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In this work, on-chip chalcogenide glass photonic integrations with several fundamental photonic building blocks
are designed and fabricated based on the As2S3 platform for improved 2 μm optical interconnection, achieving a
broadened wavelength bandwidth and improved fabrication tolerance. A 600 nm thick As2S3 strip waveguide has
low propagation loss of 1.447 dB/cm at 2 μm. Broadband vertical coupling is realized by a grating coupler with
4.3 dB coupling loss. A Bragg grating filter, power splitter, Mach–Zander interferometer, and mode converter for
on-chip mode division multiplexing (MDM) are also reported at 2 μm with reliable performances. Finally, a
record high MDM optical interconnection capacity of 3 × 80 Gbps at 2 μm is experimentally demonstrated based
on the proposed As2S3 chip, drawing promising prospects for future photonic integration and high-speed inter-
connection at the 2 μm waveband. © 2020 Chinese Laser Press
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1. INTRODUCTION

In recent years, the 2 μm waveband has attracted increasing
research for broad applications, including optical commu-
nication, optical sensing, and even the next generation of
gravitational-wave observatories [1]. Particularly, thanks to
hollow-core fibers with low latency and low loss in an ultra-
wide bandwidth [2,3], and thulium (Tm) doped fiber am-
plifiers with a broad gain spectrum [4], 2 μm possesses
the promising application of next-generation optical com-
munication with ultralow latency and further higher capac-
ity. Several 2 μm optical short-reach interconnections over
hollow-core fibers have been carried out [5–7]. Meanwhile,
the photonic integrated platform for 2 μm optical intercon-
nection is also an essential field that needs to be exploited.

Until now, fabrications of mid-infrared (MIR) waveguides
have been demonstrated in different platforms, including
silicon-on-insulator (SOI) [8,9], germanium-on-silicon [10],
silicon-on-sapphire [11], silicon nitride [12], indium phos-
phide [13], and chalcogenide glasses (ChGs) [14–16]. In the
range near 2 μm, the majority of integrated waveguides are still
fabricated on SOI. However, chalcogenide glass (ChG) materi-
als, with broadband infrared transparency (0.8–20 μm [17]),
have extremely low linear and nonlinear propagation loss at

2 μm. With a relatively higher refractive index of n ≈ 2−3
[18] than that of Si3N4, more compact on-chip integration
can be realized on ChG. Thanks to the slower slope of the re-
fractive index, ChG components natively present a wider op-
tical bandwidth and less sensitivity to fabrication deviations. In
a word, all of the merits mentioned above make the low loss at
2 μm and high-density integration of ChG optical devices pos-
sible. Meanwhile, ChGs have lower two-photon absorption α2
(10–14–10–12 m/W [19]) and negligible free-carrier concentra-
tion compared with silicon. Besides, a high nonlinear
coefficient makes it realizable to obtain an efficient nonlinear
effect at a lower pump threshold, e.g., stimulated Brillouin scat-
tering [20]. As a result, ChG has been widely studied for on-
chip all-optical signal processing, including frequency comb
generation [21], supercontinuum generation [22], wavelength
conversion [23], and so on. In addition, as it is easy to deposit
ChG films on many substrates like conventional silicon or
polymer substrates at low temperature (<300°C), ChG can
be part of hybrid waveguides for 2 μm photonic integrated
chips with other materials. Overall, holding various character-
istics covering a wide application range, ChGs present a signifi-
cant and promising integrated platform, particularly for 2 μm
optical communications.
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In this work, we build up the As2S3 integrated platform with
a 600 nm thick strip waveguide and several key passive com-
ponents for 2 μm optical interconnection. The fabricated strip
waveguide with single chip mode at 2 μm has low propagation
loss of 1.4 dB/cm. The fiber-to-vertical coupling loss is opti-
mized at 4.3 dB/facet with 123.6 nm 3 dB bandwidth around
2 μm. Other essential components, including Bragg grating
filter, power splitter, Mach–Zehnder interferometer (MZI),
and mode converter for on-chip mode division multiplexing
(MDM), are also designed and fabricated at 2 μm with highly
reliable performances. Finally, by means of the fabricated As2S3
platform, we report a demonstration of on-chip MDM trans-
mission at 2 μm, achieving a total bit rate of 3 × 80 Gbps with
error-free bit error rate lower than 3.8 × 10−3. The proposed
As2S3 platform shows attractive potential for future 2 μm
optical interconnections.

2. CHG WAVEGUIDE DESIGN AND
FABRICATION

As the guiding layer, the ChG thin film we proposed here has
the composition of As2S3, sandwiched by SiO2 substrate and
air up-cladding, as depicted in Fig. 1(a). The strip waveguide
structure was designed by the finite difference eigenmode solver
in commercial Lumerical software. Only single mode should be
guided in the waveguide so as to avoid modal dispersion during
the signal propagation. Besides, the mode field should be con-
fined as large as possible in the guiding layer, rather than escap-
ing into the SiO2 substrate, resulting in high absorption loss.
We swept the width and height of a waveguide and calculated
the supported modes working at 1950 nm in the waveguides
with diverse sizes. As shown in Fig. 1(b), the single-mode
region was sandwiched by two lines, the cut-off boundary of
the fundamental mode and that of the first high-order mode.

The color area represents the effective refractive index neff
of the fundamental mode under different sizes of waveguides
in the single-mode region. Higher neff indicates higher confine-
ment factor of the guided mode, namely, the lower propagation
loss. The optimized single-mode waveguide presents the size of
0.6 μm × 1.2 μm (height × width) and neff of 2.02632. The
simulated electrical field of fundamental transverse-electrical
(TE) mode at 1950 nm is depicted in Fig. 1(d), and the con-
finement factor is 96.9%, which greatly reduces the absorption
loss of cladding layer.

The sketch of proposed fabrication process is shown in Fig. 2.
The chalcogenide glass (ChG) films are deposited on the silicon
substrate with a 3 μm thick thermal oxidation layer by thermal
evaporation and then, going through annealing process, aims to
relax the film to a stable state and improve the optical properties
of the film close to bulk glass. The ChG film is purged with
nitrogen, and the whole wafer is baked on a hot plate at
130°C for 5 min to form a dry and clean surface. Afterward,
the electron beam photoresist ARP 6200 is spin-coated on
ChG film, and the wafer is baked again on the 130°C hot plate
for 5 min. Subsequently, the patterns are transferred to the pho-
toresist by e-beam lithography. Followed by reactive ion etching,
inductive coupled plasma etching, and, finally removing the re-
sist, the As2S3 strip waveguides are fabricated, as shown in Figs. 2
(b)–2(d). In the case of second etching for grating structure, the
patterns are mapped on each device by overlaying and etching by
shallow depth using the same process mentioned before, as
shown in Figs. 2(e) and 1(f).

The fabricated As2S3 strip waveguides are shown in Fig. 1(c)
by a scanning electron microscope (SEM) image. In the chip
testing setup, the 2 μm optical source is a narrow linewidth
fiber laser working at 1959.34 nm. The light is coupled from
fiber to on-chip waveguides by vertical coupling on the 5D
alignment stage and then received by the power meter covering
2 μm. In order to measure the bending loss, 2 mm long bent
waveguides with various bending radii were fabricated, as
shown in Fig. 3(b). The straight waveguides with equal length
near the bent ones were set as reference. The experimental re-
sults are presented as the black and red dots in Fig. 3(a). The
bending loss is mainly due to the sidewall roughness, which
becomes dominant as bending radius increases, and the mode
mismatch between bent waveguide and straight waveguide.
The measured data indicate that the waveguide bending loss
with radius larger than 80 μm can be neglected, which is under
0.1 dB/mm.

In order to measure the waveguide propagation loss and save
the device footprint at the same time, cm scale long waveguides

Fig. 1. (a) Cross-section sketch of the As2S3 strip waveguide show-
ing the refractive indices of different layers. (b) Calculated effective
refractive index of fundamental TE mode as a function of width
and height of the strip waveguide at 1950 nm; the color area depicts
the single-mode region. (c) SEM image of the cross section of strip
waveguides. (d) Simulated electrical field of the fundamental TE mode
in the 0.6 μm × 1.2 μm strip waveguide. Fig. 2. Schematic flow of ChG fabrication process.
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were designed as spiral structures [24], which are shown in
Fig. 4(b). Considering the minimal bending radius measured
before with negligible loss, the minimum bending radius of
the spiral is set as 150 μm, namely, the radius of the central
curve, while that of the outer circles is greater than 300 μm.
Thus, the bending loss of the spirals can be ignored approxi-
mately. The measured loss of spiral waveguides with diverse
lengths is depicted in Fig. 4(a). By linear fitting, the calculated
propagation loss is 1.447� 0.093 dB∕cm, which is close to
the lowest loss of the integrated 2 μm waveguide proposed
in Ref. [25]. Therefore, As2S3 strip waveguides can support
low-loss interconnection of 2 μm optical signals and maintain
high integration density as well, which offers reliable backup for
various functional devices.

3. CHG PASSIVE DEVICES

To demonstrate the functionality of the proposed As2S3 2 μm
platform, several passive devices were theoretically designed,
using the finite difference time domain (FDTD) method in
Lumerical, including a vertical grating coupler, Bragg grating
filter, power splitter, MZI, and mode converter for on-chip
mode division multiplexing (MDM). Besides, in contrast with
the conventional C band and SOI platform, the wavelength
dependence of the grating coupler and sensitivity to fabrication
errors of the mode converter are investigated.

A. Grating Coupler
As a common device for on-chip optical coupling, the grating
coupler (GC) has been developed mutually from academia to
industry and is widely used due to its compact footprint and

broad alignment range. The basic principle of grating diffrac-
tion is based on the Bragg’s formula, λ � Λ�neff − n1 sin θ�,
which indicates the relationship between wavelength and gra-
ting period Λ. Thus, the 1 dB bandwidth of coupling spectrum
is generally limited at ∼30 nm in the C-band SOI platform,
which critically restricts the broadband application. While,
in the proposed As2S3 2 μm platform, the optimized focused
uniform GC has the calculated coupling loss of −3.24 dB with
65 nm 1 dB bandwidth and 112.5 nm 3 dB bandwidth near
1950 nm, without any specially designed structure. The gra-
tings were shallow-etched by 400 nm, with the period of
1.13 μm and duty cycle of 0.51. The coupling angle of fiber
is optimized as ∼10° to obtain the largest efficiency. As shown
in Fig. 5(a), the fabricated GC presents the minimal coupling
loss of 4.3 dB, 1 dB bandwidth of 74.2 nm, and 3 dB band-
width of 123.6 nm (green line), which is in good accordance
with the simulation results (red line). A slight blueshift of the
measured coupling spectrum is owing to the ∼40 nm shorter
period of the fabricated gratings. Such a wide coupling spec-
trum greatly benefits the broadband wavelength division multi-
plexing (WDM) for on-chip 2 μm interconnection.

B. Mode Converter
As the most essential component for an MDM system, mode
converters (MCs) have attracted much research interest in the
silicon photonic platform [26]. The most common structure of
MC is based on the asymmetric directional coupler (ADC)
[27], in virtue of its simple design and broadband operation.
ADC consists of a multimode waveguide with width w1 and a
parallel placed single-mode waveguide with width w0. As the
phase-matching condition is satisfied, which means the neff
of the fundamental mode in a single-mode waveguide must
be equal to that of the target high-order mode in a multimode
waveguide, ADC-based MC can reach the maximal coupling
efficiency (CE) at certain length Lc of coupler. Here, the
optimized waveguide widths are set as w1 � 2.45 μm and
w2 � 3.71 μm, with a 150 nm wide gap between the two
waveguides. The simulated electrical fields of MCs are depicted
in Fig. 6(a), with the coupling lengths of 94 and 119 μm for
higher-order modes TE1 (MC1) and TE2 (MC2), respectively.
From the calculated CE shown in Fig. 6(c), we can see that
high CEs of −0.163 dB and −0.16 dB for TE1 and TE2 are
obtained at 1950 nm, respectively, and the CE spectrum be-
yond −1 dB is more than 200 nm. Besides, all the crosstalk
(XT) of undesired modes is under −30 dB in the span of
1850–2050 nm.

Fig. 4. (a) Measured waveguide loss and linear fitting line with the
slope of 1.447 dB/cm. (b) SEM image of the spiral waveguide.

Fig. 5. (a) Simulated and measured coupling efficiency of grating
coupler. (b) SEM image of the fabricated grating coupler.

Fig. 3. (a) Simulated and experimental results of the bending loss
of bent waveguides versus the radius. (b) SEM image of the bent
waveguides with different radii.
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We employed a broadband optical source to measure the
transmission spectrum of the fabricated mode converter, which
has maximal 13 dBm output power and>140 nm 10 dB band-
width around 1850 nm. The ASE spectrum can be found in
Section 5. The results are presented in Figs. 6(d)–6(f ) for the
three modes. The minimal insertion losses are 0.1, 1.22, and
1.9 dB for TE0, TE1, and TE2, respectively, with 1 dB band-
width all beyond 80 nm. Due to the insufficient source power
near 2000 nm, the crosstalk of mode converters reaches the
noise floor when approaching 2000 nm, as shown in the gray
areas in Figs. 6(d)–6(f ). Thus, in the range from 1980 to
2020 nm, the spectrum of crosstalk climbs up gradually, which
makes it fail in measuring the real crosstalk. However,
according to the data at shorter wavelengths, as well as the fact
that the fabricated devices show better performances at longer
wavelengths, it is reasonable to suppose that the crosstalk of
undesired modes is less than −20 dB over the 100 nm wave-
band at 2 μm.

C. Filters and Splitters
In the on-chip system, filters and power splitters are basic com-
ponents for optical signal processing. The filters with a central
wavelength around 1950 nm are designed by Bragg gratings
with the period of 476 nm and etched width of 200 nm.
The SEM is shown in Fig. 7(b). Despite the measurement
error, the measured period has a ∼20 nm deviation from

the designed value, which mainly results in a slight blueshift
of the tested spectrum compared with the simulation results.
The transmission spectrum of the Bragg gratings with diverse
periods is plotted in Fig. 7(a).

Afterward, a multimode interferometer (MMI) based 3 dB
power splitter is fabricated, with a multimode waveguide length
of 15 μm and width of 5 μm, as seen in the SEM image in
Fig. 8(b). After several cascaded MMIs, the measured insertion
loss from one port of MMI is noted as red circles in Fig. 8(a).
The fitted black line indicates the fabricated 3 dB splitter has
extra insertion loss of 0.07� 0.0782 dB.

Furthermore, based on the MMI, MZIs, which make up the
basic element of modulators, are fabricated with arm length
differences of 50 and 100 μm. As the measured results show
in Fig. 9(a), the insertion loss ranges from 1 to 1.5 dB, and
the extinction ratio is in the range of 17–23 dB from 1920
to 2020 nm. Consequently, the splitting power imbalance of
MMI splitter is calculated to be 0.03. The estimated group
index of the As2S3 strip waveguide is about 2.7239 at 2 μm.

Fig. 6. (a) Simulated electrical field of mode converter for TE1 (up)
and TE2 (down). (b) SEM diagram of the fabricated mode converters,
inset: coupling region for phase matching. (c) Calculated coupling
efficiency of mode converter for TE1 and TE2. CE, coupling effi-
ciency; XT, crosstalk. (d)–(f ) Measured transmission spectra for three
modes.

Fig. 7. (a) Transmission spectrum of Bragg grating filters. (b) SEM
diagram of fabricated Bragg gratings.

Fig. 8. (a) Measured insertion loss of MMIs. (b) SEM diagram of
fabricated MMI.

Fig. 9. (a) Measured transmission spectra of MZIs. (b) SEM
image of fabricated MZI.
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The ripples of measured spectrum near 2000 nm are also owing
to the limited bandwidth and power of broadband source.

4. CHG’S IMPROVED WAVELENGTH AND
FABRICATION DEPENDENCE

As noted, a conventionally designed GC has the coupling
spectrum strongly related to wavelength, which limits the
1 dB bandwidth just about 30 nm without special design.
Besides, the coupling efficiency of ADC-based MC is sensitive
to the fabrication deviation of waveguide width. Generally, the
width of a waveguide etched by lithography has a deviation of

several tens of nanometers, which is large enough to break
down the phase-matching condition, as a result of the large in-
sertion loss of ADC. In this paper, the two problems are called
the GC’s wavelength dependence and MC’s sensitivity to fab-
rication errors for short. In fact, one common reason for these
problems comes from the refractive index n as a function of
wavelength and waveguide structure. In other words, the n
change with wavelength contributes to the coupling efficiency
of GC with limited bandwidth, and, similarly, n change with
waveguide width also makes the coupling efficiency of MC
sensitive to the fabrication deviation of waveguide width.
However, such circumstances vary in different material systems.

We provide a comparison of refractive index and device per-
formances on the conventional 220 nm thick SOI platform or
600 nm thick As2S3 platform, at C-band or 2 μm, respectively.
The real part of refractive index of Si relative to wavelength is
depicted as a blue line in Fig. 10(a), and that of As2S3 is plotted
as an orange line combined by experimental data (solid line)
and fitted data (dash line). Figure 10(b) shows the effective re-
fractive index neff of strip waveguides in the four cases. The n
curve with sharper slope indicates a stronger relationship with
wavelength or waveguide width. N of As2S3 presents a slower
curve in the 1.5–2 μm range compared with that of Si, and
longer wavelength in the same material platform appears as
a gentler curve of n. As a result, the As2S3 2 μm platform shows
the least relativity between neff and wavelength/waveguide
width, which illustrates that As2S3 2 μm devices have improved
dependence on wavelength and fabrication deviation of width.

Based on the four diverse platforms, we simulated the cou-
pling efficiency of GC versus wavelength and that of MC versus
deviation of waveguide width Δw0, as plotted in Figs. 11(a)
and 11(b), respectively. The simulation parameters and results
are listed in Table 1. The calculated 3 dB bandwidth of 2 μm
GC on As2S3 is 112.5 nm, which is nearly 1.8 times wider than
that of C-band GC on SOI; further, 2 μm MC on As2S3
presents the least dependence on fabrication deviation (red
line), with the 1 dB bandwidth of 40 nm, which is four times
larger than SOI MC at C-band. The measured efficiency of the
fabricated As2S3 MC at 2 μm is displayed in green star symbols
in Fig. 11(b), with good consistence with the simulation result.
Thus, these results fully confirm that As2S3 components have
broadened wavelength bandwidth and improved fabrication
tolerance at 2 μm.

Fig. 10. Comparison of refractive index between SOI and As2S3
platform for C-band and 2 μm. (a) Real part of material refractive in-
dex. (b) Effective refractive index curves of strip waveguides. Symbols
denote the width and corresponding neff of single-mode waveguides in
the four cases.

Fig. 11. Comparison of devices’ performances between SOI and
As2S3 platform for C-band and 2 μm. (a) Coupling spectrum of gra-
ting couplers. (b) Insertion loss of mode converters under different
width deviations of fabricated waveguides.

Table 1. Comparison of the Wavelength and Fabrication Dependence

GC SOI C-band SOI 2 μm As2S3 C-band As2S3 2 μm
Height (μm) 0.22 0.22 0.6 0.6
Etch depth (μm) 0.07 0.22 0.31 0.4
Period (μm) 0.6 1 0.83 1.13
Duty cycle (μm) 0.55 0.75 0.7 0.51
1 dB/3 dB bandwidth (nm) 38/63.3 37/64.3 35/59.3 65/112.5

MC SOI C-band SOI 2 μm As2S3 C-band As2S3 2 μm
w0 (μm) 0.45 0.6 0.6 1.2
w1 (μm) 0.91 1.22 1.25 2.45
Gap (μm) 0.15 0.15 0.15 0.15
Length (μm) 33.5 23 22 94
1 dB deviation of w0 (nm) 8 19 26 40
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5. CHG FOR 2 μm OPTICAL
INTERCONNECTION

All the above fabricated devices can be applied for the on-chip
optical interconnection at 2 μm, especially the mode converter
for the MDM system. Here, in order to confirm the commu-
nication application of the proposed ChG chip, we demon-
strate the high-speed on-chip MDM transmission at 2 μm.
The system setup is shown in Fig. 12(1). The four-pulse am-
plitude modulation (PAM4) electrical signals were generated
by the AWG with a 64 GSa/s sampling rate, amplified by
the wideband electrical amplifier (EA), and then converted
to optical signals via the lithium niobate Mach–Zehnder modu-
lator (MZM) with 12 GHz bandwidth at 2 μm. The spectrum
of the modulated optical signal is shown in Fig. 12(i). A thu-
lium-doped fiber amplifier (TDFA) was previously employed
to compensate for the insertion loss of the MDM chip. The
fibers we used in the whole setup were standard single-mode
fiber, which has insignificant propagation loss of 2 μm light
in a few meters length. An optical bandpass filter after the chip
eliminated the amplified spontaneous emission (ASE) noise
brought by TDFA. The modulated optical signal after trans-
mission was received by a PD with 22 GHz bandwidth and
then sent into a real-time oscilloscope with a sampling rate
of 160 GSa/s for the off-line digital signal processing (DSP).
High-speed PAM4 signal was transmitted in the 2 μm MDM
link, by means of the root raised cosine filter with a roll-off
factor of 0.01 to compress the signal bandwidth. The matched
filter and the time-domain feed forward equalization (FFE)
were applied at the receiver side to obtain the lower bit error
ratios (BERs). It needs to be noted that, the DSP settings are all
the same for each channel transmission, so as to evaluate the
performances fairly. Besides, the setup of broadband testing
is shown in Fig. 12(2) with the ASE spectrum depicted in
Fig. 12(ii).

In this experiment, we finally achieved 3 × 80 Gbps on-chip
MDM interconnection at 2 μm, which holds 12 times larger
capacity than the results reported in Ref. [28] and breaks the
record of total capacity for 2 μm optical communication. The
calculated BER curves of 35 GBaud/s and 40 GBaud/s PAM4

signals are plotted in Fig. 13, and the eye diagrams of back-to-
back (BTB) and three mode channels after FFE are also de-
scribed. The performance at the BTB case shows a low BER
of 5.47 × 10–4 for 35 GBaud/s and 1.12 × 10–3 for
40 GBaud/s under the received power of 5 dBm. After
MDM transmission of As2S3 chip, all the three mode channels
present reliable BER performances under the 7% forward error
correction (FEC) threshold (3.8 × 10–3) at the same received
power. The measured power penalties of 35 GBaud/s PAM4
signals at 7% FEC threshold are 0.4, 1.1, and 1.7 dB for
the TE0, TE1, and TE2 modes, respectively, and those of
40 GBaud/s signals are 1.3, 2.1, and 2.8 dB, which are mainly
contributed by the insertion loss of the MDM chip. As for the
lack of fiber arrays for parallel coupling, we were unable to
transmit the MDM channels at the same time, while the mea-
sured modal crosstalk of less than −20 dB is low enough to
ignore the intermode-channel interference. Thus, the power
penalty in actual MDM transmission will be slightly higher
than that we measured. In addition, the TDFA we employed
here becomes unstable as the gain increases to the peak value.
Thus, the received power cannot be higher than 5 dBm.
Besides, the ∼14 dB total loss of the MDM chip also worsens
the signal-to-noise ratio. With improved performances of
TDFA and even lower coupling loss of an MDM chip, we
can obtain further higher transmission speeds in the 2 μm
MDM system.

6. SUMMARY

In this paper, we have demonstrated a 2 μm photonic inte-
grated platform based on 600 nm thick As2S3 strip waveguides.
The characteristics of the platform, including propagation loss
and bending loss are measured, and performances of several
fundamental components, such as grating coupler, mode con-

Fig. 12. Experiment setup of (1) 2 μm on-chip MDM interconnec-
tion and (2) As2S3 chip broadband testing. Insets show optical spec-
trum of (i) modulated 2 μm signal, (ii) ASE broadband source, and
(iii) the on-chip three-mode multiplexing.

Fig. 13. Measured BER curves of (a) 70 Gbps PAM4 and
(b) 80 Gbps PAM4, under the BTB case and after 3 MDM channel
transmission. Insets (i)–(iv): eye diagrams of PAM4 signals marked
in (a) and (b).
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verter, filter, and power splitter, are discussed. Compared with
the conventional SOI platform, the proposed 2 μm As2S3 plat-
form presents improved wavelength dependence (wider optical
bandwidth) and better tolerance of fabrication deviations.
Besides, based on the fabricated MDM chip, we demonstrated
the on-chip MDM interconnection at 2 μm with the highest
total speed of 3 × 80 Gbps. The results reported in this paper
provide a cornerstone of the photonic integrated platform for
2 μm optical interconnection.
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