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Conversion of electrical and optical signalslies 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 processors'. Despite the prospects of quantum networking?, maintaining the
fragile quantum state in such a conversion process with superconducting qubits has
notyet been achieved. Here we demonstrate the conversion of a microwave-frequency
excitation of atransmon—atype of superconducting qubit—into an optical photon. We
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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
interaction® and subsequently converts the phonon to an optical photon by means of
radiation pressure*. 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 improvementsin the device and
external measurement set-up, such quantum transducers might be used to realize new
hybrid quantum networks?® and, ultimately, distributed quantum computers®’

Recent developments with superconducting qubits have demonstrated
fast, high-fidelity single- and two-qubit logic gates, making them a
promising system for realizing quantum computers'. The low-loss
environment of a superconductor and the strong single-photon
nonlinearity from the Josephson effect provide an ideal combina-
tion for processing quantum information in the microwave domain
(the dominanttechnologyatpresent)®, but optical photons are a nat-
ural choice for quantum networking tasks® where they provide low
propagation loss in room-temperature environments'. A coherent
microwave-to-optical interface can thus lead to hybrid architectures
for quantum repeaters>® by connecting superconducting qubits and
ultra-high-Q (quality factor) microwave cavities"—serving aslogic and
memory registers—to ‘flying’ optical qubits as ameans of long-distance
information transfer. Although the process of frequency conversion
canbeunderstood simply as anoise-free and lossless linear operation,
anopticalinterface for superconducting qubits has not beenrealized
because of the technical challenges inherent in the vast frequency
difference between microwave (-5 GHz) and telecommunication-band
optical (~200 THz) photons.

Microwave-to-optical frequency conversion can be achieved by bulk
optical nonlinearities'?. Alternatively, effective nonlinearities can be
realized by intermediary degrees of freedom such as rare earth ions,
magnons or phonons™ ™ that can simultaneously couple to microwave
and optical fields. Using engineered nanomechanical resonators as
suchintermediary channels hasbeena particularly promising direction,
where pioneering work in the past decade has demonstrated electrical

and optical preparation, control and readout of mechanical modes
near their quantum ground state>'*", These demonstrations, together
with rapid developments in superconducting quantum circuits?,
have motivated recent experimental efforts to combine electrome-
chanicaland optomechanical devices to build a microwave-to-optical
quantumtransducer® 2, Although this approach hasled toimpressive
conversion efficiencies?, all demonstrations so far have been limited to
classical signals owing to acombination of challenges associated with
opticallyinduced or thermal noise, small transduction bandwidths and
device integration complexities.

Here, we demonstrate the transduction of the microwave-frequency
quantum excitations of a superconducting qubit into light at
optical telecommunication frequencies, and use an optical fibre link
and single-photon detection to register the quantum Rabi oscilla-
tions of the qubit. This is achieved using a chip-scale platform that
integrates atransmon qubit with a piezo-optomechanical transducer.
We use apulsed schemeto coherently transfer the quantum state of the
qubitinto ananomechanical mode by a piezoelectric swap operation,
and subsequently convert it to the optical domain by using a pulsed
laser drive. This approach separates electrical and optical parts of the
transductionsequence, avoiding the effects of light-induced noise on
the superconducting circuitry. We find an overalladded noise photon
level for the transduction process to be 0.57 + 0.2, approaching the
threshold required for remote entanglement generation of qubits®.

Figure 1a shows a schematic of the transduction process used in
our experiment, where an intermediary mechanical mode is coupled
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Fig.1|Quantum transducer set-up. a, Schematic of the microwave-to-optical
transduction process. The mechanical mode (I3m) couplestoboththe
superconducting qubit (ége: lg>¢el) and an optical mode (a,) via piezoelectric
(g,e) and optomechanical (g,,,) vacuum coupling rates, respectively. Qisthe
excitationrate applied when exciting the qubit between ground and excited
state. b, Numerically simulated resonant modes of the piezo-optomechanical
transducer. ¢, Simulated vacuum optomechanical (top) and piezoelectric
(bottom) coupling rates to the hybridized mechanical modes. d, Electrical
circuitrepresentation of theintegrated qubit and transducer device.

e, Optical micrograph ofa pair of fabricated devices, showing the readout

to a qubit via a resonant piezoelectric interaction and to an
optical mode via a parametric optomechanical interaction. The
Hamiltonian for thlS system can be written as H= H0+I-7 ot Hop -
Here, Ho/h . a otw b b + w, (t)o describes the evolutlon of
non-interacting subsystTems w1th Hye/h=g, (oegb +0geb ) and
A,/ 1= G (O(@LD,, + dob )descrlbmg the plezoelectrlc and optom-
echanical interactions, respectively. The quantum modes are repre-
sented by: the creation (annihilation) operator of the optical mode,
al (d,); the creation (annihilation) operator of the mechanical mode,
Am(B ); and the raising (lowering) operator of the qubit from ground
to excited state, G, (6, ( . The centre frequency of the optical and
mechanicalmodesare glven by w.and w,,, respectively, the transition
frequency between ground and excited state of the qubit is given by
g, and 8pe is the single-phonon piezoelectric coupling rate between
the mechamcal mode and the qubit. Here, we use the ‘beam-splitter’
form of the optomechanical interaction which is specific to the case
wherethe optical driveis red-detuned fromthe optical cavity resonance
(4 =w. ~ Wy = Wy,) and assumes operation in the resolved-sideband
limit, where w,, » K, (k, is the linewidth of the optical resonance)®.
In this case, the optomechanical coupling G,,(¢) = ./n(6) g, is para-
metrically enhanced fromthe single-photonrate, g,,,, by the intra-cavity
photon number n (¢) from the pump laser at optical frequency wyye.
Physical realization of the above Hamiltonian requires a materials
platform that can support both optomechanical and piezoelectric
components. High-fidelity qubit-mechanics swap operations can be
realized based onthe piezoelectric effect, where the electric field from
a qubit can be transformed to displacement in a mechanical resona-
tor?*¥, Quantum coherent optomechanical readout of mechanical
modes canalso be realized in optomechanical crystal (OMC) cavities**,
where co-localization of mechanical and optical fields resultsina large
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resonator (green), transmon qubit (blue), transducer element (purple) and
silicon out-coupling waveguide (red). Corresponding zoomed-in optical
images of the different device sections are shown to the left and right. White
sealebarginzoomedimages, 10 pm. Electrical and optical readout is
performedinreflection viathe CPW and alensed optical fibre (not shown;
optically coupled to the tapered silicon waveguide coupler), respectively.
OMC, optomechanical crystal; p-a, piezoacoustic; RO res., readout resonator;
SC qubit, superconducting transmon qubit; SQUID, Josephson-junction
superconducting quantum interference device; transd., transducer; WG,
waveguide.

parametric coupling. Here we use a high-resistivity silicon-on-insulator
wafer to integrate OMC cavities with large optomechanical coupling
rates and low mechanical loss together with transmon qubits?.
By sputter depositing and selectively patterning a thin film of alumin-
ium nitride (AIN) on the silicon substrate, we are also able to achieve a
localized piezoelectric response (see Methods).

Figure 1b showsamodel of the transducer region of our device, which
consists of ahybridized acoustic cavity formed from a wavelength-scale
piezoacoustic resonator connected by aphonon (acoustic) waveguide
to an OMC optomechanical cavity. To achieve simultaneously strong
electrical and optical coupling to the hybridized cavity modesrequires
careful design ofthe individual (thatis, detached) plezoelectrlc ASS
: and
optomechanical30 resonators. The piezoacoustic cavity section,is
designed as a wavelength-scale Lamb wave resonator—made from a
slab of AIN on top of the silicon device layer—that is released from the
underlyingburied oxide layer and connected laterally to the peripheral
substrate by patterned silicon tethers that act as acoustic mirrors. A
pair of aluminium electrodes in the form of an interdigital transducer
(IDT) connect the transmon’s capacitive leads to the piezoacoustic
resonator as shown in the schematic of Fig. 1d. The submicrometre
scale of the designin Fig.1bresultsinasmaller piezoelectric coupling
rate compared with earlier work?, but the small mechanical mode den-
sity limits the number of parasitic modes that can lead to both qubit
decoherence and a reduction in optomechanical coupling. Hybridi-
zation of the acoustic modes of the piezoacoustic and OMC cavities
is achieved by deforming the OMC ‘mirror’ cells in the intermediate
section between the cavities to make a transmissive phonon waveguide
while maintaining a high reflectivity for the optical field®. The result-
ing extended acoustic cavity supports several hybridized acoustic
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Fig.2|Microwave and optical spectroscopy of mechanics. a, Optically
transduced thermal mechanical spectrum as measured with the pump laser
detuned by 4/2m=5GHzto the red sideband of the optical cavity, and apump
laser power of 20 pW at the chip. Mechanical modes are identified at
frequencies w,/2m=(5.1588,5.2146,5.2242,5.2631) GHz, with corresponding
optomechanicalrates g,,.,/2m = (420,500, 527, 692) kHz. PSD, power spectral
density. b, Reflected microwave spectrum of the coupled qubit-mechanical
system versus qubit bias-current tuning. Microwave signals are measured via
the on-chip CPW, which was designed to have direct external coupling rate to
the qubitof k. o/2t=100 kHz. Inset shows the qubit’s anti-crossing with
mechanical mode used for the transducer experiment at w,,/21t=5.159 GHz,
withaminimummode splitting of 2g,./2m=4.5MHz. S;;, microwave reflection
scattering parameter.

modes with different levels of energy concentrations in the AIN and
silicon sections, one of whichis shownin Fig. 1b. This results in differ-
ent levels of optomechanical and piezoelectric interaction rates, as
shown in Fig. 1c. The strong hybridization via the phonon waveguide
gives rise to arobust design, with substantial optomechanical and
piezoelectric coupling rates for a range of hybridized modes evenin
the presence of fabrication-induced disorder and detuning between
the bare piezoacoustic and OMC cavity modes (verified in numerical
modelling; see Methods).

The characterization of the qubit and transducer device is performed
inadilutionrefrigerator, with the sample mounted to the mixing cham-
ber plate of the fridge (base temperature T;=15mK). Independent sets
of optical and microwave spectroscopy measurements are initially per-
formed to determine the piezoelectric and optomechanical coupling
rates of the hybridized acoustic modes of the transducer. We perform
optical characterization by coupling the light from a tunable exter-
nal cavity diode laser into asilicon waveguide on the chip via alensed
optical fibre (see Fig. 1e). By measuring the intensity of the reflected
light from the on-chip waveguide as a function of laser detuning, the
optical modes of the OMC cavity can be determined. For the device
under test in this work, we find an optical resonance at a wavelength
of 1=1,541.7 nmwith anintrinsic (extrinsic) cavity mode coupling rate
of k; ,/21t = 0.80 GHz (k. /21t = 0.81). As shown in Fig. 2a, the thermal
Brownian motion of the mechanical modes of the OMC cavity (primarily
caused by optical absorption heating) can also be observed inthe noise
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Fig.3| Qubit-mechanics swap. a, Qubit Rabi oscillations measured using
dispersive state readout. b, Ati-pulse (Rabi pulse duration 7,=32 ns) excites the
qubitat frequency v, = (@,/21) - 10 MHz. Tuning the qubit into resonance with
the mechanics at frequency v,,= /21 =>5.159 GHz leads to vacuum Rabi
oscillations between the qubit and the mechanical resonator at frequency
2g,./21t=4.48 MHz. The solid red curve isa phenomenological curve fit
consisting of an exponentially decaying sinusoid. Amaster equation
simulation of the databased onindependently measured decay and dephasing
rates for the qubitand mechanical mode yields a qubit-to-mechanics swap time
and efficiency of 7,,=104 ns and 1, = 0.75+ 0.03, respectively.

power spectral density of the reflected optical signal when measured
onaphotodiode. The noise power spectral density exhibits a Lorentz-
ian profile for each mechanical mode with a central frequency of w,,
and alinewidth of Kk, = K; n + Yom, Where k; , is the intrinsic linewidth of
the mechanical mode and y,,, = 4n.g,.”/, is the back-action damping
when pumping on the red sideband in the resolved-sideband limit?.
Wefittheincreasein the mechanical linewidth of eachmodeasafunc-
tion of optical power to find the optomechanical coupling for each
mode (Methoeds;Fig-2), the results of which are in good agreement
with our design,

We perform microwave spectroscopy of the device using the on-chip
coplanar waveguide (CPW) as shown in Fig. 1d, e. This waveguide has
been designed to have direct coupling to the qubit (see Methods),
allowing for microwave measurements of the transmon qubit response.
Figure 2b shows the corresponding measured microwave spectrum,
where the qubit transition frequency is flux-tuned by a current-biased
external coil. The electrically coupled acoustic modes are identifi-
able as avoided mode-crossings in the spectrum, and the measured
acoustic mode frequencies are in agreement with the optomechanical
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Fig.4|Detecting optical photons from asuperconducting qubit.a,b, The
pulsesequence for quantum transduction. (i) Electrical drive of varying
duration excites the qubit. (ii) The resulting qubit state isswapped to the
mechanical resonator. (iii) The mechanical state isread out using ared
sideband pulse that convertsaphonon at frequency w,,, to an optical photon at
frequency w.. The output photons are detected using asingle photon detector
(SPD; see Methods). ¢, t-pulse probability P, = (1.38 + 0.14) 10”5, no-ti-pulse
probability P,=(0.50+0.09) x107°.d, Qubit Rabi oscillations detected via

spectroscopy measurements, verifying the presence of four hybridized
acousticmodes. Inparticular, the observed acoustic modes at 5.159 GHz
and 5.23 GHz show spectrally resolved mode splitting, indicative of
strong coupling with the qubit. Owingto the larger value of g, for the
acoustic resonance at w,,/21 = 5.159 GHz, we have chosen this mode
(hereafter referred to as the mechanical mode) for the transduction
experiments presented below.

Theinitial stage in the microwave-to-optics transduction processis
the qubit-mechanics swap operation. To perform the swap, we first
characterize the qubit in the time domain using pulsed excitation
through the CPW and dispersive state readout viaanintegrated micro-
wave readout resonator (see Fig. 1d, e and Methods). Figure 3a shows
the measured Rabi oscillation of the qubit. Using the Rabi curve to
calibrated drive pulses, we measure the qubit’s free decay profile and
Ramsey interference fringes to find the lifetime (7, ;=522 + 9 ns) and
coherencetime (T ;= 678 +45ns) atabias point (w,/21=5.1GHz) near
the mechanical mode. To perform a coherent qubit-mechanics swap
operation, we control the effective interaction time by exciting the
qubit and then rapidly tuning it into, and then out of, resonance with
the mechanical mode. Realizing a high-fidelity swap operationrequires
a qubit frequency shift that is several times larger than the qubit-
mechanics bare interaction rate g, with a frequency transition time
thatis much shorter than1/g,.. We realize this rapid qubit frequency
shift by applying a sharp pulse (15 ns rise/fall time) on the CPW line
which is detuned with respect to the qubit by 50 MHz. This tunes the
qubit frequency by 10 MHz owing to the a.c.-Stark shift, making it
resonant with the mechanical mode for the duration of the pulse. Fig-
ure 3b shows a measurement of the qubit’s excited-state population
after exciting the qubit and applying the Stark-shift pulse for a variable
amountof time. From the observed vacuum Rabi oscillations between
qubit and mechanics, we find an optimal Stark-shift pulse duration of
Towap=104 nsfor realizing a qubit-mechanics swap (in agreement with
thevalue of g,. fromspectroscopy), withasingle-phononinitialization
probability of 1., = (75 + 3)%. We also use a pair of swaps with a vari-
able time delay between them to measure the phonon lifetime of the
mechanical mode, finding a value of T; ,, =357 £ 25 ns corresponding
to an energy decay rate of k,,, /2Tt = 446 kHz (the optomechanically
measured intrinsic linewidth is k; ,,/21t =1 MHz, indicating spectral
diffusion of the mechanical mode).

We now proceed to mechanics-to-optics state transfer as the last
stagein the transduction process. We realize this by selectively turning
onthe ‘beam-splitter’ optomechanical interaction withared-detuned
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Qubit rotation, @, Qubit Rabi pulse duration, 7, (ns)

single optical photon detection. Shaded region shows 90% confidence interval
ofasinusoidalfit to the data, with the period of oscillations set to the values
from (microwave) dispersive readout of the qubit Rabi curve. Background
((0.67£0.17) x107°) and maximum ((1.38 + 0.17) x10~) values from the fitare in
agreement with the numbers fromc. Errorbarsincanddrepresent the
standard deviation at each point, using the raw photon counts and assuming
Poissonian shot noise. Measurements performed using anintegration time of
38 nswithal0-ms delay between consecutive pulses (see Methods).

laser pulse at W, = W, — @y, This results inan up-conversion process, in
whichthe phononsinthe mechanical mode are mapped to anti-Stokes
scattered photons at the centre frequency (w_.) of the optical cavity.
We use this method to directly measure the phonon occupancy of the
mechanical mode by passing the reflected pulsed light from the device
through a series of narrowband tunable filters aligned to the optical
cavity (to eliminate the unscattered portion of the pump laser at w;ye),
and detecting the scattered photons with a single-photon detector®.
Figure 4a, b shows the full transduction sequence which consists of
aninitial qubit drive by aresonant microwave m-pulse, followed by a
qubit-mechanics swap, and finally the parametric optomechanical
conversion of phonons in the mechanical mode to photons. Repeat-
ing the experiment with and without qubit drive, we find the scattered
photon counts in both cases, which correspond to the excited and
ground states of the qubit (see Fig. 4c). The data shows a statistically
significant separation between the two cases, indicating detection of
transduced optical photons from the qubit. We find the overall effi-
ciency and added noise (referred to the qubit) of the transduction
schemetoben,=P,—P,=(0.88+0.16) x10°and n,44=Py/n,=0.57+0.2,
respectively. These values are calibrated assuming the qubitactsasa
single (microwave) photon source, and are consistent with the inde-
pendently calibrated qubit-mechanics swap operation and optom-
echanical readout (see Methods). As a further verification, we repeat
the transduction process while varying the duration of the resonant
qubitdrive, and observe the previously measured Rabi oscillations of
the qubit populationin the detected optical photon counts (see Fig. 4d).

Performing optomechanical thermometry without the qubit drive,
we have verified anon-zero thermal phonon occupancy as the source of
added noise (n,44) inthe transduction process (see Methods). The meas-
ured residual phonon occupancy can be reduced by using a shorter
optical readout pulse, which points to optical absorption heating as the
likely origin*. This creates atrade-offin our system, where the noise can
bereduced further at the cost of alower phonon-to-photon conversion
efficiency. The measured total readout efficiency (17,, = 17,/ Ngyap = (1.18
+0.26) x107) is a product of this intrinsic efficiency (1;,, =107®) and
the external optical collection efficiency of our measurement set-up
(Nexo =107%). We note that the measured intrinsic efficiency is signifi-
cantly lower than for similar previous optomechanical experiments*?$,
duein large part to a faster intrinsic damping rate of the mechanical
modes. The source of this excess mechanical mode damping is cur-
rently under investigation. In addition, the repetition rate of the current
measurements, R=100 Hz, is currently limited by the recovery time of


ojp
Sticky Note
Something seems to have happened to a small section of the pink shaded region and the data point/error bar in this  section during the translation to the Nature proof from our submitted .pdf figure files.  If you look closely you can see that the shaded region is "patchy" and a little darker, and the error bar is darker and thicker.


the superconducting circuitry following the application of the readout
laser pulse. We have verified optically induced quasiparticle genera-
tionand quasiparticle decay time as the main mechanisms limiting the
repetition rate (see Methods).

Although these results provide direct evidence for transduction
of a qubit’s excitation into an optical photon, the low photon flux in
our experiment does not allow for a direct verification of quantum
statistics inthe emitted light field. Looking ahead, we identify several
avenues forimprovementsin device parameters, which would enable
this task and further pave the way for system-level demonstrations of
remote entanglement of superconducting qubits. The transduction
repetition rate may be improved by using qubit electrodes formed
from niobium with much shorter quasiparticle lifetimes than the cur-
rent aluminium electrodes®, and elimination of the insertion loss in
the optical filtering of the current set-up would increase the external
efficiency of converted photons by nearly two orders of magnitude. Fur-
ther, using a material such aslithiumniobate with alarger piezoelectric
couplingrate would allow for devices with alarger energy participation
in the optomechanical cavity, translating to a larger intrinsic read-
out efficiency. Finally, alower added noise is achievable by reducing
optical absorption using surface passivation® and by realizing better
thermal contact between the localized acoustic mode and the cold
environment®?3¢, Adoption of these techniquesis expected toimprove
transduction efficiency (to n, = 0.1) while maintaining a low added
noise value (n,44 < 0.1). With these improvements, observation of
anti-bunching from transduced photons and optically mediated entan-
glementgeneration between remote superconducting qubits should be
possible, ultimately leading to new applications for superconducting
processors in optical quantum networks.
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Methods

Fabrication

The fabrication process for piezoelectric resonator, OMC cavity, and
superconducting circuit elements are illustrated in Extended Data
Fig. 1. We start with a 4-inch silicon-on-insulator (SOI) wafer with the
following specifications: silicon device layer, float zone grown, 220 nm
thick, resistivity p = 5 kQ cm; buried oxide layer, 3 pum thick, silicon
dioxide; silicon handle, Czochralski grown, 750 pm thick, p>=5kQcm.
We then perform the following fabrication steps: (i) sputter deposit
300-nm-thick c-axis AIN piezoelectric film (grown by OEM group; stress
T=+55MPa; (002) X-ray diffraction peak of full-width at half-maximum
1.79°) and dice the wafer into1cm x 1cm chips. The following steps are
each carried out using e-beam lithography unless noted otherwise.
(ii) Niobium marker deposition (liftoff) and AIN trench etch (Oxford
Plasmalab 100 etcher; Ar:Cl,=40:80 standard cubic centimetres per
minute (sccm); RF power =120 W; inductively coupled plasma (ICP)
power=600W; d.c.bias=220V).Inthis step, we etch only asmall area
(width ~100 nm) at the perimeter of the AIN region of the transducer.
This dry etch step ensures that the boundaries of the AIN transduc-
ers are precisely defined via dry etching, while still making sure that
the silicon device layer is undamaged for the rest of the chip. This is
important for achieving optical, mechanical and microwave resonances
with high quality factors. (iii) Conformal deposition of a hard mask of
SiO, via plasma-enhanced chemical vapour deposition (PECVD). (iv)
Patterning of the SiO, mask via dry etching (Oxford PlasmaLab 100
etcher; C,F4:SF,=80:40 sccm; RF power =14 W; ICP power =1,300 W,
time = 6 min). (v) Removal of the remaining AIN on the chip with H,PO,
(heated to 80 °C, 85% by weight). (vi) SiO, mask removal by 10:1buffered
oxide etchant (buffered hydrofluoric acid, BHF). At the end of step (vi),
we have produced a local AIN piezoelectric box (typical dimension
2umx 0.5 um) onthesilicon device layer while still maintaining asilicon
surface thatis smooth outside the AIN box. The following steps (vii—x)
follow previously published results for fabricating superconducting
qubits on SOl substrates®. For the devices used in the final experiment
inthe cryogenic set-up, the procedure includes an additional step for
realizing end-fire fibre coupling as follows. (xi) We use photo-resist
to define a ‘trench’ region of the chip to be etched for fibre access to
the devices’ optical waveguides. We use a plasma etch to first remove
theburied oxidelayerinthe trenchregion, and subsequently etch the
handlesiliconin this area to a depth exceeding 100 um. The chips are
then cleaned toremove the photoresist and arereleased inavapour-HF
etchstep.

Qubit and microwave readout design

The superconducting qubitsin the experiment are designed to operate
in the transmon limit at the resonance frequency of f, = 5.7 GHz with
capacitive and tunnellingjunction energies equal to E/(A21) =292 MHz
and £,/(h2m) =15.5 GHz, respectively. This is achieved using a total qubit
capacitance of C,;= 66.2 fF, whichincludes the IDT contribution along
with the junctions’ capacitance, estimated at C;=4.6 fF. The junction
energy corresponds to a pair of (identical) Josephsonjunctionsin the
SQUID geometry with eachjunction’s electrode dimensions designed
tobeA;=290 nm x240 nmin area. The readout resonator is designed
as aA/4 lumped-element resonator with a resonance frequency of
fro=7.56 GHz and a (capacitive) coupling rate of gyo/21 =85 MHz with
the qubit.

The CPW geometryis designed to achieve an external coupling rate
of Kk, o/211=120 kHz and kgo/211=5.5 MHz to the qubit and the readout
resonator, respectively. In addition to direct capacitive coupling to the
CPW, the qubit can also radiate energy out the CPW port through the
non-resonant readout resonator. The estimated Purcell decay rate for
suchaprocessisonly kp,/21=15 kHz.

The qubitand transducers devices were laid outin pairs, withasingle
CPW designed to provide access to a pair of qubit/readout resonator

devices placed in mirror symmetry at the end of the waveguide (see
Fig. 1e). To eliminate hybridization between neighbouring readout
resonators due to near-field coupling (estimated to be 2.5 MHz from
simulations), the pair of readout resonators are intentionally designed
to be detuned by 100 MHz with respect to each other (7.56 GHz and
7.66 GHz). The fabrication disorder in the qubits’ resonance frequency
(250 MHz from previous experiments and set by variations in junction
area) isexpected to prohibit hybridization of the neighbouring qubits.

Optomechanical and piezoelectric simulations

The optical, mechanical and piezoelectric properties of the device
are simulated using the finite-element method (COMSOL Multiphys-
ics software package) before fabrication. We start by independently
designing a pair of nearly resonant piezoacoustic and OMC cavities
(see Extended DataFig.2). The piezoelectric coupling rate is extracted
by numerical calculation of the overlap integral between the electric
field induced by the mechanical mode and the electric field from the
qubitapplied tothe IDT with proper normalization to single-quantum
level. To model the piezoelectric response of the AIN thin film, we have
used a charge constant that is a factor of 3 smaller than the typically
observed bulk value (d?;"k =4.96 pm V"), which is found from fitting
room-temperature calibration measurements of thin-film AIN-on-SOI
piezoelectric transducers fabricated using our process. The optom-
echanical couplingrateis calculated by numerical evaluation of surface
and bulk contributions in a similar fashion to previous work®. In the
final design step, we simulate a structure made by attaching the OMC
and piezoacoustic cavity parts and modifying the intermediate section
to form a phonon waveguide. The final in-plane dimensions from the
simulationare scaled by afactor of 0.96 before device fabrication. This
scaling factor is found from calibration measurements for achieving
good agreement between the simulated and measured values of optical
resonance frequencies of the OMC cavity.

Phonon waveguide design

Mechanical hybridization between the AIN-on-SOI piezoacoustic reso-
nator and the silicon OMC cavity is achieved by modifying the OMC
structure to make a mechanically transparent sectionbetween the two
components. Extended Data Fig. 3 shows a unit cell of the nanobeamin
thisintermediate sectionin the original OMC design and after modify-
ing it. To make this section transparent to mechanical waves, we have
simulated the optical and mechanical band structure of the unit cell
while sweepingtheellipticity of the central ‘hole’ in the nanobeam. Heu-
ristically, this modification resultsina unit cell with asimilar dielectric
to vacuum ratio (due to the nearly constant area of the holes), which
maintains the qualitative form of the optical band structure, whereas
theacousticband structureis modified because of the hard boundary
betweensiliconand vacuum for acoustic waves (acoustic waves cannot
travel in vacuum as electromagnetic fields do).

Disorder and acoustic mode hybridization

The phononwaveguide design presented in the previous section allows
forachieving hybridization betweenthe OMC and piezoacoustic cavity
modes when the two modes areinresonance. In practice, however, the
exactresonance frequency of eachcomponent cavity is dependent on
variations in the geometry that inevitably happen during the fabrica-
tion process. This variation can be reduced by careful calibration of
the fabrication process to values s50 MHz. Alternatively the devices
canbe trimmed post fabrication to achieve the resonance conditions.
In our experiment, we eliminate the need for such measures by real-
izing a large mechanical inter-mode coupling between the OMC and
the piezoelectric resonator via the phonon waveguide, which makes
the hybridization a weak function of the detuning between the two.
Extended DataFig. 4 shows the simulated optomechanical and piezo-
electriccoupling rates of the hybridized modes for different values of
theIDT period in the piezoacoustic cavity. Assumingalinear dispersion



for the mechanical modes confined in the piezoacoustic cavity, the
50 nm change of the period in Extended Data Fig. 4 corresponds to
approximately a 280 MHz change in the detuning between the OMC
and piezoacoustic cavity modes. As evident from simulations, while
the details of the spectral composition and coupling rates is subject
to change, the mechanical mode hybridization is robust to non-zero
detunings resulting in qualitatively similar mode spacing and coupling
rates for various IDT periods. For the fabricated devices, we have swept
the IDT period by 20 nm (110 MHz frequency shift) around the central
periodicity of 885 nm.

Measurement set-up

Extended Data Fig. 5 shows a schematic of the measurement set-up.
The arrangement of the main optical components is adopted and
modified from previous work on phonon counting®¥. A digital delay
generator isused to synchronize the generation of the microwave drive,
the optical readout pulses generated by optical modulation, and the
placement of the detection window in time. Optomechanical readout
and characterization is performed with an external cavity diode laser
source that is frequency-stabilized using a wavemeter in a computer
feedbackloop. Thelaser light s pre-filtered to avoid laser phase-noise
atthe mechanical resonance frequency. A phase modulator is used to
create optical sidebands for the purpose of coherent driving of the
mechanical modes (during characterization) or for creating an optical
reference for locking the tunable filter array in the detection path (as
partofthe transduction sequence). Readout optical pulses are shaped
using an acousto-optic modulator (rise and fall time of 20 ns) and a
pair of mechanical switches (rise/fall time of 100 ns/30 ps) cascaded
together to achieve high-contrast pulses (extinction >86 dB). The
reflected optical signal from the device is routed via an optical circu-
lator to amechanical switch, whereitis directed towards two separates
paths for performing continuous-wave and pulsed measurements.

For characterization of the acoustic modes of the OMC cavity, the
optical reflected signal is routed to the path with an erbium-doped
fibre amplifier (EDFA) and a high-speed photodetector (PD). The
photo-current fromthe detectorisregistered with aanalogue-to-digital
converter to measure the optical resonance while sweeping the
laser frequency. Measurement of the thermal Brownian motion of
the mechanical modes is performed using a spectrum analyser (SA)
for registering the photo-current when the laser is locked at 4 = w,,,.
The coherent mechanical response of the device is measured with
two-tone spectroscopy, where the pump laser light is modulated with
aphase-modulator driven by the output of a vector network analyser
(VNA), and the RF component of the photo-currentis measured at the
input port of the VNA. For the transduction experiment, the second
detection path is used for photon counting. Here, the light is passed
through three cascaded high-finesse tunable fibre Fabry-Perot filters
(Micron Optics FFP-TF2) placed inside a thermally insulating hous-
ing, and is then routed to a single-photon detector (SPD) mounted
on the still plate inside the dilution refrigerator. The SPD used in the
experiment is a WSi-based superconducting nanowire detector. The
RF output ofthe SPD is amplified with acryogenic amplifier at the 50 K
stage of the dilution fridge and a room-temperature amplifier before
detection with a triggered time-correlated single photon counting
(TCSPC) detection module.

The fabricated device is cooled to T;=15 mKin a dilution refrigera-
tor, and is shielded from the magnetic environment using a mu-metal
shieldinserted into the external vacuum can of the cryostatand acry-
opermshield located at the mixing chamber plate. Optical alignment
and coupling of laser light to the tapered silicon optical waveguide
of agiven transducer device is performed using a stack of cryogenic
piezo steppers. Microwave signals are routed to the device viaa coaxial
cable, with thermal grounding to the 4 K and mixing chamber plates
of the fridge, and then onto the CPW of a printed circuit board which
is wire-bonded to an on-chip CPW. Reflected microwave signals from

the device are collected using an RF circulator and amplified through
an amplifier chain consisting of a high-electron-mobility transistor
amplifier (HEMT) at the 4 K stage of the fridge and a low noise ampli-
fier (LNA) at room-temperature. Qubit frequency tuning is achieved
by flux tuning of the SQUID loop using an external hand-wound coil
made from Nb-Ti superconducting wire which is placed several mil-
limetres above the chip. The flux bias currentis applied to the coil using
alow-noised.c.source.

Optomechanical scattering rate and mechanical mode
occupancy calibration

We measure the spectral response of the mechanical modes by per-
forming a two-tone spectroscopy technique. In this approach, the
laser is locked to the red sideband of the optical cavity (4 = w,,), and
phase modulation is used to generate a pair of optical sidebands,
where one of the sidebands is swept across the optical cavity. For the
case where the pump-sideband frequency separation coincides with
the mechanical resonance frequency, the optical susceptibility of the
cavity is strongly suppressed owing to cancellation of coherent scat-
tering components from the mechanical and optical resonances, in
asimilar fashion to electromagnetically induced transparency*. We
calibrate the optomechanical coupling rate of the mechanical reso-
nance at w,,/21 =5.159 GHz by fitting the linewidth from the two-tone
spectroscopy as afunction of the pump photon number in the optical
cavity, finding g,,,/21t = 420 kHz. The optomechanical scattering rate
for other mechanical resonances are found by integrating the area
under the thermal Brownian spectrum at each resonance frequency
(measured using a spectrum analyser) and using the optomechanical
coupling rate of the mode at w,,,/21 = 5.159 GHz as a reference.

The optomechanical coupling rate is independently verified by
measuring the photon scattering rates with the pump locked to the
red and blue sideband of the optical cavity (4 = + w,,). In this setting,
the photon detection rate can be written as,
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where =10 cpsistherate of dark counts, n,is the occupancy of the
mechanical mode, and n, =k, o/ (k; , + K. ,) 0.5 is the cavity-to-waveguide
coupling efficiency. The external optical efficiency of the system is
independently measured to be ,,,=1.5%, whichincludes the efficiency
of coupling from the lensed fibre to the device (1, = 65%, one-way),
transmission efficiency through the measurement system including
the optical filter bank (.., = 3%), and the quantum efficiency of the
SPD (75,4 =85%).

So long as the optomechanical back-action rate is negligible com-
pared with theintrinsic mechanical mode dampingrate (thatis, n,,is not
influenced by the back-action), the differenceinred- and blue-sideband
scattering rates provides a calibration-free means of determining the
per-phonon count rate by using the vacuum contribution (that is,
spontaneous Stokes scattering) as areference. Fromthe independent
measurements of g, and k, we estimate that for the optical drive power
used in these experiments (2 pW at the chip; n. = 44) that the optom-
echanical back-action is y,,/21t =19 kHz, far less than the measured
Kmn/2T1=446 kHz. We can use this to find an independent estimate of
the optomechanical readout efficiency of the transducer. The optom-
echanical readout efficiency asafunction of readout time, 7,,, is given by
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whichinthelong-timelimitisjust the fraction of ‘good’ damping, y,./
(Vom * Kin,7)- In the small-time limit (7., < 1/(Vom + Km 1)), appropriate to
the measurements reported here, the optomechanical readout effi-
ciency can be simply related to the difference in the blue and red
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sidebandscatteringrates, ’Im(Tro)”K’Tsys =Dy EIS”(I@(t) —Ix(t))dt, where
the integration accounts for the fact that the scattering rates may be
time-dependent due to the turn-on of the optical pulse, and p, is the
probability of detecting a single photon converted from asingle pho-
non excitation in the mechanical mode. Similarly, we find the
time-averaged (over t,,) residual thermal noise of the heated mechan-
icalmode occupancy by integrating the red-sideband rate normalized
to the per-phononrate: (n,,)), =L§"’ fRdt/Ig°(fB -lp)dt.

Extended Data Fig. 6 shows the calculated noise and efficiency from
the optomechanical scattering measurements as a function of
the pulse integration time (7,,) with the qubit decoupled from the
transducer. As is evident, the time-averaged phonon noise in the
mechanical resonator starts at asmall value and grows with the opti-
cal pulse measurement time, inagreement with previous observations
of optical absorption heating in silicon OMC devices. The readout
efficiency alsoincreases withintegrationtime, leading to atrade-off
between noise and efficiency. For an optical readout integration time
of 7, = 38 ns, equivalent to that used in the qubit transduction data
of Fig. 4, the extracted average mechanical mode occupancy and
optomechanical readout efficiency are (n,,), =0.64 + 0.15 and
N,(T,,) =(0.88 £ 0.13) x 1075, respectively. These ‘vacuum-calibrated’
values are consistent with the corresponding ‘qubit-calibrated’ values
of pd = (118 + 0.26) x 107> and {1,)? = Nyyallswep = 0.43 £ 0.17.

Quasiparticle trapping
Absorption of pump laser light in our experiment leads to generation
of excited electrons (that is, quasiparticles, QP) from broken Cooper
pairs due to the large energy of the infrared photons with respect
to the energy gap of superconducting aluminium, fiw > 2A,,. The
generated non-equilibrium QP population in the transmon’s capaci-
tive leads gives rise to a dissipative component in the admittance of
Josephson junctions, which reduces the lifetime of the qubit, and in
turn compromises the ability to perform coherent gate operationsin
the microwave domain. This excess QP population eventually decays
to the steady-state value via electron-phonon-mediated pair recom-
bination with a characteristic lifetime set by the material properties
of the superconducting film and the substrate®, Extended Data Fig. 7
shows the QP relaxation measured by sending optical pulses into the
transducer device, followed by a delayed measurement of the qubit
Rabi curve contrast performed via the microwave readout resona-
tor. Asis evident, for the pulse duration and optical power used in the
transduction measurements, the transmon qubit requires a delay of
approximately 8 ms between pulses to allow for full recovery (hence our
limited repetitionratein the transduction measurements of R=100 Hz).
Toverify QP generationas the source of light-induced decoherence,
we have performed electrical QP relaxation measurements, in which

weinject QPsinto the qubit by creating alarge off-resonant a.c. voltage
across the qubitjunctions® viaa pulsed drive applied on the CPW. Using
the measured decay rate of the Rabi oscillations of the qubit as anindica-
tor of the qubit’s coherence time after the QP injection with a variable
delay, we extract a QP lifetime of 1.5 ms for our device. The measured
value is in qualitative agreement with previously reported values for
thin-film aluminium and is qualitatively consistent with results of the
optics measurement. In the next step, we try to reduce QP relaxation
lifetime via vortex trapping®. To do this, the device is warmed to above
the superconducting transition temperature, amagnetic field (normal
tosubstrate) isapplied via the flux-tuning coil and the device is subse-
quently cooled down to base temperature. This results in creation of
vorticesinelectrodes with the number of vortices approximately equal
to the magnetic flux threading a square of electrode width divided by
flux quantum. At the base temperature, we turn off the magnetic field
slowly, whichis expected to pin the vortexes to defects in the thin film
aluminium. We then repeat the electrical measurement of QP relaxa-
tion, finding a lifetime of 320 ps for a cooling magnetic field of 15 Gauss
(correspondingto-~75vortices per squarein the transmon electrodes).
Asafinal verification, we repeat the light-induced QP generation experi-
mentin this setting, finding arecovery time of approximately 2 ms for
the transmon qubit. The electrical and optical measurements consist-
ently pointtoafactor of -5enhancement in the measurement repetition
rate via vortex trapping of QPs.

Data availability
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Extended DataFig.1|Device fabrication process. (i) Starting substrate: device layer with plasma etching. (viii) Evaporation of aluminium for IDT, qubit
AIN-on-SOL. (ii) Defining the boundaries of the piezoelectric resonator with capacitor, resonator, CPW and device ground layer. (ix) Angled evaporation of
plasma etching. (iii) Deposition of silicon oxide protective mask. (iv) Patterning  Josephsonjunctionleads. (x) Vapour-HF etch of buried oxide layer for releasing
of thessilicon oxide mask with plasma etching. (v) Removing the AIN layer the device membrane.Images are nottoscale. All patterning is performed with
outside the device boundaries with phosphoric acid wet etch. (vi) Removing electronbeamlithography using a ZEP-520A electron beam resist mask.

thesilicon oxide mask with a BHF acid wet etch. (vii) Patterning of the silicon
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Extended DataFig.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 nmandabeam width of 600 nm. b, Simulated optical (top) and mechanical
(bottom) mode profile of an OMC designed with the mechanical mode near
5GHz. ¢, 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

w, /2m=5.16 GHz
w,/2m =194 THz
Goml2m=1.09 MHz

Hole Index

waveguidesection in which the mirror holes in the OMC cavity are modified
nearest the piezoacoustic cavity. The optomechanical and piezoelectric
couplingrateslisted are calculated for the hybridized mode with the largest
optomechanical coupling. d, Radii of the patterned holes along the nanobeam
OMC cavity and phononwaveguide section. d, (d,) designates the hole diameter
normal (parallel) to the nanobeam’s long axis. The optical cavity region (shaded
13 central holes) islocated between a phonon/photon mirror (left seven holes)
and a photon mirror/phonon waveguide section (right seven holes).
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Extended DataFig. 3 | Design of the phonon waveguide unitcell.

a, Schematics of the original (top) and modified (bottom) unit cell of the OMC
cavity mirror section adjacent to the phononwaveguide. The dimensional
parametersare equaltod,; =366 nm (d,=295nm) and d,=205nm (d,=320 nm)
for the original (modified) holes. The nanobeam parameters (h=220 nm,
a=436nm, b=529 nm) areidentical for both cases. b, Simulated mechanical
band structures. The dashed line marks anominal mechanical resonance
frequency of f;,=5.3 GHz for the decoupled OMC and piezoacoustic cavity
modes. Theintersection of the dashed line and the energy band in the bottom

acoustic band-structure plot for the modified hole structure allows for guiding
ofacoustic waves between the piezoacoustic and OMC cavity. ¢, 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
cavityatafrequencyf,=193 THz. Unlike the acoustic mode case, the hole
modificationsin the OMC cavity actually increase the optical bandgap, further
suppressing optical radiation into the phonon waveguide.
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Extended DataFig. 6 | Laser-induced heating. Plot of the measured thermal from the mechanical mode, and containsa250-ps delay between consecutive
noiseinthe mechanicalmode (red) and optomechanical readout efficiency optical readout pulses to ensure relaxation of the mechanical mode occupancy
(blue) asafunction ofintegration time (z,,). Here the noise and efficiency are toitsbase-temperature value (<1) with the laser off. The error bars mark the
calibrated from measurements of the optomechanical sideband asymmetry. standard deviation at each point, whichis calculated by using the raw counts,
As for the transduction measurements, the optical pump power is set to assuming Poissonian shot noise. For comparison to the transduction
P,,=2puW atthe optical input fibre to the dilution refrigerator, which measurements presented in Fig. 4, the operational readout window of
corresponds to an estimated intra-cavity photon number of n.=44 and an T,,=38ns (marked with the vertical dashed line) yields a photon detection
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