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ABSTRACT: The surface-enhanced infrared absorption (SEIRA)
technique has been focusing on the metallic resonator structures for
decades, exploring different approaches to enhance sensitivity. Although
the high enhancement is achieved, the dissipative loss and strong heating
are the intrinsic drawbacks of metals. Recently, the dielectric platform
has emerged as a promising alternative. In this work, we report a guided
resonance-based all-dielectric photonic crystal slab as the platform for
SEIRA. The guided resonance-induced enhancement in the effective
path length and electric field, together with gas enrichment polymer
coating, leads to a detection limit of 20 ppm in carbon dioxide (CO2)
sensing. This work explores the feasibility to apply low loss all-dielectric
structures as a surface enhancement method in the transmission mode.

KEYWORDS: photonic crystal slab, all-dielectric, guided resonance, surface enhanced infrared absorption, gas sensor,
gas enrichment polymer

The surface-enhanced infrared absorption (SEIRA)
technique has garnered extensive attention over the last

decade for its ability to detect molecular fingerprints with
monolayer sensitivity on chips.1,2 Metal-based optical reso-
nators are commonly deployed for enhancing light−matter
interactions through strong near-field coupling and thereby
artificially enhancing the intrinsic signal of molecules by
various mechanisms. Among them, spoof surface plasmon
polaritons (SPPs),3 Fano effect,4 and Fabry−Peŕot mecha-
nism5 have been extensively studied to exceed the existing
detection limit. Various structures, for example, split-ring
resonators,6,7 nanorods,8,9 nanoslits,10 bow-ties,11 and metal−
dielectric−metal-based perfect absorbers,12,13 have been
reported to achieve high sensitivity at mid-IR. However, highly
multiplexed sensing which requires no spectral overlap is
hindered because of resonance with a low quality factor
originated from strong damping (radiation and intrinsic) in
metals. Besides, the volume of light−matter interaction is
limited, leading to inefficient utilization of surrounding
analytes because the enhanced near-fields are usually highly
localized around the “hot spots” such as at the tips of the
nanorods and the nanogaps of bow-ties and split-ring
resonators.14 Meanwhile, transmission mode sensing which is
preferred in an integrated sensor system is ineffective because
of the metal loss. Furthermore, metals are subject to optical
heating for their intrinsic Ohmic losses, making the label-free
detection at mid-IR unreliable as the line shapes of various

functional groups are highly temperature dependent. There-
fore, an all-dielectric material platform with low loss, large
volume of light-matter interactions, and high transmission will
show great potentials for integrated chip-level gas sensing.
Recently, all-dielectric nanostructures including the nano-

disk and photonic crystal slab (PCS) with a large electric field
enhancement have emerged as alternatives for a metal-based
platform for highly sensitive sensors. A higher quality (Q)
factor and weaker heating effect than their metallic counter-
parts are expected from the low loss of dielectric materials.
Although a relatively high Q factor can be achieved by a
dielectric nanodisk, the mode is quite well-confined inside the
structure. Such a feature is ideal for nonlinear wavelength
conversion15,16 but undesirable for the detection of surround-
ing analytes as the effective light−matter interaction is
suppressed by the inaccessibility.17,18 These refractive index
(RI)-based sensors require complicated surface functionaliza-
tion to enable selectivity. On the contrary, the PCS shows its
advantages over the nanodisk in terms of the Q factor and
mode distribution. A much higher Q factor on the order of 104

is achieved by slightly tilting the incident beam or creating an
alternating nanohole size for a better sensitivity in RI
sensing.19,20 A large portion of the electric field is exposed to
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the surrounding analytes once the TE-like or TM-like mode is
excited.21 With these two advantages, total absorption in the
graphene monolayer is studied theoretically by critical
coupling,22,23 and nearly 100% absorption is demonstrated
experimentally in near infrared with the PCS integrated with a
back reflector.24 However, the platform still operates in the
reflection mode, making it less suitable for integrated gas
sensors.
Gas sensors with a miniaturized size, ultrahigh sensitivity,

and fast response time still remain as a challenge for small size
and weak absorption of gas molecules. To tackle this problem,
various two-dimensional materials like graphene,25−30 black
phosphorus,31−33 and MoS2

34,35 have been investigated for the
on-chip gas sensor, demonstrating an ultrahigh detection limit
and ultrafast response time for NO, N2O, NH3, and CO2.
However, the selectivity requires further efforts such as pattern
recognition36 and doping.37,38 Another solution is to deploy a
gas selective enrichment layer such as the metal−organic
framework (MOF) to locally enhance the gas concentration
and exploit the near-field enhancement from metamaterial
patterns.39−41 Chong et al. engineered the coupled SPP for a
better spatial overlap of the electric field with MOF and
demonstrated enhanced CO2 sensing.42 However, the
sensitivity is still limited because the interaction between the
tiny CO2 molecule (232 pm in length) and the plasmonic
pattern is weak for detection at the ppm (parts per million)
level. The response time is potentially hindered by the 2.7 μm
thick MOF.40 In an alternative scheme of the hybrid
metamaterial absorber, we reported sensitivity down to 40
ppm by utilizing the molecular vibrations at mid-IR, which
originates from the transformation of chemical compositions in
the gas-selective polymer polyethylenimine (PEI). However,
the metallic structure reported is still subject to intrinsic loss
and heating and can only operate in the reflection mode.13 In
this work, we demonstrate an all-dielectric SEIRA-based PCS
platform operating in the transmission mode for CO2 sensing.
Two mechanisms induced by guided resonance in the PCS are
identified to enhance gas selective absorption in PEI, that is,
the uniformly enhanced electric field and the enlarged effective
path length. The experimental results indicate 14 times
enhancement of the absorption signal on the PCS structure

as compared to the unpatterned thin film. A detection limit of
20 ppm with a response time of 2 min is achieved on a
significantly miniaturized gas sensor platform (array size 220
μm × 220 μm).

■ RESULTS AND DISCUSSION

Guided Resonance and Its Near-Field Coupling. The
device and the sensing mechanism are shown schematically in
Figure 1a,b. The PCS is fabricated from the silicon-on-
insulator (SOI) wafer with 1 μm buried oxide (BOX) and a
500 nm device layer. The periodic index contrast on the silicon
slab creates phase matching conditions, through which external
radiation can be coupled into the slab and excites guided
resonance. The light resonates inside the slab during its
lifetime and then leaks back to free space. The constructive
interference occurs between this resonance-assisted trans-
mission and direct transmission, giving rise to an enhanced
electric field in the near-field and transmission peak in the far
field.43,44 The incident light is an unpolarized light cone with
an angle up to 45°. The scanning electron microscopy (SEM)
image of the fabricated PCS is shown in Figure 1c. PEI is an
amine-based polymer that can absorb and react with CO2
selectively.45 The vibration and stretching of some molecules
after the absorption of CO2 result into the significant
fingerprints from 6.06 to 7.69 μm (see the Supporting
Information for related chemical reactions). A thicker PEI
film can absorb more CO2, increasing the detection range but
at the expense of the response time. Single coating of PEI on
SOI at 4000 rpm is found to be around 125 nm thick (Figure
S1a). An atomic force microscopy (AFM) image in Figure 1d
shows a surface roughness of 2.5 nm. To achieve a thicker PEI
layer, coating twice is preferred because high viscosity will lead
to nonuniformity if the spin speed is low. Figure 1e is the
surface profile along the white dash line in Figure 1d. Double
coating leads to a minor thickness increase of around 30 nm
(Figure S1b) on the Si surface.and a better filling inside the air
holes, that is, a stronger interaction between PEI and the
electric field.
Major parameters for the PCS design are the radius to

period (r/a) ratio and thickness of the BOX layer and the Si
device layer. The transmission spectrum as a function of the r/

Figure 1. (a) Schematic illustration and (b) cross section of the device and the sensing mechanism. (c) SEM image of the PCS before PEI coating
(d) AFM image of the PCS with PEI coating. (e) Surface profiles of the PCS at bare chip, single coating, and double coating along the white dash
line in (d).
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a ratio is shown in Figure S2a. A larger r/a ratio scatters more
light and decreases resonance lifetime and quality factor, while
more electric field can penetrate into the air hole.21 The
transmission intensity also increases. Figure S2b shows a
periodic behavior between transmission and BOX thickness,
indicating that the BOX spacing layer works as a phase shifter
that determines the interference condition between the directly
transmitted beam and the resonance-assisted beam. The effects
of Si device layer thickness are studied as shown in Figure S2c.
Although complicated resonance behaviors happen at short
wavelength, major resonance at longer wavelength is red-
shifted almost linearly with the increased Si slab thickness. This
shows the importance of the Si layer to support the

resonance.46 More high-order modes arise when the slab is
too thick. The final thicknesses of Si and BOX are determined
by the commercially available SOI wafer as 500 nm and 1 μm,
respectively. The r/a ratio is chosen as 0.35 for both high
transmission and quality factor.
The simulated spectrum of the PCS (radius r = 1.4 μm, a =

4 μm, r/a = 0.35) is shown in Figure 2a. The cross-sectional
view and the top view of the TE-like mode at the resonance
peak are shown in Figure 2b,c. The electric field is considerably
localized along the Si−air interface at the sidewall. The 500 nm
thick device layer compensates the relatively small field
enhancement factor from the dielectric structure. The
penetration of the electric field into BOX reduces the

Figure 2. (a) Simulated transmission spectrum of the normally illuminated PCS. The inset is a unit cell of the PCS where the orange line cuts
through the mid, and the black line is at the Si−air interface. E-field distributions at the resonance peak at these two planes are shown in (b) cross
section and (c) top view. (d) Simulated spectrum of the normally illuminated PCS after a layer of absorption material is added. Different coupling
strengths are to simulate the different CO2 concentrations. (e) Cross-sectional and (f) top view of E field distribution at ω1.

Figure 3. (a) Typical transmission spectrum of a several microns thick PEI film in the air environment and at the thermally desorbed state. Five
points at 6.073, 6.416, 6.490, 6.786, and 7.064 μm are circled to characterize the near-field coupling. Pt 1 is the N−H deformation peak. Pt 2, 3 are
from the stretching of CO and pt 4, 5 are from the vibration of NCOO. The shaded area shows the peak positions of PCS 1−5. (b−f) Simulated
spectrum (under the illumination of the light cone: red dashed line) and the measured spectrum (before PEI coating: black line; thermally
desorbed state: blue line) of PCS 1−5.
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sensitivity. To estimate the absorption effect of PEI when it is
exposed to CO2, a representative material is defined by the

Lorentz model ε ε ε ω ω δ ω ω= + ∑ − −= /( 2i )i i i0 1
3

Lorentz
2

0
2 ,

where ε0 = 1.96 and δ0 = 8 × 1011 rad/s. The oscillator
strength εLorentz varies from 0.0005 to 0.002. Three center
frequencies ωi at 6.416, 6.490, and 6.786 μm are marked by ω1,
ω2, and ω3, respectively. The simulated spectrum at different
coupling strengths is depicted in Figure 2d. As compared to
Figure 2a, the resonance peak is red-shifted around 100 nm,
and a clear electromagnetic-induced transparency-like phe-
nomenon can be observed. The enhancement factor at ω1 and
ω2 is estimated around 260 and 280, whereas ω3 is enhanced
by 150 times only (Figure S3a). This is because ω3 is not
perfectly matched with the peak around 6.45 μm, where the
resonance strength is maximized and the electric field is highly
concentrated. The mode distribution at ω1 is shown in Figure
2e,f. As a result of the low RI of the polymer, the evanescent
field penetrates further into PEI. The electric field enhance-
ment decreases when compared with Figure 2b because of the
extra loss introduced by PEI. To further illustrate the
mechanism of the absorption enhancement, simulations are
performed with isolated coating layers at different places: top,
sidewall, and bottom, as shown in Figure S3b. The absorption-
induced dips from the bottom coating layer are more
pronounced than those from the top and sidewall coating.
However, the electric field is not highly localized at the PEI−
SiO2 interface. On the contrast, although there is a uniformly
enhanced electric field along the sidewall, the absorption
enhancement is only slightly higher than that at the PCS top,
where the strong electric field is exposed at certain spots. Such
a phenomenon is attributed to two enhancement mechanisms.
First, the enhancement from the bottom is the result of the
guided resonance-assisted transmission. The incident wave is
coupled into the PCS and then resonates inside with both
transmission and reflection occurring at the boundary.
Therefore, the path length in the absorption material is
effectively enlarged by multiple round trips.47 Second, guided
resonance is also accompanied by the enhanced electric field.

The overall enhancement from the top is improved by a large
area, whereas the active area from 500 nm thick sidewall is
limited.

Characterization with Single PEI Coating. Five PCSs
are fabricated with peaks spanning from 4.91 to 6.64 μm. The
r/a ratio are kept the same at 0.355. Their geometrical and key
measured parameters are summarized in Table S1. Figure 3a
illustrates the transmission spectrum of several microns thick
PEI under thermally desorbed states (0 ppm) and in the air
environment (around 400 ppm), respectively (see the Method
section for detailed characterization steps). Significant differ-
ences in transmission spectrums can be seen from 6.06 to 7.69
μm because the absorbed species of the carbamate−
ammonium pair (1650−1300 cm−1) emerge upon the reaction
between CO2 and PEI. Absorption peaks from N−H
deformation, CO stretching, and NCOO skeletal vibration
at 6.073, 6.416, 6.490, 6.786, and 7.064 μm are marked by pt
1−5, respectively. Shaded areas indicate the peak positions of
five designed PCSs. Figure 3b−f shows the simulated spectrum
of PCS 1−5 under the illumination of the light cone (see the
Method section for light cone simulation), and the measured
spectrum before PEI coating and at the thermally desorbed
state. The measured major resonance peaks match simulated
results at 4.91, 5.37, 5.88, 6.38, and 6.64 μm in PCS 1−5,
respectively. Some minor side peaks are observed besides those
major peaks because the PCS spectrum may be changed
significantly by the oblique incident light from Fourier
transform infrared spectrometer (FTIR), and dark states may
be excited.48,49 The spectrums under normal incident light and
the light cone are simulated in Figure S4, confirming that the
incident angle induces this discrepancy between design and
measurement. Compared with spectrums before PEI coating,
the peaks under the thermally desorbed state are red-shifted
around 100 nm. Quality factors, as well as transmission
intensity, drop because of the extra loss from PEI.
The transmission spectrums of PCS 1−5 at different CO2

concentrations are shown in Figure 4a−e. The wavelengths
corresponding to the five absorption peaks in Figure 3a are also
marked for comparison. The spectrum is normalized to the

Figure 4. (a−e) Transmission spectrums of single coated PCS 1−5 at different CO2 concentrations. Shaded areas correspond to the absorption
peaks of PEI marked in Figure 3a. (f) Averaged transmission of PCS 1−5 at different CO2 concentrations for single PEI coating. Light and dark
shaded areas correspond to the saturation region for PCS 1 and 2 and PCS 3, 4, and 5, respectively.
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initial thermally desorbed state to show the sensing effect
clearly. Peak intensity barely decreases for PCS 1 and 2, and
they saturate quickly because these two peaks are far away
from the sensing window from 6.06 to 7.69 μm. The
calibration emerges at PCS 3 as it approaches pt 1 which is
the deformation peak from N−H in RNH3

+. The resonance
wavelength of PCS 4 and 5 matches the stretching peak of C
O and the skeletal vibration of NCOO, enabling the most
obvious calibration. Slight line shape modification is also
observed from absorption dips at pt 1−5. The demonstrated
detection limit is 20 ppm, but it still shows the potential to
push the limit down to 10 ppm. If such an enrichment layer is
applied to a nondispersive infrared system, a band pass filter is
required to select the target wavelength range, and only the
overall intensity can be detected. Therefore, an averaged

transmission is defined as ∫ λ λ=
λ λ λ

λ

−T T( )davg
1

1 2 2

1 to better

illustrate the sensing performance, where λ1 and λ2 are the
lower and upper wavelength boundary of the integral (the
integral window is shown in Figure S6).13 The averaged
transmission is shown in Figure 4f, where a sensing region is
followed by a saturation region. The dynamic range, which is

the transmission difference between the thermally desorbed
state and saturation state, keeps increasing from PCS 1 to PCS
5 as resonance peaks of PCS and PEI vibration modes are
becoming overlapped. Saturation concentration, representing
the detection range, is also extended from 200 to 600 ppm. To
quantitatively evaluate the enhancement from the PCS, the
sample without the pattern, that is, the SOI chip coated with
125 nm PEI, is measured at an ambient environment and
thermally desorbed states, shown in Figure S7a. The
enhancement factors are calculated as 12.20 and 14.52 for
PCS 4 and 5 (see the Supporting Information for calculation
methods), respectively. The degradation of the enhancement
factor compared to simulation is mainly because of the quality
factor which is reduced by the oblique light cone (Figure S4)
and fabrication imperfections such as surface roughness and
the sidewall. The reduced quality factor represents a weaker
enhancement in the electric field and path length.
The dynamical behavior is analyzed in Figure 5a,b for PCS 4

and 5, which match the sensing window of PEI and thus have a
better performance. The transmission keeps increasing during
the thermal desorption and finally reaches a steady CO2-free
state. Then, after each injection of CO2, there is a clear

Figure 5. Dynamical behavior of (a) PCS 4 and (b) PCS 5 at single PEI coating. The inset is a zoomed-in image of the shaded area, showing a
response time of around 2 min.

Figure 6. Spectrum of double coated (a) PCS 4 and (b) PCS 5 at different CO2 concentrations. The shaded area corresponds to the absorption
peaks of PEI marked in Figure 3a. Dynamical behavior of (c) PCS 4 and (d) PCS 5 at double PEI coating. The inset is a zoomed-in image of the
shaded area, showing a slower response around 3 min.
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decrease followed by fluctuation around the same level.
Saturation occurs when the CO2 concentration reaches 600
ppm. The inset is a zoomed-in image of the shaded area about
how average transmission evolves from injection to the steady
state. The sharp dip immediately after the injection is caused
by fast CO2 absorption occurring on the PEI surface and then
slow diffusion into the bulk of PEI. A minor recovery before
steady states is resulted from which some of the CO2
molecules on the surface are driven away by the carrier gas
N2. The response time from the injection to steady states is
estimated around 2 min.
Characterization with Double PEI Coating. To

investigate the effect of different PEI thicknesses, the double-
coated PCS 4 and 5 are characterized after the previous PEI is
removed by O2 plasma. The spectrums at the steady states are
presented in Figure 6a,b. A characteristic split is more obvious
at pt 2, 3, and 4 in double-coated PCS 4 than that of single
coating. Similar results have been shown in Figure 2e by
simulation. However, the enhancement of vibration peak
resolution at pt 4 in PCS 5 is less pronounced because double
coating slightly blue-shifts the peak of PCS 5 from 6.73 to 6.70
μm, whereas the peak of PCS 4 remains unchanged.
Considering that two PCSs are on the same chip, this
difference in peak shifts is due to imperfections in coating
uniformity resulted from high viscosity of PEI. Pt 4 shifts away
from the resonance peak of PCS 5, where the enhancement is
the strongest. PEI thickness increase is counteracted by the
decrease in the PCS enhancement. Therefore, the overall
enhancement is moderate. Because the peak position depends
on the surrounding effective index, negligible peak shifts
(<0.5%) also infer that there is no strong overlap between the
second layer of the coated PEI and the evanescent field which
will otherwise change the surrounding effective index
significantly. The enhanced electric fields along the Si−air
sidewall and on top of the PCS have already been almost fully
utilized by the first layer of the coated PEI. The improved
resolution in vibration modes comes from the elongated light−
matter interaction length induced by guided resonance. The
response time is slowed down from 2 to 3 min as shown by the
inset in Figure 6c,d. As the PEI layer is thicker, CO2 molecules
need to diffuse a longer path to fill the bulk. The enhancement
factors are quantitatively calculated as 13.30 for PCS 4 and
12.78 for PCS 5 by comparing with the unpatterned sample,
whose spectrum is in Figure S7b.
Averaged transmissions for the double-coated PCS 4 and 5

are calculated in Figure 7a by the same method as mentioned

above. Averaged transmissions for single-coated counterparts
are also shown for comparison. The error bar represents the
standard deviation of 20 continuous measurements under the
same CO2 concentrations. Error bars for the double-coated
PCS are smaller than those for the single-coated PCS, which
indicate that more volume of bulk PEI is available for CO2 to
diffuse into, so that absorbed CO2 is less affected by the gas
flow on the surface. The detection range is extended from 600
to 1400 ppm, whereas PEI thickness is increased by only 30
nm (Figure S1) by double coating, confirming the remarkable
enhancement. The sensitivity around 100 ppm for these four
samples is estimated as 0.0394%/ppm (PCS 4, single coating),
0.0317%/ppm (PCS 5, single coating), 0.0537%/ppm (PCS 4,
double coating), and 0.0381%/ppm (PCS 5, double coating)
(see Figure S8 for sensitivity). The increase in coating
thickness affects the dynamic range and the detection range
more than sensitivity. The device reliability test is performed
(devices image in Figure S9) by measuring six identical PCS 4
and PCS 5. The standard deviation among devices is presented
in Figure 7b, which is caused mainly by the imperfections in
coating uniformity.
In summary, we demonstrate an all-dielectric SEIRA-based

PCS integrated with CO2-selective enrichment polymer PEI
for CO2 sensing using the transmission mode. Unlike metal-
based SEIRA where the electric field is highly localized around
the hot spots, the enhancement of PCS is the result of two
mechanisms induced by guided resonance, that is, the enlarged
effective path length due to multiple round trips inside the slab
and the uniformly enhanced electric field along the sidewall.
Boosted by the selective enrichment and chemical reactions
from the 125 nm thin PEI film, as well as 14 times
enhancement from the PCS pattern, the CO2 sensor is
demonstrated to have a detection limit of 20 ppm with a fast
response time of 2 min. A thicker PEI coating layer increases
the detection range and dynamic range at the expense of the
response time. This work explores the promising possibilities
of the photonic crystal as the surface-enhanced structure for
sensing applications.

■ METHOD

Nanofabrication. PCSs are fabricated on an SOI wafer
(500 nm top silicon, 1 μm BOX, 725 μm handle wafer), using
electron beam lithography and deep reactive ion etching. Then,
a thin layer of 125 nm thick PEI (diluted in deionized water
with a mass ratio of 1:10) is spin-coated on the PCS at a speed
of 4000 rpm.

Figure 7. (a) Averaged transmission of PCS 4 and 5 at different CO2 concentrations for both single and double PEI coating. Error bars indicate the
standard deviation of 20 continuous measurements on the same pattern. Light and dark shaded areas represent the saturation region for single-
coated PCSs and double-coated PCSs, respectively. (b) Averaged transmission of six PCS 4 and six PCS 5. Error bars represent standard deviation
among devices.
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Numerical Simulation. The simulation is performed by
FDTD (Lumerical Inc). Periodic boundary conditions and
perfect matching layers are applied to the unit cell. The
spectrums of both s-wave and p-wave at varying incident angles
from 0° to 45° are weighted and summed incoherently to
simulate the unpolarized light cone. The Broadband Fixed
Angle Source Technique (BFAST) is involved as the light
source.
Infrared Spectrum Characterization. The infrared

spectrums of PCS are characterized by a Fourier transformed
infrared microscope (Agilent Cary 610 Series) from 4 to 8 μm,
with a gas chamber and heating stage placed at the light path.
The PEI-coated PCS is first flushed by N2 at 70 C until steady
state to fully desorb CO2 from the ambient environment.
Then, CO2 sensing is performed at room temperature, 30%
humidity, and the continuous mode, that is, no thermal reset
between two CO2 concentrations. The CO2 concentration is
calibrated by a commercial CO2 meter. Both inlet and outlet
are kept open during the continuous injection of gas. During
the dynamic mode, FTIR is set to get a data point for each 12.5
s. The measured spectrum is normalized to an SOI sample.
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