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ABSTRACT

Surface acoustic wave (SAW) resonators provide a compact platform for confining microwave-frequency phonons and are widely used in
radio frequency technologies, but their operation at gigahertz frequencies and cryogenic temperatures remains challenging. In this regime,
conventional design rules do not directly apply, and achieving high-quality acoustic confinement requires careful consideration about
geometry and loss mechanisms. Here, we present a systematic experimental study of SAW resonators on gallium arsenide (GaAs), a plat-
form of particular interest for hybrid quantum devices but comparatively unexplored for high-Q SAW cavities. By varying design parame-
ters such as cavity length, wavelength, and crystal orientation, we study resonator performance and achieve quality factors up to 28’000 in
the gigahertz range for the longest investigated resonator, identifying cavity length as a key parameter. In addition, we introduce mesa steps
within the acoustic cavity, mimicking realistic device architectures and providing insight into scattering processes and additional dissipation
channels. Our results establish practical design guidelines for GaAs-based SAW resonators and support their development as a scalable plat-
form for quantum acoustics and phonon-mediated hybrid systems.

© 2026 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/10.1063/5.0341841

Surface acoustic wave (SAW) resonators are compact phononic
devices that confine microwave-frequency excitations within sub-
millimeter footprints and are used in radio frequency electronics as
filters, oscillators, and delay lines.' Beyond these established applica-
tions, SAW platforms have recently attracted increasing interest in
sensing,”” optomechanics,”” and hybrid quantum systems.””” Despite
the maturity of SAW technology in classical signal processing, its
extension to the regime relevant for quantum technologies remains
challenging: operation at gigahertz frequencies and cryogenic temper-
atures modifies the dominant loss mechanisms such that established
design heuristics do not directly apply.'”"’

In the context of quantum technologies, SAWSs have been imple-
mented in both traveling-wave and resonant configurations.'”
Traveling-wave devices enable functionalities such as delay lines"’
and the controlled transport of single electrons via moving acoustic
potentials.'* ' In contrast, resonant structures confine phonons
within a cavity, enabling enhanced interactions and longer storage
times,”'” but require precise control over geometry and loss mecha-
nisms to achieve high quality factors.

A variety of material platforms have been explored, from
strongly piezoelectric lithium niobate'” >’ and low-loss quartz'"**
to thin-film piezoelectrics such as aluminum nitride.”” Gallium

arsenide (GaAs) is also a well-established SAW platform, and, despite
having a lower electromechanical coupling coefficient compared to
the aforementioned materials, it offers unique advantages for cryo-
genic and quantum applications. GaAs heterostructures have the
ability to host high-mobility 2D electron gases,”® spin qubits,”” single-
photon emitters,” edge magnetoplasmons,”””’ and high-impedance
microwave resonators.”” > SAW-induced effects on electronic trans-
port have been demonstrated in GaAs-based quantum-dot sys-
tems,”*'*"*** and GaAs SAW cavities have recently been integrated
with optically active quantum dots and high-impedance resonator
architectures, "> ** such systems can benefit from increased quality
factors.

Here, we present a systematic study of SAW resonators on GaAs
at cryogenic temperatures of ~5K, focusing on the interplay between
geometry and acoustic confinement. We investigate how key design
parameters such as cavity length, wavelength, and crystal orientation
affect the resonator quality factor, achieving internal quality factors
up to 28’000 in the gigahertz regime, achieving this result by fabricat-
ing long cavities. In addition, we explore the impact of controlled
etched steps within the cavity, providing insight into scattering and
additional loss channels for more complex designs that will be
required in future quantum devices."”

Appl. Phys. Lett. 129, 162201 (2026); doi: 10.1063/5.0341841
© Author(s) 2026

129, 162201-1

2S'¥2:01 920 1890100 L2


https://doi.org/10.1063/5.0341841
https://doi.org/10.1063/5.0341841
https://doi.org/10.1063/5.0341841
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0341841
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0341841&domain=pdf&date_stamp=2026-10-21
https://orcid.org/0009-0000-5901-9185
https://orcid.org/0000-0001-5831-633X
mailto:dominik.zumbuhl@unibas.ch
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0341841
pubs.aip.org/aip/apl

Applied Physics Letters

Our results support the development of SAW resonators for
quantum acoustic architectures in which confined phonon modes are
coupled to semiconductor or superconducting degrees of free-
dom.****” While increasing the cavity size can enhance quality fac-
tors, it reduces the zero-point field and hence the single-mode
coupling strength.” On the contrary, the resulting smaller free spectral
range provides a dense mode spectrum useful for multimode quan-
tum acoustics."""

The typical spectrum of a one-port SAW resonator is shown in
Fig. 1(a), where multiple modes appear within a stop band. The device
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FIG. 1. (a) Reflection spectrum of a SAW resonator with cavity size d* = 200.5 4.
(b) and (c) Magnitude and phase of the resonant feature highlighted in panel (a).
The solid curves show the complex fit used to extract the quality factor, while the
crosses represent the experimental data. (d) Representative schematic (not to scale)
of a one-port SAW resonator employing a double-electrode IDT design. In this
design, each pair of adjacent electrode fingers is treated as a single electrode for the
definition of Nipr. Accordingly, the schematic corresponds to Nipr = 5. The cavity
size d* is defined from the center of the first DBR electrode to the center of the first
IDT electrode, with the latter position corresponding to that of the first electrode in an
equivalent single-finger design. The penetration length L, is assumed to be the
same on both sides. The resonator is aligned along the [110] crystal direction. (e)
Internal quality factor Qq as a function of cavity size d*. The error bars are obtained
from measurements of several devices, and the red band shows the fit to Eq. (3).
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geometry is illustrated in Fig. 1(d). It consists of an interdigitated
transducer (IDT) embedded between two distributed Bragg reflectors
(DBRs), forming an acoustic cavity. An RF voltage is applied to the
IDT via a 50 Q coplanar waveguide and excites SAWs via the piezo-
electric effect, while the DBRs act as frequency-selective mirrors that
confine the waves, analogous to a Fabry-Pérot cavity. The acoustic
excitation is a Rayleigh-type surface acoustic wave of GaAs, localized
near the free surface and containing a combination of in-plane and
out-of-plane displacement components. The resonant frequency is
given by fo = v/, where J, is the acoustic wavelength set by the
electrode pitch and v is the SAW velocity. The losses of the resonator
are characterized by two quality factors: the internal quality factor Q,
incorporating all intrinsic loss mechanisms, and the external quality
factor Qey, which describes coupling to the measurement port.
Both quantities are extracted from a complex fit,"* as detailed in the
supplementary material.

The devices are fabricated directly on commercial
{100}-oriented bulk GaAs wafers. The SAW resonators are aligned
along the two orthogonal in-plane (110) cleavage directions of the
wafer. We pattern 3 nm Ti/40 nm Al electrodes using electron-beam
lithography. Since the measurements are performed at approximately
5K, the Al film is above its superconducting transition and is not
expected to affect the device response through superconductivity.
Nominally identical devices with Au electrodes did not show clearly
resolved resonances, likely due to stronger mass loading and acoustic
scattering from the larger mass density of Au."’

The measurements were performed in a non-vacuum liquid-
helium dipstick equipped with a thermometer and low-attenuation
coaxial cables. The microwave lines were calibrated at room tempera-
ture with a calibration kit. During cooldown the device was sub-
merged in liquid helium, which produced a noticeable damping in
the resonances. The probe was then slowly withdrawn from the liquid
helium, and the traces were recorded once the device appeared to be
above the liquid-helium level, reaching a temperature recorded by the
thermometer of ~5XK. Before fitting, we normalize the data, as dis-
cussed in the supplementary material.

Going from room temperature to ~5K, we observe an increase
of about one order of magnitude in the overall quality factor, consis-
tent with the reduction of temperature-dependent loss channels such
as phonon-phonon interactions.”* *° Additional losses may also arise
from surface or interface defects, including two-level-system-like
mechanisms."*"*® However, drive-power sweeps reported in the
supplementary material show no measurable change in resonance fre-
quency or quality factor over the accessible power range, suggesting
that such nonlinear losses are not dominant here.

The DBRs consist of shorted electrodes with pitch 4y/2, forming
a stop band around the design frequency fy. Their reflectivity is set by
the number of reflector electrodes Npgr and by the single-electrode
reflectivity r;, which depends on the acoustic contrast between free and
metalized regions."”'*** From the measured mirror response, we extract
s =~ 3.4% (see supplementary material), which for Npgr = 500 gives
near-unity reflectivity and a stop-band width Afppr ~ 2fy|rs| /7.

In the one-port geometry, the IDT both excites and detects the
acoustic modes. Its finite length gives a transduction bandwidth of
order Afipr &~ 1.8fy/Nipr, which, together with the DBR stop band,
shapes the spectrum in Fig. 1(a). We use a double-electrode IDT to
suppress internal Bragg reflection from the transducer itself; a
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single-electrode IDT with the same periodicity would act as a weak
reflector and perturb the cavity modes." A residual velocity mismatch
between metalized and free regions nevertheless remains and can pro-
duce acoustic scattering at the IDT. The observed mode structure is
consistent with the IDT effectively separating the device into two
acoustic cavities, each between the IDT and one DBR. This interpreta-
tion is supported by the free spectral range analysis in the supplemen-
tary material, from which we infer effective cavity lengths
substantially smaller than the full DBR-to-DBR separation d. We
therefore define the relevant geometrical cavity size as d*, the distance
between the IDT and a single DBR. Including the penetration length
into the reflecting regions L,, we define the effective cavity length as

o

LC:(JI*—i-ZLP:d*—I—2|r|7
N

1
for Bragg grating with single-electrode reflectivity r,, the approximate
penetration length is L, ~ 4o/ (4|r;|)." The corresponding Fabry-
Pérot-like free spectral range is

v fo
e = oL = 3 e+ 1/ @

Our reference design uses a cavity size d* = 200.5 Ay, together
with  Nippr =39, Nppr = 500, aperture W =45um, and 4
= 800nm. This geometry serves as a baseline for the variations
explored in this work. The half-integer values of d* arise from posi-
tioning the DBRs according to the quasi-constant acoustic reflection
periodicity (QARP) design,10’4° in which the reflectors are imple-
mented as a direct extension of the IDT geometry, preserving the
same periodicity while the non-metalized regions are defined as
empty gaps in the electrode pattern.

The internal quality factor Q depends on several loss channels,
such as reflector imperfections, electrode loading, diffraction, surface
or interface disorder, and scattering into bulk acoustic modes. While
it should not be interpreted as an intrinsic material limit of GaAs, sys-
tematic variations of the device geometry can point to the limiting
losses, even when the individual microscopic mechanisms cannot be
uniquely separated. We therefore model the internal quality factor as
follows:

Vot ﬁv} _1. 3)

@ [chO +f0Lc

This model distinguishes losses accumulated during acoustic
propagation, quantified by the effective propagation loss o,, from
losses associated with localized structures in the cavity, such as pat-
terned-electrode-induced scattering, bulk-mode conversion, and fab-
rication imperfections. Finite transmission through the DBRs is
unlikely to provide the dominant localized loss:'" for an electrode
reflectivity of a few percent and Nppr = 500, the ideal DBR reflectiv-
ity I' = tanh(Npgg7s) is essentially unity, making transmission losses
negligible.

We fabricated resonators with d* ranging from 0.5 to 300.5 /, to
quantify the cavity size effects while keeping all other parameters
fixed. For each device, we fitted the resonances lying within the IDT/
DBR stop band and averaged the extracted Qp and Qey values. Modes
at the edges of the stop band were excluded from this average, since
the reduced acoustic confinement in this region can lead to less
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representative fitted values. Devices with identical geometries were
then averaged, with the spread of the fitted resonances included in the
error bars.

The resulting cavity size dependence, shown in Fig. 1(e), exhibits
an approximately linear increase in Q, for short cavities followed by a
saturation for d* = 100 /4, as one would expect from the two compet-
ing mechanisms in Eq. (3). The independently inferred single-
electrode reflectivity is of the order of a few percent. For Npgr = 500,
the corresponding ideal DBR reflectivity I' = tanh(Npprrs) is
extremely close to unity, indicating that finite transmission through
the DBRs cannot account for the measured quality factors.

Fitting Eq. (3) yields a propagation loss coefficient o, = 0.62
+0.05dB/mm (0.142 = 0.010mm™"), corresponding to an effective
attenuation length [ ~ 7.0 mm."" We also extract a cavity-boundary
loss parameter f§ = (3.1 = 0.4) x 107>, consistent with literature.”
The fit assumes a fixed penetration depth L, = 4o/ (4r;) = 7 Ao, using
rs = 3.4% extracted independently from the dependence of Afpsr (see
the supplementary material).

We next investigate the dependence of the internal quality factor
Qo on resonance frequency by scaling the device dimensions, with 7,
ranging from 575 to 1200nm, corresponding to approximately
2.4-4.8 GHz, while keeping all geometric parameters fixed in units of
the wavelength. Two sets of devices with cavity sizes d* = 21.5 /o and
200.5 /o were studied, with the extracted Q, values shown in Fig. 2.

Over this limited frequency range, both cavity sizes exhibit an
empirical scaling of Qp o< f;'. Within the model of Eq. (3), the two
cavity lengths have different contributions from propagation and
localized losses, and the observed scaling therefore cannot in general
be assigned uniquely to either contribution. For the d* = 200.5 4,
devices, the cavity length dependence in Fig. 1(e) indicates that
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FIG. 2. Internal quality factor Qq as a function of resonance frequency fy for devi-
ces with cavity sizes of (a) 200.5 2y and (b) 21.5 4. Error bars indicate the stan-
dard deviation of Qq across different resonances of the same device. Red lines
show fits to Qp o< f§ over the measured frequency range, with the extracted expo-
nents ¢ indicated.
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propagation loss provides a substantial contribution to the total loss.
If this contribution is taken to dominate the frequency dependence,
analogous to the analysis of Ref. 11, the observed Qy o f; ' scaling
would correspond to an effective propagation attenuation o, o f3.
The comparatively weak decrease in Qp nevertheless shows that high
quality factors are maintained over several gigahertz.

We investigate the effect of crystal orientation on the internal
quality factor by fabricating SAW resonators rotated by an angle 0 up
to 45° with respect to the GaAs [110] cleavage direction, which defines
0 = 0°. For symmetry reasons, this 45° range covers all distinct in-
plane propagation directions, since the [110] and [110] directions are
equivalent. Two sets of devices with cavity sizes d* = 25.5/¢ and
200.5 4o were studied. As seen in Fig. 3(a), Qo decreases with increas-
ing 0 for both cavity sizes. This behavior can be attributed to the aniso-
tropic SAW response of GaAs. In particular, elastic anisotropy can
lead to diffraction and beam-steering of the propagating SAW away
from the nominal propagation direction.” In addition, the effective
piezoelectric coupling is direction dependent, since the fixed piezoelec-
tric tensor changes for different propagation directions.”>”" A reduced
effective coupling may impact the contribution to the Bragg reflection
coefficient, leading to weaker acoustic confinement and providing an
additional possible contribution to the reduced Qo at larger 0.

A diffraction-limited quality factor can be estimated as™

51 w 2
U= )] (‘) ’ @

where W is the acoustic aperture and 7y describes the angular anisot-
ropy of the SAW velocity. For GaAs along [110], y = —0.536 has
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FIG. 3. (a) Internal quality factor Qp as a function of in-plane rotation angle 0 for
devices with cavity size d* equal to 25.5 4y and 200.5 ;. (b) Angle-dependent
SAW  velocity extracted from the resonance frequency for d* = 25.54y. At
0 = 45° the devices show no response. The red curve shows the parabolic empir-
ical fit, with coefficients: —0.1205, —0.5041, and 2822.5 in the order of degrees.
The black curve shows the parabolic relationship reported in Ref. 51.
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been reported.”” Using the velocity-angle relationship of Fig. 3(b),
Eq. (4) predicts only a modest variation of Q, with orientation, stay-
ing always well above 40°000. This suggests there are several addi-
tional angle-dependent mechanisms limiting Qy, such as reflector
losses, scattering into bulk modes, or intrinsic propagation losses, that
contribute’ to a lower Qp, and therefore SAW resonators should be
properly aligned with the cleaving directions.

The measured angular dependence of the SAW velocity is quali-
tatively consistent with previous reports.”’ The extracted velocities,
shown in Fig. 3(b), follow the expected trend but are systematically
lower than literature values,” likely due to electrode loading and
fabrication-dependent effects. To minimize device-to-device varia-
tion, the same resonance in a comb was used across devices whenever
possible, leaving a choice of neighboring dips leading to a fixed offset
in the extracted velocity. The dense spectra of larger cavities made
consistently choosing the same resonance across devices at different
orientations impractical.

Surface acoustic waves couple to gate-defined quantum dots and
other artificial atoms via the piezoelectric field, enabling interactions
between confined charges and phonons.”'*”* In such devices, mesa
steps are typically etched into the heterostructure, introducing loss
channels within the acoustic cavity.

To assess the impact of etched steps, we fabricate resonators
with one (1IM) or two (2M) etched mesas inside a 200.5 4, cavity. The
mesas are 10 um wide, span the full transverse width of the cavity,
and are etched by approximately 150 nm, corresponding to about
20% of the SAW wavelength. This makes them controlled surface per-
turbations for the Rayleigh-type SAW, which is localized within
roughly one wavelength of the surface, and therefore expected to
introduce additional scattering and reduced quality factors.”” We
place the mesas in the exact middle of the cavity of size d*; however,
aligning the mesa edge to a displacement node or antinode is chal-
lenging in the present process, since the mesa dimensions are defined
by laser lithography and the etched step has a finite lateral width of
approximately 150 nm. This etch depth and process are commonly
used to define GaAs/AlGaAs 2DEG devices, such as lateral quantum
dots,”*® and are sufficient to remove the potentially dissipative quan-
tum well.

As shown in Fig. 4, the mesas substantially degrade the resonator
performance: one mesa reduces the internal quality factor by about a
factor of four, with a further reduction for two mesas, where the reso-
nances become weaker and less well defined. Control devices etched
uniformly, but without a step inside the cavity, perform similarly to
resonators fabricated on the epitaxy-ready wafer surface, indicating
that the dominant perturbation is the mesa discontinuity rather than
the etched surface itself.

In the one-mesa device spectrum, shown in Fig. 4(a), we also
observe a modulation of the resonance depths. We attribute this struc-
ture to the mesa step inside one of the IDT-DBR cavities, which can
act as a weak internal reflector and an additional loss channel. Same-
type resonances repeat with a spacing Af ~ 16.1 MHz, corresponding
to d* + 2L, = vsaw/(2Af) ~ 89 um, close to half of the effective cav-
ity length. The approximately 8 MHz separation between the two
deeper families of resonances is consistent with the full IDT-DBR cav-
ity length, while the 4 MHz separation between alternating features is
instead consistent with the full DBR-DBR length. This suggests that
the step splits one acoustic cavity into two coupled sub-cavities with
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FIG. 4. (a) Reflection spectra of SAW resonators with cavity length
d* = 200.5 /o, comparing a device with one mesa placed in one of the two IDT-
DBR cavities (1M, blue) and a device with one mesa in each cavity (2M, red). For
the 1M device, selected resonances are marked with three-, four-, and five-
pointed stars to indicate three recurring resonance families. Resonances belong-
ing to the same family repeat with a spacing of ~16 MHz while adjacent resonan-
ces are separated by ~ 4 or 8 MHz. (b) Optical microscope picture of a SAW
device containing mesas in each cavity, false colored in purple (2M). (c) Internal
quality factor for devices fabricated on non-etched (NE), Etched (E) GaAs, devices
with a mesa in one cavity (1M) and a mesa in both cavities (2M).

different loss rates. A similarly clear modulation is absent in the two-
mesa device, likely because comparable scattering happens on both
sides of the IDT, making the perturbation more symmetric and
increasing overall loss. We therefore attribute the reduced quality fac-
tors in devices containing a mesa primarily to scattering and phase
perturbations at the mesa edges. Each mesa can partially reflect
Rayleigh waves, convert energy into bulk modes,”” and modify the
local phase velocity. With two mesas, multiple reflections and addi-
tional loss channels further suppress constructive interference, leading
to increased dissipation and reduced internal quality factor.'

These results demonstrate that while SAW resonators can be
integrated with etched device architectures, even sub-wavelength steps
can significantly impact their performance. Careful design of the mesa
geometry and its placement within the cavity is therefore required to
minimize additional phase mismatch and scattering losses.

We have characterized GaAs SAW resonators at cryogenic tem-
peratures in the gigahertz regime, focusing on how geometry controls
acoustic confinement. We find that the cavity length is the key param-
eter for achieving high quality factors, with Q increasing with cavity
size and reaching 28’000 for our longest resonators (d* = 200.5,
and fy ~ 2.4 GHz). By additionally varying wavelength and propaga-
tion direction, we identify practical design guidelines for high-Q
operation on GaAs, where SAW functionality can be combined with
gate-defined quantum devices and high-mobility two-dimensional
electron gases. The maximum measured internal quality factor never-
theless remains below the best values reported on other cryogenic
SAW platforms.'"**
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The cavity length dependence shows a crossover from reflector-
limited to propagation loss-limited behavior, corresponding to an
effective phonon mean free path of approximately 7 mm. The quality
factor decreases only weakly between 2.4 and 4.8 GHz, while align-
ment along the GaAs [110] and [110] directions is favorable for mini-
mizing diffraction-related losses. Finally, we show that etched mesa
structures, relevant for integration with gate-defined quantum devi-
ces, strongly affect resonator performance. A single mesa reduces Qq
by about a factor of four, indicating that etched steps introduce signif-
icant scattering and loss. This reduction is substantial, and future
architectures should either account for mesa-induced loss as a domi-
nant limiting factor or use designs that remove etched steps within
the acoustic cavity.

Overall, our results establish GaAs as a viable platform for giga-
hertz SAW resonators compatible with semiconductor quantum-
device architectures.'>”* By linking resonator performance to con-
crete design parameters, we open the way for GaAs SAW resonators
as a scalable platform for hybrid quantum systems, where confined
phonons act as acoustic analogues of cavity QED mediators coupling
electronic, optical, and spin degrees of freedom.”

See the supplementary material for the additional details on the
device geometry, measurement setup and data processing, drive-
power dependence, extraction of the single-finger reflectivity, SAW
velocity, and cavity mode spacing, and the quality factor fitting
procedure.
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