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ABSTRACT

Phonon modes at microwave frequencies can be cooled to their quantum ground state using conventional cryogenic refrigeration, providing
a convenient way to study and manipulate quantum states at the single phonon level. Phonons are of particular interest because mechanical
deformations can mediate interactions with a wide range of different quantum systems, including solid-state defects, superconducting qubits,
and optical photons when using optomechanically active constructs. Phonons, thus, hold promise for quantum-focused applications as
diverse as sensing, information processing, and communication. Here, we describe a piezoelectric quantum bulk acoustic resonator (QBAR)
with a 4.88GHz resonant frequency, which, at cryogenic temperatures, displays large electromechanical coupling strength combined with a
high intrinsic mechanical quality factor, Qi � 4:3� 104. Using a recently developed flip-chip technique, we couple this QBAR resonator to a
superconducting qubit on a separate die and demonstrate the quantum control of the mechanics in the coupled system. This approach prom-
ises a facile and flexible experimental approach to quantum acoustics and hybrid quantum systems.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023827

Hybrid quantum systems have attracted significant recent
interest, for applications in both quantum information processing1–3

and quantum engineering and technology.4–6 Quantum acoustics
can play an essential role in hybrid quantum systems, as mechani-
cal degrees of freedom can couple to many systems, including
superconducting qubits,7–15 spin ensembles,16,17 and optical
photons,18–23 and can serve as quantum memories.24,25

On-demand generation of single phonons has been achieved by
coupling superconducting qubits via a piezoelectric interaction to
film bulk acoustic resonators, to surface acoustic wave resonators,
and to bulk acoustic resonators.7,10–12,26 However, phonons do not
approach the lifetimes of photons in electromagnetic cavities.27

Here, we describe one approach that may achieve levels of perfor-
mance similar to photons while affording simple lithographic
fabrication.

Our quantum system comprises a high-Q electromechanical res-
onator made on a silicon substrate and a superconducting qubit made
on a separate sapphire substrate, with both coupled using a flip-chip
method.28 This approach differs from the previous qubit-coupled
experiments7,8,13,14 where qubits were fabricated on the same substrate
as the mechanical structure, yielding poor qubit performance. Here,
the flip-chip approach preserves the qubit lifetime.10–12,15,26 The
mechanical resonator, shown in Fig. 1, is a mechanically suspended
bilayer of single-crystal Si with a piezoelectrically active aluminum
nitride (AlN) layer, actuated using an interdigital transducer (IDT),
which yields a large electromechanical coupling. The structure is
supported by acoustic mirrors,24 reducing phonon leakage through
the mechanical supports. The choice of materials and overall design
affords more flexibility in the resonator properties, including operating
frequency, mechanical mode selection, and electromechanical
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coupling strength, as well as allowing better mechanical isolation. The
structure exhibits a resonant mechanical mode at 4.88GHz, making
the mechanical quantum ground state accessible by cooling the device
to mK temperatures. We term this new design a quantum bulk acous-
tic resonator (QBAR).

The mechanical device is fabricated on a commercial silicon-on-
insulator (SOI) wafer with a 220nm device layer and a 2lm buried
oxide layer. We first deposit and pattern a 70nm thick SiOx stop layer,
which protects the active device area’s top Si surface from subsequent
etching steps. Next, a c-axis oriented 330nm thick aluminum nitride
(AlN) piezoelectric layer is deposited by reactive sputter deposition,29

using conditions that typically yield an in-plane tensile stress below
200MPa. The AlN film is reactive-ion etched (RIE) using a reflowed
photoresist mask, and the exposed underlying SiOx stop layer is
removed using buffered HF. To avoid subsequent damage to the AlN,
we deposit a �5 nm SiOx layer using atomic layer deposition.

Phononic crystals are patterned using electron beam lithography, fol-
lowed by a Cl2/O2 RIE. E-beam lithography defines a PMMA bilayer
for liftoff of a 30 nm thick aluminum interdigital transducer (IDT) and
ground plane. The wafer is diced into dies, each with closely related
designs, with one die used for the classical measurements in Figs. 2
and 3 and a different die used for the quantum experiment in Fig. 4.
The devices are released in HF vapor; an image is shown in Fig. 1.

The electromechanical resonator is characterized using a cali-
brated vector network analyzer (VNA), shown in Fig. 2. We find a
strong resonant response at the electromechanical resonance fre-
quency f0 ¼ x0=2p ¼ 4:88GHz, as expected, and fit the response to a
Butterworth-van Dyke model circuit (BvD),7,30 shown in the inset in
Fig. 2. This model includes the transducer electrical capacitance C0 in
parallel with the mechanical equivalent inductance and capacitance L
and C, as well as a mechanical loss element R. The values for C0 and C
are determined from the known geometry and materials for the device,
and the values for L and R fit to the measured response. Near the
electromechanical resonance f0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðC þ C0Þ=ðLCC0Þ

p
=2p, the BvD

model has an equivalent impedance Zrðf Þ given by

Zrðf Þ �
QijZ1jei/

1þ 2iQiðf � f0Þ=f0
; (1)

where Z1 ¼ ð1þ ix0RC � x2
0LCÞ=ðx0ðC þ C0ÞÞ with phase factor

ei/ and Qi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LðC þ C0Þ=CC0

p
=R is the internal quality factor. The

inverse transmission is

~S
�1
21 ðf Þ � 1þ QijZ1jei/

2Z0

1
1þ i2Qiðf � f0Þ=f0

; (2)

FIG. 1. Thin film quantum bulk acoustic resonator (QBAR). (a) Scanning electron
micrograph (SEM) of the resonator structure, an acoustically resonant membrane
200� 80 lm2 in area, made of a 220 nm thick single-crystal Si layer supporting a
330 nm thick, c-axis oriented piezoelectric AlN layer, supported on either side by an
acoustic mirror. Actuation and detection are via an IDT comprising forty Al finger
pairs, with alternate fingers connected to one of a pair of wirebond pads (not
shown). (b and c) Details of the structure in (a), showing details of the IDT and the
acoustic mirror supports. Each mirror is 15 phononic crystal unit cells wide, on
either side of the resonator. (d) and (e) Detailed design of the phononic crystal unit
cell, with dimension (H, W, R1, R2, a, T) ¼ (466, 177, 40, 25, 550, 220) nm. The
sidewall angle h is �85�. (f) Finite-element simulation of the band structure for the
phononic crystal; the dashed line indicates the QBAR resonant frequency, and
the phononic crystal bandgap is shaded purple.

FIG. 2. Room temperature microwave transmission measurements. (a) Main panel
shows the transmission magnitude jS21j measured by a vector network analyzer (VNA)
connected via a microwave probe station. The inset shows the equivalent electrical cir-
cuit, based on the Butterworth-van Dyke model; 1 and 2 correspond to VNA ports. (b)
Left: Magnitude jS21j and phase /S21 (blue) near the QBAR electromechanical reso-
nance at f0 ¼ 4:88 GHz. Right: Inverse 1=~S21 (blue) in the complex plane (horizontal
axis: real part; vertical axis: imaginary part). Dashed lines (red) are fits to Eq. (2).
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where Z0 ¼ 50X. A fit to the data (Fig. 2) yields the internal quality
factor Qi � 1:0� 103 (measured at room temperature).

We characterize the resonator at temperatures below 1K using
an adiabatic demagnetization refrigerator (base temperature,
�60mK). Excitation signals from a VNA with –40 dBm output power,
which corresponds to about 106 phonons in the cavity, pass through a
20 dB attenuator, with the reflection from the device amplified by
room-temperature amplifiers with a net gain of 20 dB. The results are
displayed in Fig. 3. The resonant frequency remains unchanged from
room temperature, while Qi increases by a factor of 40 to
Qi � 4:3� 104. As substrate loss is significantly decreased at cryo-
genic temperatures, additional resonant modes become detectable,
consistent with finite-element simulations, shown in Fig. 3(a).

A superconducting qubit is a unique tool to characterize mechan-
ical resonators in the quantum limit.7,10–15,26 Here, we use a
frequency-tunable planar Xmon qubit31,32 to characterize a QBAR
very similar to that measured classically. The qubit is fabricated on a
separate sapphire die, with wiring on the two dies including mutual
inductive couplers;28 a schematic is shown in Fig. 4a. The sapphire
and SOI dies are aligned and attached to one another using photore-
sist, with vertical spacing defined by �5 lm thick spacers.28 A flux-
tunable coupler element10 is placed between the qubit and its mutual
coupling inductance, allowing the external flux control of the coupling
strength, from zero to a maximum of 2g=2p � 11:2MHz.

With the coupler off (coupling rate, 2g=2p � 0MHz), we mea-
sure the intrinsic qubit Tqb

1 ¼ 10ls and Tqb
2;Ramsey ¼ 1ls, for qubit fre-

quencies ranging from 4.5 to 5.0GHz, with both measured using

standard techniques.32 As we increase the coupling strength from zero,
the qubit response includes the resonator and becomes more complex,
in particular near the resonator frequency. In Fig. 4(c), we show a
qubit spectroscopy measurement with the coupler set to a coupling
2g=2p ¼ 9:6MHz. After setting the qubit frequency (horizontal axis),

FIG. 3. Microwave transmission measurements at T � 80 mK. (a) Transmission
magnitude jS21j displays three resonances at 1.69, 4.88, and 8.50 GHz, in reason-
able agreement with simulations, shown as strain maps (normalized) (inset). (b)
Left: Details of the primary resonance at f0 ¼ 4:88 GHz, plotted in amplitude and
phase vs detuning f � f0. Right: ~S

�1
21 plotted in the complex plane (blue). Dashed

lines (red) are fits to Eq. (2). We estimate the excitation corresponding to �106
phonons.

FIG. 4. Qubit-mediated measurements of the mechanical resonator. (a) Electrical
circuit diagram, showing qubit (blue) and tunable coupler (purple), one arm of which
couples inductively (black) to the IDT (red). Two acoustic mirrors consist of pho-
nonic crystal arrays (brown). (b) Photograph of flip-chip assembly, comprising a
6� 6 cm2 qubit die (bottom) and a 4� 2 cm2 resonator die (top). (c) Qubit spec-
troscopy, showing excited state probability Pe vs qubit frequency (horizontal) and
microwave pulse frequency (vertical). An avoided-level crossing appears when the
qubit and resonator are in resonance. Two energy splittings can be observed, with
the larger corresponding to the primary mechanical mode (2g=2p � 9:6 MHz) and
the other a spurious mechanical mode (2gspur=2p � 3:5 MHz). Dashed lines
(black) are fits to a modified Jaynes–Cummings model including two resonant
modes. (d) Phonon lifetime measurement. The inset shows the pulse sequence.
The main panel shows the qubit final excited state probability Pe, where the expo-
nential decay is primarily due to the phonon lifetime of 178 ns, as fit by the dashed
line (red). (e) Qubit-resonator Rabi swaps. The probability of the qubit excited state
Pe (color scale) is plotted vs qubit frequency fq (horizontal) and qubit-resonator
interaction time (vertical). Coupling strengths are 2g=2p � 11:2 MHz and
2gspur=2p � 3:5MHz for primary and spurious mechanical modes, respectively.
Left: simulation results. Right: experimental results.
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the qubit is gently excited by a 1ls excitation microwave tone at the
drive frequency (vertical axis) and the qubit excited state probability Pe
measured (color scale). The qubit tunes as expected, exhibiting the
expected splitting as it crosses the mechanical resonator frequency at
fr ¼ 4:86GHz. There is an additional spurious mode that is weakly
coupled to the qubit at 4.87GHz, with a splitting of about
2gspur=2p ¼ 3:5MHz. This spurious mode may come from a slight
difference between the IDT resonant frequency and that of the QBAR.

We next use the qubit to perform a single-phonon lifetime mea-
surement,7 using the pulse sequence in Fig. 4(d). From the decay of
PeðtÞ with delay t, we extract the resonator’s energy relaxation time
T1;r ¼ 1786 2 ns. This corresponds to a single-phonon quality factor
Qi � ð5:436 0:06Þ � 103, slightly smaller than the device measured
in Fig. 3. We believe that the reduction in the quality factor compared
to the measurements shown in Fig. 3 is due to spurious two-level sys-
tem defects33,34 that are saturated at the higher powers (�106 pho-
nons) used in Fig. 3 compared to the single-phonon energies used
here.35

In Fig. 4(e), we display a qubit-resonator Rabi swap, measured as
a function of time (vertical axis) and as a function of qubit detuning
from the resonator frequency (horizontal axis). A microwave pulse
places the qubit in its excited state, and the coupling between the qubit
and resonator is turned on, initiating the Rabi swap. By measuring the
qubit state at different times, we capture the excitation as it is
exchanged between the qubit and resonator, whereas the qubit-
resonator detuning increases, the swap rate increases, but the amplitude
decreases. The spurious mode interferes with this process, generating a
non-ideal response, consistent with the spectroscopy measurement.
The lifetime of the Rabi swap process is significantly shorter than that
measured in Fig. 4(d), implying that an unknown additional loss is
introduced when we leave the qubit variable coupler on.

We used numerical simulations to support our experimental
results. The simulations use a modified Jaynes–Cummings model,
where the qubit is modeled as a two-level system coupled to two har-
monic oscillators, representing the main and spurious mechanical
modes, with different coupling strengths at the frequencies 4.86 and
4.87GHz, respectively. Both the avoided-level crossing in Fig. 4(c) and
the Rabi swap measurement in Fig. 4(e) are supported by this model,
from which we extract a Tspur

1;r lifetime for the spurious mode of
� 70 ns.

In conclusion, we have designed and fabricated a microwave-
frequency quantum bulk acoustic resonator with a resonance fre-
quency just below 5GHz and a single-phonon intrinsic quality factor
of Qi � ð5:436 0:06Þ � 103; a companion device measured with a
VNA has Qi � 4:3� 104. These quality factors are roughly 20 times
and 200 times higher than those obtained in our previous experiment
on thin-film bulk acoustic resonators,7 although they do not yet
approach those on wafer-thickness bulk resonators.9,11,36,37 The piezo-
electric construction of the resonator supports a strong electromechan-
ical coupling rate, allowing us to couple it to a superconducting qubit
for quantum measurements. This approach holds promise for high
quality factor, very small form-factor resonant acoustic cavities
operating in the quantum limit, with potential applications to hybrid
quantum systems, quantum communication, and quantum computing.
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