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Abstract： 20 

Photonic integrated microcombs have enabled advanced applications in optical 21 

communication, microwave synthesis, and optical metrology, which in nature unveil an 22 

optical dissipative soliton pattern under cavity-enhanced nonlinear processes. The most 23 

decisive factor of microcombs lies in the photonic material platforms, where materials with 24 

high nonlinearity and in capacity of high-quality chip integration are highly demanded. In 25 

this work, we present a home-developed chalcogenide glasses-Ge25Sb10S65 (GeSbS) for the 26 

nonlinear photonic integration and for the dissipative soliton microcomb generation. 27 

Compared with the current integrated nonlinear platforms, the GeSbS features wider 28 
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transparency from the visible to 11-μm region, stronger nonlinearity, and lower thermo-29 

refractive coefficient, and is CMOS compatible in fabrication. In this platform, we achieve 30 

chip-integrated optical microresonators with a quality (Q) factor above 2×106, and carry out 31 

lithographically controlled dispersion engineering. In particular, we demonstrate that both 32 

a bright soliton-based microcomb and a dark-pulsed comb are generated in a single 33 

microresonator, in its separated fundamental polarized mode families under different 34 

dispersion regimes. The overall pumping power is on the ten-milliwatt level, determined by 35 

both the high Q-factor and the high material nonlinearity of the microresonator. Our results 36 

may contribute to the field of nonlinear photonics with an alternative material platform for 37 

highly compact and high-intensity nonlinear interactions, while on the application aspect, 38 

contribute to the development of soliton microcombs at low operation power, which is 39 

potentially required for monolithically integrated optical frequency combs.  40 
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Introduction 41 

Integrated nonlinear photonics have combined nonlinear optics with state-of-the-art 42 

photonic integration and have unprecedentedly promoted light-matter interactions in terms 43 

of efficiency, bandwidth, and coherence1-6. They have enabled revolutionary techniques 44 

including chip-integrated optical frequency combs (OFCs)5, 7, ultra-high bandwidth electro-45 

optical modulation2, and chip-scale quantum optics8. Of particular interest is the dissipative 46 

soliton-based OFCs in photonic integrated microresonators, which can be generated at a 47 

low pump power9 and have a broad bandwidth with fully coherent laser lines, benefiting 48 

from cavity-enhanced nonlinear efficiency and the lithographically controlled dispersion 49 

engingeering7. To date, they have enabled various advanced applications, including massive 50 

parallel optical telecommunication10-12, low-noise microwave synthesis13, parallel LiDAR14, 
51 

15, photonic neuromorphic computing16, and other photonic functionalities3, 17, 18 for chip-52 

scale time and frequency measurements.  53 

Tremendous nonlinear material platforms have been developed to realize high-54 

performance soliton microcombs7. Recent advances have witnessed several material 55 

platforms that could successfully support integrated soliton microcombs, such as silicon 56 

nitride (Si3N4)6, 19, 20, high-index doped silica (Hydex)11, 21, aluminum nitride (AlN)22, 23, 57 

gallium nitride (GaN)24, lithium niobate (LiNbO3)25-27, silicon carbide (SiC)8, 28 as well as 58 

AlGaAs9, 29 on insulator. Amorphous Si3N4 seems to be particularly fruitful in soliton combs, 59 

which has wide transparency, free from two-photon absorption (TPA), higher nonlinearity 60 

(2.4 × 10-19 m2/W) than Hydex, and has supported record-high quality (Q) factors in 61 

integrated microresonators6. On another aspect, semiconductor platforms such as AlGaAs 62 
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on insulator could introduce even higher nonlinearity to reduce the pump power of soliton 63 

combs to sub-milliwatt (mW) level9. Crystalline-based platforms including AlN and 64 

LiNbO3 introduce extra quadratic nonlinearities to generate the ultra-broadband soliton 65 

combs, which are potentially required for the self-referencing of microcombs22, 30. 66 

Particularly, most recently, monolithic microcomb chips have been developed based on the 67 

hybrid integration of such high-Q microresonators with III-V lasing chips, which are prone 68 

to be fully integrated in realistic systems31, 32.  69 

Yet, limitations are also realized in operating such platforms for soliton combs with 70 

low pump power, compact and flexibility in high volume microcomb-chip fabrication. For 71 

instance, additional processes in the fabrication of Si3N4 thick films for bright soliton 72 

microcombs are required, including crack-mitigation, chemical-mechanical polishing, and 73 

high temperature anneals (exceeding 1100 oC) strategies33, 34. Crystalline platforms require 74 

the wafer-bonding process to be integrated on insulator substrates. In this way, the 75 

flexibility of performing dispersion engineering is reduced, and the yield of devices may be 76 

degraded as well6, 35. Additionally, semiconductor resonators usually feature a high thermo-77 

refractive coefficient (TOC), which may hinder the existence of soliton combs24, 29. As such, 78 

there exists a continuous motivation of seeking advanced material platforms, which could 79 

patch up the above issues and can be alternative to present platforms. In the meantime, 80 

while the current soliton microcombs are mostly designed and operated in the telecom band, 81 

it is equally essential for the material to open access in new wavelength regions for a 82 

broader range of microcomb applications, such as precise spectroscopy in the mid-infrared 83 

(MIR)36.  84 
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Here, we demonstrate a modified chalcogenide glasses (ChGs)4, 37, 38 based photonic 85 

platform for soliton microcomb generation in high-quality and chip-scale microresonators. 86 

The material is Ge25Sb10S65 (GeSbS) that inherits the ultrabroad transmission window with 87 

absence of TPA, large refractive index and Kerr nonlinearity37-42 of ChGs, and shows 88 

flexibility in photonic integration on silicon-based chips43-45. In the meantime, with 89 

modified compounds, GeSbS could overcome existing problems of As-based ChGs, and 90 

features an improved laser damage threshold (LDT) with a reduced TOC. We fabricate chip-91 

integrated GeSbS microresonators with an intrinsic Q-factor above 2×106, and demonstrate 92 

the generation of both the bright dissipative soliton microcombs and the dark pulse 93 

microcombs. In particular, the two microcomb regimes can be implemented in a single 94 

microresonator in the two fundamental polarized mode families that are lithographically 95 

engineered to induce normal and anomalous dispersive effects. Given a high Q-factor and 96 

high nonlinearity of the microresonator, the soliton comb is supported with a low pump 97 

power on the 10-mW level, which is prone to implementing monolithic frequency comb 98 

chips for integrated metrology applications, such as compact dual-comb spectrometers and 99 

MIR spectroscopy. 100 

 101 
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Fig.1 Nonlinear Chalcogenide photonic chip for soliton microcomb. (a) Schematic illustration of soliton 103 

microcomb generations in an integrated ChG microresonator, including dark and bright soliton combs in the TE00 104 

and TM00 modes. (b) Scanning electron microscopy (SEM) image of a GeSbS microresonator with a radius of 100 105 

μm with an integrated pulley bus waveguide. (c) Photograph of a fabricated 1 cm×1 cm GeSbS photonic chip 106 

comprises several microresonators with different structural parameters. (d) Measured transparency window and 107 

refractive index of the GeSbS bulk material. Inset: photograph of the GeSbS film (left) and the measured LDT at 5 108 

different positions of the film using the femtosecond pulse laser(see materials and methods part)r, respectively (right). 109 

(e) Measured Tauc's plot for bandgap determination of GeSbS film. (f) Z-scan (close aperture) trace for nonlinear 110 

refractive index determination of GeSbS film. 111 

 112 

Results 113 

Nonlinear GeSbS photonics for soliton microcomb generation.  114 

Figure 1a illustrates the schematic of ChG photonic chip-based soliton microcomb 115 

generation. With precise dispersion engineering on a high-Q GeSbS microresonator, both a 116 

bright soliton-based microcomb and a dark pulse-based comb can be generated in the same 117 

microresonator in different fundamental polarized mode families. In detail, the bright 118 

soliton comb is in the TM00 mode family that shows anomalous Group velocity dispersion 119 
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(GVD), and the dark pulse comb is in the TE00 mode family with normal GVD. The material 120 

platform is amorphous GeSbS (Ge25Sb10S65), which can directly adhere to the crystal 121 

substrates by thermal evaporation at a low temperature (less than 350 oC)24. The material 122 

also features a high laser damage threshold (ca. 820.7 GW/cm2), strong Kerr nonlinearity 123 

(1.4×10-18 m2/W at 1550 nm)46, large linear index (n0~2.2), large bandgap (2.64 eV), 124 

ultrabroad transparency (from 0.5 μm to up to 11 μm, no TPA), and a relatively low thermo-125 

optic coefficient (ca. 3.1 × 10-5/K, see Fig. 4a).   126 

0.241 nm

1. ChGs depositing 2. Film annealing 3. Waveguide patterning 4. Resist reflowing 5. Optimized dry etching

Resist ChGs

SiO2 Si

6. Cladding depositing

0.623 nm
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 127 

Fig.2 Fabrication of high Q-factor GeSbS microresonators. (a) Fabrication processes for achieving high Q 128 

integrated microresonators. (b), (c) 3D Atomic-force microscopy (AFM) images of GeSbS film in 5 × 5 μm2 area on-129 

chip before and after the annealing process at 350 oC. (d-g) SEM images of the sidewall of the waveguides before 130 

and after the improved dry etching process, the pulley coupling structure, and the cross-section with a silica cladding 131 

waveguide, respectively. In (f), a compact photonic chip was demonstrated with the optimized coupling efficiency of 132 

-3.5 dB (45 %) per facet at 1550 nm using inverse taper couplers at the chip edge. 133 

 134 

Fabrication of high Q-factor GeSbS microresonators.  135 

The lack of sufficiently high Q in ChG platforms has limited the ability to harness their 136 

dramatic material properties for nonlinear optics applications9. The surface roughness is 137 
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critical for achieving high Q-factor photonic integrated devices34. An improved waveguide 138 

fabrication process was provided to minimize the surface roughness of the top and sidewall 139 

of the microresonators, including optimized thermal-annealing of ChG film, thermal-140 

refluxing the patterned mask-layer, transferring the pattern by an optimized plasma etching 141 

process, see Fig. 2a. The thermal annealing process is an effective and straightforward 142 

method to remove the surface roughness of amorphous GeSbS film. The root-mean-squared 143 

(RMS) roughness is decreased from 0.62 nm of the as-deposited film to 0.24 nm of the film 144 

annealed at 350 oC correspondingly. Moreover, we focused on reducing scattering loss from 145 

in-situ polymer formation on the sidewall of waveguides by optimizing the dry etching 146 

process16. An optimized CF4/CHF3/Ar gas-based reactive ion etching and inductively 147 

coupled plasma (RIE-ICP) etching recipe was successfully achieved for smoother sidewalls 148 

of the microresonator by adjusting the flow of O2 and CF4 gases34, 46, see Fig. 2d and 2e. 149 

Based on the abovementioned processes, the top and sidewall surfaces of the 150 

microresonator could still be smooth after the resist removing, see Fig. 2f. As a result, a Q-151 

factor of more than 106 was achieved, in contrast to the Q-factor of GeSbS microresonator 152 

with the same geometric dimensioning using the previously reported RIE-ICP etching 153 

recipe was only 105 level47. Moreover, the cross-section of the waveguide presents an 154 

almost vertical sidewall (see Fig. 2g), which is beneficial for accurate geometry dispersion 155 

control.  156 
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Fig.3 Characterization of high Q-factor GeSbS microresonators with TE00 resonances (a-e) and TM00 158 

resonances (f - j), respectively. (a), (f) The calculated and measured resonator dispersion for TE00 and TM00 modes 159 

with a radius of 100 μm, and the cross-section is 2.4 m × 0.8 m (width × height), respectively. The measured FSR 160 

(D1/2π) is 200 GHz, 197 GHz, fitted GVD (D2/2π) is -8.2 MHz, 2.1 MHz for TE00, TM00 mode, respectively. (b), 161 

(g) The measured transmission spectra at 1556 nm and 1555 nm, revealing full-width-at-half-maximum (FWHM) to 162 

be 144 MHz and 204 MHz from the Lorentz fitting curves. (c), (h) the corresponding mode profiles. (d), (i) 163 

Histogram of intrinsic linewidths. (e), (j) The output power of the first generated FWM sideband as a function of 164 

input power. Insets: the measured output optical spectra, showing 3-FSR (FSR = 200 GHz) and 16-FSR (FSR = 197 165 

GHz) spaced 1st sidebands for or TE00 and TM00 modes, respectively.  166 

 167 

Characterization of high Q-factor GeSbS microresonators.  168 

Next, we systematically studied the dispersion, Q-factors, and OPO threshold powers 169 

based on GeSbS microresonators48. To further ensure accurate dispersion control of the 170 

waveguide, refractive index variation during the annealing process was also considered in 171 

device design, as shown in SI Fig. S1. Normal material GVD was exhibited in the telecom 172 

band (ca. -400 ps/nm/km at 1550 nm) by measuring the linear indices of GeSbS film, which 173 

had to tailor the waveguide dimensions to achieve strongly anomalous geometric GVD. In 174 
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the context of microresonators, the dispersion can lead to a deviation of resonances from 175 

equidistant mode spacing. The integrated dispersion Dint can express49: 176 

𝐷𝑖𝑛𝑡 = 𝜔𝜇 − 𝜔0 − 𝐷1𝜇 = 𝐷2𝜇22! + 𝐷3𝜇33! + ∑ 𝐷𝑚𝜇𝑚𝑚!  𝑚>3  177 

where μ, ωμ, and m are the relative mode numbers, angular frequencies of the resonances, 178 

and a positive integer, respectively. We experimentally measured the frequency difference 179 

using a fiber ring resonator and a fiber loop21. By analyzing the resonance variation from 180 

equidistant mode spacing, the D2/2π of TE00 and TM00 mode are -8.2 MHz and 2.1 MHz at 181 

the center frequency of around 193.4 THz, see Fig. 3a and 3f. Considering the material 182 

dispersion of GeSbS and SiO2, the microresonator dispersion as a function of relative mode 183 

numbers was also calculated by means of the finite element method (see Materials and 184 

methods). The simulated integrated dispersion profiles for both the TE00 and the TM00 mode 185 

families are shown in Fig. 3a and 3f, which have a good agreement with the experimental 186 

measurements. The fluctuations of the thickness (ca. ±6.5 nm) and refractive index (ca. 187 

±0.0075) of the 4-inch ChG film are also considered in precise GVD control (see SI Fig. 188 

S1). 189 

The intrinsic Q-factor of our microresonators is typically above 106 for both mode 190 

families, see Fig. 3b and 3g. In a number of microresonator samples on the same fabrication 191 

batch, all the resonances within the measurement range (1510-1630 nm) are characterized, 192 

which show a mean value of Q-factor of ca. 1.97×106 for the TE00 mode family and ca. 193 

1.38×106 for TM00 mode family, see Fig. 3d and 3i. The pump threshold for OPO in such 194 

high-Q microresonators was also characterized by measuring the output powers of the first 195 

generated FWM sidebands with different input power, which for a pair of selected TE00 and 196 



 11 / 22 

 

TM00 modes are 1.3 mW and 3.5 mW, respectively. Moreover, in a 20 μm-radius 197 

microresonator, the measured threshold power can be as low as 0.78 ± 0.1 mW (see SI Fig. 198 

S3 ), as it is scaled by the free spectral range (FSR) of the resonator:   199 

Pth=
π
8

n
n2

ν0

νFSR

Aeff

Qi
2 ×

(1+κ)3

κ         (2) 200 

where n is the linear, n2 is the nonlinear refractive index, ν0 is the pump frequency νFSR 201 

is FSR of the resonator, Aeff is the effective mode area of the resonator, the coupling factor 202 

κ= κex κi= Qi Qc⁄⁄  , κex is the coupling rate, and κi is the intrinsic rate of the resonator, 203 

respectively. Given that n2 has been experimentally measured to be 1.3×10-18 m2/W (which 204 

is almost five times higher than that of Si3N4), we noticed that the calculated threshold 205 

power is in good agreement with the measured value, namely the estimated power is 0.72 206 

mW (TE00, 20 μm-radius), 1.4 mW (TE00, 100 μm-radius) and 3.4 mW (TM00, 100 μm-207 

radius), respectively.  208 
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Fig.4 Bright soliton comb generation in a GeSbS microresonator. (a) Measured resonator frequency shift versus 210 

temperature for determining TOC of GeSbS resonators. (b) Transmission spectrum of the resonance when a laser is 211 

swept. The "soliton step" can be observed, indicating a transition to soliton state. (c) Intensity noise spectrum of MI 212 

comb state and soliton states displayed in an electrical spectrum analyzer (ESA). (d) Mode-locked bright soliton 213 

comb generation as the pump laser is red-detuned into the cavity resonance (top to bottom), the pump power is fixed 214 

at ca. 20 mW. The single soliton was fitted with a sech2 envelope (dashed dark line), indicating an estimated duration 215 

of 61 fs. The green arrow shows Raman-induced redshift of the soliton spectrum concerning the pump line. 216 

 217 

Generation of soliton microcombs in GeSbS microresonators   218 

We measured the mode-locked soliton comb operations to demonstrate the advance of 219 

our GeSbS platform for microcomb formations. Because high thermo-optical instability is 220 

challenging for accessing soliton in resonators35, 50, a lower TOC (dn/dT , where T is 221 

temperature) is beneficial. We measured the thermal-optic shift of the resonance frequency 222 

when heating the entire chip, see Fig. 4a. From the fitting of temperature-frequency data, 223 
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we determined TOC utilizing the equation: 224 

dn
dT  ≈ -

n
υ

dυ
dT  ≈ 3.1×10-5 K-1    (3) 225 

Such a TOC value is comparable to that of Si3N4 (2.4×10-5 K-1) and is around one order 226 

of magnitude lower than that of AlGaAs (3.6×10-4 K-1) and GaN (ca. 10-4 K-1 ). We applied 227 

the laser tuning method to form the soliton microcomb. The experimental setup for soliton 228 

generation and characterization is shown in SI Fig. S4. During the laser scan process, 229 

primary comb separated by 16-FSR (FSR = 197 GHz) and modulation instability (MI) 230 

combs were first observed when the pump light was located at the blue-detuned side of the 231 

resonance (see Fig. 4d, top and middle). A "soliton step" was observed when the laser was 232 

tuned to the red-detuned side, indicating the formation of the dissipative solitons in the 233 

cavity51, see Fig. 4b. By stopping the laser frequency on the step and slightly adjusting the 234 

detuning, a single-soliton-state microcomb was observed with a wavelength span from 1440 235 

nm to 1680 nm (see Fig. 4d, bottom). Simultaneously, the drastic reduction of intensity 236 

noise of output light shows the transition to a soliton regime with low noise (see Fig. 4c). 237 

The soliton duration can be estimated from its 3-dB bandwidth as 61 fs by fitting the final 238 

spectrum of a single soliton state with a sech2 envelope. We also observed the Raman effect-239 

induced soliton red spectral shift (ca. 1.2 THz in the present case) concerning the pump line 240 

(the green arrow in Fig. 4d)52. As a result, the lower TOC coefficient and low comb 241 

operation power persuade the stable soliton microcombs generations in our GeSbS 242 

microresonator without complex laser tuning schemes or auxiliary lasers24. 243 
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 244 

Fig.5 Dark-pulse comb generation in a GeSbS microresonator. (a) Mode structure of the same GeSbS 245 

microresonator in TE00 mode. Solid and dashed lines show the simulated integrated dispersion for TE00 and high-246 

order modes. Blue circles represent the measured integrated dispersion of the TE00 mode. The overall mode displays 247 

normal dispersion, D2/2π = -8.23 MHz, while at μ = -4 (corresponding to ca. 1543 nm), the dispersion changes locally 248 

to form the mode crossing. Inset: Zoom-in transmission spectrum at μ = -4. (b) Normalized comb power when the 249 

laser was scanned from the blue side to the red side. (c) The measured output optical spectra of dark-pulse combs at 250 

different stages as indicated in (b), black line denotes the simulated spectrum in stage III. (d) Simulated time-domain 251 

intensity profile, showing a dark pulse property and the duty cycle of the solitary wave is ca. 27.4 %. (e) Low-intensity 252 

noise spectrum of the microcomb measured in a photodiode.  253 

Moreover, given that the TE00 mode family is in the normal dispersion regime, we 254 

further test the possibility of dark pulse-based comb generation in the GeSbS 255 

microresonator. Compared with the bright soliton comb in the anomalous dispersion regime, 256 

the dark-pulse comb could feature a higher conversion efficiency, while its generation 257 

usually requires a localized anomalous effect to initiate the sideband comb modes. By 258 

careful analysis of our microresonators, we notice that there exist several localized mode 259 

coupling positions in the mode spectrum of the resonator, as indicated by FEM mode 260 
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calculations, by the coupling between the fundamental TE00 mode (solid line) and high-261 

order modes (dashed lines), see Fig. 5a. The mode coupling would lead to avoided mode 262 

crossings (AMXs) on the mode spectrum and introduce localized anomalous effect to the 263 

mode where the coupling occurs1. In this way, we may choose to pump an AMX mode for 264 

dark-pulse comb generation using the laser tuning scheme. 265 

In experiment, the TE00 mode of the microresonator shows an overall normal GVD of 266 

D2/2π = -8.23 MHz, and the selected AMX mode is at 1543 nm. The comb generation was 267 

observed by manually tuning the laser from the blue side to the red side of the resonance 268 

when the pump laser was launched into the bus waveguide with 25 mW (see Fig. 5b). The 269 

comb power trace shows three steps during the laser tuning process, associated with the 270 

different states of the microcomb in normal dispersion region53. Figure 5c shows the 271 

evolution of the output optical spectra. At stage I, 3-FSR spaced comb lines were initially 272 

observed. Next to stage II, the bandwidth was increased with further tuning the pump 273 

frequency, and a flat wing at 1578 nm was formed. Finally, when the pump laser was 274 

stopped at stage III, we obtained the microcomb covering the range from 1510 nm to 1590 275 

nm with a repetition rate of ca. 200 GHz. As a critical factor, the measure power conversion 276 

efficiency (CE = Pother
out /Ppump

in , where  Pother
out  is the sum of all comb lines excluding the pump 277 

and Ppump
in   is the input power on-chip) is around 21.8%, which could be improved by 278 

optimizing the coupling structure or introducing coupled-microresonator geometry for 279 

dynamic adjustment of AMXs based on our GeSbS ChG platform8. 280 

Meanwhile, we performed numerical simulations based on the Lugiato-Lefever 281 

equation (LLE) model54. As a result, the simulated waveform is in good agreement with the 282 
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experimental result, see Fig. 5c and 5d. In addition, the duty cycle of the temporal dark-283 

pulse pattern is simulated to be around 27.4%, which is also close to the measured 284 

conversion efficiency54, see Fig. 5d. Moreover, the comb was assessed on the low-285 

frequency spectrum in the radio-frequency (RF) domain and showed a low-noise figure.  286 

 287 

Conclusion 288 

We have presented an integrated nonlinear photonics platform for soliton microcombs 289 

based on our home-developed GeSbS microresonators, which featured high Q-factor up to 290 

ca. 2.3×106, higher nonlinearity, low TOC, and high LDT. The OPO pump threshold as low 291 

as 780 μW was attained. We achieved completely different dispersion curves by precise 292 

dispersion engineering, with TE00 being normal dispersion and TM00 being anomalous 293 

dispersion, respectively. Moreover, both a bright soliton-based microcomb and a dark-294 

pulsed comb were realized in a single microresonator, in its separated fundamental 295 

polarized mode families with the ten-milliwatt pump power level. Our results pave the way 296 

that our homemade GeSbS is a robust and compact integrated nonlinear platform and 297 

reveals potential system-level applications by heterogeneously full-integrated on silicon, 298 

such as MIR frequency combs, and optical frequency synthesizers. 299 

Materials and Method 300 

Chalcogenide film deposition. High purity elements (99.9999% Ge, 99.9999% Sb and 99.9999% 301 

S) were used as the starting materials to prepare the Ge20Sb10S65 glass by the conventional melt-302 

quenching technique. The high purity Ge20Sb10S65 glass was fabricated by modified physical and 303 

chemical purification techniques55, which was used as the starting glass for ChG film. The thermal 304 
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evaporation method was used to deposit the Ge20Sb10S65 film on Si substrates with a 3 μm SiO2 layer in 305 

a vacuum chamber at a base pressure of 7×10-6 Pa. The substrates were mounted on a rotatable hold and 306 

pretreated using Ar plasma to improve the adhesion between the films and substrates. The evaporation 307 

rate was set to approximately 5-6 nm/min.  308 

Microresonator fabrication. As illustrated in Fig. 2a, a layer of GeSbS (850 nm) was deposited on top 309 

of Si substrate with a 3 μm SiO2 layer. The chip was put into a vacuum furnace and processed at 350 ℃. 310 

It was then coated with a photoresist (ARP-6200) with a thickness of ca. 800 nm and patterned by 311 

electron beam lithography (EBL). After development, a thermal reflow process was applied on a hotplate 312 

at 140 ℃ for 3 mins to remove the roughness of the sidewalls of the patterns. RIE with CF4/CHF3/Ar 313 

gas chemistries was then applied to transfer the patterns to the GeSbS layer. Afterward, an ICP-RIE was 314 

used to remove the residual resist. Finally, the sample was clad with 3-μm-thick SiO2 by ICP-CVD 315 

deposition at 300 ℃. The inverse tapers and microresonator were simultaneously prepared under the 316 

same fabrication conditions, achieving the lowest coupling loss of -2.3 dB (45 %) per facet at 1550 nm. 317 

Characterizations of LDT, Q factor, dispersion-engineering, and comb generations. The LDT was 318 

measured using a similar method56 that the Ge20Sb10S65 films were shined with a femtosecond laser from 319 

an optical parametric amplifier (Coherent, Opera-HP) with a repetition rate of 10 kHz, a center 320 

wavelength of 1550 nm, and a pulse width of 250 fs. The laser was focused on a spot size of 200 μm on 321 

the top surface of the ChG film by a CaF2 lens with a focal length of 50 mm. The temperature was 322 

stabilized at 30 oC to minimize the temperature drift-induced resonance shift. A continuous-wave tunable 323 

laser (Keysight 81606A) was used to characterize the linear properties of microresonators.  324 

To characterize the dispersion of GeSbS microresonators, a fiber ring resonator consists of an 325 

optical coupler with a splitting ratio of 90:10, and a fiber loop with a length of ~ 10 m was utilized to 326 
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calibrate the frequency difference21. The probe light was divided into two channels (passing through the 327 

GeSbS resonator and the fiber ring resonator, respectively). Then, they were received by two 328 

photodetectors (New Focus, Model 1811FC) monitored by an oscilloscope (Keysight, DSOS404A) to 329 

record transmission traces.  330 

For Kerr frequency combs generation, a C-band continuous-wave tunable laser (Toptica CTL 1550) 331 

was amplified by an erbium-doped fiber amplifier (EDFA) (Amonics, AEDFA-33-B-FA), the output 332 

light was split into three parts, see SI Fig. S4. One was recorded by an optical spectrum analyzer (OSA) 333 

(YOKOGAWA AQ6370D). The second was detected by a photodetector, which was monitored by an 334 

electrical spectrum analyzer (ESA) (Agilent N9030A) for determining the intensity noise of the 335 

generated comb. The third part was received by a photodetector, which was monitored by the 336 

oscilloscope for recording the power trace of pump light. 337 
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