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Comb source design for parallel data transmission
Low propagation loss is the prerequisite for generating the nonlinear microcomb, which is mainly determined by the foundry's manufacturing processes. The loss of the 400-nm-thick Si3N4 waveguide is ~ 0.04 dB/cm, as utilized in our design. We theoretically investigated the influence of the coupling ratio between the bus waveguide and the microring and the GVD of the microring waveguide on the conversion efficiency and the -5-dBm optical bandwidth of the generated dark soliton. The conversion efficiency is defined as the ratio between the power of all the comb lines excluding the pump line and the input pump power in the bus waveguide. The -5-dBm optical bandwidth is defined as the wavelength range where the on-chip power of all the lines exceeds -5 dBm (-10 dBm off-chip optical power, considering a total 5 dB coupling and link loss). 
 The key parameters in the simulation are as follows: the decay rate is 0.0013, the normal GVD (𝛽2) is 608.6 ps2/km and the radius of the microring is 246 m. These parameters were extracted from the measured microring, as we will elaborate on later. As demonstrated previously [1, 2], over-coupling is essential for the generation of high-conversion-efficiency dark soliton microcomb. Therefore, we varied the power coupling ratio from 0.002 to 0.03 to make sure over-coupling can be obtained. As shown in Fig. S1A, when the power coupling ratio is in the range of 0.012 to 0.026, the conversion efficiency of the dark soliton microcomb exceeds 50%. Besides, the evolution trend of the -5-dBm optical bandwidth is consistent with the conversion efficiency since the conversion efficiency controls the power level of the comb lines. Figure S1B illustrates the effect of the dispersion on the conversion efficiency and the -5-dBm optical bandwidth. In this simulation, the power coupling ratio of the microring is 0.01. When 𝛽2 is varied from 100 ps2/km to 1000 ps2/km, the conversion efficiency only increases from 40% to 50.2%, which means 𝛽2 has a lower impact on the conversion efficiency compared with the power coupling ratio. In contrast to the monotonic change of the conversion efficiency, the -5-dBm optical bandwidth firstly increases with 𝛽2, and reaches a maximum of 30 nm when 𝛽2 is around 600 ps2/km. With a further increase in 𝛽2, the -5-dBm optical bandwidth decreases accordingly. We attribute this trend to the significant impact of 𝛽2 on the spectral shape of the dark soliton microcomb.
Figure S1C shows the simulated spectra of the dark soliton microcomb under various 𝛽2. There exist two peaks on both sides of the spectrum (marked with black arrows), which are called quasi-phase-matched waves. These two peaks are related to the dispersion-related phase matching for the four-wave mixing (FWM) [3, 4]. The blue dotted lines denote the -5-dBm power level of the generated dark soliton microcombs. As can be seen, most of the high-power comb lines are located within these two peaks. When 𝛽2 is small, although the spectral spacing between two peaks is large, most comb lines cannot reach the -5-dBm power level. As 𝛽2 increases, these two peaks move toward the pump, and the number of comb lines between the two peaks decreases. Since the conversion efficiency also slightly increases with 𝛽2, the power of comb lines concentrated between the two peaks raises accordingly, which results in the increment of the -5 dB optical bandwidth. Further increment in 𝛽2 results in a decrease in the number of high-power comb lines, therefore reducing the -5-dBm optical bandwidth.
Figure S1D shows the simulated -5-dBm optical bandwidth with both the coupling ratio and 𝛽2 in the two-dimensional parameter sweep. The maximal -5-dBm bandwidth is 33 nm when 𝛽2 is near 550 ps2/km and the coupling ratio is in the range from 0.013 to 0.022. The -5-dBm bandwidth exceeds 25 nm in a wide range of 𝛽2 from 400 ps2/km to 900 ps2/km and the coupling ratio from 0.008 to 0.026, which can support more than 30 lines. The proper control of the power coupling ratio and the GVD value of the microring demonstrates a promising and reliable approach to constructing the dark soliton microcomb with both a high conversion efficiency and a broad bandwidth.
We further explored the effect of the waveguide dimensions on the coupling ratio as well as 𝛽2 based on the simulation from Lumerical FDTD and Mode solution, as shown in Figs. S1E and F. The optimal region with the -5-dBm bandwidth exceeding 25 nm is marked with a white dotted box, with a waveguide height ranging from 0.3 µm to 0.45 µm. Therefore, the Si3N4 film with a thickness of 400 nm is readily available to generate a dark soliton with a broad -5-dBm bandwidth. As for the coupling ratio, the height of the waveguides is set to 0.4 µm and the width of the microring waveguide is 2 µm. The optimal coupling occurs within the region where the bus waveguide width is between 1.1 µm to 2 µm and the gap ranges from 0.35 µm to 0.55 µm. The extensive range of the waveguide dimensions for constructing the microcomb with a broad -5 dBm bandwidth means the microring indicates its high fabrication tolerance, which is crucial for the mass production of the parallel WDM light source.
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Fig. S1. Comb source design with a high conversion efficiency and a broad high-power bandwidth.  (A, B) Simulated conversion efficiency (left) and -5-dBm bandwidth (right) as a function of (A) the power coupling ratio and (B) the normal GVD value. (C) Dark soliton spectra at the through port under various GVD values. The blue dotted lines mark the -5 dBm optical power. (D) Simulated -5-dBm bandwidth under various combinations of the coupling ratio and the GVD. (E) Simulated GVD under various microring waveguide widths and heights. (F) Simulated coupling ratio under various bus waveguide widths and gaps. The optimal regions are marked with white dotted boxes in (E) and (F).
Dynamics for dark soliton formation
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Fig. S2 Dark soliton comb generation dynamics and characterization. (a) Experimental setup for the dark soliton generation. PC: polarization controller; EDFA: erbium-doped fiber amplifier; PM: power meter; NF: notch filter; BPF: bandpass filter; OSA: optical spectrum analyzer; ESA: electrical signal analyzer; PD: photodetector. (b) Comb power traces under various pump powers of 29, 30, and 31 dBm. (c)-(e) I-III: Recorded comb spectra during the pump wavelength tuning under the pump power of (c) 29 dBm, (d) 30 dBm, and (e) 31 dBm, respectively. The corresponding pump wavelengths are marked with black arrows in (b). The insets show the low-frequency electrical spectra by filtering one of the comb lines.

We explored the formation of the dark soliton during the pump wavelength tuning process under various input pump powers. The experimental setup is shown in Fig. S2A. The amplified CW laser was coupled to the Si3N4 chip before being adjusted to the fundamental TE mode by a polarization controller. At the output, we measured the comb power, the low-frequency noise, and the comb spectrum. Figure S2B shows the measured comb power traces when the input pump powers are 29, 30, and 31 dBm, respectively. When the input pump power is 29 dBm, the mode-locked region of the comb power trace is near 3.7 GHz at around 1557 nm. As shown in Fig. S2C, comb state Ⅱ has a high low-frequency noise. When the pump laser is further tuned into state II, an abrupt reduction of the low-frequency noise is observed, which means it enters the mode-locked region. Finally, a typical dark soliton comb spectrum with pronounced wings is obtained at state Ⅲ. When the input pump power is increased to 30 dBm, the mode-locked region is extended to 6.5 GHz. Besides, we observed a breathing soliton comb at state II in Fig. S2D. As observed from the RF spectrum, there are several peaks with an equal spacing of 104 MHz which is the modulated frequency of the temporal pattern for the breathing soliton comb. However, as the input pump power is increased to 31 dBm, the mode-locked comb cannot be formed during the tuning process, and the generated frequency comb always has a high low-frequency noise, as shown in Fig. S2E. We attribute this phenomenon to the variation in AMX strength with input pump power, as the resonance shifts of the TE0 and TE1 modes differ due to the strong thermal effect in the high-Q microring resonator [5], impacting the formation of the dark soliton microcomb. Subsequent tests maintained the input power at 29 dBm.
Stability and frequency noise of dark soliton
We tested the long-term stability of the dark soliton microcomb. The comb can exist for more than 6 hours without any feedback due to the long mode-locked tuning region. Figure S3A shows the recorded power variation for each comb line in the on-chip -5-dBm bandwidth over 6 hours. The maximum power variation is 0.7 dB, and most of the comb lines have a power variation of less than 0.4 dB, which shows high stability of the generated dark soliton. We also measured the single sideband (SSB) frequency noise of the comb lines. We chose the comb lines that are symmetrically located at the 12th (Ch 5,29) and the 6th (Ch 11,23) spacings from the pump laser (Ch 17), and the measured frequency noises are shown in Fig. S3B. These symmetrically distributed comb lines have similar noise levels. Compared with the pump mode, the frequency noises of other comb lines are almost the same at the low frequency offset, but increase when the frequency offset is larger than ~ 2 kHz. The intrinsic linewidth of the comb lines increases two and four times for Ch 5,29 and Ch 11,23 compared to Ch 17, respectively, due to the thermal-noise-induced repetition rate instability. Nevertheless, due to the narrow linewidth of the pump laser, all the comb lines still have low-frequency noises (intrinsic linewidth ~ kHz), indicating the microcomb can work as a high-performance on-chip WDM light source for optical I/O. 
[image: ]
Fig. S3 Stability and frequency noise results. (A) Line power stability over 6 hours. (B) Single-sideband frequency noise of five comb lines with Ch 17 corresponding to the pump mode. It is noted that several peaks between the frequency offset from 100 kHz to 1 MHz are introduced by the commercial tunable laser.
MRM simulation results
[image: ]
Fig. S4 MRM simulation results. (A) Effective index and optical loss of the microring waveguide at various bias voltages. (B) PN junction capacitance of the MRM. (C) MRM spectra at various bias voltages. (D) Normalized MRM EO responses at the -3 dB and -6 dB operating points upon -3 V bias.
The P-type and N-type light doping concentrations for the embedded PN junction in the microring waveguide are 2×1018 cm-3. Utilizing Lumerical simulation, we obtained the effective index and optical loss of the microring waveguide at various bias voltages, as depicted in Fig. S4A. When the bias voltage changes from 0 V to -5 V, the waveguide's effective index rises while its optical loss declines. The MRM radius is 8 µm. Fig. S4B shows the PN junction capacitance under various bias voltages. The junction capacitance of the MRM gradually reduces with the increase of the reverse bias voltage, reaching 21.36 fF at -3 V. The simulated junction resistance is 54.62 Ω, which corresponds to an intrinsic electrical bandwidth of 273 GHz at -3 V bias for the MRM. The gap between the microring and the bus waveguide is 250 nm and the length of the coupling region is 1.8 µm, combining the simulated effective index and optical loss of the optical waveguide, we derived the transmission spectra of the MRM under various bias voltages, as illustrated in Fig. S4C. As the bias voltage varies from 0 V to -5 V, the resonance wavelength redshifts 160 pm, corresponding to a modulation efficiency of 32 pm/V. At the 0 V bias, the MRM exhibits a quality factor (Q-factor) of ~ 4000, corresponding to an optical bandwidth of 48 GHz. The electro-optic (EO) bandwidth of the MRM is thus predominantly limited by the optical bandwidth. We simulated the EO response of the designed MRM according to the analytical model in [6], as shown in Fig. S4D. The EO bandwidth of the MRM at the -3 dB operating point is 55.8 GHz upon -3 V bias, owing to the optical peaking effect [7]. The EO bandwidth of the MRM decreases to 35.6 GHz when the operating point shifts from -3 dB to -6 dB. The simulated modulation efficiency of the MRM is 32 pm/V, slightly exceeding the measured 25 pm/V. This discrepancy arises from the proximity of the two lightly doped boundaries in the PN junction, where diffusion results in complementary doping and reduced concentration, thereby lowering modulation efficiency. Additionally, the measured EO bandwidth is larger than simulation one due to increased optical losses resulting from the diffusion of the heavily doped region, which enhances the optical bandwidth and, consequently, the EO bandwidth of the MRM.
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