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Abstract: Waveguides have been utilized for label-free and miniaturized mid-infrared gas
sensors that operate on the evanescent field absorption principle. For integrated systems,
photodetectors based on the photocarrier generation principle are previously integrated with
waveguides. However, due to the thermal excitation of carriers at room temperature, they suffer
from large dark currents and noise in the long-wavelength region. In this paper, we introduce
the integration of a MEMS-based broadband infrared thermopile sensor with mid-infrared
waveguides via flip-chip bonding technology and demonstrate a proof-of-concept gas (N,O)
sensor working at 3.9 um. A photonic device with input and output grating couplers designed
at 3.72 um was fabricated on a silicon-on-insulator (SOI) platform and integrated with a bare
thermopile chip on its output side via flip-chip bonding in order to realize an integrated photonic
platform for a myriad range of sensing applications. A responsivity of 69 mV/W was measured
at 3.72 pm for an 11 mm waveguide. A second device designed at 3.9 um has a 1800 ppm
resolution for N> O sensing.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Mid-infrared (MIR) (2-20 um) contains molecular vibrational fingerprints of molecules such as
CO, CO,, N,0O, NO; and volatile organic compounds (VOCs) that are important for air quality
and human health monitoring [1,2]. For real-time monitoring of the concentration of these
molecules in air, electrochemical or non-dispersive infrared (NDIR) sensors are utilized [3,4].
Electrochemical sensors can be made in small footprints, but they suffer from non-linearity,
slow response, and low accuracy [5—8]. NDIR sensors, on the other hand, show linear and fast
response and possess high accuracy [9,10]. However, for high accuracy, longer interaction lengths
are required and hence make the overall system bulkier. Recently, waveguide-based gas sensors
are proposed as an alternative to NDIR sensors [11-16]. These sensors are based on target gas
molecules interacting with the evanescent field and absorption of light at the target molecule’s
fingerprint frequency [17—19] and hence decrease in the transmission. The waveguide length
which defines the interaction length with the target gas can be made significantly longer in a
smaller area by utilizing multiple turns of the waveguide on a single chip [12]. Utilizing low loss
materials in MIR such as recently explored chalcogenides for the operation wavelength with small
propagation loss (<1 dB/cm) paves the way for high Q resonators and long waveguides for highly
responsive sensors and spectrometers [20-22]. For realizing IR spectrometers, infrared sources
[23-25] and photodetectors are integrated with waveguides either by monolithic fabrication of
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waveguide and detector [26,27] or by transferring of a low dimensional material based detector
onto the grating coupler area [28,29]. However, the detectors used so far are based on the
photocarrier generation principle. Hence, their performance is limited in the long-wave infrared
(LWIR) range where the thermal excitation of carriers generates large dark currents and noise,
decreasing the signal to noise ratio (SNR) limiting the overall performance [30]. To mitigate
large dark currents, active cooling of the detectors to cryogenic temperatures is required, which
limits the application of these detectors. On the other hand, MEMS-based IR detectors such as
thermopiles and microbolometers are commonly used in the LWIR range and even extending
to the far-infrared (FIR) and THz range [31-33] without any need for cooling [34,35]. In this
paper, we report the integration of a broadband thermopile IR detector with a MIR waveguide
via thermo-compression type flip-chip bonding technology [36]. Furthermore, we demonstrated
N, O sensing with a second device designed at the absorption wavelength (3.89 um) of the target
gas. Integrating a broadband thermopile device with the photonics chip demonstrates the first
step towards fully integrated chip-scale photonics gas sensors and spectrometers.

2. Device fabrication

The Si-based waveguide and grating coupler are fabricated on a silicon-on-insulator (SOI) wafer
with 0.5 pm device layer and 2 um buried oxide (BOX). The design of the grating couplers is
optimized using a finite-difference time-domain (FDTD) simulation software. Waveguide and
grating couplers on either side are defined via electron beam lithography (EBL) and reactive ion
etching (RIE) of the device layer (Fig. 1). Ni/Au (15nm/150nm) electrodes on the photonics
device are patterned via a laser writer and metals are deposited using sputtering. Following
lift-off (Fig. 2(a)), aluminum (Al) wedges (Fig. 2(b)) are formed using wire-bonding tool with
an Al wire diameter of 25 um both on the photonics and thermopile chips. Al serves as the
metal interconnect between the thermopile and photonics chip to allow electrical connection
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Fig. 1. Schematic for the process flow starting with an SOI wafer. A) Device outlook
after waveguide patterning. B) Device outlook after metal electrode deposition. C) Device
outlook after flip-chip bonding of thermopile device onto photonics chip. D) Device outlook
after PDMS gas chamber bonding onto photonics chip. E) Proposed device schematic for
arrayed waveguide/thermopile pairs for multi-gas sensing and spectrometer applications.
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to thermopile. Meanwhile, it also forms the spacer layer with a gap of 10 um (Fig. 2(c) and
Fig. 3) between the two chips. Finally, the thermopile chip is flipped and bonded on top of the
photonic chip via thermo-compression bonding. The thermopile active area is carefully aligned
with the output grating coupler to maximize the responsivity. The bonding is performed at a
300°C stage temperature and 400°C arm temperature (arm holding the flipped chip) and constant
force of 5 N is applied for 5 minutes during the bonding process. For the gas sensing experiment,
a PDMS microchamber was formed from a 3D-printed veroclear mold and was bonded onto the
spiral waveguide (Fig. 2(d) after oxygen (O;) plasma treatment of both PDMS and Si-waveguide
surfaces.

Fig. 2. A) Optical image of grating coupler area (with an inset SEM image) after waveguide
fabrication and metal deposition. B) SEM image of Al-wedges formed on Au-pads. C)
False-color SEM image of thermopile-waveguide interface. (TP in purple, photonics chip
in green, Au-pad in yellow and Al-interface in grey) D) Darkfield optical image of spiral
waveguides integrated with the PDMS chamber.

The bonding result is shown in Fig. 2(c) with a false-color SEM image (thermopile chip in
purple, photonics chip in green, gold pads in yellow and Al interface in grey). After bonding,
we have measured the gap between the photonics layer and the thermopile layer by using SEM.
The gap of ~4 um and ~10 pum are measured when Al wedges are formed on one side and on
either side of the interface respectively. The spacer gap can be adjusted by varying the number of
Al-wedge layers and by applying different pressures and temperatures during the bonding. The
bonding interface was strong enough to survive multiple drop tests from heights > 5 cm.
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Fig. 3. SEM micrographs of the Al interface after bonding and splitting of thermopile
and photonics chips. a) SEM micrograph of a bonding interface on one of the 8 pads on
thermopile (left corner of the device). b) SEM micrograph of a bonding interface on one of
the 8 pads on thermopile (right corner of the device). ¢) Zoomed SEM micrograph of the
area denoted with a yellow marker in (a). d) Zoomed SEM micrograph of the area denoted
with a yellow marker in (b).

3. Device characterization

The optical characterization setup (shown in Fig. 4) consists of a MIR laser system (Daylight
Solution, MIRcat1200) with two continuous-wave (CW) tunable quantum cascade laser (QCL)
modules (3.60-3.81 ym & 3.81-4.12 um tuning range), an optical chopper (Stanford Research
SR540), a half-wave plate for polarization control (Thorlabs, WPLQO5M-4000) and a condenser
lens (ZnSe) for coupling the free-space MIR light into a MIR fiber (Thorlabs, P1-23Z). The MIR
light is then coupled into the waveguide via a grating coupler. The alignments were performed
by using movable stages. Prior to the integration of thermopile, the spectrum of the fabricated
photonic device is measured with a commercial photodetector (Thorlabs, PDA20H) via an output
fiber (not shown in Fig. 4) at a chopping frequency of 227 Hz. After the thermopile integration,
the output signal is generated by the thermopile and is delivered to the lock-in amplifier (Stanford
Research, SR830).

The laser power measured at the output of the laser system is ~300 mW at 3.75 um (Fig. 5(a)).
The power output from the fiber onto the sample is measured to be 65 mW at 3.75 um. Spectral
measurements were performed with 5 nm wavelength steps.

For gas sensing experiments, carbon dioxide (CO;) gas was used as the reference gas and
nitrous oxide (N,O) was used as the target gas. They were fed into the PDMS gas chamber on
waveguides via gas tubes.
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Fig. 4. Conceptual block diagram of waveguide measurement setup.
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Fig. 5. a) Measured laser spectrum which is used to determine the intrinsic grating
coupler/waveguide spectrum. b) Absorption spectrum of thermopile active area.

4. Analysis and discussion

The integrated device was characterized using a continuous illumination (i.e without chopper)
and its responsivity was measured to be 69 mV/W [37]. In order to investigate the influence of
thermopile integration on the waveguide spectrum, we compared the spectrum before and after
the thermopile integration. First, the photonic device spectrum was measured with a commercial
photodetector (PD) and a lock-in amplifier with an optical chopper working at 227 Hz before
the thermopile integration (Fig. 6, grey line). Next, the spectrum was remeasured using the
thermopile’s (TP) output after the integration with different chopping frequencies (Fig. 6, colored
lines). The spectral difference between the two measurements is mainly due to the fact that before
integration of the thermopile, out-putted light is collected by a fiber, hence two grating couplers
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contribute to the spectrum whereas before the integration, only the input grating coupler has a
significant effect on the spectrum. The grating coupler efficiency at the output is constant (at
~50%) regardless of the wavelength, when the light is coupled into the free space and not into
the fiber where a mode-matching constraint is no longer present [24]. The absorption spectrum
of the thermopile is measured using Fourier-transform IR spectroscopy (FTIR) in three different
regions (Fig. 5(b)) of the thermopile whereas Region 1 is the middle portion of thermopile
which corresponds the area right above the grating coupler and the others are slightly off from
the middle part which still may receive some signal. In all cases, the spectra are relatively flat
implying that the thermopile has a negligible effect on the measured photovoltage spectrum.
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Fig. 6. Optical spectra of fabricated photonic chip (in grey) and photonics chip integrated
with thermopile (in red, green and blue). Different colored graphs represent photovoltage
outputs at different chopping frequencies.

After the suceessful integration of thermopile and photonics chip, we proceed to investigate
its application as a nitrous oxide (N,O) sensor. N,O is a greenhouse gas and is a dominant
ozone depleting compound [38,39]. It is also used in surgergy for it’s anaesthetic and pain
relieveing effects [40]. Thus, it is important to measure N,O concentrations accurately for
environmental monitoring and for medical use. Hence, a specific grating coupler was designed
and fabricated to operate at around 3.9 um where nitrous oxide (N>O) has molecular absorption
bands ([34], Fig. 7). Two such waveguides with spiral designs and different lengths (9.92 mm
of straight waveguide and 7.51/18.41 mm of spiral waveguide for short/long spiral waveguides)
were fabricated using the same fabrication steps explained above. After thermopile bonding, a
PDMS chamber is bonded onto the spiral area of the waveguide to form a gas chamber and to
allow gas interaction with the evanescent field of the spiral waveguide. Dark field optical image
is depicted in Fig. 2(d). PDMS chamber is fabricated using a 3D-printed VeroClear master mold
and bonded onto photonic chip after oxygen (O,) plasma treatment of both PDMS and photonic
device surfaces.

After thermopile and PDMS bonding; we have measured the frequency spectra of the
bare thermopile device (before bonding), thermopile device bonded to 3.7 um waveguide,and
thermopile device bonded to 3.9 um waveguide. The resulting frequency spectra are plotted
in Fig. 8(a). The curves are fitted with a low-pass filter equation given in Eq. (1) whereas the
photovoltage response is a function of the DC (0 Hz) responsivity, frequency f and thermal
time constant 7. Decreased time constants of 1.87 ms (for 3.72 um WG) and 4.99/4.80 ms
(for short/long WGs at 3.9 um) are extracted from the fits whereas the initial time constant
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Fig. 7. Measured FTIR transmission spectrum of N2 O(g).

for bare (unbonded) thermopile is 28.88 ms. Reduced time constant implies that there is a
thermal conduction path from the thermopile surface to the photonics chip due to a short air gap
in-between the thermopile and photonic chip which increases the overall thermal conductance of
the thermopile, hence resulting in a reduced time constant due to the relation provided in Eq. (2)
whereas Ry, is the thermal resistance and Cy, is thermal capacitance. Hence, bonding of the
thermopile reduces the time constant and increases the 3 dB bandwidth, however at a cost of
reduced responsivity of the thermopile. Equation (3) provides the relation between the thermal
resistance of thermopile and its responsivity for conventional thermopile designs whereas the
thermopile consists of an absorber area in the middle and thermocouple beams surrounding
the absorber area. The responsivity (Ry) of a thermopile is proportional to the number of
thermocouples (N), the thermal resistance (Ry,) and Seebeck coefficient (s) of the thermoelectric
material used as the thermocouple pairs. Thus, integration caused thermal resistance reduction
to decrease the thermal time constant but also decreases the responsivity of the device. Hence,
for the applications requiring high responsivity, such as high accuracy gas detectors, the gap
between the thermopile and waveguide chip should be increased further in order to increase the
overall thermal resistance of the thermopile device.

V() = —2—
V= e @
T= Rtthh (2)
R, = NRys (3)

Photovoltage spectra of spiral waveguides with grating couplers designed for 3.9 um are
measured (using the setup depicted in Fig. 4), and the results are shown in Fig. 8(b) with solid
lines showing the spectra as measured and dash-dotted lines showing the normalized spectra
with respect to the laser spectrum (Fig. 5). The normalized spectra reveal the intrinsic grating
coupler spectrum. Both spiral waveguides support transmission at 3.9 um wavelength so that they
can be used for N> O sensing. Both spectra of short and long spiral waveguides are measured in
ambient air conditions and when the N, O gas pumped into the PDMS gas chamber (Figs. 8(c)
and 8(d)). For both waveguides, photovoltage measured from thermopile at 3.89 um wavelength
(which corresponds to a stronger absorption peak of N,O as opposed to 3.91 pm absorption peak
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Fig. 8. (a) Frequency spectra of bare and bonded thermopiles. Solid lines are fitted low-pass
filters. (b) Optical spectra of short and long spiral waveguides with grating couplers as
measured (solid lines) and normalized to laser spectrum (dash-dotted lines). (c, d) Optical
spectra of short (c) and long (d) spiral waveguides in ambient air conditions (black line) and
in N, O environment (grey line). 3.89 um wavelength is labelled with red-dotted line in (c)
and (d).

([41], Fig. 7) decreases with the presence of N,O due to the evanescence field coupling between
the waveguide and N,O gas molecules surrounding the waveguide. The transmitted intensity
at 3.89 um can be used to detect the N,O gas surrounding the waveguide. Figure 9 shows the
time response from the thermopile output that is proportional to transmitted light throughout the
waveguide. For both waveguides, the photovoltage output from thermopile decreases with the
injection of N, O (target) gas because of the decreased transmitted light intensity due to molecular
absorption of N>O. The signal recovers back to its original value once the PDMS chamber is
flushed with CO, (reference) gas. The measurements were performed at different frequencies to
observe the frequency dependence of signal to noise ratio (SNR). The noise decreases as the
frequency increases, suggesting the presence of 1/f noise in the system. However, since the
thermopile responsivity is also frequency dependent as shown in Fig. 8, the signal will also drop
along with the noise as the chopper frequency is increased.

The study of the noise measured in the gas sensing measurement is necessary in order to
understand the cause of the noise and to optimize the SNR for an increased performance. Intrinsic
noise coming from the thermopile can be calculated with the Johnson noise provided in Eq. (4),
whereas kg is the Boltzmann constant, T is the operation temperature, R is the resistance and Af
is the measurement bandwidth. With thermopile resistance of 77 kOhm, operation temperature of
300K (about room temperature) and measurement bandwidth of 10 Hz (using lock-in amplifier),
the Johnson noise is equal to v, =49.7 nV =~ 0.05 pV. We have measured signal (which is
calculated from the photovoltage difference with and without N,O presence) and noise with
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Fig. 9. Photovoltage response from thermopile with alternating injection of N,O and CO,
gasses into the PDMS micro-chamber. Short (a and b) and long (¢ and d) spiral waveguide
responses to N, O injection with different chopping frequencies.

respect to the frequency for a spiral waveguide design and calculated the SNR ratio (Fig. 10).
We observed that the 1/f noise is the dominant noise in the low frequency range (f < 15 Hz) and
the Johnson noise (frequency independent) is the dominant noise in the higher frequency range
(f> 15Hz). We attribute the 1/f noise coming from the measurement equipment (i.e. lock-in
amplifier) and from the environmental coupling. The difference signal between with and without
the presence of N> O is calculated using the results in Fig. 9 and using Eq. (5) and 6 whereas V
is the photovoltage output with N, O presence and V3, is the photovoltage output without N,O.
£ is molar absorption in units of [L/mol/cm], 1 is evanescent field factor without any unit, c is
the concentration in [mol/L], « is the propagation loss in [cm™!], 1 is the interaction length of
waveguide with gas molecules surrounding it which is equal to the length of the waveguide that
is inside the PDMS gas chamber and ly is the remaining length of the waveguide without any gas
interaction. With ¢;=c and c,=0, normalized signal difference is calculated in Eq. (7). Note that
normalized sensing signal is independent of frequency. Thus, the only frequency dependency
comes from the responsivity which can be obtained from the measurement results (Fig. 8(a)).

Vo = J4kgTRAf 4

v, = %e_(s'”]Ha(IHO))Rv(f) (5)
V, = %e—(sllczH(t(Hlo))Rv(f) (6)
YV gend ™)

1%



Research Article Vol. 28, No. 8/13 April 2020/ Optics Express 11533

Optics EXPRESS

b Concentration (%)
a ) 1E-4 0.001 0.01 0.1 1 10 100
; 108 T . . . v ; T ; 10° 20 -
S =
= 10%4 =
] , g
5 104 F10
- S
184 1l n vV
g 10%4 BE g | ]
o F10°Z
Z 107 n £ 4,
2. - =
© —&—N20 Sens!ng S!gnal (SWG) L 102 c
—_ —#— N20 Sensing Signal (LWG) (o) 16
[0 1034 Noise (7]
%; —&—SNR (SWG)
= —A—S G
B 10 drrrk bk eeemepent- 10 15 -
1 2 4 8 16 32 64 128 256 512 10° 10" 10%2  10° 10 105 108
C) Frequency (Hz) ,d) Concentration (ppm)
—~ s}
- 704 a=-2.0 I 704
o) a=-2.5 2 Mp=20
£ 60 a=-3.0 ~ 60- L7
| a=-3.5 € . ’
> 504 a=-4.05 < 504 -
c a=-45 /\ > . Ma=25
— 40+ a=-5.0 = _ -
= 40 P
.-é' 30 ‘#" Ma=30
2 c 30
= [0 _M3=35
< 201 ' € 204 miaos
@ 4 Wa=45
o 104 \ T wi-50
0 SWG (0.751,19.51002)  LWG (1.841, 17.3046) & 1 O T
00 05 10 15 20 25 30 08 1.0 12 14 16 18 20 22
Waveguide Length (cm) Optimum Waveguide Length (cm)

Fig. 10. a) Sensing signal and noise vs frequency for short (SWG) and long (LWG)
spiral waveguides and SNR value. b) Sensitivity vs concentration for short and long spiral
waveguides. ¢) Sensitivity vs waveguide length for different propagation losses (« in dB/cm).
Short and long waveguide fabricated are marked. d) Relation between peak sensitivity and
optimum waveguide length. As the propagation loss («) decreases, the optimum waveguide
length increases along with the peak sensitivity.

Hence, with noise and sensing signal measured from our system with respect to frequency,
the signal to noise ratio (SNR) can also be plotted on the same graph. The SNR shows its
maximum value at around 15 Hz where the signal is still close to its highest value and 1/f
noise becomes negligible when compared to Johnson noise. At lower frequencies, the noise is
high whereas signal is constant and at higher frequencies although the noise is low, the signal
decreases with increased frequency and hence SNR achieves its highest value of 4700 and 3500
for short and long waveguides respectively. The normalized sensing signal (as provided in
Eq. (7)) is measured to be 0.051, 0.049, 0.096 and 0.106 for sensing measurements presented
in Figs. 9(a)-9(d) respectively. Hence, on the average we have 0.05 (5%) and 0.10 (10%) of
signal change for short and long waveguides respectively. The long waveguide shows a better
normalized responsivity due to a longer interaction with the air molecules. However, since short
waveguide has higher signal output due to a lower total propagation loss, the sensing signal
measured from short waveguide is still higher than that of the long waveguide (Fig. 10). Since
both waveguides share the me thermopile, both measurements are subjected to the same noise
level. Thus, the short weguide shows a better SNR performance. When we compare the noise
and SNR extracted in Fig. 10 with the noise and the SNR of gas sensing data presented in Fig. 9,
we observe that the signal fluctuations in gas testing measurements are much higher than that of
the measured noise presented in Fig. 10. The measured SNR values are 14.04, 20.83, 8.96 and
13.69 for data presented in Figs. 9(a)-9(d) respectively, whereas the extracted SNR values for
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same measurements (according to measurement presented in Fig. 10) are 3700, 1000, 2700 and
560 respectively. We attribute signal fluctuations observed during gas sensing measurements to
the concentration fluctuations of gasses flowing through the PDMS gas chamber causing unstable
light intensity arriving at the thermopile device, resulting in a poor SNR value. However, in the
actual setup where the sensor is operated in a diffusion mode rather than flow-through mode,
such concentration fluctuations should be absent. Hence, high SNR values of 4700 and 3500 are
expected for short and long waveguide devices when signal is chopped at 15 Hz.

The resolution of the gas sensor depends on the sensitivity of the overall system and noise.
As discussed before, the noise can be reduced by chopping the illumination and using a lock-in
technique to measure the output signal with a small bandwidth. On the other hand, the sensitivity
depends on the responsivity of detector device (i.e. Responsivity, R,) and sensitivity of the
sensing element (i.e. waveguide). Hence, the overall sensitivity (S) can be defined as the change
of the signal output (i.e. photovoltage) with respect to concentration change of the target molecule
and can be calculated using Eq. (8). enc and &n products can be extracted from gas sensing
measurements (Fig. 9), using Eq. (7) and taking c (concentration) to be 0.0446 mol/L. which
assumes that the pressure inside PDMS gas chamber is 1 atm and the volume concentration of
N,O is 100%. Hence enc and en products are found to be 0.0632cm™! and 1.4169 Lmol~!cm™!
respectively. With our current fabrication, we observe a propagation loss of —3 to —5 dB/cm
and a grating coupler efficiency of —10dB [28]. With the measured data for short and long
waveguide, we obtain a fitted propagation loss of ~4.05 dB/cm for the devices used. Measured
parameters for fabricated devices were summarized in Table 1.

Table 1. Measured Parameters for Fabricated Devices

Parameter Type Sensing Optical Electrical
Parameter [unit] ¢ [mol/L] en [L/(mol cm)] a [dB/cm)] Coupling Loss [dB] 30 (LOD signal) [nV]
Value 0.0446 1.4169 -4.05 -10 150

Using the measured propagation loss (@) of —4.05 dB/cm, &7 product of 1.4169 Lmol~'cm™!,
concentration (c) of 0.0446 mol/L, idle waveguide (non-sensing) length (lp) of 0.992 cm and
spiral waveguide (sensing) length (1) of 0.751/1.841 cm for short/long spiral waveguide, we
calculate the limit of detection (LOD) of 1800ppm (0.18%) and 2000ppm (0.2%) for fabricated
short and long waveguides. The LOD is defined as the signal difference (V,-V) between 0 ppm
and LOD value whereas the difference is larger than 30-=0.15 pV (0.156 and 0.154 uV for
the short and long waveguide respectively) with a lock-in bandwidth of 10 Hz. Resolution, as
defined as difference between two measurement points that have 30 of signal difference, is a
function of the concentration since the sensitivity (as in Eq. (8)) depends on the concentration.
However, the noise (o) and hence resolution (307) does not. Sensitivity vs concentration curves
for short and long spiral waveguides are shown on the same graph in Fig. 10(b). Area I, depicted
in red, represents the region where the sensitivities of the sensors are high, but the signal level is
below the Johnson noise level (i.e. 0.05 pV). Area II, depicted in light red, represents the region
where the signal is higher than noise level (o) but lower than LOD (30). Area III, depicted in
green, represents the region where sensitivities of the sensors are high, and the signal level is
beyond LOD (30). Area 1V, depicted in light green, is where the signal is higher than LOD but
the sensitivities, and hence the resolutions, start to decrease, achieving lowest the resolution of
1900ppm and 2200 ppm (for short and long WG) near 100% concentration.

S = % = %8ncle‘8'761‘“(l+l(‘)Rv(f) (8)

The length of the waveguide is an important parameter for having an optimum sensor design.
Although the purpose of this approach is to have an integrated system rather than waveguide
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optimization, we have calculated the optimum length for the maximum sensitivity, keeping
the idle waveguide length the same (lp, waveguide part which stays outside of the PDMS gas
chamber). Figure 10(c) shows the calculated results of the sensor detection sensitivities of the
sensor near the 2000ppm region for different propagation loss values (@ in dB/cm). As calculated
previously, our propagation loss is —4.05 dB/cm which is indicated by the blue curve and the
short and long spiral waveguide designs are also marked on the curve. Although the long spiral
waveguide, with a sensitity of S = 17.30 mVLmol ™! at {1=1.841 cm, 1o =0.992cm}, is slightly off
from the optimum value of S = 20.64 mVLmol™!, which occurs at {l=1.072 cm, 1y =0.992 cm},
the short spiral waveguide is closer to the optimum value with sensitivity of S = 19.51 mVLmol !
at {1=0.751cm, 1o=0.992cm}. As can be observed from the graph, the propagation loss is a
dominant factor in having a high sensitivity. Figure 10(d) shows the extracted peak sensitivities for
different propagation losses and the optimum waveguide length. As propagation loss decreases,
the optimum waveguide length and hence responsivity increases. Decreasing the propagation
loss from —4 dB/cm to —2 dB/cm [12,42,43] will provide a three-fold enhancement in sensitivity.
Also disposing any (dummy) waveguide parts that do not interact with air (i.e. 19=0) increases
the sensitivity of both SWG and LWG by 2.5 times due to the elimination of excess propagation
losses. The propagation loss can further be reduced by reducing the scattering loss via having a
smoother waveguide surface after the RIE [44]. However, in the MIR, the absorption loss due to
SiO; layer below the waveguide is the dominating factor for propagation loss [45,46]. Thus, the
best way would be to suspend the waveguide via either vapored hydrofluoric acid etching (VHF)
or via wet HF etching (buffered oxide etch (BOE) or diluted HF (DHF)) [47,48]. This would not
only eliminate oxide absorption, but it also would also increase the evanescent field factor (1) by
increasing the evanescent field volume that interacts with air molecules surrounding waveguide.
Table 2 provides a comparison for fabricated short and long waveguide devices.

Table 2. Summary Table for Short and Long Waveguides

Parameter [unit] lp [cm] 1 [cm] SNR (15 Hz) [-] S [mVL/mol] LOD [ppm]
SWG 0.992 0.751 4700 19.51 1800
LWG 0.992 1.841 3500 17.30 2000

5. Conclusion

We reported the integration of a broadband thermopile IR detector with a mid-IR waveguide using
flip-chip bonding technology. The integration is realized by Al-wedge forming on the Au-pads
and thermo-compression bonding of the Al-interface. This integration allows a spacer gap of
10 um between the two integrated chips and provides an electrical connection to thermopile. For
our first device designed at 3.72 um, we have measured a peak DC responsivity of 69 mV/W
with an 11 mm waveguide. We have demonstrated N,O gas detection via a second device with a
grating coupler designed at 3.90 um. Fabricated waveguides support SNR values of 4700 and
3500 at 15 Hz chopping frequency which correspond to 1800 and 2000ppm resolutions (for SWG
and LWG respectively) with a 30~ (99.7%) confidence. MEMS-based broadband IR detector
integration with waveguides along with an IR source integration will pave the way for fully
integrated miniaturized in-plane spectrometers.
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