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Abstract: Thanks to the unique molecular fingerprints in
the mid-infrared spectral region, absorption spectroscopy
in this regime has attracted widespread attention in recent
years. Contrary to commercially available infrared spec-
trometers, which are limited by being bulky and cost-
intensive, laboratory-on-chip infrared spectrometers can
offer sensor advancements including raw sensing perfor-
mance in addition to utilization such as enhanced porta-
bility. Several platforms have been proposed in the past for
on-chip ethanol detection. However, selective sensing with
high sensitivity at room temperature has remained a chal-
lenge. Here, we experimentally demonstrate an on-chip
ethyl alcohol sensor based on a holey photonic crystal
waveguide on silicon on insulator-based photonics sensing
platform offering an enhanced photoabsorption thus
improving sensitivity. This is achieved by designing and
engineering an optical slow-light mode with a high group-
index of ny = 73 and a strong localization of the modal power
in analyte, enabled by the photonic crystal waveguide
structure. This approach includes a codesign paradigm that
uniquely features an increased effective path length
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traversed by the guided wave through the to-be-sensed gas
analyte. This PIC-based lab-on-chip sensor is exemplary,
spectrally designed to operate at the center wavelength of
3.4 pm to match the peak absorbance for ethanol. However,
the slow-light enhancement concept is universal offering to
cover a wide design-window and spectral ranges towards
sensing a plurality of gas species. Using the holey photonic
crystal waveguide, we demonstrate the capability of
achieving parts per billion levels of gas detection precision.
High sensitivity combined with tailorable spectral range
along with a compact form-factor enables a new class of
portable photonic sensor platforms when integrated with
quantum cascade laser and detectors.

Keywords: gas sensing; infrared; photonic crystal wave-
guide; spectroscopy; waveguides.

1 Introduction

Mid infrared (mid IR) absorption spectroscopy has attrac-
ted considerable attention thanks to the rovibrational sig-
natures of compounds of interest in the solid, liquid, or gas
phase in the spectral region spanning from 2 to 20 pm
(500-5000 cm™!) — known as the molecular fingerprint
region — and orders of magnitude larger absorption cross-
sections than the overtones in the near-IR [1]. One such
compound, ethanol vapor (C,H¢O), has an absorption
cross-section of 2 x 10™? cm?/molecule at the peak absor-
bance of A = 3.4 um [2]. Monitoring the ethanol concen-
tration is of vital importance for testing drivers’ and pilots’
blood alcohol content (BAC) as a measure of alcohol
intoxication for medical and legal purposes and for the
monitoring of chemical synthesis [3]. For precise and real-
time detection of trace amounts of this gas, a compact,
highly sensitive, selective, and cost-effective sensor is
needed.

Conventional IR spectroscopy methods such as Fourier
transform infrared (FTIR) spectroscopy [4], tunable diode
laser absorption spectroscopy (TDLAS) [5], or cavity ring-
down spectroscopy (CRDS) [6], to name a few, require
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bulky and expensive optical elements. The reason for this
is because of the requirement of the gas cells to achieve an
optical sufficiently-strong light-matter interaction, thus
demanding large devices and hence systems. In addition,
electronics to operate devices result in still benchtop sys-
tems with limited scope for portability. On the other hand,
on-chip spectrometers are alignment-free and lightweight
devices that, unlike their commercially available benchtop
counterparts, offer sensing with a high degree of porta-
bility. This offers sensors to become an integral part in
technologies with currently unattainable applications. By
virtue of the slow-light effect with a high group index value
and enhanced optical modal overlap with the analyte,
photonic crystal waveguides (PCW) are ideal platforms for
the on-chip mid IR spectroscopy [7].

Thanks to the optical transparency of up to 8 pm [8]
and leveraging the already existing and mature fabrication
technologies of integrated circuits, silicon is the material of
choice for most passive photonic applications. Silicon-on-
insulator (SOI) [9], silicon-on-sapphire (SoS) [10, 11], and
free-standing silicon membranes [12, 13] can serve as
platforms for mid IR optical absorption spectroscopy. SOI
chips mass-produced at CMOS foundries have been widely
used in the NIR applications, but the transparency window
of the oxide cladding extends to 3.8 pm and can be used for
mid IR applications as well [14]. Owing to the high index
contrast between the silicon core and the oxide cladding,
devices with small footprints can be realized on the SOI
chips. Both the PC-based microcavities and PCWs have
been demonstrated in free-standing silicon membranes in
SOI in the mid IR wavelengths [15, 16]. Although free-
standing membranes in SOI can support modes over a
broader wavelength range, because of the waveguide’s
tendency to bend and buckle, the fabrication yield of such
suspended membrane structures is low.

Enhanced optical absorbance can be achieved using a
mid infrared holey PCW, as demonstrated in this work. The
principle of enhanced absorption is enabled by a slow-light
mode and enhanced optical field intensities in the wave-
guide that combine to increase the effective path length
traversed by the guided wave through the sensed gas.
Employing this structure, in this paper, we design and
fabricate an on-chip ethyl alcohol sensor and use it to
detect parts per billion (ppb) levels of ethanol vapor.

Our PCW-based gas sensors use the absorption spec-
troscopy scheme, which is governed by the Beer—Lambert
law. According to this law, the transmitted intensity at the
output of the waveguide is given by:

I= IOEXp (_yaabsL) (1)

Where I, is the incident intensity, L is the interaction
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length, a,ps = €C is the absorption parameter with € as the
molar absorption and C as the concentration, and finally y
is the medium-specific absorption factor and is determined
by dispersion-enhanced light-matter interaction, and is
given by: y = f x (c¢/n)/vg [17]. Where c is the velocity of
light in free space, v, is the group velocity in the medium of
effective index n, and fis the fill factor also known as mode
overlap factor denoting the relative fraction of the optical
field residing in the analyte medium. A photonic crystal
waveguide can enhance light-matter interaction through
engineering both the group index and the filling factor, as
discussed next.

2 Device description

Figure 1(a) shows a schematic illustration of the sensor
structure and its working principle. The holey PCW com-
prises of a hexagonal lattice of air holes within a slab of
silicon with a single missing row of holes along the I'-K
direction. The air holes in the bulk have a radius of
r = 0.22a, where a is the lattice constant, and the missing
row in the center of PCW is replaced with smaller holes with
radius rs. The waveguide is a W1 line defect meaning the
width of the waveguide is 1 x v/3a. Using plane-wave
expansion method, the structure was optimized and
designed to ensure a relatively large guiding bandwidth for
the PCW-guided mode as well as a wide stopgap. A rela-
tively wide stopgap will ensure a more accurate demarca-
tion of the bandedge and slow-light guiding region.

The BandSolve package of the Rsoft is used to calculate
the dispersion diagram of the photonic crystal and 3D elec-
tric field intensity profile of the propagating light. Figure 1
shows the simulation results performed using the three-
dimensional plane-wave expansion method. The dispersion
diagram of the photonic crystal is depicted in Figure 1(b),
where the red curve corresponds to the defect-guided mode,
and the black dashed line indicates the oxide light line. As
observed, the defect-guided PC mode can propagate below
the oxide light-line without any overlap with modes above
the light line. Figure 1(c) plots the guided mode bandwidth
below the oxide light line and the stopgap region width in
terms of normalized frequency (a/A) versus the ratio of
the radius of the small air holes to the radius of bulk air holes
(rs/r). Here, the design constraint is to ensure the coexistence
of a relatively large guiding bandwidth for the propagating
slow-light mode and a wide stopgap. Accordingly, for the
optimized device, highlighted by the red dashed circle in
Figure 1(c), an optimal relative small hole radius of r;= 0.7ris
chosen. Figure 1(d) illustrates the 3D electric field intensity
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profile of the propagating light in the waveguide. Inset
depicts the cross-section of the electric field intensity profile
at the position as shown by red dash line. The results show a
factor of 15 enhancements in the electric field intensity in the
center of the holey PCW compared to the strip waveguide,
indicating a strong optical localization at the defect holes
where interaction between the optical mode and the analyte
is strongest.

SWG Coupler

Inset depicts the cross-section of the elec-
tric field intensity profile at the position as
shown by red dash line. (e) Measured
transmitted intensity through PCW devices
with different lattice constants to demar-
cate stop gap boundary. (f) Top-view SEM
image of the photonic crystal waveguide (g)
Top-view SEM image of the TE polarization
selective subwavelength grating coupler,
scale bar for insets is 200 nm.

The PCW devices are fabricated on an SOI wafer with a
500 nm thick silicon layer over a 3 pm thick buried oxide
(BOX) layer, and the pattern of the passive waveguides is
transferred to the silicon device layer using electron beam
lithography and inductively coupled plasma etching. A
200 nm silicon dioxide layer is first deposited on top of the
silicon layer using plasma-enhanced chemical vapor
deposition to serve as a hard mask for pattern transfer. All
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the components are patterned in one step using the JEOL
JBX-6000FS electron-beam lithography tool with ZEP-520A
e-beam resist, followed by developing in n-Amyl acetate
(ZEP-N50) for 2 min, and rinsing in isopropyl alcohol. The
e-beam resist pattern is next transferred to silicon dioxide by
reactive ion etching using CHF; and O, at 400 V DC bias and
40 mTorr. Following this, the pattern in silicon dioxide is
transferred to silicon by inductively coupled plasma (ICP)
etch using HBr and Cl, at 400 W ICP power, 200 W RF power,
10 mTorr pressure, and 20 Torr helium flow for backside
cooling. Finally, the chip is cleaned using piranha, followed
by three cycles of piranha/HF postprocess treatment.

Figure 1(f) and 1(g) show the top-view SEM image of the
photonic crystal waveguide and TE polarization selective
subwavelength grating couplers. As in previous research
[18-20], a photonic crystal index taper is inserted at both
interfaces of the PCW and strip waveguides. By providing
optical impedance matching, this taper reduces Fresnel
reflection losses that would otherwise lead to significant
fringe patterns in the PCW guided mode transmission
spectrum. Since the single-mode fibers are not polarization
maintaining the input and output grating couplers are also
designed and implemented to couple the light into and out
of the waveguides.
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3 Results and discussion

Figure 2(a) illustrates a schematic representation of the
measurement setup employed for gas sensing. The light
emitted from a single wavelength interband cascade laser
is collimated and coupled into a single-mode chalcogenide
fiber with aspheric and biconvex lenses, respectively. Input
light coupled in from the fiber via the grating couplers
propagates through the photonic crystal waveguides, and
the transmitted light is coupled out of the waveguide
through output gratings. A Calibrated concentration of
ethanol diluted in nitrogen is flowed from a commercial
Kin-Tek vapor generator to the chip. Finally, the output
signal is collected by a multimode chalcogenide fiber and
measured by an InSb detector connected to a lock-in
amplifier that demodulates the signal that was chopped by
a mechanical chopper earlier to enhance signal-to-noise
ratio.

Numerical simulation is performed to study gas dis-
tribution on the surface of the chip under the tubing outlet.
The sample was modeled assuming a rectangular compu-
tational domain whose width is 2 cm in x and y direction,
and the gas is flowed over the chip using a circular pipe.
This domain was discretized into a total of 279,000 hex-
ahedral computational cells. The flow field was simulated
using the steady-state incompressible solver in OpenFOAM
and the k-¢ turbulence model, which is provided by
OpenFOAM. Convection terms for all the conservation
equations were discretized with a limited second-order
central scheme. Once the converged flow field was ob-
tained the solution of the gas concentration was started,
assuming the flow field was frozen.

The concentration of the gas on top of the sensor is
found by using the transport equation for the passive
scalar, using the pre specified stationary velocity field. The
convection—diffusion scalar transport equation without
source terms solves the concentration dispersion inside the
sensor domain.

W 5. wp)- v =0 ®
Where ¢ is the transported scalar, U is the fluid velocity,
and Dr is the diffusion coefficient divided by the fluid
density. The initial concentration of the gas at the inlet is
assumed to be normalized and set to 1. Figure 2(b) shows
the calculated normalized concentration of gas over the
sample when 250 ppm of ethanol vapor is coming out of the
tubing outlet. Simulation results indicate that depending
on the length of the photonic crystal, the gas concentration
on the surface of the waveguide under the tubing outlet is
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slightly lower than the gas concentration delivered by the
vapor generator. So, for each device, the concentration of
the generator is adjusted to compensate for the difference.

Our devices are characterized using a single wave-
length external source with a center wavelength of
A = 3.4 pm. So, to demarcate the stopgap and light line
boundaries, similar devices with different lattice constants
but a constant r/a ratio were fabricated and measured.
Figure 1(e) plots the normalized transmitted intensity
through the PCW devices with varying lattice constants. As
observed, the devices with lattice constants less than
850 nm had practically zero output power since they fall
within the stopgap, and the photonic crystals waveguides
with a greater than 850 nm are above the stopgap band
edge. The sensitivity of the device is a strong function of the
position of the band edge and hence fabrication process.
The photonic crystal waveguide with a lattice constant of
a = 860 nm was chosen for sensing. The group index is
inversely proportional to the group velocity in Equation (1).
The estimated group index value extracted from the
dispersion diagram of the guided mode that propagates
through the waveguide at A = 3.4 pmis ng ~ 73 compared to
a refractive index of n = 1 in air. As detailed in the Sup-
plementary Material, this mode’s index is ~18.8 times
larger than the group index of the fundamental TE mode in
the strip waveguide. Figure 1(d) also shows a factor of 15
enhancements in the electric field intensity compared to
the strip waveguide in the center of the holey PCW. As
described in the Supplementary Material, based on the FDE
mode calculation the optical overlap integral (f) for the
fundamental TE in strip waveguide is ~2.5%, whereas the
high n, propagating mode in the photonic crystal wave-
guide has an overlap factor of ~17.1%. The effective
absorption is enhanced as a result of a slow group velocity
combined with a large electric field overlap with the ana-
lyte. These 2D photonic crystal waveguide structures are
inherently narrowband, as is evident in the dispersion
diagram of the PCW in Figure 1(b), which further guaran-
tees the selective detection of the gas species of interest at
the peak absorbance wavelength.

Figure 2(c) illustrates a gas sensing measurement data.
It shows the normalized transmitted light intensity through
a 9 mm long holey photonic crystal waveguide when
exposed to 500 ppb of ethanol gas plotted as a function of
time. Ethanol was flowed from a calibrated Kin—Tek vapor
generator in a nitrogen carrier gas. The carrier gas is always
ON. An 11.7% drop in the transmitted signal through the
photonic crystal waveguide is observed when ethanol flow
is turned ON. When ethanol flow is turned OFF, the signal
goes back to the original levels in nitrogen flow. As shown
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in Figure 2(d), when the PCW waveguide is replaced with a
1 cm long strip waveguide and exposed to a much higher
ethanol concentration of 5 ppm, no drop in the transmitted
signal is observed.

Figure 2(e) plots the sensing data for a 9 mm long PCW
when exposed to different concentrations of ethanol.
Absorbance values are calculated from transmission data
measured in the presence of different gas concentrations.
The solid red line is the best linear fit of the data. The black
dashed line is an extrapolation of the data points, and the
error bars denote the standard error of the multiple mea-
surements. There are various sources of noise, including
mechanical noises originating from vibrations, light source
fluctuations, and the noise associated with the InSb de-
tector. A smaller limit of detection is easily feasible by
eliminating these background noises.

The vapor generator could provide concentrations of
down to 250 ppb. The standard deviation for the blank
measurement is 0.03. Thereby, the limit of detection (LOD)
for this device calculated by three times the standard de-
viation, 30, and the slope of the curve in Figure 2(e) would
be 138 ppb. Tablel summarizes the performance compari-
son of different ethanol sensors. In another study, L.
Tombez et al. have also demonstrated a methane absorp-
tion sensor using a silicon strip waveguide with a paperclip
geometry with the capability of achieving down to 10 ppm
gas detection precision [26]. It is evident that our proposed
sensor excels the others in detection limit. This sensor can
be deployed to unambiguously detect the molecular
composition of a wide variety of gases, liquids, or solids in
a non intrusive way.

Regarding portability, formfactor improvements the
entire sensing platform can be further miniaturized using
photonic integration and emerging concepts offering
light-matter interaction enhancements and electro-optic
control; for instance, ensuring a sufficiently high signal to
noise ratio, but not relying on a bulky chopper and log-in
amplifier, both could be replaced, for instance, with
electro optic modulators and CMOS circuitry, respectively.
For example, while silicon photonics offers millimeter

Table 1: Performance comparison of ethanol sensors.
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modulators, we recently demonstrated plasmonic-based
<5 um compact V; phase shifters [27] and a photonic MZI
modulators [28] both in Silicon PICs for allowing modu-
lating (‘chopping’) light from the laser source. The added
benefits from a modulator over mechanical choppers are
more data can be samples per unit time window. As
an efficient and formfactor-benign detection platform,
waveguide-integrated schemes can be deployed in com-
bination with emerging materials options, such as thin
two-dimensional (2D) semiconductor materials [29] that,
unlike compound semiconductors relying on epitaxy, do
not require any substrate lattice matching. In fact, these 2D
quantum well can be cross-contamination-free transferred
anywhere on the PIC with sub micrometer alignment pre-
cision within seconds [30]. In regard to enhancing the
detector efficiency, SOI rip waveguides can be augmented
with metallic slot designs which allow for not only
increasing the mode overlap with heterogeneously-added
materials atop the silicon waveguide ACS [31], but also
enable for new design paradigms enabling high gain-
bandwidth-product detectors that are not limited by the
transport (transit time) originating from a low mobility
[32]. Also, concepts of strainoptronics can be used as a new
degree of design freedom on PICs, for instance, to tailor
and tune the absorption region of a sensors cavity or back-
end detector [33]. Lastly, with the wavelength were most
gas species show resonance absorption lines being in the
mid IR spectral region, the light-source would be ideally a
THz sources, such as offered by a quantum cascade laser
[34]. Such THz and mid IR light generation concepts could
again be combined with nanophotonic scaling law con-
cepts such as high Purcell-factors enabling high pump
efficiency via mode selection [35], or with emerging
material PIC-integration [36-38].

The generalized nature of this versatile sensing plat-
form will enable applications beyond ethanol sensing and
breath alcohol monitoring to include the monitoring of
cancers and infectious diseases and in industrial air quality
monitoring on airborne platforms, and in law-enforcement
and fire-fighting applications.

Sensor Working principle Detection limit Response time Reference
Functionalized CNT Electrochemical 3ppm 2 min [21]

Tapered optical fiber Optical (evanescent field) 140 ppm 5s [22]

Porous microrods Resistive 10 ppm 10s [23]

TiO,/Pt nanostructure Optical (UV irradiation) 10 ppm 380s [24]
Capacitive nanoporous film Capacitive 130 ppm 5-10 min [25]

2D PCW Optical (enhanced optical field, slow-light effect) 250 ppb 20-30s Present work
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4 Summary

In summary, we experimentally demonstrate an ethyl
alcohol sensor based on a holey photonic crystal wave-
guide concept offering an optical slow light mode yet
chemical accessibility on a silicon on insulator platform.
This approach allows for a high-degree of spectral
tunability, thus allowing designs with high chemical
selectivity via overlaying the waveguide’s spectral high
group index (slow light) region with that of gas specimen,
exemplary demonstrating 3.4 pm resonances for the peak
absorbance of ethanol. This approach enables a sensing
sensitivity of achieving ten’s of parts per billion gas
detection precision, just limited by the mechanical noises
originating from vibrations and light source fluctuations.
Beyond ethanol, this sensing concept is not limited to the
demonstrated absorption, but readily scalable to other
wavelengths enabling the detection of a number of gas
species. Furthermore, this slow light-based enabled pho-
tonic lab-on-chip sensing platform can be further inte-
grated deploying a number of recent nanophotonic
concepts and light-matter interaction enhancement tech-
niques as well as heterogeneous integration of emerging
materials into silicon photonics platform to include
quantum cascade light source and detection, strainop-
tronics, and Van der Waals semiconductor quantum wells.
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