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Gas sensors have a wide variety of applications. Among various existing gas sensing technologies, optical gas
sensors have outstanding advantages. The development of the Internet of Things and consumer electronics
has put stringent requirements on miniaturized gas sensing technology. Here, we demonstrate a chip-scale silicon
substrate-integrated hollow waveguide (Si-iHWG) to serve as an optical channel and gas cell in an optical gas
sensor. It is fabricated through silicon wafer etching and wafer bonding. The Si-iHWG chip is further assembled
with an off-chip light source and detector to build a fully functional compact nondispersive infrared (NDIR) CO,
sensor. The chip size is 10 mm x 9 mm, and the dimension of the sensor excluding the microcontroller board is
50 mm x 25 mm x 16 mm. This chip solution with compactness, versatility, robustness, and low cost provides a
cost-effective platform for miniaturized optical sensing applications ranging from air quality monitoring to con-

sumer electronics. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.439434

1. INTRODUCTION

Gas sensors have drawn significant interest from academic
research to commercial applications [1-6]. Among various
existing gas sensing technologies [7—15], optical gas sensors
based on the interaction between photons and chemical gas
molecules stand out for their high sensitivity, high selectivity,
long life time, short response time, and long-term operation
stability [16-20]. Many important gases have characteristic
absorption lines in the mid-infrared (MIR) range (2-12 pm)
[21], allowing high-selectivity and high-sensitivity detection.
Hence, MIR sensors are highly desirable for increasing needs
in various application scenarios. A conventional hollow wave-
guide (HWG) is widely used in transmitting IR light in a wide
spectral range from 0.9 to 25 pm with low loss (0.5-1.5 dB/m
at 10.6 pm) thanks to a dielectric layer as the inner coating of
the metallic waveguide surface [22,23]. Various gas sensing and
spectroscopic applications have been demonstrated exploiting
an HWG with tens of centimeters to several meters coupled
to spectrometer or laser to enable high sensitivity (down to
ppb-level detection limit) [24-28]. However, conventional
HWG is unsuitable for compact gas sensor due to its high cost
and susceptibility to mechanical vibration and shock.
Substrate-integrated HWGs (iHWGs) are emerging as a prom-
ising technology recently for gas sensing and spectroscopy
[29,30]. They are fabricated into a mechanically robust sub-
strate with small footprint to dramatically release the influence
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of mechanical vibration and shock. In Ref. [29], 221.8 cm long
spiral iIHWG with average loss of 2.32 dB/mm is developed and
tested on an optical alignment system for sensing of several
gases using a Fourier transform infrared (FTIR) spectrometer
and HgCdTe (MCT) detector. A low limit of detection (LOD)
of 21 ppm (parts per million) is achieved for CO, sensing. A
fiber-coupled spiral iHWG (13.8 cm in length) is later exper-
imentally tested using similar optical setup for gas sensing by
the same research group in Ref. [30]. The calculated LODs are
34 ppm, 43 ppm, and 42 ppm for methane, isobutylene, and
cyclopropane, respectively. However, iIHWG built into a metal
substrate requires expensive milling and polishing processes to
realize submillimeter dimensions and smooth surface. A cost-
effective way of iIHWG fabrication is to leverage silicon wafer
etching and bonding technology. A 2D cylinder shape optical/
gas cell (4 mm diameter) fabricated on a silicon substrate by
deep reactive ion etching (DRIE) is developed and experimen-
tally tested on a fiber alignment system through fiber coupling,
achieving an LOD of 100 ppm for CO, sensing [31]. Also, a
hollow-core waveguide formed by two parallel silicon-on-
insulator wafers has been reported with low optical loss of
0.37 dB/cm at 1535 nm [32]. Furthermore, solid-core wave-
guide sensing through an evanescent wave is widely recognized
thanks to its high level of integration and low propagation and
bending loss [33—38]. In Ref. [36], a 2 cm long silicon wave-
guide on Si3N,; membrane is tested on a fiber alignment system
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where an external laser at the wavelength of 4.23 pm is used for
CO, sensing. The experimentally tested propagation loss is
3.98 dB/cm at 4.17 pm wavelength and the LOD is 500 ppm.

In comparison with solid-core waveguides, IHWG suffers
from higher optical loss due to larger surface roughness and
sensitivity to bending, hindering its applications, which re-
quires ultralow detection limit (sub-ppm level). However,
solid-core waveguide sensing in the MIR range is limited by
its alignment tolerance with the light source and detector,
which is due to the waveguide dimensions (hundreds of nano-
meters to a few micrometers). In the meanwhile, iHWG with
much larger waveguide dimensions (a few hundred microme-
ters) allows direct free-space light coupling and significantly
larger alignment tolerance with the light source and detector.
Hence, the iHWG is viable for a chemical gas sensor working
in the MIR wavelength range for applications requiring ppm-
level detection limit.

To address the increasing needs of compact and low-cost gas
sensors [4,21], in this work, the iHWGs fabricated into silicon
wafer substrate are developed and experimentally demonstrated
for chemical gas sensing. The demonstrated compact iHWGs
are fabricated on an 8-inch (200 mm) standard silicon wafer for
chemical gas sensing. By leveraging silicon wafer-scale etching
and bonding processes, the Si-iHWG sensors can be mass-
produced. Hence, the cost can be dramatically reduced com-
pared with the iHWGs built into a metal substrate. Further,
we experimentally demonstrated a fully functional compact
nondispersive infrared (NDIR) CO, sensor by assembling
the Si-iHWG chip with an off-chip source and detector. The
Si-iHWG chip has a compact size of 10 mm x 9 mm, and the
dimensions of the sensor excluding the microcontroller board
are 50 mm x 25 mm x 16 mm. Promising application scenarios
of the Si-iHWG based gas sensor include environmental mon-
itoring and consumer electronics. Compared with the prelimi-
nary results presented in a conference [39], this work includes
more details on Si-iIHWG design and fabrication. Also, more
discussions and analysis are included for waveguide loss and cou-
pling loss measurement results, as well as gas sensing test results.

2. DESIGN AND WORKING PRINCIPLE

The schematic of a spiral iIHWG formed on silicon wafer sub-
strate (bottom wafer) is shown in Fig. 1(a). The Si-iHWG in an
optical gas sensing system acts as both the optical waveguide
and gas cell. The spiral path is designed to realize larger path
length for higher sensitivity while maintaining a small foot-
print. The physical length of the spiral Si-iIHWG is 34.07 mm.
The bending radius is 2.2 mm. Figure 1(b) shows the schematic
of the cross section. The designed semicircle radius is 250 pm.
It is formed with one flat-top wafer and one etched-
bottom wafer. The inner surfaces of both wafer substrates are
coated with a reflective metallic film. Here, gold film is chosen
as the reflective metallic film. In this work, the Si-iIHWG chip is
assembled with the off-chip light-emitting diode (LED, AKM
AK9700AE) and photodetector (PD, AKM AK9710AEF01)
by a specially designed holder to build an NDIR CO, sensor.
The schematic assembly of LED, Si-iHWG, and PD is shown
in Fig. 1(c). The LED has an emission area of 0.7 mm x
0.7 mm and peak emission at the wavelength of 4.3 pm with
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Fig. 1. (a) Schematic of a spiral iHWG etched on a silicon wafer
substrate. (b) Cross section of the spiral iIHWG. (c) Schematic
assembly of LED, Si-iHWG, and PD. Drawings in (a)—(c) are not
to scale. (d) Ray trajectory simulation in the spiral Si-iHWG. The
source rays are the rays at 15° (angle between light ray and the x axis)
and an axial ray in the x direction from a point emitter.

1 pm full width at half-maximum (FWHM), and the angle of
half intensity is £30°. The LED and PD (denoted as PD_s) are
placed closely (not in contact) at the input and output ports of
the Si-iHWG. The PD_s has a sensitive detection area of
0.69 mm x 0.69 mm. The PD_s also has a built-in optical
bandpass filter. Its center wavelength is 4.28 pm and the
FWHM is 270 nm. The light from LED is coupled into
and out of the Si-iHWG to PD_s through free space. Light
coupled into the Si-iIHWG will interact with the gas of interest
inside the Si-iHWG path and be detected by PD_s. In the LED
chip, a reference PD (denoted as PD_ref) is placed closely to
the LED emission area to detect part of the reflected light emit-
ted from the LED [40]. During the light reflection process to-
ward PD_ref, the path is sealed and does not interact with any
gases. Hence, the signal from PD_ref serves as the reference
signal here.

Based on Beer—Lambert law, with a monochromatic light
source, the transmittance is expressed as

T = L = ¢l (1)

Iy
where 7 is the initial light intensity at the input, / is the in-
tensity at output after transmitting through the gas cell where
light and the gas of interest interact, € is the molar attenuation
coefficient of the gas of interest, ¢ is the gas concentration, and
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L is the interaction length. Hence, for a target gas and a fixed
length Z, the gas concentration can be inferred by measuring
the transmittance 7. The transmittance can be obtained by
normalizing the signal of PD_s with CO, absorption U, to the
baseline signal of PD_s without CO, absorption Uy, i.e., with
pure N,. In the meantime, in actual deployment, the transmit-
tance 7 for our NDIR CO, sensor using an off-chip LED and
PD will need to be expressed as

U,

T=kFk U (2)
where U, is output voltage of PD_s and U, is output voltage of
PD_ref. U, is used instead of Uy, since in actual sensor
deployment, we would not be flushing the sensor with pure
N,. Considering the two paths are different and the signal am-
plifications set in control circuits are different for the two PDs,
a correction factor 4 is added. Therefore, we can obtain the
following equation:

t—ﬂ—z—lg—ed (3)
U,k ok
where ¢ stands for the measured sensor response, which is pro-
portional to transmittance 7'. One can see that the relation be-
tween sensor response ¢ and CO, concentration ¢ is
exponential. Therefore, based on Eq. (3), through proper cal-
ibration between ¢ and ¢ to obtain their relation, we can infer
CO, concentration by measuring the sensor response .
Figure 1(d) shows the ray trajectory simulation in the spiral
Si-iHWG. The source rays are the ones at 15° (angle between
the light ray and x axis) and an axial ray in the x direction from
a point emitter. In addition to the axial ray, only the rays at 15°
are chosen to represent the overall rays in order to clearly visu-
alize the ray trajectory within the Si-iHWG. The Si-iHWG
works as a leaky guide. Light propagates inside through reflec-
tion by gold film coated at the inner surfaces. Si-iHWG can
transmit light from coherent and incoherent sources, depend-
ing on target applications. For instance, a coherent source such
as laser source has high power at sensing wavelength to allow for
higher sensitivity applications.

7

3. EXPERIMENTAL SECTION

A. Fabrication of Si-iHWG

Figure 2 shows the fabrication process of Si-iHWG with a
semicircular cross section. The drawing is not to scale. It
starts with two 8-inch (200 mm) silicon wafers, one as the bot-
tom wafer for Si-iHWG formation and the other as the top
covering wafer to form the top part of the Si-iHWG. For
the bottom wafer, a dense gold film is firstly deposited as a hard
mask through the sputtering process, which is wet etched later
using potassium iodide solution. The silicon substrate is there-
after wet etched to obtain a smooth semicircular cross-sectional
shape. Afterwards, the gold hard mask is removed, and a
300 nm thick gold film is deposited uniformly as the reflection
layer through evaporation. Gold film is chosen due to its high
reflectivity (99.5%) near wavelength of 4 pm [41] and suitabil-
ity for wafer bonding. The top wafer is firstly etched by
DRIE followed by silicon isotropic etching to form funnel-
shaped blind holes. Then back grinding is performed to form
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Fig. 2. Fabrication process of Si-iHWG with a semicircular cross
section. Drawing is not to scale. Two silicon wafers are used, one as
the bottom wafer for Si-iHWG formation and the other as the top
covering wafer to form the top part of the Si-iHWG. The top wafer
and the bottom wafer are bonded together to form the Si-iHWG.

funnel-shaped through holes. Thereafter, another 300 nm thick
gold film is deposited uniformly on the surface as the reflection
layer through evaporation. Such gold film deposition is done as
the last step in order to avoid any particle contamination that
could impact the inner surface reflection. The thin wafer after
back-grinding is handled by temporarily hosting it on a sup-
porting silicon wafer for further process. Finally, the 8-inch
(200 mm) top wafer and the bottom wafer are bonded together
at 300°C with 3 kN force for 2.5 h to form the Si-iIHWG.
Figure 3(a) shows the optical micrograph of a Si-iHWG
chip consisting of a straight Si-iIHWG and a spiral Si-iIHWG.
The physical lengths of the straight and spiral Si-iHWGs are
10 mm and 34.07 mm, respectively. The chip footprint is
10mm x 9 mm. The dashed curves denote the path of the
Si-iHWGs. Gas holes are fabricated in top wafer to allow
gas diffusion. Figure 3(b) shows the scanning electron micros-
copy (SEM) image of a Si-iHWG cross section after silicon wet
etching on the bottom wafer substrate, where the measured top
width is 589 pm and the maximum etch depth is 271 pm. The
etch depth deviation is due to wafer fabrication nonuniformity
during silicon substrate wet etching. Figure 3(c) shows the
SEM image of part of a spiral Si-iHWG after silicon wet etch-
ing on the bottom wafer substrate. The SEM image of the Si-
iHWG cross section after wafer bonding is illustrated in
Fig. 3(d). Gas holes are on the edges of Si-iHWG to minimize
optical loss induced by gas holes and allow enough gas exchange
at the same time. The atomic force microscopy (AFM) mea-
surement on etched silicon blanket test wafer (without gold
film) shows a surface roughness root-mean-square (RMS) value
between 1.3 and 3.3 nm, which is at comparable level with the
AFM measurement on a reference raw silicon wafer surface
without any fabrication. The surface will induce propagation
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Fig. 3. (a) Optical micrograph of a Si-iHWG chip consisting of a
straight Si-iIHWG and a spiral Si-iHWG. The chip footprint is
10 mm x 9 mm. (b) SEM image of the Si-iHWG cross section after
silicon wet etching on the bottom wafer substrate. (c) SEM image of a
spiral Si-iHWG after silicon wet etching on the bottom wafer
substrate. (d) SEM image of the Si-iIHWG cross section after wafer
bonding.

loss due to scattering. Hence, low surface roughness is desirable
to reduce propagation loss to improve sensor sensitivity.

B. Si-iHWG Loss Characterization Setup

Figure 4 shows the schematic of experimental setup for Si-
iHWG loss characterization. The Si-iHWG chip is mounted
on a six-axis optical fiber alignment system for characterization.
The loss measurement is conducted in a normal laboratory
environment. A tunable laser (M Squared Firefly IR) is used
as the light source. The laser tuning range is from 3294 to
4277 nm. The linewidth is <6 cm™!. Two 2 m ZBLAN multi-
mode fluoride fibers from FiberLabs (ZMF-160/200-N-0.29)
are used to couple light into and out of the Si-iHWGs. The
source is coupled from free space to the input fiber using a fo-
cusing lens. A HgCdTe photodetector (Thorlabs PDAV]10) is
used to measure the output power from the output fiber.
Manual alignment between the optical fibers and Si-iHWG
is performed to find the maximal output power.

C. Sensor Testing Setup

A fully functional NDIR CO, sensor is built by assembling a
Si-iHWG chip with off-chip LED and PD. Figure 5(a) shows
the NDIR CO, sensor prototype. The holder is used to assem-
ble the Si-iHWG chip, LED, and PD. The LED and PD have

BN e ZBLAN

M Squared fiber fiber HgCdTe
tunable laser D detector

Focusing lens

I Laptop

Fig. 4. Experimental setup for Si-iHWG loss characterization.
ZBLAN: ZrF;-BaF,-LaF;-AlF;-NaF. A sample chip is placed at a
six-axis optical fiber alignment system for loss characterization. A lap-
top is used for laser control and data acquisition from the detector.

s .
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Fig. 5. (a) Fully functional NDIR CO, sensor prototype by assem-
bling a Si-iHWG chip with off-chip LED and PD. (b) Side view of the
Si-iHWG chip fixed by the holder.

surface mount packages and are mounted on two sides of the
Si-iHWG chip. The dimension of the assembled sensor exclud-
ing microcontroller board is 50 mm x 25 mm x 16 mm. The
form factor of the Si-iHWG sensor can be further reduced
by adopting a more compact assembly method. Figure 5(b)
shows the side view of the Si-iHWG chip fixed by the holder.
The input ports of the straight and spiral Si-iHWGs can be
seen clearly. The 34.07 mm long spiral Si-iIHWG is used in
the sensor. Once the assembly is completed, the mechanical
holder itself can provide optical alignment with enough preci-
sion. Hence, no further active optical alignment is needed.
Figure 6 shows the schematic of experimental setup for CO,
gas testing. The whole assembled sensor shown in Fig. 5 to-
gether with the microcontroller board is placed inside a gas
chamber. The gas chamber is in cylindrical shape with a diam-
eter of 170 mm and a height of 60 mm. The body is made of
aluminum with non-conductive coatings on inner surfaces, and
the cap is made of acrylate. The gas flow is controlled by mass
flow controllers (Bronkhorst MFC, F-201CV). The chamber
has gas inlet and outlet connectors for connection with the
gas tubes of MFCs and exhaust, respectively. The gas chamber
allows gas exchange and prevents gas leakage. To achieve vari-
ous CO, concentrations, we mix CO, with N, from two cer-
tified gas cylinders (5000 ppm CO, and 99.9999% N,

respectively), and we precisely and independently control the

[ CO, cylinder ]—[ MFC
| Inlet
[ N, cylinder ]—[ MFC

Gas chamber

Outlet

To exhaust

Fig. 6. Gas testing setup. Gas flows from two cylinders are precisely
and independently controlled by two mass flow controllers (MFCs).
The gas flow rate into sensor inlet is fixed at 500 standard cubic cen-
timeters per minute (SCCM).
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two mass flow controllers (MFCs). The gas flow rate into the
sensor inlet is fixed at 500 standard cubic centimeters per minute
(SCCM). After mixed gas is guided into the chamber from the
MFC, it is subsequently guided by another tube directly into the
inlet of the sensor and diffused into the spiral Si-iHWG through
gas holes fabricated on the top substrate. Since the full gas ex-
change of the whole chamber takes 15 min, the tube is used here
to direct the mixed gas quickly to the sensor for reduction of the
sensor response time. There is no obvious difference in sensor
response signal observed except that the response time is reduced
significantly if the tube is used. This response time mainly de-
pends on the gas exchange rate. The gas measurements are also
conducted in a normal laboratory environment. The USB cable
connects the sensor microcontroller board to a laptop for power
supply and data acquisition.

4. RESULTS AND DISCUSSIONS

A. Si-IHWG Loss Analysis

Figures 7(a) and 7(b) show the measured propagation loss and
coupling loss of the straight Si-iHWG, respectively, in the
35 nm spectral range. Five chips chosen across the same wafer
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Fig. 7. (a) Propagation loss of straight Si-iHWG. (b) Coupling loss
between optical fiber and straight Si-iHWG. The error bars in (a) and
(b) denote standard deviations of propagation loss from repeated mea-
surements and coupling loss measured from the waveguides with five
different lengths, respectively.

) O Vol. 10, No. 1 / January 2022 / Photonics Research 265
—

are measured. Each chip consists of a straight Si-iIHWG with a
different length. The waveguide lengths of 2.5, 4, 5, 5.5, and
7 mm are used for waveguide loss and coupling loss measure-
ment. Due to cross-sectional dimension variations of Si-iHWGs
across the whole wafer and variations contributed by manual
alignment, the average propagation loss and average coupling loss
are extracted and shown as data points in Fig. 7. Please note that
the error bars in Figs. 7(a) and 7(b) denote standard deviations of
propagation loss from repeated measurements and coupling loss
measured from the waveguides with five different lengths, respec-
tively. From the experimental data, propagation loss in the
straight Si-iHWG is 0.17 4 0.07 dB/mm and coupling loss
is 1.63 £ 0.16 dB/facet at the wavelength of 4260 nm. The
measured straight waveguide loss and coupling loss with varia-
tions can be explained as follows. Firstly, the nonperfect inner
surface will induce propagation losses due to scattering and non-
perfect reflections of light during transmission. Since the loss ex-
periment is conducted in the open air of a normal laboratory,
light will be attenuated due to absorption of atmospheric CO,.
Hence, lower waveguide propagation loss is expected. Also,
from the simulation of ray tracing, light rays with larger diver-
gence angle tend to encounter more reflections and hence expe-
rience higher propagation loss. Secondly, light coupling between
Si-iHWG and optical fiber will induce coupling loss due to di-
mension mismatch between optical fiber and Si-iHWG. In a
non-straight Si-iHWG, bending will also induce additional loss,
since a hollow waveguide is inherently sensitive to bending and
the total loss depends strongly on the bending radius. Light will
experience a larger number of reflections to transmit through a
bending with smaller radius, resulting in larger bending loss.
This loss can be reduced by coiling the Si-iHWG with a larger
radius, which in turn will increase the footprint. An additional
note worth mentioning is that the Si-iHWG waveguide is ex-
pected to have broad optical bandwidth in MIR wavelength
regime since Au has high reflectivity (>99.5%) within such
wavelength regime [41]. The measured loss variation at differ-
ent wavelengths in Fig. 7 should be mainly contributed by
the experimental setup, including the coupling loss variation
at different wavelengths and laser power instability during the
testing.

To measure the insertion loss, seven identical chips chosen
from the same wafer as shown in Fig. 3(a) are tested. The total
insertion loss of a straight Si-iHWG (10 mm) and a spiral Si-
iHWG (34.07 mm) is measured to be 4.68 & 0.49 dB and
7.23 +£0.33 dB at 4260 nm wavelength, respectively. Due
to fabrication variations between different wafers, the loss val-
ues vary among different wafers. By comparing with straight Si-
iHWG, the loss due to bending (2.2 mm bending radius) in the
spiral Si-iHWG is not significant. The reason is that the coiling
radius is large enough. Furthermore, to reduce the loss of the
iHWG in the future, the reflective metal (Au) deposition pro-
cess can be further optimized to make the metal surface
smoother. Also, the waveguide etching process can be opti-
mized to get better surface smoothness, and post-thermal treat-
ment can be applied to smooth surface spikes.

B. Gas Sensing Analysis
Figure 8(a) shows the detected power, ie., U, and U,
from PD_s and PD_ref, respectively, under different CO,
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Fig. 8. (a) Output voltage from PD_s and PD_ref while changing
CO, concentration of mixed gas. The CO, concentration is changed
from 1000 ppm to 200 ppm at a concentration step of 50 ppm. N,
purging is performed every time before changing the CO, concentra-
tion. (b) Relation between transmittance 7" and CO, concentration.
The data points are obtained by normalizing average value of U with
CO, presence to baseline signal, i.e., average value of U, with N,
purging in each cycle.

concentrations of mixed gas. A 30 s moving average has been
applied in the sensor control circuit to improve signal-to-noise
ratio. The CO, concentration is changed from 1000 ppm to
200 ppm in sequence at a CO, concentration step of 50 ppm.
It is worth mentioning that the CO, concentration range in
this test is based on the gas concentration available experimen-
tally, to demonstrate the gas sensing functionality implement-
ing the iHWG. N, purging is performed every time before
changing the CO, concentration. The injection of pure N, fol-
lowed by mixed gas is called one cycle as highlighted by a box
with a red-dotted line in Fig. 8(a). The duration of N, purging
is 2 min, and the duration of one cycle is 4 min. The trans-
mittance 7" in Fig. 8(b) is obtained by normalizing the average
value of U, with CO, presence to baseline signal, i.e., average
value of U, with N, purging in each cycle. Figure 8(b) shows
the experimental data 7" well fitted to CO, concentration with

an exponential curve. One can see the relation matches well
with the Beer—Lambert law expressed as Eq. (1).

Figure 9(a) shows the sensor response ¢ while changing
the CO, concentration of mixed gas. The sensor response
¢t is calculated from the voltage values in Fig. 8(a) using
t = U,/ U, as provided in Eq. (3). Please note that the black
curves in Figs. 8(a) and 9(a) look similar since U, does not
have significant change over time, which can be seen in the
red curve of Fig. 8(a). Figure 9(b) shows the relation between
sensor response ¢ and CO, concentration extracted from
Fig. 9(a). The data points are the average values of sensor re-
sponse ¢ in each cycle. The error bars denote the standard de-
viations of sensor response ¢ in each cycle. The experimental
average value of sensor response 7 is well fitted to CO, concen-
tration with an exponential curve # = z¢7% and a good fitting
R? =0.9969, which agrees well with the relation expressed
in Eq. (3). The fitting parameters are 2 = 1.06 and & =
5 x 107, Gas testing results show the Si-iIHWG sensor can be
used to detect CO, concentration ranging from 200 ppm to
1000 ppm.
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Fig. 9. (a) Sensor response ¢ while changing CO, concentration of
mixed gas. (b) Relation between sensor response ¢ and CO, concen-
tration. The data points are the average values of sensor response ¢ in
cach cycle. The error bars denote the standard deviations of sensor
response 7 in each cycle.
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5. CONCLUSION

In conclusion, Si-iHWGs are demonstrated for miniaturized
gas sensing. The reported Si-iIHWGs are formed by wet etch-
ing silicon wafer and wafer bonding. The chip footprint con-
sisting of a straight and a spiral Si-iIHWGs is 10 mm x 9 mm.
Propagation loss in the straight Si-iHWG is 0.17 +
0.07 dB/mm, and coupling loss is 1.63 £ 0.16 dB/facet at
4260 nm wavelength. A fully functional NDIR sensor for
CO, detection is further experimentally demonstrated by as-
sembling a spiral Si-iHWG with off-chip LED and PD. The
optical path of the Si-iIHWG can be configured to different
geometries such as straight, spiral, and serpentine to adapt
to a wide range of path lengths and locations of light input
and output ports. The footprint is limited mainly by the bend-
ing loss and can be reduced further by using a smaller bending
radius. The designed 34.07 mm spiral Si-iIHWG length is
mainly limited by the die size and waveguide bending loss.
In addition to path length tailorability, Si-iHWGs are compat-
ible with coherent and incoherent sources. Also, they are com-
patible with free space and fiber coupling for light input and
output. Hence, they are suitable for various applications.
Furthermore, Si-iHWG is transparent in the MIR range due
to broadband nature of hollow waveguides to enable sensing of
many important gases, e.g., CHy, CO, and NO. Wafer-based
Si-iHWGs enable mass production and compatibility with in-
tegrated light sources and detectors [42—49] to realize a fully
integrated sensor, which would be even more compact and with
lower cost. This will require advanced packaging technology to
bond source and detector onto the Si-iIHWG chip.
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