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Abstract: We fabricated single mode Gey3Sbi2Seqy waveguides and resonators using e-beam
lithography and achieved a propagation loss of 3.88 dB/cm at 3.66 um. We compared BCl3 and
CHF; etch chemistries and determined CHF3 produced 1.5 dB/cm higher propagation losses
at 3.6 um due to C-H bond absorption. We use fabricated waveguides to detect an aromatic
aldehyde dissolved in a non-polar solvent with a limit of detection of 1.09 pmol/mL. We then
reduce this detection limit to 0.25 pmol/mL using the enhancement produced by a chalcogenide
ring resonator.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chalcogenides are a promising material for linear and nonlinear optics in the mid infrared (MIR)
[1]. They have high nonlinearity, low material absorption loss, and are easily deposited using a
wide variety of techniques [2—4]. In particular, Ge;3Sbi,Segy (GeSbSe) is transparent between
1 to 15 um and has a high nonlinear figure of merit [1,2,5]. Impurity absorption will limit the
transmissions of fabricated waveguides. These occur at 2.9 um for OH bonds, 3.4 pm for CH
bonds and 4.6 um for SeH bonds [3,6]. GeSbSe has been shown to be non-cytotoxic, making it
particularly useful for bio-sensing in the MIR [7,8]. Previous demonstrations of chalcogenide
photonic devices in the MIR have shown resonator quality factors up to 2 x 10° in As;Se;
at 5.2 um [9] and propagation losses as low as 0.3 dB/cm at 3.5 um in GeAsSe [10]. These
demonstrations were in large waveguides, supporting multiple modes. The large waveguide
dimensions reduce the contribution of surface absorption to the total propagation loss. However,
for some applications such as high evanescent field sensors or dispersion engineered devices,
single mode waveguides are required [11,12]. By single mode we mean an optical waveguide with
one transverse electric (TE) and one transverse magnetic (TM) mode. Single mode operation will
increase the field overlap with absorbing contaminants produced on the surface of the waveguide
during fabrication. This means that the surface contamination must be much better controlled in
a single mode device than in multimode waveguides. In this paper, we demonstrate single-mode
waveguides and micro-resonators for spectroscopy at 3-4 um.

One of the primary applications for MIR photonic devices is sensing organic compounds
[8,13]. The MIR region is known as the molecular fingerprint region, where organic molecules
have unique absorption spectra [8,14]. The wavelength region of 3-4 um primarily contains the
vibrational resonances of C-H bonds [15]. These peaks are very strong and consist of many
sub-peaks, each of which corresponds to a different combination of the collective stretching of
the C-H bonds in the molecule [16]. The measurement of the C-H bonding peaks alone cannot
be used to completely differentiate between chemicals unless performed at a low temperature
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[17] due to the large linewidth. However certain functional groups such as benzene rings, or
aldehydes can result in a measurable splitting of C-H vibrational resonances [17]. We therefore
choose to focus on a particular class of chemicals, the aldehydes, which have absorption bands in
the 3.5-3.8 um region where our waveguides and resonators function with the lowest loss [18].
These peaks correspond to the C-H stretching of the aldehyde group and have fine structure
in this region that would allow our waveguides to differentiate between different aldehydes
[19-21]. Aldehydes such as acetaldehyde are a prime candidate for sensing as they are extremely
common as a pollutant or metabolite [22—25] as well as a useful manufacturing product [26]
but are a potent carcinogen [24]. In this study, we choose to detect trans-cinnamaldehyde as it
demonstrates sensing of the characteristic aldehyde peak at 2730 cm™' [21], and is a nontoxic,
useful industrial compound [26-29]. In this study, we sense aldehydes using the evanescent field
of waveguides. Evanescent waveguide sensing provides the benefit of physical size reduction
without loss of sensitivity and robustness [13].

Previously demonstrated chalcogenide waveguides operating at 3-4 um used a CHF; etch
chemistry to produce losses as low as 0.3 dB/cm [10,30]. However, CHF; etch passivates with a
flouropolymer that also contains C-H bonds, which have significant absorption at 3.4 um [31].
To reduce the loss contribution of the background absorption by the fluoropolymer and other
contaminants, the waveguides were made to be very large (8 umz). This reduces the amount
of evanescent field which interacts with the surface contaminants. There are other previous
demonstrations at 1.5 um that used chlorine etch chemistry. This etch chemistry produces lower
losses at 1.5 pm than CHFj; etches [32]. Chlorine chemistry will minimize impurities with C-H
bonding as it passivates through a B,Cly polymer with no C-H bonding [33-35]. The B-CI bond
consists of heavy atoms and simulations of the vibration spectra show it does not have resonances
in the 3-4 um [36].

In this work, we present the design and fabrication of low loss single mode GeSbSe waveguides
and resonators and demonstrate chemical sensing in the MIR. The fabrication employed e-beam
lithography and two different reactive ion etching methods to show that BCl3 etch chemistry
performed better than commonly used CHF; etch chemistry. Finally, we demonstrate the sensing
of an aromatic aldehyde using a waveguide and a resonator with high accuracy.

2. Fabrication of waveguides and resonators

Waveguides and resonators were fabricated through a combination of thermal evaporation,
electron beam lithography (EBL), and inductively coupled plasma (ICP) reactive ion etching
(RIE). MgF, substrates with <100> surface orientation, 0.5 mm thickness, and 0.5 nm surface
roughness were obtained from Biotain Crystal. The substrates were oriented with <101> planes
on either edge intended for cleaving to ensure right angled cleaves. GeSbSe films were thermally
evaporated at 1077 torr with an initial deposition rate of 1 A/s which was increased to 10 A/s
after 100 nm. If the film was deposited at 10 A/s from the beginning, we observed a large amount
of bubbles in the film after annealing due to the diffusion and accumulation of trapped gas. Next,
the films were annealed at 265 °C under a nitrogen atmosphere to promote adhesion between the
chalcogenide and the MgF, while reducing thermal stress. Without this process the chalcogenide
films would delaminate during the EBL process. EBL was performed at the Nanofabrication
Facility at the University of California Santa Barbara. We used a positive CSAR resist with a
thickness of 530 nm, and a 10 nm thick Au charge compensation layer. The exposure conditions
were as follows: 100 kV with 2 nA current and a dose of 350 nC/cm?.

Two different etch chemistries, BCI3/Cl, and CHF3, were used for RIE as the final step of
the fabrication. All etches were performed on a Si carrier wafer with a 500 nm thick thermal
SiO,. Before each etch, the chamber was cleaned with an O, plasma and conditioned by running
the etch with no sample. The etch was very sensitive to the condition of the chamber and the
etch rate is usually very high until multiple etches were run. Samples fabricated with standard
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photolithography were used to calibrate the etch rate before the EBL samples were etched.
Usually 4-5 etches were required before the etch rate reached a steady value.

The CHFj3 etch chemistry was optimized based on the results from Choi e al. [31]. We
observed similar trends in ICP power, RF power and gas flow rate. However, in our optimization
we observed a much larger amount of grass growth. We found that increasing the ICP power,
reducing the pressure and adding oxygen removed the grass. The final etch used 2 sccm of Oy,
25 scem CHF;3, 600 W ICP power, 60 W bias power, and 3 mTorr pressure. The etch rate of
GeSbSe was on average 23 nm/s. For the BCI3/Cl, etch, the conditions were 5 sccm of Cl,, 10
sccm of BCl3, 500 W ICP, 100 W bias power and 3 mTorr. The resulting etch rate was 36.4 nm/s.
The selectivity between GeSbSe and resist is the same for both etches at 3:1. Figure 1(a), (c)
show scanning electron microscopy (SEM) images of the BCl3/Cl, etched waveguides while
Fig. 1(b), (d) show the CHF3 etches at different stages of fabrication.

Fig. 1. (a) An image of a GeSbSe waveguide after BCl3/Cl; etching. The resist can be seen
as a thin layer on top of the chalcogenide. The substrate is MgF,. (b) An image of an etched
side wall of GeSbSe after CHF3 etching and O, plasma ashing of the hardened resist. (c)
An image of the fabricated waveguide using a BCl3 etch chemistry after resist removal. (d)
An image of a waveguide fabricated with CHF3 etch chemistry then cleaned and cladded
with 350 nm of CHF3 flouropolymer.

After the ICP RIE process, the resist becomes hardened and difficult to remove. The top layer
of the resist becomes insoluble in dimethyl sulfoxide (DMSO) and must be first removed with a
chemical or physical plasma etch. Figure 1(a) shows an image of the waveguide with the plasma
hardened resist on top. We used O, plasma with 100 W of power, 2 sccm O, at 350 mTorr for 35
seconds. The sample after this etch is shown in Fig. 1(b). The rest of the resist was removed by
soaking the sample in a 80 °C DMSO bath for 2 minutes. We found that GeSbSe was etched in
DMSO at a rate of 2 nm/min and could cause delamination if adhesion was poor. Figure 1(c)
shows an image of a BCl;3 etched waveguide after the resist removal process. After this point, the
sample was either measured within 30 minutes or a cladding was added immediately in order to
minimize surface contamination.

For the cladding layer, we used Cytop 809M which is a flouropolymer with silane terminations
for adhesion. Cytop was spin coated at 500 rpm to yield a 3 um thick film. This sample
was then annealed to cure the Cytop for 1 hr at 50 °C, 2 hrs at 80 °C and 2 hours at 200 °C.
For sensing experiments, most of the Cytop was stripped by soaking the sample in the Cytop
commercial solvent for 24 hours then sonicating. This left a 50 nm film of Cytop which was
silane bound to the surface of the chip. These devices have a evanescent field factor of 0.43
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which was sufficiently strong evanescent field for sensing. Additionally, we also investigated
a plasma deposited flouropolymer cladding as described in [10]. This cladding was produced
using conditions similar to our ICP RIE CHFj3 etch, but with negligible bias voltage and higher
CHF;3 flow rate. The ICP RIE conditions were 50 sccm CHF3, 1 W bias power, 300 W ICP
power at 10 mTorr of pressure. The deposition rate was 50 nm/min. An image of the waveguide
after plasma flouropolymer deposition is shown in Fig. 1(d). Before the flouropolymer or Cytop
cladding was deposited, an O, plasma etch was performed to clean the sample. The cladding
was then immediately deposited without breaking vacuum to prevent any exposure to ambient
organic compounds, atmospheric reactions with the chalcogenide, or adsorption of water. Once
the entire chip was fabricated, samples were cleaved using a scribe and applying gentle pressure
to produce a smooth facet to couple light into.

3. Optical measurements of ring resonators

To characterize the loss in our waveguides, we measured the transmission of ring resonators with
the same cross-sectional dimensions. Measurements were performed using an Argos Aculight
Model 2400 CW optical parameteric oscillator (OPO), Bristol 671 wavemeter, and two PbSe AC
coupled amplified detectors. The scanning of the laser and intensity detection was automated
following the procedure described by Morrison et al. [37]. The OPO is continuously tunable
over a 100 GHz range (4.3 nm) using piezo modulation of the 1064 nm seed laser and discretely
tunable between 3.1 to 3.9 um. A servo motor was additionally used for coarse wavelength
tuning of the OPO. The laser produces 300 mW of continuous power at 3.5 um. The power and
polarization were controlled using a half wave-plate and polarizer. Neutral density filters were
used to reach sub milliwatt powers for resonance measurements. The wavelength of the OPO
was measured using the wavemeter which has 0.5 pm resolution at 3 um. Two detectors, one
for the input power and one for the output power are required for measuring the transmission
of the chip. The output of the OPO was chopped at 200 Hz with a 50% duty cycle for AC
coupled detection. A NI 6363 digital acquisition device was used to set the piezo voltages for
fine wavelength tuning and record the voltages of the detectors. The wavemeter and the OPO
controller were also remotely controlled. This was all integrated into a python software package
that allowed for automated scanning at picometer resolution from 3.1 to 3.9 pm.

To couple to the waveguides, 0.56 numerical aperture (NA) molded asphere lenses with 4
mm focal length and 5 mm aperture were used. Stages were controlled with 3 axis differential
micrometers and a single axis piezo. Light scattered from the chip was observed using a 25
mm focal length CaF; lens and a FLIR A6700SC InSb infrared camera. The resonances were
measured over a large bandwidth with 13.8 pm increments. The results of these measurements
for the Cytop cladded ring resonators fabricated using the BCl3/Cl, and CHF3 chemistries are
shown in Fig. 2(a) and (b), respectively.

The resonators were both 1.3 um wide, 0.88 um tall, 150 pm in radius and point-coupled to
a bus waveguide with a coupling gap of 1.05 um. These resonators were chosen as they had
both the highest Q factor and were the closest to critically coupled. Measurements were taken
with TE polarization which had a lower loss than the TM mode. Higher losses observed with
TM mode are due to the incomplete removal of e-beam resist during the fabrication process
[10,30]. The wavelength scans were used to calculate the Q factor and free spectral range (FSR)
of the resonators. Each resonance in Fig. 2(a) and (b) was fit with a Lorentzian function and
the full width at half maximum was used to calculate the loaded Q-factor by Q; = w/w. The
variations in the transmission of the waveguide is primarily due to changes in free space to chip
coupling during the scan. At 3.53 um, the loss of the waveguides increased significantly which
prevented measurements of Q factor at shorter wavelengths for both samples. The loaded Q
factors and coupling depths are shown in Fig. 2(c). The coupling depth here is 1 — T, where T is
the transmission. The resonators are mostly undercoupled with some of the BCl3/Cl; etched
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Fig. 2. (a) The transmission of a BCl3/Cl, etched bus waveguide coupled to a 150 um radius
ring resonator with a height of 0.88 um and a width of 1.3 um. The gaps in the spectrum are
due to loss of OPO resonance during the scan. The coupling is slowly lost as the laser scans
down in wavelength. (b) The transmission of a CHF3 etched bus waveguide coupled to a
150 wm radius ring resonator. The coupling is much more stable in this measurement and
the OPO was operated at higher power resulting in better continuity of the scan. (c) The
loaded Q factors and coupling depths of a single CHF3 etched resonator and a single BCl3
etched resonator taken from the scans in (a) and (b). The BCl3/Cl; etched waveguide is in
blue, while the CHF3 etched waveguide is in red. The measured loaded Q factors are plotted
as a function of coupling to determine the average intrinsic Q factor from 3.55 um to 3.7 um
for each resonator. The coupling gaps between the waveguide and resonator are the same
for both etch chemistries, but the CHF3 etched resonators have lower Q factor resulting in
undercoupling. The dashed lines represent a fit of Eq. [1] with the average intrinsic Q factors
for each chip. (d) A plot of the highest measured intrinsic Q factor across both chips. This
resonance occurred in the BCI3/Cl, etched device at 3.61 um. While higher Q factors were
observed, the uncertainty in Q factor for these measurements was too high to guarantee they
were higher than the average Q factor of 5.4 x 10* with 95% confidence.

resonators critically coupled. This can be seen with the loaded Q factor increasing with lower
coupling depths. The intrinsic Q factors were then calculated using Eq. (1), Where T is the on
resonance transmission, Q; is the loaded Q, and Q; is the intrinsic Q factor [38].

Qi =201/(1 + VT). (M

For the high Q resonators considered here we approximate the on-resonance transmission T as
the on-resonance to off-resonance power ratio. The highest statistically significant intrinsic Q
factor was measured in the BCI3/Cl; etched resonator, which is shown in Fig. 2(d). By statistically
significant, we mean the uncertainty in Q factor for these measurements was low enough to
guarantee they were higher than the average Q factor of 5.4 x 10* with 95% confidence. The
intrinsic Q factor was 5.9 + 0.2 x 10*. The effective group index can be calculated from the FSR
of 4.23 nm to be 3.01.

Using the equation & = 2m,,5/(Q;4), where ng is the group index, we calculated the propagation
loss to be 3.88 dB/cm. This high loss factor is primarily due to absorption as the roughness of
the waveguides was very low with a line roughness of 2 nm. Using the measured roughness and
scattering theory [39], the scattering loss was estimated to be on the order of 0.1 dB/cm which
is far lower than the values we have measured. The origin of these additional losses are likely
due to some kind of atmospheric degradation that occurs in the chalcogenide films during the
fabrication process as observed in other studies [10,40]. Our waveguides will suffer more from
the surface-related losses because they are single mode waveguides with small cross-section
while those demonstrated by Ma et al. [10] involved devices with much larger cross-sections.
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Figure 3(a) shows a histogram of all the intrinsic Q factors measured from both the BCl;
and CHFj3 resonators with the BCI3 performing 33% better with statistical significance. This
corresponds to a 1.5 dB/cm reduction in loss at 3.6 um. Figure 3(b) shows a low resolution scan
of the transmission of the BClz and CHF; waveguides. The loss increases significantly in the
CHF;3 etched waveguides when compared to the BCI3/Cl, etched waveguides between 3.40 and
3.45 wm which matches the spectrum of losses in CHF; etched waveguides reported in literature
[10,30]. This reduction of loss achieved by the chlorine-based RIE will be significant for low
loss waveguides in the MIR. Additionally, B,Cls plasma deposited polymers could be used as a
lower loss passivation layer than CHF3 provided these polymers are stable in atmosphere.
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Fig. 3. (a) A histogram of all the intrinsic Q factors measured from both chips in two
different resonators assuming undercoupling. Each resonator was identical with a radius of
150 um, a height of 0.88um, and a width of 1.3 um. The uncertainty of the mean Q factor
is the same in either measurement. The average loss of the CHF3 etched resonators was
5.85 dB/cm while the average loss of the BCI3/Cl, etched resonators was 4.38 dB/cm. (b) A
plot of the loss of the waveguides over the entire bandwidth of the laser. The loss increases
significantly below 3.5 um This is likely due C-H bonding from hydrocarbons absorbed
from atmosphere or from water in the sample. The peaks in the CHF3 etched devices which
are not in the BCI3/Cl; etched devices are due to C-H bonding in the passivation layer. The
increase in loss at 3.8 um is due to C-F bonding.

The Q factors we observed in these devices are lower than what was previously reported
[10]. For example, a loss of 0.3 dB/cm has been demonstrated in this wavelength region using
GeAsSe waveguides [10]. GeAsSe is a very similar material to GeSbSe in terms of refractive
index and absorption making a comparison of our waveguides to those produced by Ma et al.
valid [41,42]. These waveguides were 7 times larger in cross-sectional area and thus had much
weaker fields at the surface of the waveguide, which in turn resulted in lower absorption loss
due to the surface adsorbed species. In contrast, our device is a single mode waveguide with
a much stronger mode confinement factor and higher field at the waveguide surface. More
specifically, our modes have 24% of the power outside of the waveguide in air, which is orders of
magnitude larger than 0.32% in the prior work [10]. We can compare the actual field intensity at
the surface of the waveguide through simulation. While the materials used for either case are
different, the changes in material absorption will be negligible when compared to absorption due
to contaminants from fabrication [41,42]. Changes in absorption due to refractive index changes
are determined through optical mode simulations. Simulations were performed using COMSOL
eigenmode solver. The cross sections for both the waveguides in our study and those in Ma et al.
were simulated using the refractive indices from literature for the substrate, core, and cladding
[10]. The increased sensitivity to surface contamination was determined by the ratio of the line
integral of the normalized electric field intensity at the boundary of the waveguide for those
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fabricated by Ma er al and our waveguides. The enhanced field at the surface in our waveguides
will result in a 54 times higher absorption by the surface adsorbed species in our device than
the previously demonstrated by Ma ef al. [10]. This increases the sensitivity of the waveguide
sensor, but it also makes the device more susceptible to contaminants from the atmosphere and
fabrication processes. Assuming 0.1 dB/cm of material absorption and 0.1 dB/cm of scattering
[10,39] we would expect a loss of 5.4 dB/cm in our waveguides if we had the same amount of
surface absorption due to contamination as in the prior work [10]. This shows that, while the
total loss in our device is higher than that of the previously demonstrated, it is mainly due to the
smaller waveguide cross-section. The absorption per fraction of evanescent field is actually lower.
Specifically, the absorption loss per fraction of evanescent field is 30% lower in the BCI3/Cl,
etched resonators as in the previously reported CHF3 etched waveguides [10].

Ma et al. reported that O, plasma cleaning improved the loss of their waveguides. However
we found that O, ashing increased our loss significantly. All waveguides fabricated were O,
plasma ashed during fabrication. This unfortunately, will result in absorption losses. These
losses are necessary as the EBL resist must be removed to allow the waveguides to be functional.
We mitigated these losses by removing only a small portion of the resist with an O, ash. The
rest of the resist was stripped with DMSO. The loss due to oxygen ashing could be recovered by
etching the waveguides with an HF solution. This implies the oxygen plasma generated some
kind of absorbing oxide. This oxide could also be removed by a hydrogen plasma which would
prevent exposure of the sample to water, which occurs in the HF solution. Cytop cladding and
annealing were the only processes that improved the Q factor. This is likely due to the cytop
curing process which desiccates the sample. Lin er al. also reported a reduction in loss after
annealing due to the evaporation of water and volatile organics [40]. We also found that using an
argon clean in place of an O, ash and a flourinated polymer did not improve the sample either.
This is likely due to the absorption by the flouropolymer layer whose effect is magnified because
of our small device cross-section. We also observed degradation when exposed to atmosphere for
24 hours, which is consistent with previous studies [10,40]. Previous studies on the degradation
of chalcogenide films show that carbon is adsorbed on the chalcogenide surface when exposed
to atmosphere [43]. These carbon impurities could form a variety of bonds that will absorb in
the 3-4 um region. To reduce these losses further, it will be necessary to passivate the GeSbSe
film immediately after evaporation, preferably in vacuum. This could be done with a thin layer
of MgF,, GeSbS, or Cytop. After etching, the sample will need to be passivated again. We
additionally did not perform any cleaning of our MgF, substrates which may also introduce loss
at the bottom surface of the waveguides.

4. Optical sensing of aromatic aldehyde

The large amount of evanescent field that induces larger absorption loss in our waveguide
makes them sensitive to the absorption of chemicals for spectroscopy. Performing absorption
spectroscopy in waveguides can enhance the sensitivity through reduction in the group velocity
or through resonantly enhancing the field strength in a resonator [44,45]. Spectroscopy in
waveguides additionally has the benefit of stability, small footprint, and integration with other
devices such as microfluidic channels, detectors, and laser sources [8,46-48].

Sensing experiments were performed using a 1.2 pm by 0.88 um waveguide cladded with a
50 nm of Cytop to prevent adsorption of chemical compounds onto the chalcogenide surface.
Waveguides with smaller width were used to maintain critical coupling with a thinner cladding.
Changes in the transmission of the waveguide when exposed to an analyte were used to determine
the concentration. Small concentrations of trans-cinnamaldehyde was dissolved in C,Cly which
is a common solvent for Fourier transform infrared spectroscopy. Concentrations were prepared
using a microliter pipette and an ultra micro-balance. These solutions were deposited on top
of a waveguide and the change in transmission was measured. A basic overview of the sensing
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experiment is shown in Fig. 4. The evanescent field of the waveguide shown in Fig. 4 is absorbed
by the chemical dissolved in the solvent. This results in a change in transmission of the waveguide.
Light was coupled into a 7.63 + 0.04 mm long waveguide and 60 uL of solution was deposited on
top of the waveguide. The total coupling efficiency was recorded and a scan of the transmission
over wavelength was taken. After each measurement, the sample was cleaned with solvent and
then re-coupled. The results of these measurements are shown in Fig. 5(a). The background
fluctuations in the signal are due to Fabry-Perot resonances in the waveguide. The transmission of
the waveguide is reduced as the concentration is increased, as expected. In these measurements,
the wavelength range of the scan was reduced to minimize the evaporation of the solution
during the measurement. The time required for each measurement was 5 minutes, while the
time required for the solvent to totally evaporate was 1.5 hours. Assuming the evaporation is
initially linear this will result in at most a 5% bias in the concentrations. Another source of
uncertainty was the coupling efficiency through the chip which changed due to vibrations in
the setup. This value could change by up to 5% through the entire scan. Figure 5(b) shows the
absorbance of the waveguides for the different concentrations of cinnamaldehyde after removing
the transmission of the pure C,Cly solvent. The Fabry-Perot fringes are partially removed by
removing the background.
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Fig. 4. a) Plot of the transmittance of cinnamaldehyde from 3 to 4 um [21]. The resonances
all correspond to C-H vibrational stretching, but the peaks at 3.54 um and 3.66 um are
red shifted due to the aldehyde group. This red shifting of the C-H resonance allows us
to operate in the region where our waveguides are most transparent. b) A depiction of the
waveguide cross-section overlaid with a simulated TE mode. The evanescent field of the TE
mode extends in the the solvent and is absorbed by the cinnamaldehyde. c) A depiction of
the layers involved in the sensing experiment. The waveguides are fabricated with a thin (50
nm) layer of Cytop for protection. A 60 uL droplet of C,Cly with a known concentration of
cinnamaldehyde is then deposited on the surface.

The change in the loss of the waveguide is calculated using Eq. (2), where @ represents the raw
change in loss of our sensor, T is the transmission, C, is the coupling efficiency, and L is the
waveguide length.

T = C,exp(—al). @)

To obtain the actual loss of the solution this loss must be divided by the confinement factor of
the mode [11]. The confinement factor of our mode in C,Cly was calculated to be 0.426. The
loss of each measurement as a function of concentration is shown in Fig. 6(a). The uncertainty of
the loss includes the uncertainty in the length and the noise in the absorbance measurements.
These points are fit to a linear regression whose slope is 0.63 + 0.03 (dB mL)/(umol cm) and an
intercept of 0.3 + 0.2 dB/cm. The limit of detection (LOD) of this device can be calculated using
the 3o criteria as LOD = 3.30,/m, where o, is the variance in the y-intercept and m is the slope.
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Fig. 5. (a) Raw output power of the waveguide with concentrations of cinnamaldehyde in
C,Cly from from 1 to 12 umol/mL. This value does not include loss due to coupling efficiency,
which was measured independently for each concentration. The coupling efficiency was
16% on average. The input power used was on average 1.28 mW. The waveguide used for
sensing was 0.88 um in height and 1.2 um in width. The background of the solvent is shown
in black. Each concentration of cinnamaldehyde in C»Cly in umol/ml is listed in the legend
located in the lower left. The intensity signal alone has low noise compared to the changes
due to absorption, but the Fabry-Perot oscillations are large. (b) Plot of the absorbance of
each solution calculated by dividing the transmission of the waveguide with pure solvent.
Large fluctuations are due to the Fabry-Perot oscillations. When calculating absorption, the
raw signal was integrated from 3.64 to 3.68 um.

The limit of detection for this measurement is 1.09 pmol/mL. To enhance the sensitivity, we
performed similar measurements with a 50 um radius ring resonator. The resonator will enhance
the absorption of the analyte by the longer effective length of the cavity (3.04 mm) [44,49].
The resonator used for sensing experiments had a radius of 50 um, a height of 0.88 um and
a width of 1.3 um. The radius was reduced to increase the enhancement in sensitivity due to
effective length while the width was increased to maintain critical coupling. The loaded Q factor
did not change significantly from this reduction in radius. The average intrinsic Q-factor with
solvent on the resonator was measured to be 1.57 x10*. The effective length is given by [Eq. (3)],

01

2rng

Ly =T 3)
where I is the confinement factor, Q; is the intrinsic Q factor, and n, is the effective group index.
The effective length of these resonators is calculated to be 3.04 mm which gives an enhancement
factor of 9.67.

These experiments were performed in a similar manner to the waveguide measurements except
wavelength was scanned over a narrow range containing the resonance. The resonant wavelength
we targeted was 3.664 um which was close to the peak absorption of trans-cinnamaldehyde as
shown in Fig. 4. The slope of this measurement was 5.5 + 0.3 (dB mL)/(umol cm) and the intercept
was 0.2 + 0.4 dB/cm. While the slope did increase by a factor of 8.7, the noise in the measurements
also increased. The limit of detection of the resonator is 0.25 umol/mL which corresponds to a
realized detection enhancement by a factor of 4.4. The experimental enhancement does not match
the theoretical value due to the uncertainty in the Q factor measurements. Figure 6(c) shows a
plot of each loss measurement with the resonator enhancement and the confinement factor of the
waveguide removed. These values will represent the actual molar attenuation of cinnamaldehyde
at this wavelength. The slope of the linear fit corresponds to a molar attenuation of 354 + 9 L
mol~! em™! at 3.66 pm. The LOD of 0.25 pmol/mL or 0.03 mg/mL is competitive with other
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Fig. 6. a) Plot of the change in loss of the waveguide in dB/cm as a function of concentration
of cinnamaldehyde in C,Cly. The error bars are calculated using the standard deviation in
the length of the waveguide and the variance of the intensity measurement for each scan.
Linear regression was performed on these points to determine the LOD of 1.09 umol/mL. b)
A plot of the measured loss of a 50 um resonators with different concentrations of solvent
place on top. The loss was measured by measuring the intrinsic Q factor of the device
using the same method as in Fig. 5(d). The loss of a resonator coated in pure solvent
was then subtracted from these measurements to produce these values. This curve was
also fit to a linear regression to obtain a LOD of 0.25 umol/mL. The increased slope and
lower LOD are due to the resonant enhancement of the cavity. For high Q factors or large
concentrations this curve will not be linear as the enhancement and therefore slope will
change with concentration. ¢) A plot of the true absorption of the cinnamaldehyde at various
concentrations in CoCly. In these plots the evanescent field ratio for the waveguide and the
enhancement from the resonator are remove using theoretical calculations. These points are
then fit using linear regression to obtain a molar absorptivity of 354 + 9 L mol~! em™! at
3.66 um.

demonstrations of optical sensing in the MIR [8]. This is to our knowledge the first demonstration
of resonant absorption spectroscopy on chip at 3.6um [8]. The low Q factor observed in the
resonators is the primary limitation for acheiveing lower limits of detection. Having a higher Q
factor would significantly increase the absorption enhancement and additionally would be less
affected by the Fabry-Perot fringes in the waveguide transmission.

5. Conclusion

In conclusion, we have designed and fabricated GeSbSe waveguides and ring resonators using
EBL and ICP RIE etching for operation in the MIR. We calibrated both CHF3; and BCI3/Cl,
etch chemistries for the fabrication of low loss GeSbSe waveguides. We observed that using
BCl3/Cl; etch resulted in a 1.5 dB/cm reduction in loss compared to CHF3 etch, which is
a significant difference for producing low loss waveguides in the MIR. While the losses we
achieved were higher than previously demonstrated, this was only due to the small waveguide
cross-section and the consequent increase in the mode fraction outside the waveguide which
was required for single-mode operation. The absorption loss per fraction of evanescent field
we demonstrate is twice as low as previous studies [10]. Using these fabricated waveguides
we detected trans-cinnamaldehyde in C,Cly using a C-H vibrational peak which is unique to
aldehydes. Using the waveguides, we achieve a LOD of 1.09 umol/mL and obtain an even lower
value of 0.25 umol/mL using the resonant enhancement. We calculate the molar absorptivity of
cinnamaldehyde to be 354 + 9 L mol~' cm™' at 3.66 um. The sensitivities of these devices could
be significantly enhanced by reducing the contamination of the waveguides by species containing
C-H bonding from the atmosphere and fabrication. The absorption of GeSbSe at this wavelength
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is low enough to allow for Q factors up to 10°. This would enable the use of nonlinearity for
spectroscopic measurements, allowing for a much wider variety of devices and applications. The
high field intensities achieved in these resonators could also pave the way for the study of strong
coupling between vibrational modes of molecules and an optical field.
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