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ABSTRACT: This paper studies the fabrication and characterization of solution-processed chalcogenide waveguides by a
microtrench filling method. In this process, channels are etched on substrates and backfilled with solution-dissolved arsenic
sulfide before being annealed. The waveguides are homogeneous in elemental composition and have good mode confinement.
Both simulation and experimental measurements confirm a dominant fundamental mode covering 2.5—2.8 ym. We measure an
optical loss of 1.87 dB/cm, which to our knowledge is the lowest among solution-processed waveguides.
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halcogenide glasses are well-known for their excellent

transmission in the infrared wavelength regime up to 12
pm, high refractive index, and high optical nonlinearity.'™*
Such properties have enabled their applications in IR detection,
IR fiber transmission, and data storage and sensing, serving a
wide variety of industries including health, environment, and
security.’® Recently, rapid development expanding on these
applications has been fueled by advances in IR laser sources and
detectors. To facilitate adoption in this emerging application
space, the chalcogenide fabrication process has to offer high
performance, reliability, and hybrid integration-compatibility.”

None of the current methods for chalcogenide glass
deposition command both reliability and hybrid integration-
compatibility, for example, with QCLs. For example, traditional
methods of vacuum deposition (thermal evaporation, chemical
vapor deposition, or sputtering) or pulse laser deposition'®™*®
require a substantial investment and elaborate coupling
schemes for hybrid component integration. As an alternative
with more flexibility, the solution method has been studied
extensively for chalcogenide processing.'®>* With this method,
our group demonstrated waveguide integration with quantum
cascade lasers (QCL)*® and another group used arsenic
selenide to pattern waveguides.”” However, in both cases,
losses for the solution method are large (4—9 dB/cm) and
therefore require improvement in fabrication.

In this paper, we demonstrate a new fabrication scheme for
making reliable and low-loss arsenic sulfide waveguides based
on a microtrench filling method. Channels are etched in
substrates and filled with solution-processed arsenic sulfide
before being annealed at an elevated temperature. Both as-
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deposited films and fabricated waveguides are characterized by
optical methods. The simulated mode profile is compared to
the profile measured with an IR camera. Waveguide losses are
measured and discussed with reference to published results.
Our approach significantly reduces the optical loss associated
with other solution-processing methods of waveguide fabrica-
tion and can be used as a future platform for many on-chip IR
devices.

To accurately characterize our samples, we have thoroughly
studied the material and optical properties of both as-deposited
films and fabricated waveguides. Since residual solvent is a
prevalent problem in most solution processed structures, we
use 6 h of annealing at 180 °C to ensure optimal removal of
solvent.”® Fourier transform infrared spectroscopy (FTIR)
shows that the spin-coated films have a transmission above 80%
from 2.5 to S um and over 98% from 2.5 to 2.8 ym, which is
our wavelength regime of interest (Figure 1). Our transmission
loss values are consistent with or better than other published
data.>’~? The solvent band that is still visible between 2.9 and
3.6 ym as a dip in transmission is mainly due to the aliphatic
C—H stretch, but is kept to a minimum. The rest of the band
shows excellent transmission and can be safely utilized for
device applications. In another test, we dip the processed film
into 3% acid solutions for at least 3 min and the films come out
intact. This result indicates that, although there still exists trace
solvent in the film, its amount is not significant to cause
reactions.
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Figure 1. FTIR of 2 um thick spin-coated films showing high
transmission across the spectrum.

Inverted-rib waveguides are fabricated by spin-coating and
annealing solution-dissolved chalcogenide in pre-etched
channels, as described in Methods. Energy-dispersive X-ray
spectroscopy (EDX) mapping is used to verify the material
composition. Looking at the cross sections in Figure 2, oxygen
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Figure 2. SEM of a waveguide cross-section showing a concave top
with the main waveguide region underneath. EDX mapping showing
mid-IR lightwave homogeneity of the waveguide.

is found in the substrate structure, whereas the waveguide
region only contains arsenic and sulfur. The results show
uniform material distribution throughout the waveguide
structure and no solvent-specific composition is detected,
reaffirming the material integrity of our samples.

In order to characterize the optical properties of our
waveguides, we couple a tunable laser from 2.4 to 2.8 ym to
the structure. Within the entire wavelength range, a sharp
fundamental mode can be clearly resolved. A typical intensity
profile of the mode image at 4 = 2.6 pm is shown in Figure 3.
No major scattering or distortion is observed, which implies
that the mid-IR light is well confined inside the waveguides.
Furthermore, the fundamental mode remains the dominant one
within the wide spectral range, indicating that the waveguides
can efliciently transmit mid-IR light.
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Figure 3. Typical mode output profile measured from infrared images
and an infrared camera capture at 2.6 um. Both show sharp contrast to
the background.

Furthermore, we measure the attenuation in optical power
through waveguides of differing lengths to determine trans-
mission loss. For this, paper clip structures are used such that a
single cleave yields a common facet used for every waveguide,
minimizing variations in coupling loss. By fitting the length-
dependent optical powers from the waveguide outputs (Figure
4, right), an optical loss as low as 1.87 dB/cm is obtained at 4 =
2.6 ym and the same order loss result is found from 2.4 to 2.8
um. The error bar for the loss measurement is 5%. Solution-
processed arsenic selenide waveguides with a similar config-
uration had a loss of 9 dB/cm at 1.55 um.”” Our previous
solution-processed waveguides showed 4.52 dB/cm loss on
LiNbO, substrate at 4.8 um.”® Such a loss improvement can
significantly enhance the usability of these waveguides.

Part of the loss improvement can be attributed to better
processing and design. Previously, the waveguides were only
heated up to 100 °C and would have a refractive index of 2.15,
close to that of the substrate used (lithium niobate). This time,
our samples are annealed at 180 °C and have a refractive index
of 2.4, much closer to the bulk. Such processing reduces
residual solvent and enhances transmission. Moreover, the slab
mode is suppressed with our design and material absorption is
reduced. Since our waveguide structure is engineered upside-
down, the slab part is exposed during annealing. Solvent
evaporates during the annealing step causing volume
contraction, which results in shrinkage at the main waveguide.
This leads to the slab directly above the waveguide bending
downward in a concave fashion, as shown in Figure 2. The
effect of such a structural difference is modeled in BeamPROP
simulation software to predict mode output, using the optical
properties (n = 24, k = 8 X 107°) of the materials and
approximate shapes of the waveguides.”*** The calculated field
profiles are displayed in Figure 5, demonstrating the
fundamental modes expected from waveguides of such
dimensions. A wavelength range from 2.4 to 3.7 um
corresponding to the laser source is simulated for the left
structure and shows similar mode profiles, in agreement with
our experimental observations. The approximate mode area
(intensity above 0.1 from the diagram) is 28 um? for the left
structure and 47 um? for the right structure. The direct benefit
from the mode area contraction is reduced total material
absorption integrated over the entire waveguide. However, it is
noted that such structure supports high-order modes. A pure
single mode structure would require further dimension
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Figure 4. “Paper-clip” waveguide configuration and loss measurement from such waveguides. Left: waveguides of different “paper-clip” sizes have
different path lengths; Right: 1.87 dB/cm loss extrapolated from the power attenuation data.
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Figure S. Better mode confinement in our concave-top structure from simulated fundamental mode profiles at 4 = 2.6 um. Rectangular cross-section
is assumed for the waveguides. Left: inverted-rib with a concave top; Right: inverted-rib with a flat top.

reduction. We also notice that it is possible to remove the slab
mechanically or chemically by polishing or etching, leaving just
the waveguide in the trench. Such a process adds complexity to
the overall fabrication process, but not significant improvement
in the confinement. Our models show that this ideal waveguide,
without a slab, has a mode area of about 26 um?, which is very
close to our existing structure.

Overall, we can obtain mid-IR solution-processed chalcoge-
nide waveguides reproducibly, without apparent size limitation.
This work has demonstrated a low-cost, reliable, and highly
efficient method to achieve mid-infrared on-chip photonic
structures, offering hybrid integration compatibility and
flexibility with lower loss compared to other solution-processed
waveguides.

B METHODS

Metal basis arsenic sulfide pieces (As,S;, Alfa Aesar) are
dissolved with propylamine solution at a concentration of 2 g/
10 mL. The dissolution takes a few days in a sealed glass bottle,
and a magnetic stirrer can be used to expedite the process. The
stock solution is passed through 0.1 ym filters and ~10%
ethylenediamine is added to minimize pore formation.>’ The
silicon dioxide layer is prepared by plasma-enhanced chemical
vapor deposition (PECVD) and reactive ion etching. The
precursor gases used were N,O and SiH, and the deposition
rate is 450 nm/min. The channel structures are transferred
from photoresist into the SiO, layer through an optimized
inductively coupled plasma reactive ion etching (ICP-RIE)

155

process in Ar/H,/CHF;/CF, with flow rates of 6/30/50/2
sccm, respectively. The channel cross section has an inverted
isosceles trapezoid shape of 8 um height, 8 ym top, and 5 ym
bottom. The prepared solution is then drop-casted onto a
substrate and spun at 1500—2500 rpm for 10 s. Alternatively,
one could use doctor blade, drop casting, and so on to backfill
the trench with solution. The resulting film is soft-baked under
vacuum at 60 °C for 1 h to remove most of the solvent,
followed by heat treatment at 180 °C for 6 h to further densify
the glass. Vacuum pressure is set around S0 Torr. All
preparation and fabrication steps are performed in a glovebox
connected to a vacuum oven, so that the material is exposed to
minimum levels of oxygen and moisture. More importantly, a
glovebox environment protects researchers from directly
contacting the material. In our study, FTIR spectra are taken
with a Nicolet 8700 by subtracting the substrate spectra from
the sample spectra. The data is processed by including a
correction due to the Fresnel reflections. Given the arsenic
sulfide refractive index of 2.4 and the lithium niobate substrate
refractive index of 2.15, the normal reflectance from the
chalcogenide surface, the chalcogenide-substrate surface, and
the substrate-only front surface is calculated to be 17.0, 0.3, and
13.3%, respectively. Hence, the correction is determined by
adding the reflectance of the chalcogenide and chalcogenide-
substrate surfaces and subtracting the substrate-only surface,
yielding a total of 4.0%. Scanning electron microscope (SEM)
images are taken with a Quanta 200 FEG environmental SEM
at 15 keV in high vacuum mode. The SEM is equipped with an
EDX system for compositional analysis. Film thickness is
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Figure 6. Measurement setup and mode observation at different alignment configurations for efficient coupling. Left: fundamental mode observed
when fiber is aligned with the waveguide; Right: mode disappears when misaligned.

measured with an Olympus Laser Confocal Microscope, LEXT
OLS4000, by scanning the step height of a scratched film.

The experimental setup for evaluating the waveguide
performance involves a mid-IR test platform, as illustrated in
Figure 6. The light source is a pulsed laser with 150 mW
average power and the laser wavelength is tunable from 4 = 2.4
to 3.7 pum. Using a reflective lens, the light is first collimated
into a 9 pum core and 125 pum cladding single-polarization
fluoride fiber, and then butt coupled into the waveguide. The
core of the mid-IR fiber is lined up with the smooth cleaved
front facet of the waveguide. Alignment between the optical
fiber and the waveguide is achieved using high-precision
positioning stages and the fine adjustment is monitored by an
upper microscope equipped with a long working distance
objective. The mid-IR signals from the waveguides are focused
by a calcium fluoride biconvex lens and then imaged by an InSb
camera.
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