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On-chip readout plasmonic mid-IR gas sensor
Qin Chen', Li Liang?, Qilin Zheng!, Yaxin Zhang? and Long Wen!*

Gas identification and concentration measurements are important for both understanding and monitoring a variety of
phenomena from industrial processes to environmental change. Here a novel mid-IR plasmonic gas sensor with on-chip
direct readout is proposed based on unity integration of narrowband spectral response, localized field enhancement and
thermal detection. A systematic investigation consisting of both optical and thermal simulations for gas sensing is pre-
sented for the first time in three sensing modes including refractive index sensing, absorption sensing and spectroscopy,
respectively. It is found that a detection limit less than 100 ppm for CO- could be realized by a combination of surface
plasmon resonance enhancement and metal-organic framework gas enrichment with an enhancement factor over 8000
in an ultracompact optical interaction length of only several microns. Moreover, on-chip spectroscopy is demonstrated
with the compressive sensing algorithm via a narrowband plasmonic sensor array. An array of 80 such sensors with an
average resonance linewidth of 10 nm reconstructs the CO» molecular absorption spectrum with the estimated resolu-
tion of approximately 0.01 nm far beyond the state-of-the-art spectrometer. The novel device design and analytical
method are expected to provide a promising technique for extensive applications of distributed or portable mid-IR gas

sensor.
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Introduction

There are growing interests for gas sensing such as
greenhouse gas monitoring’, indoor air quality supervi-
sion’, automobile tail gas discharge detection’, toxic or
flammable gases detection’, breath diagnostics®, industrial
production’, etc. So far, several major approaches have
been developed’, including electrochemical sensors®, cal-

orimetric sensors’, acoustic sensors'’ and optical sensors'’.

Optical methods", in particular in the mid-IR range, are
usually straightforward and have short response time,
long lifetime, high sensitivity and selectivity. Generally,
there are three mechanisms for optical gas sensing, in-
cluding (i) refractive index (RI) sensing based on the real
part of gas RI”, (ii) non-dispersive infrared (NDIR) ab-
sorption sensing based on the imaginary part of gas RI",
and (iii) spectroscopy based on the gas molecular spectral
fingerprint". The RI sensing method allows for charac-
terization of nonreactive gases and very compact sensor

design. However, this technique such as surface plasmon
resonance (SPR)'® sensors that are widely used in liquid
and solid detection suffers sensitivity issues for gas sens-
ing due to the low RI difference (~10* RIU) between
various gases. For example, a localized SPR spectroscopy
was developed with a detection limit level about 3x10™
RIU that only showed measurable signal between pure Ar
and He'. An air-slot photonic crystal nanocavities was
used to enhance the light-gas interaction, but a similar RI
detection limit of 10 RIU was estimated considering a 3
pm spectral measuring resolution'®. As a result, some
signal amplification techniques were developed. For ex-
ample, silicon glycol copolymer was used in a standard
SPR setup to enrich halothane and reduce the detection
limit down to 80 ppm, where both thickness and RI of the
copolymer are affected by the gas absorption'’. Similarly,
Pd”, carbon nanotube®, and SnO, microspheres* are also
widely used to increase the RI variations by chemical re-
actions. In contrast, NDIR absorption sensing method is
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more popular”. This technique is based on the
Beer-Lambert Law, and thus the sensitivity can be in-
creased by simply lengthening the optical path for
light-gas interaction. For example, a detection limit for
formaldehyde of 120 pptv was demonstrated by using an
antimonide laser and a 1 m base-length cell with a
multipass path lengths of 100 m by mirrors*. Ethyl chlo-
ride gas at a 5 ppm concentration level was detected by
using a distributed-feedback quantum cascade laser (QCL)
coupled with a silica capillary with a length of 4 m*. In-
stead of laser sources, the NDIR sensing system can also
be built with a broadband source, narrowband filter and
detector. For example, a detection limit of 50 ppm was
predicted in an ellipsoid gas cell system with a LED
source and PbSe detector®. No matter which configura-
tion, due to the low molecular absorption cross-sections
of mid-IR vibrations (10 cm?), the whole system is
bulky to ensure a high sensitivity and therefore limited
for integrated applications.

Recently, nanophotonic structures have attracted ex-
tensive interests in optical sensing fields*”**. Novel de-
signs and excellent sensing performances have been
demonstrated due to their remarkable electromagnetic
field enhancement®, spectral manipulating®, chirality®
and phase’” engineering, etc. Some pioneered works have
also explored mid-IR gas sensing. By manipulating the
spatial electromagnetic field distribution, a detection lim-
it of 60000 ppm for CO, was demonstrated in a 4 mm
long gas cell device containing a metal microstructure
array, which provides a 1100 times absorption enhance-
ment in the optical path together with a porous met-
al-organic framework (MOF)¥. By engineering the emis-
sion spectrum, an NDIR sensor with a narrowband
thermal emitter based on plasmonic crystal was demon-
strated with a detection limit of 10000 ppm for CO, in a
7.5 mm gas cell’. Similarly, the detection wavelength can
also be engineered by integrating microstructure filters
with the detector”?, in which case it can form a sensing
system with a low-cost broadband source. Although all
these works demonstrated promising developments, the
nanophotonic mid-IR gas sensors still suffer some major
issues, 1) the detection limit is too high for low concen-
tration gas detection, 2) the linewidth of either emitter or
detector is too large with a quality (Q) factor <10 and
limits the device figure of merit, 3) a lack of spectroscopic
analysis, and 4) the gas cell is still not compact.

In this article, a novel mid-IR gas sensor consisting of a
narrowband plasmonic absorber integrated with a ther-
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mal detector is proposed to address these issues. The
shallow metal grating structure is adopted and found to
provide a high Q factor resonance and strongly localized
resonant field, which ensures a high sensitivity even at a
limited light-gas interaction length. The combination of
the optical resonator and thermal detector offers on-chip
direct readout for portable gas sensors. Thoughtful inves-
tigation based on both optical and thermal simulation
reveals the significant enhancement on the sensitivity via
both SPR and MOEF. The on-chip spectroscopy with an
ultrahigh spectral resolution is also demonstrated by us-
ing a narrowband sensor array with the help of compres-
sive sensing algorithm. In addition, the size effect existing
in most periodic plasmonic structure is investigated con-
sidering the practical applications and a potential solution
is discussed.

Mechanism and design

Mechanism

Conventionally, the gas sensing system needs a bulky gas
chamber to ensure a strong light-gas interaction for low
detection limit***. As is well known, micro-resonators
are usually used to enhance the light-matter interaction™,
which is able to reduce the sensor dimensions for distrib-
uted or low-load platform while keeping a high perfor-
mance. To construct a high sensitivity, compact gas sen-
sor for on-site application, it is important to integrate
separated elements into a single multi-functional com-
ponent. Moreover, the performance is maintained or even
improved by an optimal combination of different func-
tions. Inspired by the previous work on microfluidic in-
tegrated metamaterial ‘flowing through’ sensor* and color
routing metal scatters integrated silicon optoelectronic
device®, a novel mid-IR gas sensor is proposed as shown
in Fig. 1(a), where an optical resonator such as metal
covered subwavelength periodic gratings integrates with
thermal resistance material. It can be seen as a monolithic
combination of a resonant sensor and a thermal detector.
The incident light is coupled to the surface resonant
mode by the gratings and the on-resonance absorption
generates heat mainly in metal, which is transmitted to
the adjacent thermal resistive materials. The operating
mechanism as shown in Fig. 1(b) is that the environment
gas variation modifies the light absorption of the resona-
tor and thus changes the temperature of the sensing ele-
ment with a result of an electric signal by the thermal
resistance of VO,. As a result, it is possible to achieve chip
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scale gas sensing system, possessing a compact device
dimension due to the enhanced light-matter interaction
and the novel combination of sensing and transducing
elements.

For a high sensing performance, it needs to optimize
both optical and electrical design to integrate efficiently.
From the optical sensing perspective, the larger change of
the light absorption at the same gas concentration varia-
tion, the stronger the detection signal. To achieve this, a
resonator with a narrowband and efficient absorption is
required in a broadband wavelength range. The wave-
length selective detection also increases the gas selectivity.
From the electrical transducing perspective, although the
photodetectors based on compound semiconductors usu-
ally have high detectivity in the mid-IR range®, it is too
expensive and not compatible to the CMOS process.
Thermal detectors with a reasonably good sensitivity at-
tract lots of attention due to the simplicity and low cost*’.
Obviously, the more efficient of the heat induced re-
sistance variation, the stronger electric current signal, i.e.
the device is more sensitive. To achieve this, a thermal
resistance material with a large temperature coefficient of
resistance and low 1/f noise such as VO, is chosen and
fabricated adjacent to a thermal source. To connect opti-
cal and electrical perspectives, the on-resonance light
absorption is converted to photocurrent in such a
Au/SizN4/VO,/SisN, multilayer thermal resistor.

However, it is not straightforward to achieve a nar-
rowband resonant absorption with a large Q factor. In
fact, the Q factors are very low for most plasmonic and
metamaterial absorbers based on periodic metal struc-
tures although they usually have strong light-matter in-
teraction”*?, For example, the microfluidic metamaterial
sensor has a resonant absorption with a Q factor less than
10”and a SPR photodetector has a resonant absorption
with a Q factor about 15*. Fano resonance*, asymmet-
rical unit cell” and even gain material* were used to in-
crease the Q factor. Generally, the Q factor associates with
radiation loss and absorption loss in a resonant system'**.
It is important to reduce both losses to realize a high Q
factor. The absorption is associated with the ohmic loss.
Although TiN, AZO and graphene have been investigated
as alternative plasmonic materials, noble metals are still
the main materials to construct plasmonic or
metamaterial absorbers, where Au and Ag have relatively
low absorption loss. On the other hand, the radiation loss
can be reduced to zero in a flat layered structure. There-
fore, the radiation loss in a resonator configuration as
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shown in Fig. 1(a) can be suppressed by decreasing the
grating depth. However, the grating depth cannot be too
small because the light absorption of such a resonator
depends on the optical coupling. Based on the coupled
mode theory, the maximum absorption occurs at the
critical coupling condition when the radiation loss equals
the absorption loss™. Therefore, a systematic investigation
is required to optimize the optical design of gas sensor.

VO, is a typical thermal resistance material, which has
attracted great interest for several decades due to its met-
al-semiconductor transition around 60°C (Supporting
Information Fig. S1). It has been widely used in infrared
detectors™*. For example, the commercial VO, infrared
detector can detect a temperature variation as low as 30
mK™. To enable the on-chip direct readout of the mid-IR
gas sensing signal, VO, is deposited close to the metal
layer and is separated by a Si;Ny layer to avoid shortcut as
shown in Fig. 1(a). Apart from the electric insulation, it is
also important to reduce the thermal conductance of the
transducer. It can be realized by fabricating the
Au/SizN4/VO,/SizNs multilayer stack on a silicon mem-
brane by removing the silicon handle layer at the back of
a silicon-on-insulator (SOI) wafer. It is important to op-
timize the device structure by the thermal modeling to
reduce heat dissipation and ensure a large variation of
electric resistance.
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Fig. 1 | (a) Schematic of a multilayer stack (Au/SizN4/VO./SizN4)
coated silicon gratings for on-chip gas sensing. (b) Sensing mecha-
nism. The variation of gas concentration induces an in-
crease/decrease of light absorbance of the microstructures and then
causes a temperature increase/decrease, which generates an elec-
trical signal via VO,.
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Optical design

The optical model of the gas sensor is shown in Fig. 1(a),
where the silicon gratings with slope sidewalls (6=54.7°)
were used to consider the practical fabrication process by
wet etching. The numerical simulation is based on the
finite-difference time-domain algorithm and the material
parameters are from literatures’. First, the periodic
boundary condition with a plane wave source is used to
model the optical properties of infinite periodic structure.
The structure dimensions are optimized to achieve a sin-
gle resonant peak in the mid-IR absorption spectra with
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low background absorption. As shown in Fig. 2(a), the
resonant wavelength A, increases with the environmental
RI ng,,, where A, = 3300 nm at #g,, = 1 and A, = 3333 nm at
Ngs = 1.01. Therefore, the high sensitivity S = 3300
nm/RIU is achieved. The large sensitivity is associated
with the strong confinement of the resonant mode on the
surface of the sensor as shown in Fig. 2(c), which pro-
vides a strong near-field light-gas interaction. Moreover,
the absorption peaks are narrow with an average FWHM
of approximately 13 nm and consequently the Q factors
are around 250 as shown in Fig. 2(b), which is one order
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Fig. 2 | (a) Simulated absorption spectra at different ng,s for the device structure in Fig. 1(a). The period of gratings P = 3.3 ym, the grating
depth hg = 160 nm, and the grating width wy = (w1+w2)/2 = 3 um. (b) Q factor and FoM at various ngs. (¢) The electric field distribution at the
resonance peak (A = 3.3 ym) at ngss = 1. (d) Poynting vector at the resonance. (e) The calculated absorption spectra as functions of wavelength
and incident angle. (f) Sensitivities of different order modes versus the incident angle.
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of magnitude larger than that of conventional plasmonic
and metamaterials absorbers*”. As a result, a figure of
merit FoM=S/FWHM>200 and a FoM*= (dI/dn)/I>96 (I
is the light intensity, dI is the variation of intensity for a
change of RI dn) are achieved™. In contrast, the FoM and
FoM* are 60 and 55, respectively, in plasmonic
Mach-Zehnder interferometer gas sensor.

It is important to understand the physics governing the
light coupling to the high Q surface resonant mode. In
such a continuous metal film coated grating structure,
propagating SPR modes are supported. Therefore, the
resonance wavelength of the diffractive coupled surface
propagating mode can be de determined by the momen-
tum matching conditions:

ksin(@in)+mG:iksp s (1)
where 0., is the incident angle, G=2n/P is the grating con-
stant, k=2mng/A is the wave vector, and ks, is the wave
vector of SPR mode. Since ultra-shallow (H<A/20)
grooves can be considered as very small perturbations to
the flat metal surface, kg, can be approximately calculated
using the dispersion relationship of SPR mode supported
by a flat Au/dielectric interface. In addition, m is an inte-
ger representing the diffraction order while ‘+’ and -
signs in the right side of the equation correspond to dif-
fracted waves of orders m>0 (positive order) and m< 0
(negative order), respectively. In Fig. 2(e), the resonance
wavelength versus the incident angle predicted by SPR
coupling formulas (Eq. (1)) is superimposed over the
numerical absorption spectra of the multilayer grating
structure. The theoretical prediction shows reasonable
agreement with the numerical calculations with regards
to the similar band shift upon changing incident angle or
RI of the incident medium. The findings above offer a
convincing proof that the observed absorption anomaly
stems from the diffractive character of the periodic
structures. It is interesting to quantitatively determine the
theoretical maximum RI sensitivity for a specific diffrac-
tion order coupled SPP mode in such a device configura-
tion. As illustrated in Fig. 2(f), the RI sensitivity at normal
incidence is 3300 nm/RIU for the first diffraction order
and decreases by half for the second order, which is close
to P/|m|. As the angle of incidence increases, the diffrac-
tive coupled SPP mode splits into two modes linked to
positive or negative orders. From Fig. 2(f), it is observed
that the RI sensitivities of positive and negative orders
have opposite dependency on the incident angle. With the
increasing incident angle, the sensitivity of the negative
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order grows while the one of the positive order reduces.
For extremely large incident angles, the RI sensitivity of
the first negative order mode is approaching a remarkable
value of 6580 nm/RIU.

For on-chip electrical readout, it is preferred to have a
high resonant light absorption so that large electrical
output signal can be realized by the temperature variation
associated with light absorption. As mentioned above, the
maximum absorption occurs at the critical coupling con-
dition when the radiation loss equals the absorption loss.
By finely tuning the grating depth, high absorption above
96% at the resonances is obtained as shown in Fig. 2(a).
Figure 2(d) shows the corresponding Poynting vector plot
at the resonance for the critical coupling case. As indicat-
ed by the arrows, the electromagnetic energy flows are
primarily trapped on the top of the gratings with the for-
mation of the vortex-like Poynting vector profiles, result-
ing in the significantly suppressed reflection loss. In this
scenario, most of the incident energy will be efficiently
absorbed by the Au layer and generates heat that raises
the temperature of the Au/SisN4/VO,/SizN4/Si stack.

Thermal analysis

As described in the device mechanism, photothermal
conversion is a key step to connect the gas induced light
absorption to the on-chip electrical readout. There are
two major factors for the efficient photothermal conver-
sion in this proposed gas sensor. One is the heat capacity
and the other is the heat dissipation. The smaller the heat
capacity and the slower the heat dissipation, the higher
temperature difference can be realized in the VO, layer,
i.e. a higher sensing performance. An SOI wafer based
fabrication process is straightforward in this case by inte-
grating the transducer in the silicon device layer and re-
moving the backside silicon handle layer to form a mem-
brane. As shown in Fig. 3(a), the grating structure is fab-
ricated on the silicon device layer and then covered with
the Au/SisN./VO,/SisN, stack. By removing the backside
silicon handle layer, a combined sensing and transducing
element is achieved including a multilayer stack of
Au/SisN4/VO,/SisN4/Si/8i0,. This dual functional element
is electrically connected with two electrodes on the sur-
rounding silicon mesa by Au wires with a width of 20 pm.
As seen, the transducer is surrounded by air in both up
and down directions. Moreover, the heat dissipation
channel in the plane is governed by the thin SiO, film.
Therefore, it is expected to have an obvious temperature
variation under illumination. The sensing area covers a
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Fig. 3 | (a) Schematic of on-chip mid-IR gas sensor based on an SOI platform, where the silicon substrate in the area underneath the sensor is
removed to reduce the thermal dissipation. The thickness of each layer in the Au/SisN4/VO2/SizN4/Si stack is 200 nm, 50 nm, 100 nm, 500 nm
and 4 ym, respectively. The thickness of the oxide layer is 1 pm. P = 3.3 um, hg = 220 nm, wy = 3 ym. (b) Simulated temperature distribution
across the sensor with the illumination on and off when the power density of light is 3.75 W/cm? at 3.348 pym and corresponding absorption
efficiency is 58%. (c) Temperature maximum under different wavelength illumination at the same power density and the absorption spectra of
the gratings. The period number of the grating is 100. (d) Absorption spectra for variation of different environmental RI. (e) Absorption at 3.345
um illumination and the associated device temperature versus the variation of different environmental RI.

size of 330 pm x 330 pm, including 100 periods of grat-
ings. There is a buffer area with 500 um width between
the sensing window and the surrounding mesa. In the
thermal simulation, the grating region of the structure
can be treated as a heat source with a power density de-
termined by the illumination and light absorption from
the optical simulation above. Open boundary conditions
are set at the four lateral surfaces of the structure and
convection boundary conditions are used for the rest,
where the heat transfer coefficient is set to be 3 W/(m?><
K). The thermal conductivity and heat capacity of various
materials are from the literature®* and the material data-
base of COMSOL software.

As shown in Fig. 3(c), the peak absorption is 58% due
to the limited area (100 gratings) with a FWHM of 18 nm.
[luminated at a resonance wavelength of 3.348 um, the
active region shows a temperature distribution between
300 K and 332 K as shown in Fig. 3(b). By tuning the il-
lumination wavelength, the temperature varies accord-
ingly with the same trend of the absorption spectrum,
which means that the photothermal effect is dominated
by the surface mode of the grating structures. In fact, gas
detection based on RI has a long history although the RI
variation of gas with the concentration is not as large as

liquid. In 1982, SPP has been applied for halothane detec-
tion with the sensitivity of 3x10” deg/ppm'. Recently, an
extremely low detection limit <10® RIU was demonstrat-
ed in a 30 mm all-fiber gas sensor™. It is interesting to
know how much the temperature can be affected by the
gas environment in the proposed sensor with a size less
than 2 mm? and its sensitivity. As shown in Fig. 3(d), the
resonance wavelength shifts from 3348.0 nm at 1z, = 1 to
3349.3 nm at ng, = 1.0004, which indicates the wave-
length sensitivity S = 3250 nm/RIU. Considering the
spectral resolution (~0.5 cm™) of commercial Fourier
transfer infrared (FTIR) spectrometers, it can measure a
minimum RI change of 1.7x10* RIU that is much larger
than the counterpart in the visible range. It is obviously
not enough for gas sensing. With the resonance shift, the
absorption changes as well. For example, the absorption
at 3.345 um decreases from 51.8% at ng=1 to 46.7% at
Ng=1.0004, with the amplitude sensitivity $*= AI/An =
127.5%/RIU. This change of light absorption results in a
temperature variation of 2.7 K as shown in Fig. 3(e). Con-
sidering the detection resolution of 30 mK of commercial
VO, thermal detector®, the RI detection limit of such an
on-chip gas sensor is expected to be 4.4x10° RIU. This
value gives a detection limit of approximately 29000 ppm

190040-6

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved.



Opto-Electronic Advances

https://doi.org/10.29026/0ea.2020.190040

for CO; in a Ar/CO, mixture, which is compatible to pre-
vious works****. It is noted that the analysis of the sensing
performance in this section only considers the real part of
the gas R, i.e. this technique can be carried out for all
kinds of gases that have no absorption at this wavelength.
The advantage is that the similar sensing experiment can
be conducted for various gases without matching the laser
source to the gas absorption peaks. In practical terms,
there are requirements on low concentration gas detec-
tion or multiplexing gas detection from gas mixture. It is
needed to further reduce the detection limit and improve
the resolving capability. The former can be improved by
optimized thermal design and gas enrichment strategy.
The latter can be realized by matching the laser wave-
length to the unique absorption peak of the target gas or
enable on-chip spectroscopy by a transducer array.

Results and discussion

Thermal optimization and gas enrichment

To further improve the sensitivity, optimizing thermal
design and introducing gas enrichment are both potential
solutions. Actually, the device structure in Fig. 3(a) has
relatively high heat dissipation via the large area mem-

300K T

Sensing
element

brane and it is not easy to fabricate an array of such a cell
structure due to the wet etching for removing the silicon
handle layer. Thus, an optimized air bridge structure
commonly used in thermal focal plane array*® are inves-
tigated, where the Au/SisN./VO,/SisN, stack with gratings
is supported by the SizN,/W air bridge as shown in Fig.
4(a). This configuration provides an excellent thermal
insulation due to the narrow heat dissipation path and is
easy to form a transducer array for multiplex sensing or
on-chip spectroscopy. The simulation setting is similar to
the one in Fig. 3. As shown in Fig. 4(c), the temperature
distributions clearly show the limited heat dissipation
along the supporting arms and uniformity across the
transducing element. For a transducer with a size of 330
pum (100 gratings) x 50 pm, the temperature of the mem-
brane increases approximately 34°C if illuminated at a
wavelength of 3.345 pm with a power density of 1 W/cm?.
Considering the smaller thermal source and the lower
illumination power than that in Fig. 3(a), the heating effi-
ciency is approximately 30 times higher. For the envi-
ronment gas RI changing from 1 to 1.0004, the tempera-
ture variation is 3.5 K. Considering the temperature de-
tection limit of 30 mK of conventional VO, thermal
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Fig. 4 | (a) Schematic of on-chip mid-IR gas sensor array based on an air bridge structure. The grating region has a size of 330 ym x 50 pm.
The Au/SizN4/VO2/SizN4 stack is shown in the inset and the thicknesses are 200 nm/50 nm/100 nm/500 nm, respectively. The stack is supported
by the SizN4/W bridges on Si substrate. (b) Temperature and relative electrical resistance variation of the sensors versus the variation of differ-
ent environment gas RI. ‘PD’ means the power density of the incident light. (¢) Simulated temperature distribution across the sensor with and
without illumination at a wavelength of 3.348 um with a power density of 1 W/cm? and the absorption is 58%.
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detector™

, the RI sensing limit of this sensor is approxi-
mately 3.4x10° RIU for the device working at the semi-
conductor phase of VO,. For a Ar/CO, mixture, a detec-

tion limit of 22550 ppm can be estimated from this value.

Absorptive gas sensing and on-chip spectroscopy

It is noted that only pure RI sensing is discussed above,
which has no gas selection. The molecular absorption
fingerprints of gases are actually very important for gas
detection and identification. The common way is to
choose a laser with an emission wavelength matching one
absorption peak of the target gas and monitor the absorp-
tion variation. As discussion in literatures**’, MOF and
polymer can be used to enrich the gas and thus increase
the absorption. Gas enrichment technique was also used
in refractive index sensing by coating MOF on metal na-
noparticles”’. Moreover, the greatly localized field of SPP
as shown in Fig. 2(c) further improves the influence of
the enriched gas in the MOF or polymer if it is close to
the plasmonic structure. Similarly here, a MOF (zeolitic
imidazolate framework, ZIF-8) with selective adsorption
of CO,*® with a thickness of 2.7 um is placed on top of the
sensor. The void fraction of ZIFs is approximately 0.47%.
The refractive index of the gas adsorbed MOF is given in
Supplementary Information Section 2. In thermal simula-
tion, the thermal conductivity and heat capacity at con-
stant pressure of MOF are from literatures®°".

As shown in Fig. 5(a), the simulation shows that an
absorption variation as high as 37% for 10% CO, in a
Ar/CO, mixture can be obtained for the MOF and
plasmonic absorber composite structure at 2.71 pm com-
pared to 0.0046% for the pure CO, with the same optical
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—a—0% CO,
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~

Absorption

0.2
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interaction length. As shown by the red and green lines,
the pure RI variation in the real part induces a change of
27.8% in absorption, which is the working mechanism of
sensors in Fig. 3 and 4. In addition, the absorption of CO,
further enlarges the absorption variation shown by the
blue line. As a result, in such a plasmonic absorber based
gas sensor, both real and imaginary parts of RI of the tar-
get gas contribute to the sensing signal and thus improve
the sensing performance by an enhancement factor as
high as 8043. The performance may be further improved
if the device is set to work at the CO, absorption peak for
example 4.4 pm. As shown in Supplementary Information
Section 3, it is easy to tune the device resonance to vari-
ous gas absorption peaks. At the same illumination power
and the membrane size as Fig. 4(b), the temperature rais-
es by 31.44 K due to large absorption variation. Conse-
quently, the detection limit of 95 ppm is evaluated con-
sidering the 30 mK resolution of conventional VO, de-
tector. This value is very promising considering a very
compact light-gas int eraction length of 2.7 ym in the
proposed configuration that is three orders of magnitude

3252 Moreover, in the

smaller than the previous works
above case the VO, film is in the semiconductor phase. As
shown in Fig. 4(b), if the illumination power increases to
1.25 W/cm? and 3.75 W/cm? the temperature of the
membrane approaches 65 and 155°C respectively as
shown in Fig. 4(b) and thus the VO, film is in the phase
transition region and the metallic phase respectively. First,
the rates of change in temperature at the same gas RI var-
iation in phase transition region (33062 K/RIU) is about 4
times larger than that in the semiconductor phase (8745
K/RIU). Assuming the same temperature measuring res-

362K

300K

Fig. 5 | (a) Absorption spectra of a similar sensor as shown in Fig. 4 with an additional MOF layer placed on the top surface in pure Ar; and a
mixture of Ar(90%)/CO2(10%). The result in a mixture of Ar(90%)/CO2(10%) ignoring the absorbance of CO; is also shown for comparison. P =
1.99 pm, hg = 100 nm, wy = 1.25 pm. Rls of CO, and MOF refer to literatures®”*’. For a same membrane size (330 um x 50 um) with the one
in Fig. 4, there are 165 gratings in this case. (b) Simulated temperature distribution across the sensor illuminated at a wavelength of 2.71 um

with a power density of 1 W/cm? in a mixture of Ar(90%)/CO4(10%).
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olution, the gas concentration detection limit can be re-
duced to 24 ppm if the sensor is working at the VO, phase
transition region. Moreover, the temperature resolution of
30 mK is for the VO, detector working in the semicon-
ductor phase. As shown in Fig. 4(b), the relative electrical
resistance variation in the phase transition region is two
orders of magnitude larger than that in the semiconduc-
tor phase. Although a small working temperature range
and the much lower temperature resolution are expected
if the VO, thermal detection is developed in its phase
transition region. As a result, a sub-ppm detection limit
may be realized by all these strategies for extremely low
concentration of target gas.

Although the narrowband detector and the MOF have
some selectivity of target gas, the fault alarm could still
occur using the non-dispersive method if different gases
with similar absorption wavelengths or adsorption coeffi-
cients are mixed. Spectroscopy is an excellent way to ad-
dress this issue because each gas has unique absorption
fingerprints associated with the molecular rotation and
vibrational frequency, but the current commercial spec-
trometers are too large and expensive for on-site applica-
tion and the spectral resolution (0.5 cm™) is limited to
resolve fine gas energy level. As the proposed plasmonic
gas sensor has tunable absorption wavelength by simply
changing the grating period, on-chip spectroscopy can be
realized if a series of sensors with different absorption
wavelengths are arranged into an array. Using a broad-
band source, each sensor detects the signal of the target
gas absorption spectrum in a certain wavelength range.
By combining all these signals, the whole absorption
spectral information can be obtained by using the com-

H @1(A) @A) @A) @i(A)
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pressive sensing algorithm (Fig. 6(a)), resulting in signif-

icantly improved spectral resolution® .

For example,
quantum dot absorptive filters®, plasmonic grating fil-
ters® and multimode fibers®” have been explored to con-
struct the microspectrometer. To verify this idea, 80 gas
sensors similar to the one in Fig. 4(a) are designed with
the spectral response shown in Fig. S3(c), which can be
patterned in a single lithography process step. The spectra
of illumination source, CO, absorption and 80 sensors are
given in Supplementary Information Section 4. Generally,
the resonance linewidths of these absorption spectra are
approximately 10 nm (0.014 cm™), but their spectral res-
olution can be very high by calibrating via tunable QCLs.
The CO, molecular absorption coefficient (red line in Fig.
S3(b)) is obtained from the HITRAN database®. The
black and blue lines in Fig. 6(b) are simulated via a
Gaussian model with a setting of spectral resolution of 0.5
cm! and 0.1 cm’, ie., they mimic the measured spectra
of FTIR at the corresponding resolution. As seen, there
are actually 7 peaks between 2673.9 nm to 2676.3 nm
with an average linewidth of the absorption peaks of ap-
proximately 0.1 nm, which is far beyond the capability of
the state-of-the-art spectrometer (0.5 cm™). The mimic
measured spectrum at a resolution of 0.5 cm™ cannot
accurately resolve each absorption peak. Please note that
the resolution of 0.1 cm™ is beyond the state-of-the-art of
FTIR. To reconstruct the fingerprint absorption spectrum
using the sensor array, first the integrations of the broad-
band source spectrum, CO, absorption spectrum and the
sensor spectral responses are calculated, which in fact
associate with the electrical readouts of the sensor array.
Similar data without CO, absorption can also be obtained.

Resolution=0.1 cm™ Reconstructio
—— Resolution=0.5 cm™ r‘

0.8 H

c

206 |

=3

o

(2]

g b~
04 L -~
02 L
0.0 1{ \ . 1\ J \
2673.9 2674.5 2675.1 2675.7 2676.3

Wavelength (nm)

Fig. 6 | Gas molecular fingerprint spectrum reconstruction with the monolithically integrated plasmonic gas sensor array ®(A). (a)
Schematic of the reconstruction process for an unknown input signal X(A), where the photoelectric signal Y of each sensor is recorded. (b) The
recovered spectrum (red line) and the reference spectra by simulation based on HITRAN database (black and blue lines).
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Using the L1 minimization algorithm, the CO, molecular
absorption spectrum can be reconstructed with the cali-
brated sensor spectral response and the two integration
array above (Fig. 6(b)). As seen, the reconstructed spec-
trum almost overlaps with the original signal with the
resolution of approximately 0.01 nm that is far better than
the commercial spectrometer. Therefore, the proposed
mid-IR gas sensing technique not only provides potential
high sensitivity for gas sensing but also an excellent
on-chip spectroscopic function for fingerprint identifica-
tion. Note that the spectral resolution of such technique
associates with quite a few factors including the spectral
correlation between the adopted filters, the accuracy of
the calibrated filtering responses, the reconstruction algo-
rithm itself, etc. Moreover, the actual measured spectral
resolution is largely limited by various noises in the
measuring system. It is found that the noise tolerance
highly depends on the algorithm used for the signal re-
covery, which can be improved by using a quadratic in-
stead of the equality constraint®.

As seen, a large number of sensors in an array are re-
quired to construct the spectra although the number can
be further reduced by optimizing the reconstruction al-
gorithm. It is also preferred to reduce the size of each
sensor to improve the mechanical stability of the mem-
brane structure. In our case each sensor has a sensing
area of 330 um><50 pm at a cost of absorption as shown
in Fig. 3(c) and that in literature™ is even 1000 um x 1000
pm. It is important to know the fundamental reason of
the size effect and find a way to solve it. As discussed in
Fig. 2(e), the light absorption is dominated by the SPP
mode. The incident light is coupled into the in-plane sur-
face wave by the gratings and absorbed during its propa-
gation along the metal surface. If the grating region is not
large enough to cover the attenuation length of the sur-
face wave, the light absorption is not complete, which is
the reason of the reduced absorption. This value is fur-
ther reduced to 30% if there are only 60 periods as shown
in Fig. S4. This size effect exists at any wavelength range
and is worse in the structure with a larger Q factor. As
seen, the absorption drops from 93% to 60% when the
grating number is reduced to 50 in a wavelength range
around 9 pm as shown in Fig. S4(b). There are two ways
to reduce the size of transducer element without sacrific-
ing the resonant absorption. One is to increase the atten-
uation coefficient such as using lossy materials and the
other is to increase the effective propagating length of the
surface wave such as adopting a lateral cavity, both of

https://doi.org/10.29026/0ea.2020.190040

which increases the absorption at a certain device size.
However, the former is not preferred because it reduces
the Q factor of the resonance simultaneously. Alternative-
ly, the latter can be realized by adding two reflective
structures at both ends of the gratings as shown in the
inset of Fig. S4(c). By fabricating a metal coated step with
a depth ©=9.9 um at both ends of the gratings, the reso-
nant absorption reaches as high as 88%. This remarkable
suppression of the size effect comes from the efficient
reflection of the surface propagating mode. As shown in
Fig. 2(c), the main out-of-plane field of the surface prop-
agating mode extends to a distance more than one period
of the grating. Thus, the depth of the reflectors should be
larger than one period. If the reflectors are too small to
reflect all the surface propagating modes as shown by the
blue and red lines in Fig. S4(c), the light absorption drops.
In addition, the length of the transducing elements along
the grating direction can be further reduced as well. As
shown in Fig. S4(d), a length of 5 um is enough to ensure
a high absorption efficiency above 85%. Therefore, the
transducing element can be as small as 50 pm x 5 pm,
which is more than 400 times smaller than the sensing
region in Fig. 3(a) and very important for multiplexing
and on-chip spectroscopy. How to fabricate such a struc-
ture is still an open question for future work.

Conclusions

In conclusion, we proposed and demonstrated numeri-
cally a novel plasmonic mid-IR gas sensor, which shows a
remarkable gas absorption enhancement factor over 8000
in an ultracompact optical interaction length of only sev-
eral microns. Moreover, on-chip readout and spectrosco-
py have been achieved by integrating optical sensing,
photothermal detection and compressive sensing algo-
rithm. In particular, the estimated spectral resolution as
high as 0.01 nm is quite promising to use in gas identifi-
cation with such a portable device. The unity integration
idea of active and passive optical components provides a
novel technique for on-chip sensing. The shallow metal
grating structure in the proposed sensor also provide an
excellent platform combining both localized electromag-
netic field and high Q factor.
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