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            Abstract
Optical frequency combs, which emit pulses of light at discrete, equally spaced frequencies, are cornerstones of modern-day frequency metrology, precision spectroscopy, astronomical observations, ultrafast optics and quantum information1,2,3,4,5,6,7. Chip-scale frequency combs, based on the Kerr and Raman nonlinearities in monolithic microresonators with ultrahigh quality factors8,9,10, have recently led to progress in optical clockwork and observations of temporal cavity solitons11,12,13,14. But the chromatic dispersion within a laser cavity, which determines the comb formation15,16, is usually difficult to tune with an electric field, whether in microcavities or fibre cavities. Such electrically dynamic control could bridge optical frequency combs and optoelectronics, enabling diverse comb outputs in one resonator with fast and convenient tunability. Arising from its exceptional Fermi–Dirac tunability and ultrafast carrier mobility17,18,19, graphene has a complex optical dispersion determined by its optical conductivity, which can be tuned through a gate voltage20,21. This has brought about optoelectronic advances such as modulators22,23, photodetectors24 and controllable plasmonics25,26. Here we demonstrate the gated intracavity tunability of graphene-based optical frequency combs, by coupling the gate-tunable optical conductivity to a silicon nitride photonic microresonator, thus modulating its second- and higher-order chromatic dispersions by altering the Fermi level. Preserving cavity quality factors up to 106 in the graphene-based comb, we implement a dual-layer ion-gel-gated transistor to tune the Fermi level of graphene across the range 0.45–0.65 electronvolts, under single-volt-level control. We use this to produce charge-tunable primary comb lines from 2.3 terahertz to 7.2 terahertz, coherent Kerr frequency combs, controllable Cherenkov radiation and controllable soliton states, all in a single microcavity. We further demonstrate voltage-tunable transitions from periodic soliton crystals to crystals with defects, mapped by our ultrafast second-harmonic optical autocorrelation. This heterogeneous graphene microcavity, which combines single-atomic-layer nanoscience and ultrafast optoelectronics, will help to improve our understanding of dynamical frequency combs and ultrafast optics.
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                    Fig. 1: Conceptual design and implementation of the gate-tunable graphene–nitride heterogeneous microcavity.[image: ]


Fig. 2: Gate-tuning the graphene microring resonator.[image: ]


Fig. 3: Observations of the gate-tunable graphene Kerr frequency combs.[image: ]


Fig. 4: Soliton crystals of the gated graphene–nitride microresonator.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Measured gate-tunable coupling and dispersions in a GMR.
a, Dips at approximately 1,600 nm, with different VG. b, Correlation of the round-trip transmissions and the bus transmissions for the resonator, obeying T = (α−|t|)2/(α−α|t|)2. Here, 1−α is the cavity loss per round trip, and 1−t is the bus-to-cavity coupling rate. In our experiment, the graphene ring resonator is under-coupled originally, as the blue dot shows. c, Group velocity dispersion in range of 1,500 nm to 1,700 nm. Here, the curves show the calculated results, while dots show measured data. d, Calculated third-order dispersion in range of 1,500 nm to 1,700 nm.


Extended Data Fig. 2 Comparative optical transmissions of the heterogeneous graphene–nitride ring.
a, Spectral transmission of the silicon nitride ring resonator under the silica overcladding. b, Spectral transmission of the silicon nitride ring resonator after buffer-oxide etching to remove the silica overcladding. c, Spectral transmission of the graphene/ion-gel-based nitride ring resonator, heavily p-doped (VG = −2 V). d, Loaded Q factor around 1,600 nm. e, FSR, which is sensitive to the geometry modification. f, Mode non-equidistances, D2. d and e are measured at λ = 1,600 nm. In this figure, the error bars denote the typical system error.


Extended Data Fig. 3 An implementation of the graphene primary frequency comb gate-modulation.
a, Method for measuring the modulated comb. Keeping bias VG = −1.2 V, we control the laser-cavity detuning to generate a primary comb such as the grey spectrum shown here. To filter off the 1,600-nm continuous-wave pump, we apply a C-band filter, selecting the comb lines in the C-band only. A signal generator (maximum amplitude of 2 V, HP3312) is applied to modulate the gate voltage between −1.2 V and −1.8 V. In this process, primary comb lines in the filter window are modulated by the gate signal; the modulation is monitored by using an oscilloscope (500 MHz, Rigol DS1054) and an electrical spectrum analyser (ESA, 3 GHz, Agilent CXA9000A). b, Examples of radiofrequency spectra of the modulated combs, filtered by an optical filter (1,530 nm to 1,570 nm).


Extended Data Fig. 4 Example measurements of the graphene soliton comb formation.
a, Under VG = −1.2 V (Fermi level 0.59 eV), when the wavelength of the pump (λp) is tuned from 1,600.00 nm to 1,600.23 nm, the Kerr frequency comb is generated gradually. When λp is tuned between 1,600.15 nm and 1,600.19 nm, two multi-soliton states with low phase noise are achieved (states iv and v). b, Corresponding radiofrequency (RF) amplitude noise of the six states. In a and b, the pump power is kept at 34.5 dBm. Cherenkov radiation of the multi-soliton comb is narrow and sharp. c, Zoom-in of the eight-soliton crystal spectrum. The FSR changes from 89 GHz to 718 GHz, owing to the soliton-crystal-based longitude mode interaction. d, Beat note for the comb lines of the eight-soliton state (red; ninth comb line offset from the pump) and the four-soliton state (green; 56th comb line offset from the pump).
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