suzhou Research Semiconductor, China) was
spun on the substrate. The undercut structure of the RN-218
photoresist with a thickness of ∼5.5 μm was fabricated by lithography
and developing (Figure 1a). The exposure dose and development
time were 60 mJ/cm2 and 180 s, respectively. Then, a Ge28Sb12Se60
film was deposited on the substrate by thermal evaporation (IT-302,
LJUHV), and the evaporation rate was ∼1.2 nm/s (Figure 1b). In the
next step, the ChG waveguide was fabricated by the lift-off method
(Figure 1c). Finally, an Ag island film was deposited on the ChG
waveguide by thermal evaporation (Figure 1d) with an evaporation
rate of ∼0.1 nm/s, and the film thickness was determined by a surface
profiler (Dektak 150, Veeco). The oblique angle of the substrate was
set to be 45°. This was realized by fixing a 3D-printed sample table
with an oblique angle of 30° with the umbrella frame, which has an
oblique angle of 15°.

2.2. Waveguide Sensor Structure. The optical waveguide
sensor includes a coupling area and a sensing area. To improve the
coupling efficiency between the waveguide and the fiber, the
waveguide width in the coupling area is 16 μm and the length of
the taper transition waveguide is 300 μm. Both the straight waveguide
with a length of 1 cm and the meander waveguide with a length of 2
cm were fabricated on the same substrate. The bending radius of the
meander waveguide was increased to 50 μm to decrease the bending
loss. The top-view structure of the waveguide sensor is shown in
Figure 2b, and the local scanning electron microscopy (SEM) images
of the two sensing waveguides are shown in Figure 2a,c, respectively.
The straight waveguide and meander waveguide were used for the
successive liquid and gas sensing, respectively. The SEM image of the
waveguide cross-sectional structure in the sensing area without the Ag
island film is shown in Figure 2d. The width and height of the
waveguide core layer are 6 and 0.3 μm, respectively. The COMSOL

Figure 1. Fabrication process of the waveguide sensor based on a Ag
island film. (a) Developing after the lithography to form the undercut
structure. (b) Depositing the chalcogenide film. (c) Chalcogenide
waveguide fabrication using the lift-off method. (d) Depositing the Ag
island film.
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Multiphysics software was used to simulate the optical mode field
distribution. The refractive indices of Ge28Sb12Se60 and SiO2 are ∼2.6
and ∼1.4, respectively. As a kind of liquid analyte, the refractive index
of C2H6O is 1.35 at 1654 nm, and the refractive index of CH4 is ∼1.
The extinction coefficient κ of C2H6O versus wavelength is shown in
Figure 4c, and the κ at 1654 nm is ∼4.7 × 10−5.30 At 1654 nm, the
quasi-TE0 mode and quasi-TM0 mode field distributions of the ChG
waveguide with an C2H6O upper cladding layer are shown in Figure
2f,g, respectively. As a flammable and explosive gas, CH4 was used as
the gas analyte. The absorption spectrum of 50 parts-per-million
(ppm) CH4 near 3291 nm is shown in Figure 4d based on the
HITRAN database, where the temperature is 298 K, the pressure is 1
atm, and the optical path length is 10 cm. The absorbance of pure
CH4 is 10.715 cm−1.16 Simulation results show that the waveguide
only guided the quasi-TE mode light at a wavelength of 3291 nm, and
the quasi-TE0 mode field distribution is shown in Figure 2e.
2.3. Ag Island Film Morphology. The SEM images of the Ag

island film with thicknesses of 0.9, 1.8, 3.6, and 5.4 nm on the SiO2
layer are shown in Figure 3a−d, respectively. As can be seen, the size
of the Ag island becomes larger with the increase in the film thickness,
and there is no obvious island structure when the thickness of the Ag

island film is only 0.9 nm. Five ChG waveguide samples were
fabricated, named as WG1, WG2, WG3, WG4, and WG5, with the Ag
island film thicknesses of 0, 0.9, 1.8, 3.6, and 5.4 nm, respectively.
Except for the film thickness, other structural parameters of the five
sensors are totally the same. The SEM images of all the sensor
samples including the straight waveguide and meander waveguide
using the Ag island film with different thicknesses are shown in Figure
S1.

2.4. Waveguide Sensor System. The diagram of the NIR
waveguide liquid sensor system and the diagram of the MIR
waveguide gas sensor system are shown in Figure 4a,b, respectively.
For the NIR waveguide liquid sensor system, a distributed feedback
(DFB) laser (Sichuan Tengzhong light technology, China) emitting at
a central wavelength of ∼1654 nm was used as the laser source for
C2H6O measurement. A current driver (LDC210C, Thorlabs) and a
temperature controller (TED200C, Thorlabs) were used to control
the current and temperature of the laser, respectively. The laser beam
was coupled to a straight waveguide through a single-mode (SM)
lensed fiber, and the light output from the waveguide was collected by
a multimode (MM) fiber. A germanium (Ge) detector (PDA50B2,
Thorlabs) was used to convert the light output from the fiber
collimator to an electrical signal. For the MIR waveguide gas sensor
system, an interband cascade laser (ICL, Nanoplus) emitting at a
central wavelength of ∼3291 nm was used as the light source for CH4
measurement, which was driven by a current driver (LDC210C,
Thorlabs) and a temperature controller (TED200C, Thorlabs). The
light from the laser was coupled to a fluoride fiber by a reflective lens
(RC08, Thorlabs) and butt-coupled to the meander waveguide. A
mercury cadmium telluride detector (PVI-4TE-5, VIGO System) was
used to measure the signal output from the waveguide. For the two
sensing systems, a microscope was used to observe the positions of
the fiber and the waveguide for alignment. The electrical signals from
the two detectors were obtained by a data acquisition (DAQ) card
(USB6361, National Instruments), and a LabVIEW platform was used
to control the laser current and process the two electrical signals.

3. RESULTS AND DISCUSSION
3.1. Experimental Results for Liquid Sensing. In the

C2H6O sensing experiment, straight waveguides with a sensing
length of 1 cm were used for measurement. The temperature
and current of the DFB laser were set to be 16 °C and 60 mA,
respectively, resulting in an output wavelength of ∼1654 nm.
The laser beam output from the ChG waveguide with air
cladding was obtained by the detector and converted into an
electrical signal, which can be treated as a background signal
without absorption. Then, C2H6O was dropped on the straight
waveguide, and the amplitude of the electrical signal was
decreased, which obeys the Lambert−Beer law as16

α= −γα −V V CL Lexp( )0 int (1)

where V is the amplitude of the output electrical signal from
the waveguide sensor with an analyte; V0 is the corresponding
input signal amplitude; α and αint are the absorption coefficient
of the analyte and the waveguide intrinsic loss, respectively; C
and L are the analyte concentration and the sensing waveguide
length, respectively; and γ is a filling factor which can be
expressed as31

∬

∬
γ

ε

ε
=

| |

| |

n x y E x y x y

x y E x y x y

( , ) ( , ) d d

( , ) ( , ) d d

g analyte
2

total
2

(2)

where ng is the group refractive index; E is the electric field;
and ε is the permittivity. The absorbance is defined as −ln(V/
V0), which indicates the strength of the absorption. Note that
the loss of the SEIRA spectroscopic waveguide sensor based on
a Ag island film mainly includes scattering loss resulting from

Figure 2. (a) Zoomed SEM image of the straight waveguide sensing
area. (b) Structural diagram of the straight waveguide sensor and the
meander waveguide sensor. (c) Zoomed SEM image of the meander
waveguide sensing area. (d) SEM image of the waveguide cross-
sectional structure without the Ag island film. (e) Quasi-TE0 mode
field distribution of the chalcogenide waveguide with a CH4 upper
cladding layer at 3291 nm. (f) Quasi-TE0 mode and (g) quasi-TM0
mode field distribution of the chalcogenide waveguide with an C2H6O
upper cladding layer at a wavelength of 1654 nm.

Figure 3. SEM images of the Ag island film on the SiO2 layer with
thicknesses of (a) 0.9 nm, (b) 1.8 nm, (c) 3.6 nm, and (d) 5.4 nm.
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the rough waveguide surface and the absorption loss from
waveguide materials, which can be decreased by a thermal
reflow process.32

Curves of the absorbance [−ln(V/V0)] of C2H6O, γ, and αint

versus the thickness of the Ag island film are shown in Figure
5a, where αint is obtained by the cutoff method and γ is
obtained by eq 1. The absorbance enhancement factor (EF) is
defined as the ratio between the absorbance of the sensor with
a Ag island film divided by the absorbance of the sensor
without the Ag island film, that is, [−ln(V/V0)|island]/[−ln(V/
V0)|no island]. The main factors affecting the absorption
performances of the waveguide sensor include local surface

optical field intensity and waveguide loss. The enhancement of
the local surface optical field intensity is originated mainly from
the surface plasmon resonance effect of the Ag island film.28

When the Ag island film is too thin, the local field
enhancement effect is weak, but the waveguide loss is low.
The waveguide loss becomes larger and may not guide light
when the thickness of the Ag island film increases to a certain
value (e.g., 5 nm) because both the absorption loss and
scattering loss are too large. That is why the WG5 sensor is cut
off in mode propagation. The local field enhancement effect is
also related to the thickness of the Ag island film. With the
increase in the Ag island film thickness at first, the quantity of

Figure 4. (a) NIR waveguide liquid sensor system. (b) MIR waveguide gas sensor system. WG: waveguide; CD: current driver; TC: temperature
controller; RL: reflective lens; SM: single mode; MM: multimode; PC: personal computer; and DAQ: data acquisition. (c) Extinction coefficient of
C2H6O vs wavelength. (d) Simulated 50 ppm CH4 absorption spectrum near 3291 nm, where the temperature is 298 K, the pressure is 1 atm, and
the optical path length is 10 cm.

Figure 5. (a) Curves of the measured absorbance of C2H6O, filling factor, and waveguide intrinsic loss vs the thickness of the Ag island film. (b)
Curves of the measured absorbance of 40% CH4, filling factor, and waveguide intrinsic loss vs the thickness of the Ag island film.
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Ag islands gets larger, the distance between Ag islands gets
smaller, the interaction effect becomes stronger between Ag
islands, and the local field effect is strengthened too. However,
as the thickness of the Ag island film continues increasing, the
size of the Ag islands becomes larger and its quantity decreases,
which weakens the local field enhancement effect. Thus, there
is an optimum value of the thickness of the Ag island film at
which we can achieve the maximum absorption enhancement.
The experiment results show that the waveguide sensor with
the 1.8 nm-thick Ag island film (WG3) has the highest EF
(>1.5) and the increase in the waveguide loss is <1 dB/cm,
which is acceptable for output light detection. Thus, WG3
shows the best performance among the five fabricated
waveguide sensors. Similar phenomena can be found in related
metal island film sensing experiments.28,29,33,34

Besides, experimental results of liquid water sensing at an
absorption wavelength of 1368 nm can be found in the
Supporting Information, which shows a similar sensing
performance change trend (Figure S3b), and the maximum
EF is >2.3 when the film thickness is 1.8 nm.
3.2. Experimental Results for Gas Sensing. Meander

waveguides with a sensing length of 2 cm were used for CH4
measurement based on the direct absorption spectroscopy
(DAS) technique. A polydimethylsiloxane (PDMS) gas cell
with an inlet and an outlet was bonded on the substrate. The
temperature of the ICL was set to be 16 °C, and the scan
current range was set to be 42−58 mA to cover the CH4
absorption line at 3038.5 cm−1. Nitrogen (N2, 99.999%) was
used to balance the CH4 (99.999%) concentration by a gas-
mixing system (Series 4000, Environics) to obtain the target
CH4 concentration.
Curves of the absorbance of 40% CH4, γ, and αint versus the

thickness of the Ag island film are shown in Figure 5b. The
WG5 sensor shows a cutoff region in mode propagation, and

the sensing performance change trend looks the same as that of
C2H6O for a similar reason. The EF is >2.3 when the film
thickness is 1.8 nm, and the increase in αint for WG3 is <2 dB/
cm.
As a conclusion, the experimental results of C2H6O, H2O,

and CH4 show that the enhancement effect of the Ag island
film can be used at different wavelengths from the NIR range
to the MIR range.
The absorbances of WG1, WG2, WG3, and WG4 at four

CH4 concentration levels of 10, 20, 30, and 40% are shown in
Figure 6a−d, respectively. WG1 without the enhancement
effect is unable to detect CH4 with a concentration level of
10% because of low absorbance. The linearity of the WG1
linear fitting curve is lower than those of WG2, WG3, and
WG4. The linear fitting equations of the four sensors between
CH4 concentrations CWG1, CWG2, CWG3, and CWG4 (in ppm)
and the absorbance (AmpDAS, in V) are

= × +− CAmp 1.16861 10 0.01575DAS
8

WG1 (3)

= × +− CAmp 1.36930 10 0.02879DAS
8

WG2 (4)

= × +− CAmp 5.24903 10 0.02827DAS
8

WG3 (5)

= × +− CAmp 3.17224 10 0.02795DAS
8

WG4 (6)

According to the experimental results, the limit of detection
(LoD) can be calculated as35

= CLoD /SNRC (7)

where SNRC is the signal-to-noise ratio under a concentration
level of C. In the same sensing system, the theoretical noise
level should be the same, but the environmental vibration and
gas concentration variation also cause the change in the noise
level. Here, the maximum error of the averaged absorbance for

Figure 6. Absorbances of (a) WG1, (b) WG2, (c) WG3, and (d) WG4 at four CH4 concentration levels of 10, 20, 30, and 40%. R
2: goodness of fit.
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the 40% CH4 sample (8.96 × 10−4) is considered as the system
noise. Therefore, the LoDs of WG1, WG2, WG3, and WG4
were calculated to be 5.99, 3.54, 2.51, and 2.97%, respectively.
WG3 with the 1.8 nm-thick Ag island film and the lowest LoD
reveals the best performance among the fabricated five
waveguide sensors, which is consistent with the measured
absorbance curve shown in Figure 5b.
An Allan deviation analysis was performed by the measure-

ment of the absorbance under a pure N2 environment over a
time period of 120 s. The Allan deviation plots of WG1, WG2,
WG3, and WG4 versus the averaging time are shown in Figure
7. As can be seen, WG2, WG3, and WG4 reveal a lower LoD

than that of WG1 due to the absorption enhancement of the
Ag island film. As the averaging time increases, the three
waveguide sensors with the Ag island film reveal better stability
since the Allan deviation continues to decrease as the averaging
time increases to 10 s. When the averaging time is 0.2 s, WG3
shows a 1σ LoD of 4.11% (σ is the Allan deviation), which is
lower than those of WG2 and WG4. These results are
consistent with the absorbance curve in Figure 5b. The 1σ

LoD of WG3 with the optimum averaging time of 50.6 s is
0.61%.

3.3. Application of the Waveguide Sensor for Shale
Gas Measurement. An application of the waveguide sensor
was performed for shale gas measurement, which is of great
significance for the exploration of natural gas resources. The
major component of shale gas is CH4.

36 Shale gas samples
obtained at the fracturing temperatures of 450, 550, and 650
°C were stored in three gas bags (Figure 8c) and were
squeezed into the PDMS gas cell. The measured CH4
concentration levels of the shale gas samples are shown in
Figure 8a, and the absorbance curves by Lorentz fitting of the
three samples are shown in Figure 8d−f, respectively. The CH4
concentration levels at 550 °C (∼27%) is the highest in the
three samples. The curve of observed CH4 concentration levels
of the shale gas samples obtained at a fracturing temperature of
550 °C versus observation time is shown in Figure 8b. A short
response time of <0.2 s was obtained. The fluctuation of the
measured CH4 concentration levels of the shale gas sample is
probably caused by the change of the gas flow when squeezing
the gas bags, and both the environmental noise and system
interference account for the variation. The measurement of
shale gas shows that the SEIRA spectroscopic ChG waveguide
sensor can be put into field applications, for example, the
exploration of natural gas resources.

3.4. Requirement of the Waveguide Sensor for
Absorption Enhancement. The purpose of fabricating a
metal island film is to enhance the absorption (e.g., improve
the sensitivity). However, the waveguide loss will increase due
to the fabrication of the film, which will decay the sensing
performance. Therefore, the effects of the enhanced absorption
and the increased αint on the performance of a sensor should
be considered. Through theoretical derivation (see the
Supporting Information), the LoD can be decreased after
depositing the Ag island film when

α α
α α

>
= =
= =γ

γ

γ
E

E

E

LoD( 1, )

LoD( 1, )
int int2

int int1 (8)

where αint1 and αint2 are the intrinsic losses of the waveguide
sensor without a Ag island film and the waveguide sensor

Figure 7. Allan deviation plots of WG1, WG2, WG3, and WG4 vs
averaging time.

Figure 8. (a) Measured CH4 concentration levels for the three shale gas samples obtained at the fracturing temperatures of 450, 550, and 650 °C.
(b) Time response of CH4 concentration detection by injecting the shale gas sample with a fracturing temperature of 550 °C into the PDMS gas
cell. (c) Three shale gas samples in gas bags obtained at the fracturing temperatures of 450, 550, and 650 °C. Measured absorbance curves by
Lorentz fitting of three shale gas samples at the fracturing temperatures of (d) 450 °C, (e) 550 °C, and (f) 650 °C.
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integrated with a Ag island film, respectively. The enhance-
ment of γ (denoted by Eγ) is defined as the γ of the sensor with
a Ag island film divided by the γ of the sensor without a Ag
island film. The right side of eq 8 represents the ratio between
the two LoDs resulting from the increase of αint.
3.5. Comparison and Discussion. A comparison between

WG3 and other MIR ChG waveguide CH4 sensors is shown in
Table 1. As can be seen, the fabricated WG3 has lower αint and

LoD values compared with that of other ChG waveguide CH4
sensors. Decreasing the waveguide width and optimizing the
thickness of the Ag island film can improve γ, which can lead to
further improvement of the sensing performance. Because of a
small waveguide loss, the waveguide length can be further
increased to improve the absorbance. Other gas-sensing
techniques (e.g., wavelength modulation spectroscopy) can
be used to suppress the optical interference and to improve the
signal-to-noise ratio.
A second comparison among the waveguide sensors based

on optical absorption using different enhancement methods is
shown in Table S1. The slot waveguide fabricated by dry
etching tends to have a high propagation loss, which is a key
problem for sensing.15 Though PCW can achieve a high group
index to increase γ, the structural parameters need to be strictly
controlled in the fabrication process, otherwise the slow light
wavelength will change, leading to the failure to improve the
sensing performance. A microcavity waveguide (e.g., micror-
ings and microdisks) can achieve a large effective optical path
length, but the resonance wavelength is easily affected by
fabrication errors.17 Though the enhancement factor is smaller
than that of other methods, the waveguide sensing technique
based on a Ag island film has no need for high fabrication
precision, and the absorption enhancement effect can be
realized in both NIR and MIR ranges, which extends the
application of such techniques to both liquid and gas detection.
A third comparison among three gas-sensing methods is

shown in Table S2, including electrochemical, refractive index,
and optical absorption methods. Some electronic gas sensors
(e.g., electrochemical sensor) can achieve a low LoD as well as
have a low cost, but the response time and recovery time are
longer than that of the SEIRA spectroscopic waveguide sensor.
Also, some functional materials need to be activated at non-
room temperature, and the response may get worse over
time.38−40 The main drawback of a refractive index sensor is its
poor selectivity, which limits the application of such a
technique.41,42 The proposed SEIRA spectroscopic sensor
has the advantages of selectivity and sensitivity.17 However,
high cost may be an obvious shortcoming of an optical sensor,
which is expected to be addressed with the maturation of the
fabrication technology of infrared laser sources and detectors
and the machining technology of optics.

4. CONCLUSIONS
We proposed a SEIRA spectroscopic ChG waveguide sensor
based on a Ag island film. The main novelty of this work was
the integration of the metal island film with the ChG
waveguide sensor to generate a SEIRA effect and to enhance
the infrared absorption of the analyte. Compared with other
methods for improving the waveguide sensing performance,
the metal island film-based SEIRA spectroscopic waveguide
sensor can be fabricated with a simple and less time-consuming
way. Through C2H6O sensing at an NIR wavelength of 1654
nm and the CH4 sensing at an MIR wavelength of 3291 nm,
the ChG waveguide integrated with the Ag island film with a
thickness of 1.8 nm shows the best sensing performance among
the five fabricated waveguide sensors. In addition to an
acceptable αint, the WG3 sensor shows absorbance enhance-
ment factors of >1.5 and >2.3 for C2H6O and CH4,
respectively. The 1σ LoD of WG3 is ∼4.11% at an averaging
time of 0.2 s, and the response time is <0.2 s. Shale gas
measurement was performed to validate the normal operation
of the sensor. Without changing the structural parameters, the
absorption enhancement effect of the SEIRA spectroscopic
waveguide using the Ag island film can be realized in both NIR
and MIR ranges. Also, the proposed rectangular waveguide
sensor with enhanced absorption provides an idea for the
design of a sensor-on-a-chip. Future work is to reduce the
system noise to further improve the sensing performance.
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