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Abstract: Long-wave infrared (LWIR, 6-14 pm) processes
enormous potential for chem/biosensing as it covers abun-
dant molecular absorption fingerprints. Waveguides pro-
vide an attractive chip-scale miniaturization solution for
optical sensors. However, the exploration of waveguide
sensors in this wavelength range is limited. Here, an LWIR
photonic platform for fast and sensitive on-chip gas sensing
is developed using suspended silicon (Si) waveguide sup-
ported by subwavelength grating (SWG) metamaterial
claddings. This platform provides a viable approach to fully
exploit the transparency window of Si. The SWG structure
provides a promising solution to engineer the mode profile
for strong light—analyte interaction. Propagation loss and
bending loss are studied in the broad wavelength range of
6.4—6.8 pm. Functional devices including grating couplers,
Y-junctions, and directional couplers are also demonstrated
with high performance. Sensing demonstration based on
our platform is presented using toluene vapor detection as
an example. The corresponding limit of detection reaches
75 ppm. The response and recovery time to 75 ppm toluene
are about 0.8 and 3.4 s, respectively. This good performance
makes our platform a promising candidate for on-site
medical and environmental applications.
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1 Introduction

Numerous photonic solutions have been proposed for
chem/biosensing in the midinfrared (MIR) regime, for their
label-free analysis capability arising from the unique char-
acteristic spectrum of a given molecular species (a.k.a.
molecular fingerprint) [1-10]. Among these, waveguide-
based platforms provide an attractive approach for sensor
miniaturization and on-chip integration with other compo-
nents, including microfluidics [11, 12], light sources [13, 14],
photodetectors [15, 16], and optoelectronic circuits [17, 18].
Several MIR material platforms have been reported for
potential chem/biosensing applications in the last few years
[19-21], such as silicon (Si) slot waveguide for ethanol and
acetonitrile liquid detection [22], chalcogenide waveguide
for methane and nitrous oxide vapor sensing [23], and
germanium-on-silicon (GOS) for toluene liquid detection
[24]. Silicon-on-insulator (SOI) platform provides another
attractive approach for sensing applications, which can
leverage the mature complementary metal-oxide—semi-
conductor (CMOS) fabrication techniques and the abundant
infrastructures [25, 26]. However, the severe absorption
caused by the buried oxide (BOX) hinders the use of SOI
platform for the long-wave infrared (LWIR) wavelength
range above 6 pm, which covers the vibrational fingerprints
of plentiful chemical bonds including C-H, O—-H, N-H, etc.
[27, 28]. Fortunately, the subwavelength grating (SWG)
assisted suspended Si waveguide has been proved to be a
viable solution to solve this problem and can fully exploit
the transparency window of Si up to 8 um [29, 30]. The SWG
structure consists of a periodic array of lateral nanobeam,
providing both mechanical support for waveguide core and
etching access for BOX. Recently, Penades et al. [31] have
experimentally demonstrated the feasibility of suspended Si
waveguides at the single wavelength of 7.67 pum, with
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propagation loss of 3.1 + 0.3 dB/cm. On top of the single
wavelength demonstration, it is worthy to investigate the
broadband properties of such a platform, because of the
importance of fully leveraging its label-free spectroscopic
analysis capability. Besides, the development of various
functional building blocks is necessary for realization of the
photonic sensing system, such as grating couplers for light
coupling, Y-junctions, and directional couplers for power
spitting, etc.

Limit of detection (LoD) and response time are two key
factors of gas/liquid sensors for on-site real-time de-
tections. To date, the typical limits of detection (LoDs) of
waveguide platforms are located at several hundred ppm
to several tens of thousands ppm [32-37]. The improvement
of the sensitivity, and as a result the LoD, is highly desired
to meet the requirements of more practical applications. In
order to enhance the LoD, several enrich coating layers
have been employed for analyte accumulation and sensi-
tivity enhancement of waveguide platforms [38-41], while
they usually suffer from slower response times of several
tens of seconds, even several tens of minutes. Another
approach that does not compromise the response time is to
directly enlarge the interaction area between the optical
mode and surrounding analyte through waveguide struc-
ture design. Several strategies have been reported,
including SWG stack waveguides [42, 43], slot waveguides
[44], multi-box waveguides [45], etc. The SWG meta-
material claddings in our suspended Si platform can also
be employed to enlarge the interaction area while keeping
reasonable propagation loss. They provide an engineer-
able refractive index (RI) of lateral cladding, enabling
suspended waveguides with a lower RI contrast in the
lateral direction and a higher one in the vertical direction.
Therefore, the guided light is vertically well-confined with
alarge lateral evanescent field ratio for enhancement of the
sensitivity. Moreover, the suspended structure further as-
sists in improving the sensitivity and response time
because of the additional interaction area underneath
waveguides and better mobility of gas flow [36]. Never-
theless, the RI engineering of the SWG metamaterial clad-
ding for sensitivity enhancement has not been well
explored yet, in which a trade-off between propagation loss
and evanescent field ratio need to be considered.

In this work, an SWG-engineered suspended Si wave-
guide platform is proposed for LWIR gas sensing applica-
tions. The toluene vapor is selected for sensing
demonstration as a typical volatile organic compound
(VOC), for its massive usage in industries and indicative
property for lung cancer [46]. We thoroughly investigate
the RI-adjustable property of this platform and its advan-
tages in sensitivity enhancement. Loss performance and
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mode confinement are studied simultaneously for a
reconciliation. The broadband transmission performance
of the waveguides is characterized in 6.4-6.8 um with a
propagation loss of 3.9 dB/cm at the absorption fingerprint
of toluene (6.65 pm). In addition, broadband character-
ization of waveguide bends, grating couplers, Y-junctions,
and directional couplers are performed in this wavelength
range for the first time. Further, an LoD of 75 ppm for
toluene detection is experimentally achieved, with the
corresponding response and recovery time of only 0.8 and
3.4 s, respectively. The current LoD is mainly limited by the
noise floor of our off-chip setup and could be potentially
boosted to several ppm level. Our proposed platform can
achieve sensitive and super-fast detection, identification,
and quantification of a targeted analyte in a gas mixture
without additional adsorptive coating, providing many
opportunities for on-site applications in environmental
monitoring, and clinical diagnosis.

2 Platform concepts

As illustrated in Figure 1A, the proposed LWIR gas detec-
tion platform consists of two identical spiral waveguides, a
power splitter (Y-junction), and grating couplers,
providing simultaneous on-chip sensing, and calibration
of analytes. The power splitting function can also be real-
ized by some other building blocks such as multimode
interferometer and directional coupler [47, 48]. Two spiral
waveguides are separately covered by above-hanging
chambers for gas feeding (not shown in the schematic
graph). With the sensing waveguide purged with mixture
analytes and the reference waveguide purged with atmo-
sphere air, in principle, we can decouple the sensing signal
from external influences, including environmental ab-
sorption and temperature fluctuation. Thus, this platform
provides more robust sensing results, particularly in the
low-concentration range. We fabricate the devices from an
SOI wafer with a 1.5-pm-thick Si device layer and a 3-pm-
thick BOX layer. The device fabrication consists of one-
stage lithography and Si deep reactive-ion etching (DRIE)
to define the photonic structures, followed by 1:5 hydrogen
fluoride etching to locally remove the underneath BOX
layer. The inset of Figure 1A shows a cross-sectional
scanning electron microscope (SEM) image of the fabri-
cated suspended waveguide, suggesting that the BOX
beneath the waveguide is completely removed and the
etching sidewalls are vertical and smooth. Figure 1B shows
an optical microscope image of the spiral structure char-
acterized in our experiment, with its sensing length L of
28.4 mm. Figure 1C displays the zoom-in graph of the spiral
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Figure 1: (A) Schematic illustration of the suspended Si waveguide gas sensing platform, consisting of grating couplers, tapers, a power

splitter (Y-junction), and spiral waveguides. Inset: cross-sectional scanning electron microscope (SEM) image of the waveguide. (B) Optical
image of the suspended Si spiral waveguide. (C) Zoom-in view of the sensing waveguide surrounded by toluene molecules as indicated by the
yellow square box in Figure 1A. (D) Absorption spectrum of toluene in 6-8 pm wavelength range. (E) Gas sensing testing setup consisting of an
optical characterization module and a gas regulation module. The red lines show the light path (light red: in free space; dark red: in fibers).

HWP: half-wave plate.

sensing area. Here, the toluene molecules are uniformly
distributed around the waveguide at SWG cladding as well
as upper/lower air cladding and interact with the evanes-
cent field of the guided light, resulting in additional ab-
sorption. The light transmission intensity will be severely
weakened at the characteristic absorption peaks compared
with those low-absorption wavelengths, as depicted in
Figure 1D, which shows the absorption spectrum of toluene
in the range of 6—8 um and its maximum absorption peak at
6.65 pm wavelength.

The sensing performance of our platform is charac-
terized by the setup depicted in Figure 1E, which can be
divided into the optical characterization module and the
gas regulation module. In the former module, a
continuous-wave quantum cascade laser is employed for
light-emitting. A pair of LWIR fibers is used to access the
sensing platform through the on-chip grating couplers. The
fine alignment between the fibers and the grating couplers
is performed with a pair of six-axis alignment stages and a

sample stage. Before focused by a ZnSe lens into the input
fiber, the light is firstly polarization-controlled by a half-
wave plate and modulated by a chopper. The postchip
modulated light is converted to an electrical signal by
liquid nitrogen cooled MCT detector. This electrical signal
is amplified by a pre amplifier before sent to a lock-in
amplifier to enhance the signal-to-noise ratio. The optical
pathis sealed and purged with clean dry air to minimize the
optical absorption of ambient environment during the test.
In the gas regulation module, nitrogen (N,) is selected as
the buffered gas with its overall flow rate well controlled by
a mass flow controller at 2.0 L/min. This buffered gas is
divided into two flows, with one pumped into 99.5%
toluene solution to generate a toluene-N, mixture, and the
other remaining as pure N,. After that, the two flows re-mix,
and the toluene concentration in the dilution is calibrated
by a commercial sensor before pumped into the gas feeding
chamber. The concentration of toluene in the sensing re-
gion is precisely and dynamically controlled by regulating
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the valves in the two flows, with a wide tuning range from
several ppm to several thousand ppm.

3 Device design

The SWG provides a straightforward approach to engineer
the effective index, mode profile, and dispersion of the
waveguide [49, 50]. In our design, the SWG strips function
as metamaterial claddings that provide both lateral light
confinement and mechanical support, as the schematic
drawing shown in Figure 2A. Here, several factors should
be taken into consideration in the waveguide design,
including mechanical strength, scattering loss, and mode
confinement. In principle, the SWG is optically equivalent
to a homogeneous medium with its periodicity shorter than
that in the Bragg regime, here achieved by the alternating
arrangement of Si strips and air holes. Equivalent RI n.g of
the SWG structure is given by [51]:
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Here, c =3 x 108 m/s is the speed of light in vacuum, K is
the Bloch wave number, w is the angular frequency of the
electromagnetic (EM) wave determined by the wavelength,
W is the width of Si nanobeam, and A is the SWG period. k;
and k; are the wave vector along the propagation direction,
while ng; and ng;, are the refractive indices of the Si and air,
respectively. 8 represents the projection of the wave vector
along the boundary plane, which equals O since normal
incidence is assumed in our study. Given Egs. (1)-(5), we
notice that negs is determined by period A and duty
cycle = W,/A of the SWG structure. Therefore, we study the
variation of equivalent RI of SWG as a function of A and
duty cycle, as depicted in Figure 2B. In general, a larger A
and duty cycle give higher equivalent RI that assists in
sensitivity enhancement of our sensing platform, due to
the larger evanescent field ratio of the guided light inter-
acting with target analytes. A further examination is per-
formed to determine the exact value of A and duty cycle
that realize a low propagation loss, which is desired for
longer applicable sensing waveguide length. Finite differ-
ence time domain (FDTD) simulation is conducted to
extract the propagation loss a of the SWG-engineered
waveguide. Here, the waveguide width W_ is fixed at 2.5 pm
to provide adequate lateral confinement and minimize the
substrate leakage of fundamental quasi transverse electric
(TE) mode. The length of SWG beams L is chosen as 3 pm to
provide sufficient mechanical support while no significant
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Figure 2: (A) Schematic representation of the
suspended waveguide with subwavelength
grating (SWG) claddings. (B) SWG equivalent
Rl ness and (C) propagation loss of the
fundamental quasi transverse electric (TE)
mode as a function of SWG period A and duty
cycle. Waveguide core width and thickness
are fixed to be 2.5 and 1.5 pm, respectively. (D)
The field distribution of |E,| for the
fundamental quasi-TE mode with the selected
SWG period =1 pm and duty cycle = 0.3.
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lateral leakage is introduced. The simulated results are
shown in Figure 2C and indicate that larger A and duty
cycle give a larger loss. The major reason is attributed to the
increased lateral scattering resulted from the reduction of
RI contract between Si core and the equivalent RI of SWG
cladding. Especially, for a given A, the propagation loss
exhibits an exponential increase along with the duty cycle
and vice versa. Thus, the sensitivity of propagation loss
with respect to A and duty cycle should approach zero to
acquire a robust low value of a after taking the fabrication
error into consideration. Based on the above discussion,
we selected A = 1 um and Wy = 0.3 um (duty cycle = 0.3).
With these values, we achieve a balance between the re-
quirements of a large equivalent RI of SWG (neg=2.2) and a
low propagation loss (a = 1.5 dB/cm) for the high sensitivity
of gas sensing. The mode profile of the guided fundamental
quasi-TE mode is presented in Figure 2D, with the funda-
mental quasi transverse magnetic (quasi-TM) mode
(>10 dB/cm) and second-order mode (>50 dB/cm) greatly
suppressed. Based on this structure, the external confine-
ment factor I'q.q of 24.3% is extracted by simulation.
Therefore, the effective sensing length is calculated as
Legr = T'gaq L = 6.9 mm (Supplementary material S1).

In order to explore the functionality of our proposed
sensing platform, we also design and experimentally
investigate the involved components, including grating
couplers, 90° bends, power splitters (Y-junctions and
directional couplers). Optical images of these building
blocks are presented in Figure 3A-D, and the corresponding
SEM images of detail structures are showed in Figure 3E-H.

W. Liu et al.: Long-wave infrared suspended Si waveguide sensing platform =— 1865

Figure 3A and E shows the structure of the designed grating
coupler. The effective index contrast herein can be explicitly
engineered in two-dimensions to increase the optical
bandwidth, alleviate the back reflection, etc. The periodic-
ities of the depicted rectangle holes along the x and y-axis
are denoted as P, and P,, respectively, while the length and
the width of the holes are denoted as G, and Gy, respectively.
Given the optimized parameters (P, = 3.9 pm, P, = 3.8 pm,
Gy = 2.75 um, and G, = 2.65 pm) of the grating coupler, an
FDTD-simulated maximum coupling efficiency of -5 dB at
6.65 pm with the 1-dB bandwidth of ~210 nm is achieved,
while coupled by our LWIR hollow fibers (mode field
diameter = 200 pm) with input/output angle of ~10°. Each
grating coupler is connected to the waveguide through an
adiabatic taper with its width W; linearly tapered from 40 to
2.5 pm over 700 pm propagation length. The 90° bend is
used for straight section connection in our spiral waveguide
design, with its bending radius R, = 30 um as shown in
Figure 3B and F. Y-junctions and directional couplers are
employed for the power splitting. Y-junctions can divide
power into a 50:50 ratio, while directional couplers provide
a more flexible approach that splits the power into the
desired ratio. Figure 3C and G presents the structure of the
cascaded Y-junction with x-span (S,) of 300 pm and y-span
(S,) of 290 um. Here, five identical Y-junction structures
(outputs labeled as port 1-port 6) are cascaded for extraction
of their insertion loss and imbalance. A directional coupler
with gap g = 0.5 pm is presented in Figure 3D and H, with its
critical coupling length L. = 45 pm acquired by the FDTD
simulation.

———mmportl

——m port 2 Iy

—————m port3
_<I§( ————mm port4
———————
< port 5
—_————

pat 6

Figure 3: Optical images of (A) Grating coupler; (B) 90° bend waveguide; (C) Cascaded Y-junction; and (D) Directional coupler and their

corresponding scanning electron microscope (SEM) images (E)-(H).
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4 Results and discussions

Initial characterization of the optical properties is inves-
tigated with the optical setup depicted in Figure 1E. To
study the broadband performance of our platform, the
laser was continuously tuned from 6.4 to 6.8 pm in the
experiment. Figure 4A presents the measured and simu-
lated results of the designed grating coupler. The
maximum coupling efficiency extracted from the poly-
nomial fitting of the measured data is -7 dB at around
6.63 pm with 1-dB bandwidth of ~170 nm, which is com-
parable with those of reported MIR grating couplers
(Supplementary material S2). It is worth noting that the
measured spectra are well-matched with the simulated
results, while the latter predicts ~2 dB higher maximum
efficiency located at ~6.65 pm with 1-dB bandwidth of
~210 nm. A cutback method is employed to extract the
propagation loss and bending loss of our suspended Si
platform. Figure 4B shows a relatively flat propagation
loss spectrum across the measured wavelength range with
an average of 4.3 dB/cm and a standard deviation of
0.39 dB/cm. The inset of Figure 4B shows the represen-
tative cutback measurement results at the absorption
peak of toluene vapor (6.65 um), where the slope of the
linear fitting reveals the propagation loss of 3.9 dB/cm.
The bending loss is depicted in Figure 4C, which shows
only ~0.06 dB per bend with a radius of 30 pm. The
cutback results at 6.65 pm are presented in the inset of
Figure 4C as well. The measured propagation and bending
losses are also comparable with those of reported MIR
waveguide platforms (Supplementary material S3).

The power-splitting performance of Y-junctions and
directional couplers are also studied through the experiment.
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Figure 5A presents the transmission result of the cascaded
Y-junction measured from different ports as labeled in
Figure 3C. The slopes extracted from linear fitting show
insertion loss of —0.43 + 0.18, —0.09 + 0.11, —0.10 + 0.10,
and -0.03 + 0.25 dB at 6.56, 6.59, 6.62, and 6.65 um,
respectively. Figure 5B shows the power imbalance of our
Y-junction across the depicted wavelengths, which is
extracted from the transmission of port 5 and port 6 shown in
the inset optical image. The experimental results confirm a
broadband 50:50 power splitting ratio with low insertion loss
and low imbalance, suggesting the Y-junction as a liable
approach for equal distribution of light intensity. Another
proposed power splitter is the directional coupler that gives
an adjustable power splitting ratio between two output ports.
Here we characterize a directional coupler with its gap
g = 0.5 pm. The relationship between the coupling length L.
and the self-normalized transmission in the transmitted port
(T/D) and coupled port (X/I) at 6.65 pm is depicted in
Figure 5C, where T and X are the power measured at the
transmitted port and coupled port, respectively (see
Figure 3D). I =X + Tis the total power of the above two ports.
According to the coupled-mode theory, the data are fitted
with a sine-squared function [52]. An adjusted R-square of
0.994 is obtained, showing a good agreement between the
measured data and the theoretical prediction. To further
visualize the broadband performance of the directional
coupler, we plot the dependence of power coupling effi-
ciency K on both wavelength and L. simultaneously to get
the color contour map as presented in Figure 5D. At the
wavelength range of 6.45-6.7 pm, different coupling effi-
ciencies could be achieved in directional couplers with
suitable L. This contour map serves as a design guideline for
the directional coupler with desired power splitting ratio.
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Figure 4: Optical characterization.

(A) Simulated and measured coupling efficiency and 1-dB bandwidth of the grating coupler. (B) Propagation loss. Inset: cutback results
measured at 6.65 pm; (C) 90° bending loss. Inset: cutback results at 6.65 pm.
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Toluene vapor was chosen to examine the sensing
capability of our platform. As mentioned earlier, the con-
centration of toluene in the sensing area is precisely
controlled by the adjustable valves in two gas flows and
calibrated by a commercial sensor. To characterize the
absorbance under certain toluene concentrations, we
alternately injected nitrogen (N,) and toluene-N, dilutions.
Figure 6A shows the testing results of the toluene absor-
bance at 6.65 um versus toluene concentration ranging
from 144 to 1114 ppm. The absorbance is calculated based

L, (um)

dependence of K on L, and wavelength for the
directional coupler.

on the average transmission change in three response and
recovery characterization cycles. A linear fit is employed to
the measured data, and a sensitivity of 2.8 x 10~°/ppm is
extracted. The R-square of the fitting result is 0.995,
showing a good linear response behavior. To further
explore the LoD of our platform, absorbance responses to
alternate injection between pure N, and 75 ppm toluene-N,
dilutions are presented in Figure 6B. The results experi-
mentally show an LoD down to 75 ppm, which is limited by
the off-chip noise floor and leaves a large room for

75 ppm
toluene

Figure 6: (A) Optical absorbance of toluene at
its absorption peak of 6.65 um versus toluene
concentration. Thered line is a linear fitting to
the measured data. (B) Response and
recovery characteristic cycle curves of the
suspended silicon (Si) platform to alternative
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improvement. Figure 6C and D show the response and re-
covery stage extracted from Figure 6B, respectively, which
are fitted with Boltzmann curves and indicate a response
time of 0.8 s and a recovery time of 3.4 s with regard to
75 ppm toluene detection. It is verified that the flow rate is
fast enough and has negligible influence on the response
and recovery times (Supplementary material S4). The
temporally asymmetric behavior of our platform could be
explained by the dynamic interaction between the analyte
and the waveguides. More specifically, as toluene is in the
liquid phase at room temperature, it is unavoidable that a
fraction of the vapor will condense into fine droplets on the
surface of waveguides. The liquid—solid interaction be-
tween two materials is rather strong due to the large surface
free energy of Si [62]. This makes the absorption of toluene
easier than desorption, and as a result, a longer recovery
time than the response time. Despite this, the response/
recovery time of our sensor is still fast enough for real-time
on-site monitoring applications.

In Figure 7A and B, we compare our results with those of
other reported MIR absorption-based waveguide sensors [22,
24, 35-37, 53-61]. Our platform features an outstanding per-
formance on LoD and response time amongst all the listed
works. We note Ref. [24] estimated an LoD of 7 ppm for
toluene detection at the LWIR range as well (Figure 7A),
which is mainly attributed to the accumulative effect of
applied mesoporous silica coating (concentration enhance-
ment factors up to 760). However, due to the same reason, the
response time of their platform is ~2 min, much slower than
what we achieved (Figure 7B). Our platform presents a low
LoD and a fast response time simultaneously, thanks to the
well-designed SWG and suspended structure, and high-
quality fabrication process. Moreover, by optimizing the
scattering loss and employing a low-noise light source, we
can further reduce the LoD of our platform to several ppm
(Supplementary material S5) [24, 63, 64].

5 Conclusion

In conclusion, a suspended Si waveguide platform with
SWG claddings is proposed for sensitive and fast chip-
scale integrated chemical sensing in the LWIR range, and
its sensing performance of toluene vapor is investigated.
A flat propagation loss spectrum of ~4.3 dB/cm is
measured across a broad wavelength range of 6.4—6.8 pm.
Various functional devices, including grating couplers,
Y-junctions, and directional couplers, are demonstrated
with high performance. The engineerable equivalent RI of
the SWG claddings provides a promising and flexible
approach for sensitivity enhancement. An LoD of 75 ppm
for toluene vapor sensing is experimentally achieved,
with the corresponding response and recovery time of 0.8
and 3.4 s, respectively. With further optimization of the
losses and reduction of the noise floor by using a high-
power and low-noise light source, a lower LoD down to
several ppm is expected. The demonstrated good perfor-
mance and the cost-effective CMOS fabrication process
endow our platform with enormous potential for many
real-time environmental and medical applications.
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