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Chalcogenide glass (ChG) is an attractive material for highly efficient nonlinear photonics, which can cover an
ultrabroadband wavelength window from the near-visible to the footprint infrared region. However, it remains a
challenge to implement highly-efficient and low-threshold optical parametric processes in chip-scale ChG devices
due to thermal and light-induced instabilities as well as a high-loss factor in ChG films. Here, we develop a
systematic fabrication process for high-performance photonic-chip-integrated ChG devices, by which planar-
integrated ChG microresonators with an intrinsic quality (Q) factor above 1 million are demonstrated. In
particular, an in situ light-induced annealing method is introduced to overcome the longstanding instability
underlying ChG film. In high-Q ChG microresonators, optical parametric oscillations with threshold power
as low as 5.4 mW are demonstrated for the first time, to our best knowledge. Our results would contribute
to efforts of making efficient and low-threshold optical microcombs not only in the near-infrared as presented
but more promisingly in the midinfrared range. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.422435

1. INTRODUCTION

High-efficient optical nonlinear processes based on high-
quality (Q) factor microresonators (MRs) have attracted huge
attention for applications such as high-brightness and broad-
band lasing [1], coherent telecommunication [2], quantum
optics [3], and high-precision sensing [4]. High-Q optical mi-
croresonators can feature high field confinement, long photon
lifetime, and small mode volumes and therefore can dramati-
cally boost the light–matter interaction within the resonators
and reduce the power threshold [5–7]. Among others, chalco-
genide glass (ChG) is an attractive material for the study of
nonlinear optics because it has broad transparency from the
visible to the footprint infrared region (up to ca. 20 μm), high
Kerr nonlinearity (10–100 times higher than several typical
amorphous materials), low two-photon absorption (TPA),
and no free-carrier effects [8–10]. More importantly, being
amorphous, ChG can adhere to different substrates by thermal
evaporation at the low glass transition temperature (T g , less
than 300°C) without surface modification or bonding process,
which is compatible with a back-end CMOS process [9,11,12].
These advantages make ChGs versatile in numerous applica-
tions, including stimulated Brillouin scattering (SBS) [13],

SBS oscillation [12,14,15], broadband supercontinuum gener-
ation [10], midinfrared parametric amplification [16], Raman
amplification [17], and so on. Especially, optical frequency
combs based on the optical parametric oscillation (OPO) pro-
cess can now be implemented on a chip to revolutionize appli-
cations in metrology and sensing through optical parametric
processes [18,19]. Of particular interest is to implement
chip-scale and high-Q microresonators using ChG, which
can induce intensive parametric oscillations at low power
and can lead to the generation of optical Kerr frequency combs
in operational wavelength windows including the midin-
frared [12].

However, ChGs are believed to be unstable and can be easily
oxidized. Previously reported ChG MRs usually showed a high
level of thermal and light-induced instabilities, which decrease
the robustness and efficiency of intracavity OPO [20]. In par-
ticular, as-deposited ChG films prepared by thermal evapora-
tion typically contain a lot of homopolar bonds, voids, and
subphases compared with bulk glasses. For instance, homopolar
As-As bonds in ChG film will easily break and be reconstructed
with oxygen when heated or being exposed to lasers in milli-
watts [20]. The transformation of such bonds will then lead to
the change of the refractive index (RI) and reduce stability of
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ChG film, which is detrimental to OPO [20–22]. As a solu-
tion, the thermal annealing process at a temperature close to T g
has been used to promote the conversion of homopolar bonds
to heterogeneous bonds and to enhance the stability of ChG
film [23]. However, being in the temperature of T g could also
cause cracks in the film during the waveguide fabrication pro-
cess [21] [also shown in Fig. 2(d)]. As a consequence, a rela-
tively moderate temperature (much lower than T g ) is always
chosen to obtain a compromised annealing effect [24]. We
had previously proposed a light-annealing process and demon-
strated that, when an as-deposited film was subjected to illu-
mination with bandgap light by an array of external halogen
lamps, its RI is effectively pushed toward that of the bulk glass,
which solved the cracking issue during the thermal annealing
[21]. However, the reported film quality remains low compared
with that by conventional thermal annealing processes. A pos-
sible reason is that, during the transfer process, the film will also
be introduced with additional impurity due to the fact that the
thermal annealing oven and the thermal evaporation equip-
ment are separated. Up to date, the Q factors of ChG MRs,
such as microspheres and microdisks, have been improved
up to 107 and 106, respectively [25,26]. However, the highly
delocalized optical modes in these ChGMRs render them chal-
lenging for compact nonlinear optical parametric applications
requiring dispersion engineering [27].

Generally, the OPO generation in MRs depends on three
aspects: 1) the nonlinear figure of merit [FOM, n2∕�α2 · λ�,
where n2 is the Kerr nonlinearity, and α2 is the TPA coefficient]
of the platform [8]; 2) the high Q-factor and strong modal con-
finement as well as the large spatial overlap between modes,
which are essential for gain to overcome cavity loss [28];
3) the GVD engineering of the waveguide can achieve simul-
taneous frequency- and phase-matching among the pump, sig-
nal, and idler modes [29]. Over the past years, researches on
chalcogenide photonics have focused on the development of
new ChG material components with ultrahigh nonlinearity.
Yet, it remains challenging to implement high-quality ChG
films for the fabrication of integrated nonlinear devices. Thus
far, there are few reports on solving chalcogenide films’ stability
and realizing the OPO process in ChG MRs [22].

To address these issues, as shown in Fig. 1, we introduce an
in situ light-induced annealing process for post-treatment of

ChG films. Here, the typical ChG material, As2S3 with
high FOM [12], is selected as the film material to verify the
universality of our method [8]. The effects of light-induced
annealing and thermal annealing processes are systematically
compared on the optical performances of the As2S3 films, in-
cluding RI, the changes of chemical bonds, surface roughness,
and the stability and mechanical stress in the films. Moreover, a
systematic fabrication condition was developed to achieve a
high Q-factor of more than 1 million in As2S3 microrings with
GVD engineering [30]. Owing to the improvements of the ma-
terials and fabrication conditions, we experimentally demon-
strate, for the first time to our best knowledge, the OPO
with a low threshold power of 5.4 mW in the ChGMRs, which
paves the path for the nonlinear parametric applications using
the ChG MRs.

2. EXPERIMENT

A. Preparation of High Purity ChG Glasses
High purity elements (99.9999% As and 99.9999% S) were
used to prepare the As2S3 glass by the conventional melt-
quenching technique. The high purity As2S3 glass was fabri-
cated by a modified physical and chemical purification
technique [31]. The purified glass was used as the starting glass
for ChG film by thermal deposition.

B. Preparation and Annealing Post-treatment of ChG
Film
The As2S3 films were deposited on Si substrates with a 3 μm
SiO2 layer by thermal evaporation in a vacuum chamber at a
base pressure of 7 × 10−6 Pa [32]. First, the substrate was
mounted on a rotation holder and pretreated using Ar plasma
to improve the adhesion between the films and substrates. The
evaporation rate was set to approximately 5–6 nm/min. Note,
the temperature of the substrate was maintained at 30°C during
the film deposition process.

As shown in Fig. 1(a), a power-tunable laser panel with a
center wavelength of 532 nm was installed on a screw that
could rotate in the deposition chamber. After the film deposi-
tion, the laser panel was raised to 5 cm below the film by rotat-
ing 90°. Moreover, the ChG wafer loaded on the top of the
chamber was rotated with a speed of 20 revolutions/min,
and thereby the power densities of the laser panel could be

Fig. 1. (a) Schematic of the improved As2S3 film by an in situ light-induced annealing process. The molecular structures of the As2S3 (b) before
and (c) after annealing. The optical microscope images in dark field mode of As2S3 film: (d) oxidated before annealing; (e) maintained stability after
the annealing process in the air.
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uniform over a full 4 in. diameter wafer. After that, the vacuum
was broken, and the wafer was transferred into an atomic layer
deposition (ALD) chamber. A passivation layer (Al2O3) with a
thickness of 2 nm was deposited on the surface of the chip by
ALD, which is to protect the waveguide from moisture. For
comparison, a set of 850 nm thick films was put into a vacuum
furnace and annealed at different temperatures (e.g., 130°C,
150°C, and 180°C) for 24 h to ensure molecular bond conver-
sion finishes in the films [21]. After that, the temperature
dropped in the furnace with a cooling rate of around 5°C/min.
The ChG films were cut into 2 cm × 2 cm for both the light-
induced annealing and thermal annealing studies.

3. RESULTS

A. Improvement of Stability of ChG Film
To understand the basic mechanism of thermal annealing and
light-induced annealing processes, we characterized the ele-
ments analysis, RI, chemical bonds, and surface roughness
of ChG films, including the film as deposition (FILM-D),
the film by thermal annealing (FILM-T) and light-induced
annealing (FILM-L), as well as the As2S3 bulk glass. (Note:
The films with a thickness of 850� 5 nm for Raman and
RI measurements were chosen according to the requirements
of dispersion engineering in Section 3.C.) As shown in
Fig. 2(a), the results of energy dispersive spectrometry (EDS)
reveal that the stoichiometry deviations of the three films of
FILM-D, FILM-L, and FILM-T are within 1% (atomic frac-
tion) difference with the bulk glass. The RI curves of three films
annealed at 130°C (T130), 150°C (T150), and 180°C (T180)
as well as the bulk glass, are shown in Fig. 2(b). The RI of T180
is close to 2.43 at 1550 nm, which is consistent with that of the

bulk As2S3 glass. However, the RI of T130 is just 2.35 at
1550 nm, which is slightly higher than that of FILM-D. We
can find the chemical bond changes in the films from the
Raman spectra of these films and bulk glass, as shown in
Fig. 2(c). FILM-D shows several sharp peaks at 150–250 cm−1,
respectively, corresponding to the fingerprint of molecular spe-
cies, S8, or As-As homopolar bonds in Table 1 [21]. However,
the homopolar bonds can also be found in T130 but nearly not
in T150 and T180, meaning that these bonds in T130 are not
fully converted to As-S bonds. The Raman spectra of T130,
T150, and T180 indicate that the number of homopolar bond
conversions increases with the temperature increase [20].
However, as shown in Fig. 2(d), after the electron-beam resist
development step, the waveguide fabricated using the films
with thermal annealing (including T130, T150, and T180) will
break, which indicates the residual stress in the film after ther-
mal annealing. By comparing the Raman results of FILM-D
and FILM-L, we can find the Raman peaks of homopolar
bonds such as S8, or As-As in FILM-D disappeared, accompa-
nied by the increase of heterogeneous bonds such as As-S,
which means the changing trend of molecular bonds of light-
annealing procedures is similar with that of thermal annealing.
We can find that the RI of FILM-L under light power densities
of 200mW∕cm2 is close to 2.43 at 1550 nm in Fig. 2(b),
which is consistent with that of the bulk As2S3 glass.
Furthermore, no cracking or deterioration appeared in
FILM-L during the waveguide fabrication process, as shown
in Fig. 2(e).

The Raman and RI spectra of the films by light annealing
under different laser intensities of light and duration were mea-
sured to achieve optimized parameters of the light-annealing
process. As shown in Figs. 3(a)–3(d), the rate of S8 homopolar

Fig. 2. (a) Composition of As2S3 bulk glass, FILM-D, FILM-L, and T180. (b) RI of FILM-D, FILM-L, T130, T150, and T180 as well as the
As2S3 bulk glass. (c) Raman spectra of FIML-D, FILM-L, the glass, and films T130, T150, and T180. (Note: FILM-L annealed at the power
densities of 200 mW∕cm2.) SEM of the waveguide after the electron-beam resist development step with different films: (d) FILM-T; (e) FILM-L.
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bond conversions increases as the increasement of power
densities of light and the Raman spectra of the three films
are gradually approaching a uniform and stable state after
900 min of exposure to the laser. Compared with T180, the
light-annealing process can make the film’s RI much closer
to bulk glass. Moreover, the FILM-L’s RI is closer to that of
bulk glass as the laser power increased. In particular, when
the laser intensity is increased to 200mW∕cm2, the film’s
RI is the same as that of glass, which indicates that higher laser
intensity can make the crosslinking of the film molecule close
to the bulk glass (Fig. 2). Compared with full thermal annealing
process (about 24 h), the light-induced annealing process sig-
nificantly reduces the annealing time (less than 900 min). As
shown in Fig. 4, we measured these films’ roughness, including
FILM-L, FILM-D, and FILM-T, through atomic force micros-
copy (AFM) [27]. The roughness of the T180 (RMS �
0.884 nm) is significantly higher than that of FILM-D
(RMS � 0.629 nm). However, the roughness of films
annealed under different laser intensity conditions (RMS �
0.678 and 0.680 nm corresponding to 10 and 200 mW∕cm2,

respectively) is slightly higher than that of FILM-D. Finally,
we chose 200mW∕cm2 and 900 min as the light-annealing
power density and duration, respectively. To avoid film contami-
nation or degradation during the transfer of the film from the
vacuum chamber to the annealing equipment, an in situ light-
induced annealing setup is proposed (described in detail the ex-
perimental part), where the film is directly annealed by the laser
panel in the vacuum chamber.

B. Reduction of Propagation Loss of ChG
Waveguides
Low-loss on-chip ChG photonic devices are critical for nonlin-
ear photonic applications. Typically, the loss sources of planar
waveguides are from the surface interactions and material ab-
sorptions [27]. For thermally evaporated ChG films, the

Table 1. Assignments of Raman Shifts Corresponding to
the Chemical Bonds in As2S3 Films

Raman Shift (cm−1) Assignment

135 Homopolar bonds
165 Homopolar bonds
189 S-S homopolar bonds
219 S8 ring
234 As-As homopolar bonds in As4S4 unit
310 As4S4 unit
345 As-S vibration in AsS3 pyramids
356 As4S4 unit
380 Interaction of the AsS3 unit

Fig. 3. Raman Spectra of As2S3 films by light annealing under power densities of (a) 10mW∕cm2, (b) 100mW∕cm2, and (c) 200mW∕cm2.
(d) Changes of the S8 bonds at 219 cm−1 in As2S3 films under different power densities of light in 900 min. (e) RIs of As2S3 films by light annealing
under different power densities of light after 900 min and FILM-D, FILM-T180 as well as the bulk glass.

Fig. 4. 3D AFM scan images of the surface of ChG films:
by light annealing under power densities of (a) 10mW∕cm2 and
(b) 200mW∕cm2; (c) by thermal annealing at the temperature of
180°C. (d) Film as deposited.
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material absorptions mainly come from the air’s impurity and
oxidized homogeneous bonds. According to the optical micro-
scope images shown in Figs. 1(d) and 1(e), it can be found that
there are many bright spots on the surface of FILM-D, which
are gradually formed in the air, while FILM-L is highly stable
and has not been oxidized. To obtain smooth waveguide side-
walls, we optimize the waveguide fabrication process during
etching and post-processing to reduce roughness. Typically,
standard waveguide fabrication methods for a ChG waveguide
include patterning a masking layer using electron-beam lithog-
raphy (EBL) or photo-lithography (PL) and transferring this
pattern into the waveguide device layer using reactive ion etch-
ing (RIE) with fluorine etching gas. Trifluoromethane (CHF3)
gas and oxygen (O2) plasma treatment are widely used as etch-
ants in ChG fabrication, and residual resists are removed by
inductively coupled plasma reactive ion etching (ICP-RIE)
[33]. The roughness of the E-beam resists edge will be trans-
ferred to the sidewall, and the fluorocarbon polymer will also be
formed and attached to the sidewall during the process. In this
paper, a modified waveguide fabrication process, including
multipass optimized O2 plasma etching conditions and the
waveguide’s thermal reflow process, is shown in Fig. 5(a).

Moreover, we investigated the chamber pressure, etching gas
flow rate (CHF3), radio-frequency (RF) power, and Ar gas flow
rate to determine the optimal etching recipe, as shown in
Table 2. Herein, the etching rate of ChG film is 100 nm/min,
and the etching selection ratio of ARP6200/ChG configuration
is 1:5. The waveguides with a cross-sectional dimension of
2 μm × 0.85 μm are fabricated. As shown in Fig. 5(b), after
removing the passivation layer on the sidewall surface by the
second O2 plasma treatment, the waveguide sidewall is very
smooth. For comparison, the insertion losses of ChG wave-
guides with different lengths of 8, 26.7, 45.4, 64.1, and
82.8 mm were measured using the cut-back method. The mi-
croscope image of the ChG spiral waveguide with a length of
82.8 mm is shown in Fig. 5(c). After removing the residual
resist, an 82.8 mm spiral waveguide was fabricated with a loss
as low as 0.22 dB/cm [as line b in Fig. 5(d)]. Moreover, to verify

Fig. 5. (a) Fabrication process for As2S3∕BCB waveguides. SEM
images of (b) cross-sectional and (c) top view of the As2S3 spiral wave-
guide. (d) Measured propagation losses of ChG waveguides (lines a–c
correspond to waveguides with and without the resist as well as with
BCB by thermal reflow, respectively). (e) BCB-cladding waveguides
at different thermal reflow temperatures (lines a–d correspond to
waveguides reflowed at 180°C, 160°C, 120°C, and 140°C,
respectively).

Table 2. Summary of the RIE and ICP-RIE Conditionsa

RIE ICP

Chemistry CHF3: Ar Ar: CF4:O2

Pressure (mTorr) 10 10
RF power (W) 100 10
ICP power (W) 300

aRIE is used to fabricate waveguides; ICP-RIE is used to remove resist.

Fig. 6. (a) Simulated dispersion of As2S3 microring resonator for quasi-TE and TM modes. Insets are calculated TE and TM mode profiles
around 1550 nm, respectively. (b) Transmission spectrum of the resonator in the range 1510–1630 nm (TM00). (c) Histogram of intrinsic loss from
the measurement of the ChG MR (TM00). (d) One typical resonance with a linewidth of 238 MHz (TM00). SEM images of the top view of
(e) microring and (f ) enlarged microring section.
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the effect of thermal reflow, the propagation loss of the
BCB-cladding waveguide has been effectively reduced by a ther-
mal reflow process [line c in Fig. 5(d)]. As shown in Fig. 5(e),
compared with the loss of waveguides reflowed at 120°C, 160°C,
and 180°C, respectively, we can observe the lowest loss of the
waveguide by thermal reflowing at 140°C. The loss difference
mainly comes from the changes in the roughness of the wave-
guide surface [27]. The reflow process at low temperature
(<140°C) will reduce the roughness of the waveguide surface,
while high-temperature treatment (>140°C) will increase surface
scattering loss due to internal stress [21]. Therefore, the thermal
reflow temperature of the waveguide was set to 140°C. BCB pol-
ymer is not the critical factor in reducing propagation loss. We
tried other polymer claddings, such as SU-8 2000 and IPG, and
achieved similar results. The equal shrinkage coefficient of the
ChG core and polymer cladding and moderate thermal treat-
ment can make the waveguide sidewall’s surface smoother.
This is a unique method to change the appearance of the
ChG device surface [34].

C. Design and Fabrication of High-Q Dispersion-
Engineered ChG Microrings
Based on the improvements above, we demonstrate on-chip
OPO, the potential for low-threshold Kerr frequency comb gen-
eration [28]. A ChG microring is designed and fabricated with
As2S3 as the core and BCB as cladding. The group velocity
dispersion (GVD) profile can be calculated through the equation
D � −�λ∕c� · �d2neff∕dλ2�, where neff is the effective refractive
index. Considering material dispersions of As2S3 and BCB, the
dispersion value of the waveguide as a function of wavelength is
obtained using the finite element method. The evolution of
GVDs of the quasi-TE and TM modes is shown in Fig. 6(a),
indicating that the quasi-TMmode is anomalous over the telecom
band. According to the recipe of the ChG waveguide in
Section 3.B, we fabricated the dispersion-engineered ChGmicror-
ings. Figure 6(b) plots the transmission spectrum of the ChG mi-
croring with the BCB cladding by thermal reflowing. To faithfully
reveal the most probable intrinsic loss κ0∕�2π� of our ChG mi-
croring, we measured the statistical distribution of κ0∕�2π� ex-
tracted from many resonances, as shown in Fig. 6(c). The
value of the histogram is mainly concentrated at 150MHz, which
indicates the intrinsic Q-factor (Qin) is 1.33 × 106. As shown in
Table 3, it is the highest Q-factor reported by the As2S3 resonator
with dispersion design as far as we know. The propagation loss α
(in cm−1) is calculated by α �2πng∕�Qλr�, where λr and ng de-
note the resonant wavelength and the group index, respectively.
The group index is inferred from the free spectral range (FSR),
which is calculated by ng� λ2r ∕�L · FSR� and the L is the round-
trip length of the resonator. According to the SEM images of
As2S3 MR in Figs. 6(e) and 6(f), the cross-sections of the bus
waveguide and the MR are 1.2 μm × 0.85 μm and
2 μm × 0.85 μm, respectively. The diameter of the microring
is 200 μm, corresponding to the FSR of 183.3 GHz (TM00).
Therefore, the waveguide propagation loss is around 0.18 dB/
cm through the measured Q-factor and FSR.

Table 3 shows the comparison of different ChG platforms
for nonlinear photonics. Here, we use the attenuation-related
FOMα defined by γ∕α [35] and TPA-related figure of merit
(FOMTPA , defined by n2∕α2λ, β is the TPA coefficient). Ta
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We should note that fabricating low-loss waveguides and mi-
crorings has been demonstrated for several ChGs. At the same
time, our works now offer both high FOMα and FOMTPA

among dispersion-engineered ChGs devices, and especially
the highest value of FOMα has been achieved.

D. OPO in the High Q-Factor ChG Microrings
Here, we experimentally demonstrate an OPO process in the
improved As2S3 ChG microring. An experimental setup is
shown in Fig. 7(a). A continuous-wave (CW) as pump light
was generated through a tunable laser (Toptica CTL 1550).
The pump light was amplified by an erbium-doped fiber ampli-
fier and subsequently attenuated by a variable optical attenuator
to control the input power. The polarization of pump light was
aligned with polarization controllers (PCs) to TM polarization of
the ChGwaveguide. Finally, the output was detected by a photo-
electric detector (PD), and the OPO process was shown in an
oscilloscope. For OPO measurement, two inverse tapers were
fabricated for lensed fiber-chip-lensed fiber couplers to achieve
the fiber-to-chip coupling loss of 3.5 dB per facet. The result
of the OPO spectrum was recorded by an optical spectrum ana-
lyzer. Figure 7(b) shows the OPO spectrum of such a 183 GHz
resonator operated at 7 mW, where primary sidebands at
�28-FSR spaced from pump mode can be observed. To deter-
mine the threshold power of the OPO process, we measured the
output power of the first generated sideband for different pump
powers in Fig. 7(c). The threshold power is around 5.41 mW,
which is comparable with the calculated threshold power of
5.03 mW by considering this expression [29]:

Pth ≈ 1:54
π

2

1

η

n
n2

ω0

D1

A
Q2

l
,

where η�Qc∕Ql is the coupling factor (Qc , Ql are coupling
and loaded quality factor, respectively), n, n2 are linear and non-
linear indices (n2 � 3.0 × 10−18 m2∕W [8]), D1 � 2π · FSR,
ω0 refers to the angular frequency of pump light, and A is

the resonator’s effective mode area. The large Kerr coefficients
of the ChG significantly increased the overall Kerr nonlinearity
of the device, and the OPO process is significantly enhanced
compared with a conventional microcavity of the silica and sil-
icon nitride (Si3N4) with an identical Q-factor [40,41].

5. CONCLUSION

An in situ light-induced annealing method was proposed to im-
prove stability and robustness of the ChG films. Moreover, the
dispersion-engineered As2S3 microring resonator with a Q in of
1.33 million at 1550 nm was achieved through an improved
ChG waveguide fabrication process. In ChG MR with a high
Q-factor and stability, an OPO with a threshold power as low as
5.41 mW was experimentally demonstrated for the first time.
Our work will promote the on-chip optical parametric ampli-
fication and oscillation applications in an ultrabroadband wave-
length using ChG MRs with a broad transparency window.
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