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Abstract12

A quantum network consisting of computational nodes connected by high-fidelity communication13

channels could expand information-processing capabilities significantly beyond those of classical14

networks. Superconducting qubits hold promise for scalable and high-fidelity quantum computa-15

tion at microwave frequencies, but must operate in an isolated cryogenic environment, obviating16

the potential for practical long-range communication. Quantum communication has however been17

demonstrated with optical photons. A fast, efficient, quantum-coherent interface between supercon-18

ducting qubits and optical photons would provide a key resource for a large-scale quantum network19

or distributed quantum computer. Here we describe the design and experimental operation of a de-20

vice incorporating a silicon optomechanical nanobeam combined with an aluminum-nitride-based21

electromechanical transducer. We experimentally demonstrate classical, continuous-wave opera-22

tion of this device at room temperature with external conversion efficiencies of (2.5± 0.4)× 10−523

(microwave to optical) and (3.8± 0.4) × 10−5 (optical to microwave), corresponding to internal24

efficiencies of 2.4% and 3.7%, respectively. This device also has a larger bandwidth than previous25

efficient microwave-optical transducers, allowing us to operate in the time domain with 20 ns pulses.26

Keywords: optomechanics;microwave;infrared;transduction;27

Recent experiments have demonstrated high-fidelity operation of increasingly complex28

microwave-frequency superconducting qubits [1, 2]. A microwave-optical transducer would29

enable a quantum optical network with superconducting nodes, allowing quantum communi-30

cation or distributed computation beyond a single dilution refrigerator [3–6]. One approach31

to microwave-optical transduction uses mechanical motion as an interface between the two32

electromagnetic frequencies [7–13]. While high efficiencies have been achieved using resonant33

mechanical modes with frequencies around 1 MHz [14], transfer rates faster than a typical34

qubit lifetime of order 1 µ
√

s are much desired. Microwave-frequency mechanical approaches35

are highly attractive, underlined by recent developments in quantum electromechanics and36

optomechanics demonstrating quantum control of such modes [15–20].37

If a mechanical mode near 5 GHz is used as the interface, this can be cooled to its ground38

state in a dilution refrigerator, allowing state transfer with less than one phonon of added39
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noise [21]. These mechanical modes can also yield large transduction bandwidths.40

Silicon-based optomechanics support mechanical modes at GHz frequencies with high41

quality factors and optomechanical coupling to infrared light [22–24]. Previous experi-42

ments have demonstrated bidirectional conversion between microwaves and optics using43

piezo-optomechanics in an aluminum nitride (AlN) optomechanical device [10]. More re-44

cent experiments have demonstrated piezo-optomechanical transduction using a mechanical45

oscillator in its quantum ground state [11] as well as bidirectional transduction [12].46

Here we describe an aluminum-nitride-based interdigital transducer (IDT) with a silicon-47

based optomechanical resonator, which promises the necessary coupling rates to efficiently48

convert signals between infrared and microwave frequencies. We demonstrate room-49

temperature bidirectional conversion of continuous-wave signals with an internal efficiency50

above 1% and a transduction bandwidth above 3 MHz, as well as time-domain operation on51

short timescales.52

In Fig. 1 we display the device design and operation, comprising an 80 × 80 µm2 Si53

membrane that includes an AlN piezoelectric layer overlaid by an interdigitated transducer54

(IDT). This converts between a microwave electrical signal near 4.7 GHz and a symmetric55

Lamb wave acoustic mode (mode ĉ, frequency Ωem = 4.7 GHz) with coupling rate γc,e. The56

mechanical Lamb waves are directed at one end of a nanobeam optomechanical crystal [25],57

with the hole pattern allowing Lamb waves to pass to the central optomechanically-active58

part of the structure, where strong interactions occur between the localized mechanical mode59

at Ωm = 4.7 GHz (mode b̂, coupled to the Lamb mode ĉ with rate Gme) and a localized60

optical mode at ωopt = 194 THz (mode â, with single-photon coupling g0 to the mechanical61

mode b̂). The optical mode has extrinsic coupling κe/2 to each of two propagation directions62

in an evanescently-coupled waveguide. The intrinsic dissipation rates are κi, γb,i, and γc,i,63

and the cavity loss rates κ = κi + κe, γb = γb,i, and γc = γc,i + γc,e. The optomechanical64

coupling is
√
noptg0 when the optical cavity has nopt photons [26]. The detailed design of65

the optical elements and coupling are very similar to earlier work [10].66

We use a laser as the optical pump, detuned from the cavity by ∆ ≡ ωopt−ωpump ∼ ±Ωm.67

This pump carries sidebands at ωpump ± Ω (Ω is the microwave signal frequency). We treat68

the sideband nearest the optical resonance as the signal, and consider transduction between69

that sideband and the device’s electrical port. The off-resonant sideband interferes with this70

transduction, which we model to estimate the signal tone conversion.71
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Figure 1. Experimental setup and device. (a), False-color scanning electron micrograph of

the microwave-optical transducer, including photonic waveguide (red), optomechanical nanobeam

(blue), and interdigital transducer (yellow). Inset (b), Optomechanical nanobeam and coupling

waveguide pattern. Inset (c), Interdigital transducer, showing signal (red) and ground (blue)

electrodes, in phase with the strain and voltage pattern of the electromechanical mode ĉ. (d),

Schematic representation of transduction model. Optical mode corresponds to â, localized me-

chanical mode to b̂, and membrane electromechanical mode to ĉ. (e), Simplified measurement

schematic, with microwave components in yellow and optical components in red. Solid lines are for

continuous-wave optical-to-microwave transduction, and dashed/dotted lines are additional path-

ways for other measurements. IM: Intensity modulator; ΦM: Phase modulator; RFSA: RF spec-

trum analyzer; LO: Local oscillator; DAC: Digital-to-analog converter; ADC: Analog-to-digital

converter. (f), Simulated optical (â, left) and mechanical (b̂, right) mode patterns in center of

optomechanical structure.

We define the external microwave-to-optical transduction efficiency ηext as the ratio be-72

tween the average output optical photon rate in the near-resonant sideband and the average73

input microwave photon rate, where the output refers to the optical fiber above the device74

chip, coupled through a grating coupler to the evanescently-coupled waveguide, and the75

input refers to the microwave cable before the chip. The optical-to-microwave efficiency76

is defined in the reverse manner. Ideally this would be equal to the microwave-to-optical77

efficiency, but as there are a number of spurious mechanical modes that are not excited in78

this reverse process, this is not necessarily so.79
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The efficiency depends on the parameters (Ω,∆, nopt); we define the constant-pump trans-

duction bandwidth as the 3 dB bandwidth of η in signal frequency Ω, for a given pump

detuning ∆ and optical cavity population nopt. We can factor out the dependence of ηext on

these operating parameters:

ηext(Ω,∆, nopt) = ηchip ηo ηe ηint(Ω,∆, nopt), (1)

where ηo ≡ κe/2
κ

and ηe ≡ γc,e
γc

are the optical and electrical external coupling ratios, ηchip =80

0.25 the power efficiency of coupling signals between the device chip and an optical fiber,81

achieved using grating couplers; ηint is the “internal” transduction efficiency.82

For operation with a red-detuned pump, the maximum value of ηint is 1, while amplifica-83

tion can be achieved with a blue-detuned pump at the cost of added noise [27]. Because of84

our two-sided coupling to the optical resonance, ηo for this device includes a factor of 1/2,85

limiting the ideal red-detuned ηext to 0.5. For sideband-unresolved systems (κ > Ωm), there86

is also non-negligible transmission into (or from) the off-resonant sideband. For a scheme87

using both sidebands, the off-resonant sideband may cause interference.88

The device in Fig. 1a is fabricated on a silicon-on-insulator substrate. A thin layer of89

SiO2 protects the areas used for photonic components. A 330 nm film of AlN is uniformly90

deposited and patterned. The protective SiO2 layer is then removed, and the optical elements91

defined by electron-beam lithography followed by two photolithographic etching steps. The92

IDT is then patterned by aluminum liftoff. A release window is patterned and the nanobeam93

and IDT membrane mechanically released by HF vapor.94

The optomechanical nanobeam is designed so that acoustic radiation is emitted in only95

one direction, with a phonon leakage rate above 1 MHz without affecting the optomechanical96

coupling g0. The IDT has a finger pitch of ∼ 1 µm, designed to couple to symmetric 4.7 GHz97

Lamb-like waves, adjusted by up to 2% as a function of in-plane angle to correct for acoustic98

anisotropy [28].99

The phononic waveguide connection to the electromechanical membrane is designed to100

minimize coupling to unwanted bilayer membrane modes. Besides the desired fundamental101

symmetric Lamb wave, there are also membrane shear modes and edge-guided modes. To102

reduce coupling to these modes, the nanobeam holes are tapered in size and the nanobeam103

widened to 1 µm, and the nanobeam attaches to the membrane with a large opening angle.104

To reduce coupling to the antisymmetric Lamb-like mode, the AlN is patterned to create a105
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Figure 2. Low-power microwave-to-optical transduction. Top: experiment. Bottom:

theory, using independently fit parameters. (a) Internal efficiency. (b) Scattering phase. Small

modulations in the measured scattering matrix element are due to microwave impedance mismatch

and IDT coupling variations with frequency. Measurements made at an optical power of 1.2 µW.

500 nm-long ramp between the bilayer and silicon. Finite-element simulations indicate that106

∼15% of the power radiating into the membrane goes into these unwanted modes.107

Measurements were performed in ambient conditions as shown in Fig. 1e. The DC optical108

transmission displays an optical mode at 1548 nm with intrinsic loss κi = 2π×(3.8± 0.4) GHz109

and extrinsic loss κe = 2π × (6.5± 0.3) GHz. Thermomechanical noise generates a peak in110

the RF power spectrum, yielding a mode frequency of 4.737 GHz with full width at half max-111

imum (6.2± 0.1) MHz and single-photon optomechanical coupling g0 = 2π×(734± 31) kHz.112

The electromechanical mode is characterized using microwave reflection measurements at113

the IDT, yielding a Ωem = 4.737 GHz resonance with total loss γc = 2π × (24.6± 0.5) MHz114

and external coupling to a 50 Ω transmission line γc,e = 2π × (310± 10) kHz.115

The coupling rate Gme between the nanobeam mechanics and the membrane electrome-116

chanics is not directly accessible; simulations imply Gme = 2π × 1.15 MHz.117

We characterize the bidirectional conversion efficiency using a continuous pump and sig-118

nal. For microwave-to-optical transduction, we sweep a microwave signal through the oper-119

ating frequency, detecting a beat in transmitted optical power using a broadband photode-120
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tector, yielding the electrical-to-optical scattering matrix element Soe. As shown in Fig. 2,121

we sweep a low-power laser wavelength across the optical resonance, observing the expected122

symmetric transduction for red and blue detuning, with a 3 dB bandwidth of 8.1 MHz.123

The signal pathway is calibrated to convert this measurement into the external pho-124

ton number efficiency ηext, plotted in Fig. 3a as a function of pump power (blue points).125

Power-dependent redshifting of the optical resonance prevents red-detuned operation at high126

powers, so ηext is calculated in blue-detuned operation. We achieve a maximum external127

efficiency of ηext = (2.5± 0.4) × 10−5 with 168 µW in the input waveguide, with a 3 dB128

bandwidth of 3.4 MHz.129

For optical-to-microwave transduction, we use a phase modulator to create sidebands on130

the input signal, considering only the near-resonant sideband to be the signal. We detect the131

out-coupled IDT microwave signal, converted to an external transduction efficiency η′ext. The132

peak efficiency is plotted in Fig. 3a as a function of pump power (orange points). We achieve133

a maximum of η′ext = (3.8± 0.4) × 10−5 at 231µW, with a 3 dB bandwidth of 3.8 MHz, in134

good agreement with the measured ηext as with our model. The transmission is shown in135

Fig. 3b at optimal detuning.136

To perform microwave-to-optical transduction in the time domain, we use an optical137

intensity modulator to produce 20 ns rectangular optical pulses with rise and fall times of138

5 ns and an on-off ratio of 23 dB. The IDT is driven continuously with a microwave source,139

and the transmitted pulse in optical beat power detected with a fast photodiode. The140

resulting microwave signal is demodulated, and both quadratures are captured. By using141

laser wavelengths around the low-power-equilibrium resonant wavelength, Fig. 4, we observe142

the time-dependent redshifting of the resonance, marked by the zero in transmission when143

the pump is resonant and the sidebands interfere destructively.144

For red-detuned pump powers around 87 µW, the optical mode shifts by ∼5 GHz in 20 ns.145

Despite not operating at optimal detuning for the duration of a 20 ns pulse, we observe both146

red- and blue-detuned transduction. We calculate that approximately 1.6×10−6 (1.3×10−6)147

of the input microwave photons in 20 ns are transduced when red (blue) detuned.148

If we consider the blue-detuned continuous-wave efficiency in our model as a function149

of power and integrate that efficiency over the pulse, we expect a total external efficiency150

of 8.1 × 10−6. The lower observed efficiency may be attributed to the time-varying detun-151

ing, the finite transduction bandwidth of the device, and operation faster than mechanical152
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Figure 3. Bidirectional transduction. (a) Pump-power dependence of measured microwave-

to-optical (blue) and optical-to-microwave (orange) external transduction efficiencies ηext and η′ext,

respectively. Detuning is optimized at each point to maximize transduction. Error bars are 90%

confidence intervals; green curve is theoretical efficiency using independently determined model

parameters. (b) Microwave-to-optical (blue) and optical-to-microwave (orange) transduction at

the optimized pump powers.
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Figure 4. Time-domain microwave-to-optical transduction. (a), Detected power over time

for a range of initial pump detunings, referenced to external input signal pulse height. (b), Time

traces (106 measurements averaged, 8 µs repetition rate) for pump probe pulse and red, resonance-

crossing and blue detuned pulses, using the corresponding dashed cut lines. The measured pulse

approximately matches the input rectangular pulse with duration 20 ns and 5 ns, above, adjusted for

a 194 ns travel time. The maximum input waveguide power during the pulse is 87 µW. Quadrature

plots are shown in linear scale at the bottom. 9



amplification by the blue-detuned pump.153

In summary, we have demonstrated classical, continuous-wave operation of a bidirectional154

microwave-optical converter at room temperature, with external conversion efficiencies of155

ηext = (2.5± 0.4) × 10−5 (microwave to optical) and η′ext = (3.8± 0.4) × 10−5 (optical to156

microwave), with bandwidth exceeding 3 MHz. We have also demonstrated pulsed-pump157

operation for phase-coherent transduction in the time domain.158

A major factor limiting the external efficiency is the poor impedance matching of the159

IDT to a 50 Ω transmission line, which gives a ratio of external coupling to total loss in the160

electromechanical resonator of ηe = 0.013. This ratio can be made close to 1 by impedance-161

matching to the transducer [29]. Impedance matching, while relevant for classical measure-162

ments, is not relevant for quantum operation. Because ηo and ηchip can also be optimized163

without fundamentally changing the device itself, using Eq. (1), we calculate a microwave-164

to-optical internal efficiency of 2.4% and a optical-to-microwave efficiency of 3.7%. These165

are several orders of magnitude larger than our earlier work [10].166

This class of device can be operated in the quantum regime, as ideal internal efficien-167

cies approaching the ideal value are achievable, including increased Gme, better frequency-168

matched modes, and quality factors similar to those achieved for similar but incomplete169

devices. Future experiments will focus on cryogenic operation, further improvements to170

efficiency, and coupling to superconducting qubits.171
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