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Compact Mid-Infrared Chalcogenide Glass Photonic
Devices Based on Robust-Inverse Design

Xiaobin Lin, Maoliang Wei, Kunhao Lei, Songtao Yang, Hui Ma, Chuyu Zhong, Ye Luo,
Da Li, Junying Li, Changgui Lin, Wei Zhang, Shixun Dai, Xiaoyong Hu, Lan Li, Erping Li,*

and Hongtao Lin*

Mid-infrared (mid-IR) on-chip photonic devices have attracted increasing
attention because of their potential applications in chemical and biological
sensing and optical communications. In particular, chalcogenide glasses
(ChGs) have long been regarded as promising materials for mid-IR integrated
photonics, owing to their broad infrared transparency, high nonlinearity, and
excellent processing capabilities. Here, an inverse design approach is
introduced to ChG photonic device design with a new robust inverse design
method. A high-performance mid-IR inverse design polarization beam splitter,
waveguide polarizer, mode converter, and wavelength demultiplexer are
demonstrated for the first time. They all have a footprint of only several
micrometers. The robust inverse design method could improve the
robustness of device performance against fabrication variations and would be
a general approach for designing and optimizing miniaturized chalcogenide

photonic devices.

1. Introduction

The mid-infrared (mid-IR, 2-20 pm) band, which covers
the primary absorption bands of most essential molecules
and contains multiple atmospheric windows, plays a vital

role in analytical science/'? in-
frared  imaging,!  and  optical
communications.l'*#  Integrated pho-
tonic devices provide subwavelength-
scale optical confinement to remarkably
enhance light-matter interactions and
have motivated great research enthusi-
asm. Several mid-IR integrated material
platforms are currently developing,
including suspended silicon,®! germa-
nium on silicon,!®l silicon on sapphire,!”!
chalcogenide glasses (ChGs),['#! halide
glasses,['% etc. Particularly, ChGs have
been regarded as promising materials
for mid-IR integrated photonics owing
to their excellent optical transparency
(0.5-25.0 um),[* extremely high nonlin-
earity ((2-20) x 10~ m? W-1),1!l and
substrate-blind integration capability.®!
However, low-loss waveguides and
microcavities based on ChGs can be directly fabricated on sili-
con or mid-IR transparent material substrates!!>'*l for mid-IR
sensing!"* and supercontinuum generation applications.[16-18]
On the other hand, ChGs can also be integrated with novel
optoelectronic materials such as 2D materials or III-V materi-
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als to develop active devices, including mid-IR modulators, 31

detectors,®l and laser sources.[?2!] Moreover, ChGs with specific
chemical compositions could exhibit nonvolatile phase transition
characteristics, thus having great prospects for developing novel
near-zero power reconfigurable devices.[??]

However, current ChG photonic devices still rely on standard
photonic design libraries and mainly utilize regular-structure
units. The traditional design approach, which is usually de-
scribed by a small collection of tuning parameters, limits device
performance, and size downscaling. As an efficient algorithm-
assisted design method, inverse design has recently shown
great potential in the design and optimization of photonic de-
vices. Compared to traditional design methods, the inverse de-
sign approach is highly complementary to transformation op-
tics and possesses higher design dimensions, which is bene-
ficial for achieving devices with more complex functions and
smaller footprints.[?)] However, it also makes the device highly
sensitive to manufacturing variations owing to its small fea-
ture size. Stochastic uncertainties, such as material composi-
tion fluctuations, geometry deviations, and processing errors,
are inescapable and dramatically affect device performance. To
date, inverse design has only been applied in constructing
near-infrared (near-IR) wavelength demultiplexers,?*?°] mode
converters (MCs),2%¥] computing structures,!?®! and particle
accelerators!?! based on silicon photonic platforms. Variations in
manufacturing are an important factor hindering the progress of
inverse-designed chalcogenide photonics.

In this study, we demonstrate compact mid-IR ChG photonic
devices based on a robust inverse design method. A new robust
inverse design method was developed to improve the device’s per-
formance against stochastic uncertainties related to manufactur-
ing variations. For the first time, we experimentally demonstrated
four mid-IR inverse-designed ChG photonic devices with small
footprints: polarization beam splitter (PBS), waveguide polarizer
(WP), MC, and wavelength demultiplexer. This study presents an
effective use of the inverse design method and provides a techno-
logical pathway for future compact and high-performance mid-IR
photonic architectures.

2. Results

2.1. Robust-Inverse Design

In recent years, the inverse design method has been widely
used in nanophotonics,[2*242739-32] in which evolutionary and
gradient-based algorithms are two of the most commonly
proposed optimization algorithms. For evolutionary algo-
rithms, such as the genetic algorithm!*}! and particle swarm
algorithm,** optimization is driven by a neighborhood search.
Because the algorithm is independent of the sensitivity between
the objective and individual design parameters, it has a unique
advantage in complicated non-convex objective functions.
Nevertheless, for a similar number of design parameters, the
computational cost of evolutionary algorithms is several orders
of magnitude higher than that of gradient-based algorithms,
and optimization is prone to the curse of dimensionality. The
introduction of a gradient-based inverse design[**! can dramat-
ically reduce computational costs. However, due to the high
non-convexity of the optimization problem, the gradient-based

Laser Photonics Rev. 2023, 17, 2200445

2200445 (2 of 10)

www.lpr-journal.org

inverse design also faces the dilemma of a local optimum.
In this study, we developed a new robust inverse method for
the gradient-based algorithm in which weighted perturbations
were introduced to break the local optimum and increase the
robustness of the design without extra computing power.

For gradient-based inverse design, the optimization target is
described as the minimization of the figure of merit (FOM) with
respect to the design variables. Based on Maxwell’s equations,
the relationship between the FOM and the design parameter (p,
material density) in electromagnetics is defined as:

minimize FOM (p) (1a)
P
subject to V x 1yxE- @’ uee (p) E = —iwj (1b)
U
0<p<1 (1c)

where E represents the electric field, j is the current source, u
is the magnetic permeability, € is the permittivity, and p is the
material density that characterizes the device structure. As the
first example, the structure of the inverse-designed PBS is shown
in Figure 1a. The design area of the device was 5 X 5 pm? and
consisted of 250 x 250 square cells on the horizontal plane. There
are two possibilities for the material properties of each cell, where
white indicates air (p = 0) and black indicates the ChG material
(p=1).

For the PBS, propagating light with different polarizations is

split into different ports (TE/TM for output waveguide 1/2), and
the FOM can be defined through the transmittance in different
output waveguides as follows:
FOM =1 - (Tout,l,TE + Tout,z,TM) (2)
where T, | 1y and T, , 1 are the TE- and TM-mode transmit-
tances of the selected output waveguides 1 and 2, respectively (re-
fer Note S1, Supporting Information).

The new optimization process proceeded in three steps: Ad-
joint optimization, filtering and projection, and perturbation, as
shown in Figure 1b. In the first step, the relative permittivity
of the design area between air and ChG was continuous, and
the gradient with respect to the material density was computed
through adjoint sensitivity analysis. The objective function of the
device quickly converges to the local optimum over iterations. In
the second step, the three-field method®®! is used to transform
the continuous material density into discrete values. By project-
ing the design field onto the physical field, we obtained an opti-
mized physical structure without intermediate states in the area
(refer Note S1, Supporting Information). Up to this point, the de-
sign only complied with physical constraints. However, there are
still some unavoidable uncertainties in the fabrication processes,
which could influence the performance and increase the model
complexity. In the final step, we introduce perturbation into the
optimization process and propose a new robust inverse optimiza-
tion strategy.

min FOM (p) =
P

FOM, (p) B < B
FOM, (p) + E: [ (FOM" (5.¢) ~ FOM, (9))*] 5 > iy

3)
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Figure 1. Schematic illustration of the design algorithm. a) Structure of the PBS constructed by inverse design method. The PBS consists of one input
waveguide and two output waveguides with a width of 0.9 um. The 5 X 5 um? design region is connected between the waveguides and consists of cells
with a size of 0.02 x 0.02 um?, b) The optimization procedure of the design algorithm, which contains adjoint optimization, filter and projection, and
perturbation modules, c) The intermediate structures generated by the inverse design process, d) The fabrication variations introduced into the design.
Insertion loss of the PBS with refractive index fluctuation and geometry deviation, €) robust-inverse design, f) traditional inverse design.

where f is the binarisation factor of the Heaviside filter in the
three-field method and f,, is the threshold value. ¢ is the vector
describing fabrication variations, such as material composition
fluctuations, geometry deviations, and processing errors. The
FOM"(p, &) is the target under perturbation, which describes the
influence of manufacturing variations. During the fabrication
process, the fabrication variations were randomly distributed
and independent of each other. Given the probability density
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function (PDF) of &, the expectation of the mean square error
E.[(FOM"(p,¢) — FOM(p))’] was introduced to the objective
function to improve the robustness of the design. Assuming
that the PDF of the error was uniform, we could only calculate
the device performance under maximum fabrication process
variations. The intermediate structures generated by the opti-
mization process are shown in Figure 1c. When the binarisation
factor # in the Heaviside filter was greater than the set value,
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Figure 2. a) Schematic flow of ChG photonic device fabrication process. b) SEM image of the cross-section of the strip waveguide. c) Measured complex
refractive index of ChG thin films. d) Simulated electrical field of the fundamental TE mode and TM mode in the strip waveguide.

new perturbations were inserted to increase the robustness of
the device. The robustness of the device was increased while
ensuring the performance of the device in almost the same
optimization time. Using PBS as an example, we compared the
traditional inverse design method with our robust inverse design
method using a 2D simulation. Both methods took almost the
same time and were computed in ~7 h on a server with an Intel
Xeon CPU E5-2620 processor and 128 GB RAM. As shown in
Figure 1d-f, our robust-inverse design demonstrated a higher
tolerance to refractive index fluctuation and geometry devia-
tion than the traditional inverse method. The robust-designed
device exhibited excellent performance (IL.z+IL, < 1 dB, @
~2025-2075 nm) under a range of +20 nm processing error and
+0.3 refractive index deviation, which is almost ten times that of
traditional designs (refer Note S2, Supporting Information).

2.2. Device Fabrication

The processing flow of the ChG device is shown in Figure 2a.
The ChG film, which was composed of Ge,Sb;,Ses, (GSSE),
was deposited on top of a silicon substrate with 2 um thick sil-
icon oxide by thermal evaporation. The film was then exposed to
100 mW cm~2 UV light for 3 days and baked for an additional 3 h
at 150 °C.1’”] Then, a positive-tone e-beam resist (ARP 6200.13)
was spin-coated on the surface of the film, and the pattern was
fabricated using electron beam lithography (Raith VOYAGER).
Subsequently, the patterns were transferred to the ChG by induc-
tively coupled plasma etching (Oxford Plasmapro100 Cobra 180),
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followed by the removal of the e-beam resist. A scanning electron
microscopy (SEM) image of the manufactured GSSE waveguide
is shown in Figure 2b. As shown in Figure 2¢, the material is
almost lossless above the wavelength of 750 nm, and the refrac-
tive index is 2.71 around 2000 nm. To ensure that the mode en-
ergy of different polarization directions can be confined in the
waveguide (Figure 2c), the rectangular waveguide was designed
using Lumerical’s eigenmode solver. The optimized single-mode
waveguide size is 0.9 x 0.5 pm?. The effective refractive index of
TE, mode and TM, mode are 2.12 and 1.90 at 2025 nm, respec-
tively.

2.3.PBS

As one of the key components in the integrated chip, the PBS can
separate and combine different polarizations of light. As yet, vari-
ous PBS photonic devices have been reported, such as multimode
interferometers (MMI),[*8] asymmetrical directional couplers
(ADC)-based PBS,3°! and hetero-anisotropic metamaterials.[*?]
These traditional PBS devices achieve a high polarization ex-
tinction ratio (PER > 20 dB). However, they have disadvantages
such as large device size (>100 um), high insertion losses (IL
> 2 dB), and high sensitivity to phase matching. The near-IR
silicon PBS optimized by the direct binary search (DBS) algo-
rithm has realized an ultra-small size (2.4 X 2.4 pm?),3! but at
the cost of time-consuming computing, a limited number of de-
sign variables, and reduced performance (PER < 10 dB) of the
device.
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Figure 3. a) 3D view of the designed PBS. b) SEM image of the fabricated PBS. Simulated energy flow density plots of the device operating c) at TE
mode and d) at TM mode. e) Transmission spectra of the devices operating at TE mode: the solid line represents simulation results, whereas the dots
are experimental data. f) Transmission spectra of the devices operating at TM mode: the solid line represents simulation results, whereas the dots are

experimental data.

Here, we used the algorithm described in Section 2 to design
the device (refer the schematic diagram shown in Figure 3a). The
SEM image of the device is shown in Figure 3b; it is composed of
an input waveguide, two output waveguides, and a design area.
Figure 3c,d shows the energy distribution of signals with differ-
ent polarizations (TE, and TM,)) when the input wavelength was
2025 nm. When the TE, light was sent into the input waveguide,
multiple interferences occurred in the design area, the energy
was mainly confined to the nanoholes in the area, and the slot
waveguide effect was dominant. Conversely, for TM, light, the
energy was constrained primarily in the glass, and the GSSE film
was used as the core layer to guide the light. The signal is directed
opposite to the waveguide below.

To analyze the optimized design, we simulated the transmit-
tance of the upper (blue line) and lower (red line) output waveg-
uides under different polarization inputs with wavelengths rang-
ing from 1900 to 2150 nm. As shown in Figure 3e, the max-
imum PER is 21.85 dB (TE,, @2105 nm) and 28.98 dB (TM,,
@2150 nm), and the average IL of TE and TM modes are 0.55 dB
and 0.56 dB. The bandwidth for the >20 dB extinction ratio was
simulated to be 229 nm, whereas the IL was less than 1 dB (1906—
2135 nm). Figure 3f shows the normalized experimental trans-
mittance spectra. The device realized high polarization extinction
ratio of PER; = 21.44 + 0.19 dB (@2047 nm), PER; = 24.85
+ 0.12 dB (@2037 nm). The measured average IL was 0.98 +
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0.04 dB (TE) and 0.42 + 0.05 dB (TM), and the bandwidth for the
20 dB extinction ratio was measured to be larger than 50 nm, lim-
ited by the operating bandwidth of the equipment. To the best of
our knowledge, broadband (>50 nm) polarization beam splitting
with a high extinction ratio (PER > 20 dB) represents the perfor-
mance record in the mid-IR band.

2.4. WP

In addition to PBS, WP is an essential device that effectively
reduces the polarization sensitivity of the device. The polarizer
can eliminate the unwanted polarization of light while maintain-
ing orthogonal polarization for low-loss transmission. Traditional
on-chip polarizers, including narrow waveguides,*!] hybrid plas-
monic polarizers,[*?l and subwavelength gratings,[*3! have disad-
vantages such as large size, large IL, and small working wave-
length range. Here, we show a compact WP in the mid-IR band,
which realizes a high broadband PER for different polarizations.
To realize the WP function, the FOM was defined according to
the differences between the transmission of signals with differ-
ent polarizations in the output waveguide. Similar to the previous
optimization process, the working wavelength of the device was
set to 2000 nm, and the FOM is described as follows:
FOM =1 - (T ut_TE — Tout_TM) (4)

O
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Figure 4. a) 3D view of the designed WP. b) SEM image of the fabricated WP. c) Simulated electric field plots of the device operating at TE and TM
modes. d) Simulated transmission spectra of the devices operating at TE mode and TM mode (The insets are the energy flow density). e) Measured

transmission spectra of the devices operating at TE mode and TM modes.

where T, 1p/ T, v is the transmission of the TE/TM modes in
the output waveguide.

A schematic diagram of the WP after optimization is shown
in Figure 4a. To better analyze the working principle of the po-
larizer, the electric-field distribution of the device under different
polarizations was simulated (Figure 4c). The robust inverse de-
sign algorithm generated nanocavities that were arranged nearly
symmetrically along the central axis of the area. For the TE mode,
the electric field was bound by the gaps, and the device func-
tioned as a subwavelength waveguide to achieve efficient energy
transmission. In contrast, for the TM mode, the nano-cavities in
the center of the area effectively blocked the light, and the elec-
tric field spread around the device and could not be received by
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the output waveguide. To further verify the bandwidth of the de-
vice, we calculated the transmission under different polarization
from 2000 to 2150 nm, and the highest PER was calculated to be
25.86 dB (@ 2043 nm). As shown in Figure 4d, the bandwidth
for <1 dB IL and >15 dB PER was ~147 nm (2003-2150 nm).
The SEM image of the fabricated device is shown in Figure 4b,
and the experimental results are shown in Figure 4e. The device
achieved a PER of 15 dB within a measured bandwidth of 50 nm
while ensuring an IL of less than 1 dB. The same as the simula-
tion, the maximum PER of 24.43 + 0.09 dB was measured at the
wavelength of 2047 nm. To the best of our knowledge, this is the
first demonstration of a high-performance inverse-designed WP
with the smallest size at mid-IR.
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Figure 5. a) 3D view of the designed MC. b) SEM image of the fabricated MC. c) Simulated energy flow density plots of the device operating at 2025 nm.
d) SEM image of the mode conversion system: the two devices are connected in reverse. e) Transmission spectrum of the mode conversion system: the
solid line represents simulation results, whereas the dots are experimental data.

2.5. MC

MCs are the key building blocks of mode-division multiplex-
ing (MDM) systems, which are capable of multiplexing different
modes in the communication channel to dramatically increase
the capacity of communication.*/l In this study, we present a
mid-IR broadband MC device based on the same optimization
algorithm. When the TE, mode signal is ejected into the input
port, it passes through the design area and is converted to the
signal output of the TE; mode.

To ensure that the waveguide can support both TE, and TE;
modes, we increased the size of the waveguides to 1.8 x 0.5 pm?
and defined the FOM as the ratio between different modes:

TouLTE 1

T,

in_TE,

FOM =1-

()

where T, 1 is the transmission of the TE; mode in the output
waveguide and T;, 1, is the transmission of the TE, mode in the
input waveguide.

Figure 5a,b shows the schematic and SEM images of the
device, respectively. The algorithm creates a screen for air holes
in the middle of the design area. When TE, light was input into
the device, the light was separated by the holes and outputted
as TE, light. In the experiment, we verified the performance by
connecting the two devices in reverse, as shown in Figure 5c. By
calculation, the bandwidth of the device after reverse connection
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for IL of less than 1 dB was larger than 400 nm (1850-2250 nm),
and the smallest IR was 0.08 dB (@2085 nm). The experimental
test results showed that the average IL was 0.39 + 0.05 dB.
Within a wavelength range of 50 nm, the IL of the device was
less than 1 dB.

2.6. Wavelength Demultiplexer

In addition to MDM, wavelength division multiplexing (WDM)
is also very important for mid-IR communication applications.
Traditional WDM devices are primarily based on thin-film filters
(TFF),*] arrayed waveguide gratings (AWG),[*! microring res-
onators (MRR),[*] MML,1*8] and inverse design structures.[?4#°]
TFF is difficult for integrated circuits and has a large footprint,
while it is difficult for the AWG to obtain a flat-topped response
spectrum and a large wavelength spacing. MRR is sensitive to
wavelength drift and has a narrow bandwidth. MMI requires
multiple cascade structures to achieve good performance, and the
device size is large.

For better device performance, the design area was extended to
6 x 6 um?, and the waveguide was 0.5 x 0.9 um?. The initial ma-
terial refractive index was 2.71, and the relationship between the
refractive index of the material and wavelength was also consid-
ered. The FOM was defined according to the transmission from
the different output waveguides at different wavelengths. When
signals with wavelengths of 1550 and 2025 nm were input, they
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Figure 6. a) 3D view of the designed wavelength demultiplexer. b) SEM image of the fabricated wavelength demultiplexer. ) Simulated energy flow density
plots of the device operating at 1550 nm. d) Simulated energy flow density plots of the device operating at 2025 nm. e) Simulated transmission spectra
of the designed wavelength demultiplexer. Measured transmission spectra of the designed wavelength demultiplexer operating at f) 1500-1550 nm and

g) 2000-2050 nm.

passed through the design area and were output separately from
the up- and down-output waveguides, which construct the FOM
function as follows:

1-T 1400 nm < A < 1600 nm (6)

out_up’

- <AL
FOM = {1 Tt downs 1975 nm < A < 2075 nm

where T down/Tour_up 1S the signal transmission in the down/up
waveguide.

Figure 6a shows the structural diagram of the optimized WDM
device under the same processing flow. An SEM image of the
manufactured device is shown in Figure 6b. Figure 6e,d shows
the energy distribution of the device at different wavelengths.
When the wavelength of the input light was 2025 nm, energy
was mainly transmitted in the nanocavity in the upper half of
the design area. The air forms the core layer, and the light is
finally output from the upper waveguide. In contrast, the light
at 1550 nm was limited mainly to the ChG film and was trans-
mitted into the output waveguide below. As shown in Figure 6e,
the calculated results show that the extinction ratio (ER) of the
device at 1550 nm was 48.25 dB within the IL of 0.38 dB and
16.86 dB within the IL of 0.42 dB at 2050 nm. The maximum
ER is 56.55 dB (@1553 nm) and 37.66 dB (@2180 nm), which
also achieved a flat-topped spectrum with a bandwidth greater
than 374 nm at near-IR and 360 nm at mid-IR (ER > 20 dB). Fig-
ure 6f shows the experimental results. At 1550 nm, we got an ER
0f24.93 + 0.42 dB, IL 0of 0.83 + 0.14 dB, and at 2050 nm, the ER
reached 24.65 + 0.05 dB, IL of 0.73 + 0.09 dB.

3. Conclusion

In this study, we introduced the inverse design approach into
ChG photonics and mid-IR photonics above a wavelength of
2 ym and demonstrated devices with four different complex
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functions. For the PBS, the calculated bandwidth for the 20 dB
PER;;/PERpy and 1 dB IL were ~262 nm. The experimental re-
sults agreed well with the simulation of the device, achieving a
high PER (PERy; > 18 dB, PER,, > 20 dB) and bandwidth of
more than 50 nm (limited by laser equipment). For the WP, the
simulation results showed the highest PER of 25.86 dB and the
broad bandwidth of 147 nm, and the experimental results con-
firmed the broadband PER of 20 dB and the IL of less than 1 dB
(2000-2050 nm). We also realized ultra-wideband MC devices
(400 nm, IR > 1 dB) and experimentally demonstrated broad-
band mode conversion and low IL (50 nm, IR > 1 dB). Fur-
thermore, a wavelength demultiplexer was designed to connect
the near- and mid-IR regions. Simulation results showed that
the broadband extinction ratio was achieved in both near-IR (ER
>20 dB, >374 nm) and mid-IR (ER > 20 dB, >360 nm), and the
experimental results well verified the simulation results (24.93
+ 0.42 dB at 1550 nm, 24.65 + 0.05 dB at 2050 nm). We pro-
posed a new topology optimization strategy, and the designs were
extremely robust while ensuring performance with a small foot-
print. To the best of our knowledge, this is the first realization
of these complex-functional ChG photonic devices in the mid-IR
band. Moreover, this method can be adopted for more scenarios,
such as refractive index perturbation optimization design, recon-
figurable material optimization design, and nonlinear optimiza-
tion design. It is possible to attract more research on nonlinear
and reconfigurable inverse-designed chalcogenide photonic de-
vices, which would inspire novel applications in all-optical pro-
cessing and optical neural networks.

4. Experimental Section

Measurement Methods: The setup of the near-IR test system for the
measurement of the wavelength demultiplexer is described in the previ-
ous works.[%] The mid-infrared test system was mainly composed of a
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broadband tuning laser (Newfocus TLB-6700), a vertical fiber coupling
platform, and a photodetector (PDA200C). The polarization direction of
the light was controlled using a manual polarization controller and then
fed into the chip. By scanning the wavelength of the laser, the output opti-
cal power of the device was detected by the photodetector, and the device
transmission spectrum was measured.
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