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ABSTRACT

Quantum acoustics is an emerging platform for hybrid quantum technologies enabling quantum coherent control of mechanical vibrations.
High-overtone bulk acoustic resonators (HBARs) represent an attractive mechanical implementation of quantum acoustics due to their
potential for exceptionally high mechanical coherence. Here, we demonstrate an implementation of high-coherence HBAR quantum acous-
tics integrated with a planar superconducting qubit architecture, demonstrating an acoustically induced-transparency regime of high coopera-
tivity and weak coupling, analogous to the electrically induced transparency in atomic physics. Demonstrating high-coherence quantum
acoustics with planar superconducting devices enables interesting applications for acoustic resonators in quantum technologies.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230359

In the field of quantum acoustodynamics (cQAD), superconduct-
ing transmon qubits1–3 have been coupled to multiple different forms of
mechanical modes such as propagating surface acoustic (SAW),4–7 film
bulk acoustic resonators (FBARs),8 ultra-high-frequency (UHF) nanore-
sonator,9 nanomechanical resonators,10,11 and high-overtone bulk
acoustic resonator (HBAR) coupled to either 3D12–14 or 2D trans-
mons.15–18 The potential applications of HBAR quantum acoustic devi-
ces include compact quantum memories,19 quantum interfaces to spin
devices,20,21 microwave to optical quantum transduction,22 and the
exploration of fundamental mass limits in quantummechanics.23,24

An attractive feature of HBARs is the small surface-to-volume
ratio of the acoustic modes, enabling them to exploit the exceptionally
high bulk mechanical quality factor of crystalline materials, with bulk
modes whose quality factor can exceed 1010.25 While the pioneering
work12 with HBARs achieved moderate quality factors of 105, quality
factors of 106 were soon achieved13,26 by shaping the top piezo element
to reduce diffraction by shaping the acoustic mode, creating an effec-
tive acoustic plano–convex lens.

Initial work in the field focused on superconducting qubits in 3D
architecture, which enables high-coherence times of the superconduct-
ing qubit.12 While it can be more difficult to engineer the same

coherence times in planar qubit devices, the planar approach offers sig-
nificant advantages, such as the ease of integrating multiple qubits on
the same chip. The planar design also enables the inclusion of fast-flux
lines for rapid control of qubit frequencies and qubit couplings and ena-
bles high-speed parametric modulation for applications such as para-
metric amplifiers and on-chip circulators.27 The integration of acoustic
devices with planar superconducting circuits would provide a valuable
quantum resource but, until now, attempts to integrate HBARs with pla-
nar circuits have resulted in reduced coherence of the mechanical
modes15,17 exhibiting quality factors on the order of 103–104.

Here, we demonstrate the integration of HBAR devices with
state-of-the-art mechanical coherence with a planar superconducting
qubit chip. Our architecture is based on a flip-chip assembly of a piezo-
electric HBAR chip on top of a superconducting qubit chip fabricated
on a silicon wafer using standard circuit QED processes and designs.
We observe sharp HBAR resonances inside a broad qubit linewidth,
whose mechanical nature is confirmed by changing the qubit fre-
quency through multiple resonances via AC-Stark tuning with a
nearby drive tone. To decouple the effect of the hybridization of the
HBAR mode with the qubit, the resulting lineshapes are analyzed
using a master equation simulation to extract the intrinsic mechanical
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damping rate.28 Doing so, we extract intrinsic damping rates 6.8 kHz,
corresponding to Q-factors of 9:0� 105, despite the absence of any
mechanical lensing engineered in the piezo actuation layer, promising
for the integration of HBARs with more complex superconducting cir-
cuits for applications in quantum technologies.

The device has two feedlines with five multiplexed readout reso-
nators coupled to five niobium-titanium nitride transmon qubits. The
top line has the flipped HBAR chip aligned with the transmon qubits,
and the bottom line is an exact copy without the HBAR chip for con-
trol measurements. In this flip-chip architecture, the top chip consists
of five cylindrical-shaped aluminum nitride piezoelectric transducers
on a sapphire substrate. The bottom chip includes superconducting
transmons and coplanar waveguide readout resonators on a silicon
substrate, see Figs. 1(a) and 1(c). An optical micrograph of a single
transmon qubit with an HBAR is shown in Fig. 1(b); the piezoelectric
cylinder is visible as a large circle exhibiting white light interference.
The interference pattern suggests a gap between the piezoelectric disk
and the silicon substrate on the order of 1lm.

To excite HBAR modes near 6GHz most efficiently, the piezo-
electric layer was designed to have a thickness of tp � 900 nm. Since
the resonance frequency of the piezoelectric disk is given by
f0 ¼ vp=2tp, where vp is the acoustic velocity in the piezoelectric mate-
rial (vAlN � 1:14� 104 m/s). The mode spacing between two consecu-
tive resonances, the free spectral range (FSR), of the phononic
resonator is given by fFSR ¼ vs=2ts, where vs is the acoustic velocity in
sapphire (� 1:11� 104 m/s,) and ts is the HBAR thickness, with a
predicted FSR of 8.538MHz for a 650lm sapphire substrate.

The flip-chip device was cooled to a temperature of� 20 mK in a
commercial dilution refrigerator. We measured our readout resonator
xr ¼ 2p� 4:910GHz to be 1.07GHz detuned from our qubit’s
ground-to-excited state transition frequency xeg ¼ 2p� 6.067GHz.

To confirm coupling to HBAR resonances, we use the AC-Stark
effect29–31 to shift the qubit’s resonance frequency. The Stark drive was
applied to the qubit detuned 30MHz above the qubit frequency,
xStark ¼ 2p� 6.096 05GHz. Increasing the Stark tone’s power while
performing two-tone spectroscopy shifts the qubit to lower frequen-
cies, see Fig. 2. In this measurement, a high-power qubit probe tone is
applied such that power broadening allows the simultaneous measure-
ment of multiple HBAR resonances within the qubit linewidth. The
sharp resonances occur every 8.53MHz, in excellent agreement with
the designed FSR.

In order to quantify the interaction strength of the qubit and the
phonon modes, additional two-tone spectroscopy was performed with
sufficient resonator probe power and qubit drive power so that only
one acoustic mode became visible within the qubit peak. To optimize
measurement time, we performed segmented qubit drive frequency
sweeps: In a span of 200 kHz around the acoustic mode, frequency
points were spaced 250Hz apart, but in a larger span of 20MHz
around the qubit xeg transition, they were spaced 250kHz apart. The
data (gray dots) are shown in Fig. 3, where panel (a) shows full acousti-
cally induced transparency (AIT) of qubit with one coupled acoustic
mode and (b) shows a zoom-in of the HBAR mode.

Figure 3 shows high-resolution traces of the HBAR AIT resonan-
ces observed in qubit spectroscopy taken at low qubit drive and read-
out resonator drive powers to minimize the broadening of the qubit
linewidth. Panel (a) shows a wide sweep in this regime, where the full
qubit peak is visible. The qubit spectroscopic peak shows a small

FIG. 1. A planar Transmon flip-chip HBAR device. (a) Photo of the assembled
device. (b) Optical image of transmon with HBAR on top. White light interference
fringes in HBAR suggest a gap distance of a few micrometers between the top and
bottom chip. (c) Schematic side view of assembly drawn at the dashed white line in
(b). The antenna of the transmon qubit emits an alternating electric field,~E , to actu-
ate the piezoelectric, which, in turn, generates a standing wave in the sapphire
substrate.

FIG. 2. Observation of multiple HBAR resonances by AC-Stark shifting of the qubit fre-
quency. The qubit xeg=2p transition is tuned using a Stark drive tone with small detun-
ing (xStark=2p¼ 6.096 05GHz). The curves represent two-tone spectroscopy
measurements for different Stark powers (top to bottom: �22.0, �15.5, �12.0, �9.0,
and �7.5 dBm). HBAR resonances are observed at fixed frequencies separated by a
free spectral range of 8.53MHz, corresponding to a 650lm Sapphire substrate.
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degree of asymmetry in its line shape, which we attribute to the resid-
ual thermal occupation of the readout resonator, see Ref. 28. The line
indicates the result of a master equation and mean-field calculations of
the qubit spectroscopy. The mean-field curve was used to extract the
intrinsic damping rate of the mechanical mode by fitting the data. We
note that even at low powers, the qubit has a relatively large linewidth
of 425 kHz. While it is likely that dielectric losses from the piezoelectric
can reduce qubit coherence, in our case, the reference qubits on the
chip which were not coupled to the HBARs also showed comparable
linewidths, suggesting the piezoelectric layer, in this case, is not the
source of qubit decay. We currently believe that the large linewidth in
our qubit fabrication process is related to an interaction of the alumi-
num layer of the qubit with a silicon layer that was overetched during
the base layer patterning.

Figure 3(b) shows a zoom of the AIT feature with high spectral res-
olution along with the calculations. From the mean-field model, we
extract an intrinsic mechanical damping rate of the HBAR mode of
6:9860:03 kHz, describing the mechanical decay rate if the HBAR were
decoupled from the qubit entirely and a qubit-HBAR coupling rate of
19761 kHz. We note that the spectroscopic AIT feature observed in the
experimental spectroscopy can be not only broader than the intrinsic

mechanical linewidth due to hybridization with the qubit but also nar-
rower than the intrinsic mechanical linewidth at higher qubit drive pow-
ers due to mechanical amplification and narrowing stemming from
single-atom lasing physics.28 As described in the previous work,28 there
is good agreement between the calculation and the experiment.
However, we can see here that the master equation simulations per-
formed failed to capture a slight bump on the left side of the AIT feature.
This feature can be captured better by mean-field calculations.28 In any
case, both mean-field and master equation modeling describe the behav-
ior of the data and can be used to extract similar line widths.

Interestingly, we achieved state-of-the-art mechanical coherence,
comparable to the best HBARs in 3D qubit architectures, in the
absence of any shaping of the piezo surface to produce acoustic lens-
ing. It is interesting to ask why the etched piezo shaping is not needed
on our device. One possibility is that the small qubit electrode com-
bined with the large piezo disk may already provide some electrostatic
lensing from the non-uniform electric fields in the piezoelectric mate-
rial, something which could be explored in future work. The high
coherence demonstrated here, in any case, opens up an exciting route
to combining quantum acoustics with planar technologies such as fast-
flux lines, flux-mediated parametric gates,32 SNAILs,33 and asymmetri-
cally threaded SQUIDs.34

See the supplementary material for details on device fabrication,
mean-field calculations, and reference qubit data.
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FIG. 3. Extracting the intrinsic mechanical damping rate in the AIT regime. (a)
Experimental two-tone data of qubit ground-to-excited state transition coupled to a
single HBAR mode at 6.064 GHz (gray dots) at low qubit driving power. Both panels
also show the qubit spectrum determined from mean-field (blue dashed line) and
master equation simulations (red dashed line). (b) Zoom in on the HBAR reso-
nance. The fit to the mean-field theory determines an intrinsic mechanical damping
rate of c=2p ¼ 6:9860:03 kHz, corresponding to a quality factor of 9.0�105 and
a qubit-phonon coupling gqh=2p ¼ 19761 kHz. In panels (a) and (b), frequency
refers to the detuning from the HBAR mode.
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