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            Abstract
Conversion of electrical and optical signals lies at the foundation of the global internet. Such converters are used to extend the reach of long-haul fibre-optic communication systems and within data centres for high-speed optical networking of computers. Likewise, coherent microwave-to-optical conversion of single photons would enable the exchange of quantum states between remotely connected superconducting quantum processors1. Despite the prospects of quantum networking2, maintaining the fragile quantum state in such a conversion process with superconducting qubits has not yet been achieved. Here we demonstrate the conversion of a microwave-frequency excitation of a transmonâ€”a type of superconducting qubitâ€”into an optical photon. We achieve this by using an intermediary nanomechanical resonator that converts the electrical excitation of the qubit into a single phonon by means of a piezoelectric interaction3 and subsequently converts the phonon to an optical photon by means of radiation pressure4. We demonstrate optical photon generation from the qubit by recording quantum Rabi oscillations of the qubit through single-photon detection of the emitted light over an optical fibre. With proposed improvements in the device and external measurement set-up, such quantum transducers might be used to realize new hybrid quantum networks2,5 and, ultimately, distributed quantum computers6,7.
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                    Fig. 1: Quantum transducer set-up.[image: ]


Fig. 2: Microwave and optical spectroscopy of mechanics.[image: ]


Fig. 3: Qubit-mechanics swap.[image: ]


Fig. 4: Detecting optical photons from a superconducting qubit.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Device fabrication process.
(i) Starting substrate: AlN-on-SOI. (ii) Defining the boundaries of the piezoelectric resonator with plasma etching. (iii) Deposition of silicon oxide protective mask. (iv) Patterning of the silicon oxide mask with plasma etching. (v) Removing the AlN layer outside the device boundaries with phosphoric acid wet etch. (vi) Removing the silicon oxide mask with a BHF acid wet etch. (vii) Patterning of the silicon device layer with plasma etching. (viii) Evaporation of aluminium for IDT, qubit capacitor, resonator, CPW and device ground layer. (ix) Angled evaporation of Josephson junction leads. (x) Vapour-HF etch of buried oxide layer for releasing the device membrane. Images are not to scale. All patterning is performed with electron beam lithography using a ZEP-520A electron beam resist mask.


Extended Data Fig. 2 Optomechanical and piezoelectric design.
a, Simulated mechanical mode shape (deformation) and electric voltage (colour) of the piezoacoustic cavity mode of interest with an IDT period of 930 nm and a beam width of 600 nm. b, Simulated optical (top) and mechanical (bottom) mode profile of an OMC designed with the mechanical mode near 5 GHz. c, Simulated optical (top) and mechanical (bottom) mode profile of the full piezo-optomechanical transducer device formed by attaching the piezoacoustic cavity of (a) and the OMC cavity of (b) through a phonon waveguide section in which the mirror holes in the OMC cavity are modified nearest the piezoacoustic cavity. The optomechanical and piezoelectric coupling rates listed are calculated for the hybridized mode with the largest optomechanical coupling. d, Radii of the patterned holes along the nanobeam OMC cavity and phonon waveguide section. d1 (d2) designates the hole diameter normal (parallel) to the nanobeamâ€™s long axis. The optical cavity region (shaded 13 central holes) is located between a phonon/photon mirror (left seven holes) and a photon mirror/phonon waveguide section (right seven holes).


Extended Data Fig. 3 Design of the phonon waveguide unit cell.
a, Schematics of the original (top) and modified (bottom) unit cell of the OMC cavity mirror section adjacent to the phonon waveguide. The dimensional parameters are equal to d1 = 366 nm (d1 = 295 nm) and d2 = 205 nm (d2 = 320 nm) for the original (modified) holes. The nanobeam parameters (h = 220 nm, a = 436 nm, b = 529 nm) are identical for both cases. b, Simulated mechanical band structures. The dashed line marks a nominal mechanical resonance frequency of fm = 5.3 GHz for the decoupled OMC and piezoacoustic cavity modes. The intersection of the dashed line and the energy band in the bottom acoustic band-structure plot for the modified hole structure allows for guiding of acoustic waves between the piezoacoustic and OMC cavity. c, Optical band structure for TE-like modes of the OMC cavity, again with the top plot being for the original OMC cavity and the bottom plot for the OMC cavity with modified holes. The solid black line marks the light line, and the dashed line refers to a nominal optical resonance frequency of the fundamental mode of the OMC cavity at a frequency fo = 193 THz. Unlike the acoustic mode case, the hole modifications in the OMC cavity actually increase the optical bandgap, further suppressing optical radiation into the phonon waveguide.


Extended Data Fig. 4 Mechanical mode hybridization.
Optomechanical and piezoelectric coupling rates from COMSOL Multiphysics simulations of the integrated piezo-optomechanical transducer consisting of a piezoacoustic cavity connected by a phonon waveguide to the OMC cavity (see Fig. 1b). Each resonant acoustic mode of the simulated structure is plotted as a â€˜pinâ€™ in each plot, with the horizontal axis corresponding to the resonant mode frequency, Ï‰m/2Ï€. The period of the IDT has been varied along with the total length of the piezoacoustic cavity (that is, fixed total number of periods and exterior boundary region to AlN box), leading to an approximate linear change in the frequency of the mechanical modes with IDT period. The OMC cavity and phonon waveguide parameters are identical for all of the plots.


Extended Data Fig. 5 Transduction measurement set-up.
Simplified diagram of the experimental set-up used for low-temperature piezoelectric and optomechanical device characterization. The laser emission is passed through a 50-MHz bandwidth filter to suppress broadband spontaneous emission noise. The optical readout pulses are generated using high-extinction modulation components (AOM, Ag.). Microwave pulses are synthesized using arbitrary waveform generators at intermediate frequency band (IF, <500 MHz) and up-converted using mixers and microwave sources to the gigahertz frequency band. Readout of microwave signals is performed using an analogue-to-digital converter after down-conversion to IF band. The optical modulation and microwave synthesis/readout components are triggered by a digital delay generator. Upon reflection from the device under test (DUT), a fibre optical circulator routes the outgoing light to either an EDFA and spectrum analyser, or a sideband-filtering bank consisting of three cascaded fibre Fabryâ€“Perot filters (Micron Optics FFP-TF2) and the SPD operated at ~760 mK. Electrical (optical) signal/control line shown in black (blue). Î»-meter: wavemeter; Ï•-m: electro-optic phase modulator; Ag., Agiltron 1 Ã— 1 MEMS switch; AOM, acousto-optic modulator; EDFA, erbium-doped fibre amplifier; SPD, single photon detector; SW, optical 2 Ã— 2 switch; TCSPC, time-correlated single photon counting module (PicoQuant PicoHarp 300); VOA, variable optical attenuator; VNA, vector network analyser.


Extended Data Fig. 6 Laser-induced heating.
Plot of the measured thermal noise in the mechanical mode (red) and optomechanical readout efficiency (blue) as a function of integration time (Ï„ro). Here the noise and efficiency are calibrated from measurements of the optomechanical sideband asymmetry. As for the transduction measurements, the optical pump power is set to Pin = 2 Î¼W at the optical input fibre to the dilution refrigerator, which corresponds to an estimated intra-cavity photon number of nc = 44 and an optomechanical readout rate of \({\gamma }_{{\rm{om}}}=4{g}_{{\rm{om}}}^{2}/{\kappa }_{{\rm{o}}}=2{\rm{\pi }}\,\times \,(19\,{\rm{kHz}})\). The measurement sequence contains no microwave drive, with the qubit detuned from the mechanical mode, and contains a 250-Î¼s delay between consecutive optical readout pulses to ensure relaxation of the mechanical mode occupancy to its base-temperature value (â‰ª1) with the laser off. The error bars mark the standard deviation at each point, which is calculated by using the raw counts, assuming Poissonian shot noise. For comparison to the transduction measurements presented in Fig. 4, the operational readout window of Ï„ro = 38 ns (marked with the vertical dashed line) yields a photon detection efficiency of pd = 8.8 Â± 1.3 Ã— 10âˆ’6 (horizontal blue dashed line) and a thermal noise of nm = 0.64 Â± 0.15 phonons (horizontal red dashed line).


Extended Data Fig. 7 Light-induced QP generation.
Plot of the qubit Rabi contrast measured when the transmon qubit is driven with a variable-length microwave drive after illumination by an optical pulse (Rabi oscillation period 150 ns). The horizontal axis marks the separation between incident optical pulse and the beginning of the Rabi measurement. The optical pulse duration is Ï„pulse = 100 ns and the pulse repetition rate is R = 10 Hz. The peak optical power of the pulses corresponds to Pin = 40 Î¼W at the input fibre to the dilution refrigerator. Vortex trapping is done with a cooling magnetic field estimated to be 15 G at the chip.
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