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This document provides supplementary information to “Soliton Microcombs in 8 

Integrated Chalcogenide Microresonators”, including the properties of GeSbS wafers, 9 

design of integrated pulley bus waveguide, AMX point of 20 μm-radius 10 

microresonators and OPO threshold of 100 μm-radius microresonators, the 11 

experimental setup for microcomb generation and characterization, and the 12 

experimental spectrum of the microcomb with a 50-GHz repetition rate. 13 

 14 

S-1. The properties of GeSbS wafers 15 

To ensure the robust dispersion engineering for comb generation, we firstly measured 16 

the refractive index before/after the annealing process using a spectroscopic 17 

ellipsometer (Fig. S1a). Moreover, we characterized the uniformity of film thickness 18 

and refractive index across the 4-inch wafer, as shown in Fig. S1b, S1c. The fluctuations 19 

in the thickness (ca. ±6.5 nm) and refractive index (ca. ±0.0075) of the 4-inch ChG film 20 

are enough to support an on-chip, compact photonic integrated circuit for the nonlinear 21 

optics applications. For low-loss nanophotonic applications, we also paid attention to 22 



the reduction of surface roughness of the GeSbS thin film. The minimal root-mean-23 

square surface of 0.241 nm in a 5×5 μm2 region can be obtained after 350 oC-thermal 24 

annealing process, see Fig. S1d. 25 

 26 

Fig.S1 (a) Measured refractive index of the GeSbS film before/after annealing process as a function 27 

of wavelength. Using a spectroscopic ellipsometer, Wafer-scale (b) thickness and (c) refractive 28 

index mapping of a 4-inch GeSbS wafer. (d) Surface roughness characterization of the GeSbS film 29 

for as-deposited, after thermal-annealing at 300 oC, 350 oC, and 400 oC with 14 hours. 30 

 31 

S-2. The design of integrated pulley bus waveguide 32 

We designed an integrated pulley bus waveguide for two purposes. Firstly, for high 33 

Q-factor microresonators, any residual material in the coupling region will introduce 34 

parasitic loss1, while the typical coupling gap is a few hundred nanometers for efficient 35 

coupling, especially critical coupling state. After fully etching a microresonator and bus 36 

waveguide, there will be some GeSbS material in the coupling region for a 200-nm gap 37 

which induces extra scattering (Fig. S1 (a)). Over etching can be utilized to remove the 38 

residual material in the coupling region, while too much etching will also cause 39 



additional roughness on the sidewall. An integrated pulley bus waveguide can 40 

significantly increase gaps with similar coupling efficiency compared to the 41 

conventional point coupling structure (see Fig. 2f in the main manuscript). Secondly, 42 

such a multimode microresonator supports many high-order transverse modes. The 43 

pulley bus waveguide can ensure ~90% of the input power propagates in the 44 

fundamental mode without exciting the higher-order modes. Fig. S1 (b) shows the 45 

normalized power in each mode normalized by the total power coupled from the bus 46 

waveguide to the resonator using the full 3D finite-difference time-domain simulations 47 

(Lumerical FDTD). The simulation shows the comparison between the pulley coupling 48 

and conventional point coupling structure. The result shows that at 1550 nm in the 49 

pulley coupling structure, the power in the higher modes is almost 6 dB lower than that 50 

in the conventional point coupling structure. 51 

 52 

Fig.S2 (a) The SEM images of the cross-section for different etching widths under the same etching 53 

condition. (b) Simulations of mode excitations normalized by the total power from the bus 54 

waveguide to the resonator for pulley coupling and conventional point coupling structures. Pulley 55 

coupling structure: PW=1170 nm, angle=30°, W=2400 nm, H=850 nm, radius=100μm, gap=600 56 

nm.  57 



S-3. AMX point of 20 μm-radius microresonators and OPO threshold of 100 μm-58 

radius microresonator 59 

The integrated dispersion curve can be used to characterize the existence of avoided 60 

mode crossing (AMX), as shown in Fig. S3 (a), the frequency shift of mode number 61 

μ=5 can be observed, which means the locally modified dispersion of the TE00 modes 62 

and leads to a local anomalous dispersion. Therefore, it is possible to achieve the 63 

frequency matching and generate OPO, see Fig. 3(h) in the main text. We character the 64 

OPO threshold power of the 20 μm-radius resonators, which is around 0.78 ± 0.1 mW 65 

(Fig S3 (b)). In this case, the 1st sideband spaced by 1-FSR (FSR ≈ 1THz) can be 66 

obtained (Inset in Fig S3 (b)). 67 

  68 

Fig.S3 (a) Measured integrated dispersion of 20μm radius microresonator, the main 69 

mode displays normal dispersion, while at mode number μ = 5 the dispersion changes 70 

locally due to the avoided mode crossing (AMX) effect. (b) The output power of first 71 

generated FWM sideband as a function of input power, in this device (radius = 20 um, 72 

W × H = 2.4 m × 0.8 m., κi/2π = 118 MHz, κc/2π = 100 MHz), parametric oscillation 73 

occurs for a pump power of 0.78 ± 0.1 mW (indicated by the solid green vertical line). 74 

The inset is measured output optical spectrum for input power of ca.780 μW. 75 

 76 

S-4. Experimental setup for microcomb generation and characterization 77 

To generate the soliton combs, an external cavity diode laser (ECDL) was used as 78 



the pump, whose power was amplified by an erbium-doped fiber amplifier (EDFA). 79 

The fiber polarization controller was used to adjust the polarization of pump light to 80 

align the TE/TM modes of the on-chip microresonators. Two lensed fibers were used 81 

to realize effective coupling between the fiber and chip. The device output was 82 

attenuated via a variable optical attenuator (VOA), and was then divided into three parts, 83 

one is recorded by an optical spectrum analyzer (OSA) to characterize the comb 84 

spectrum, one is detected by an oscilloscope to record the transmission trace of the 85 

pump light. The last one was first passed through the wavelength-division multiplexer 86 

(WDM) with the bandwidth of 70 nm to filter the comb lines and then was detected by 87 

an electronic spectrum analyzer (ESA) to measure the intensity noise spectrum. 88 

 89 

Fig.S4 Setup for the microcomb generation and characterization. ECDL: external cavity diode laser, 90 

EDFA: erbium-doped fiber amplifier, FPC: fiber polarization controller, VOA: 91 

variable optical attenuator, OSA: optical spectrum analyzer, OSC: oscilloscope, WDM: 92 

wavelength-division multiplexer, ESA: electronic spectrum analyzer. 93 

 94 

S-5 Experimental spectrum of the microcomb with a 50-GHz repetition rate 95 

Recently, frequency comb operation at microwave domain is highly appropriate for 96 

massively parallel wavelength-division multiplexing, optical frequency division and 97 

Raman spectral imaging [2-4]. Using the GeSbS microresonator featuring a larger 98 



radius of 400 μm and anomalous GVD, here we demonstrated the microcomb 99 

generation at 49.1 GHz repetition rate, with ~50 mW pump power on-chip. Although 100 

the comb state is noisy due to larger mode volume with more significant thermal effect 101 

so far, advanced pump tuning technique can be used to access soliton state.  102 

 103 

Fig.S5 Measured microcomb spectrum with 50 GHz repetition rate in a GeSbS microresonator 104 

(radiu = 400 μm, width × height = 2.4μm × 0.8 μm). The pump power is ~ 50 mW on-chip. 105 

 106 
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