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Abstract

Guided elastic waves are a truly cross-disciplinary key enabling technology. For more than five
decades, surface acoustic wave (SAW) and bulk acoustic wave devices find widespread applica-
tions. Nowadays, different types of guided elastic waves cover the wide spectrum of applications
spanning from quantum technologies to the life sciences, from controlling single excitations to
macroscopic collective states in condensed matter. Six years after the first 2019 SAW roadmap, we
believe it is time to make a step back and take a fresh look at the status of the field and its future
challenges. Since the first roadmap in 2019, the spectrum clearly expanded and this new edition
presents a current snapshot of the status of this vibrant field and prospects for potential future

developments.
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1. Introduction
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Guided elastic waves are a truly cross-disciplinary key enabling technology. For more than five dec-
ades, surface acoustic wave (SAW) and bulk acoustic wave (BAW) devices find widespread applications.
Unarguably one of the most prominent examples is information technology: here mass-produced and
inexpensive micro- and nanoacoustic devices form the backbone for wireless signal processing at radio
and microwave (MW) frequencies [1, 2]. These devices deliberately exploit the—compared to electro-
magnetic waves—very low phase velocity of elastic waves, shrinking the wavelength of gigahertz frequen-
cies from the centimetre to the (sub-)micrometre scale. Piezoelectric substrates or thin films enable effi-
cient transduction between the mechanical and electrical domains.

Due to their pervasive nature, mechanical waves couple to literally any system embedded in or con-
nected to the propagation medium, thus making them universal transducers. In piezoelectrics, the mech-
anical coupling is complemented by large electric fields driving or detecting charge dynamics. Prominent
examples are the acoustic control and spectroscopy of optoelectronic properties or collective excitations
in solid-state systems [3,4,5]. In life sciences, SAW technology is used in an entire class of lab-on-chip
devices. These thumbnail-sized labs manipulate or sense tiniest amounts of liquids, colloids, cells or
molecules [6, 7]. Nowadays, different types of guided elastic waves cover the wide spectrum of applic-
ations spanning from quantum technologies to the life sciences, from controlling single excitations to
macroscopic collective states in condensed matter.

In 2015, the innovative training network (ITN) ‘SAWtrain’ funded by the European Union’s Marie
Sklodowska Curie Actions established a network of several leading groups covering the diverse spectrum
of SAW research and technologies. In SAWtrain, we initiated the very successful ‘Special Issue on Surface
Acoustic Waves in Semiconductor Nanosystems’ in Journal of Physics D: Applied Physics [8] comprising
topical reviews and original research articles from groups working across the globe. When running this
special issue, we realized that many groups were challenged by the breadth of the field. Thus, there was
a strong need in the community for a forward-looking overview article on the status of the field and
the challenges laying ahead. This sparked the idea of putting together a roadmap with contributions by
leading groups. The roadmap manuscript entitled 2019 Surface Acoustic Waves Roadmap’ [9] appeared
in the Journal of Physics D: Applied Physics in July 2019, concluding the above-mentioned special issue.
This roadmap presented a snapshot of the status of this vibrant field at that time and drew a picture of
potential future developments. Since then, many of these that-time perspectives have been flourishing
and new routes have been opening.

Now, six years after the first roadmap, we believe it is time to make a step back and take a fresh
look at the status of the field and its future challenges. Since the first roadmap in 2019, the spectrum
clearly expanded. New directions appeared while other topics shifted out of focus. The most prominent
change is the title itself: the ‘Surface Acoustic Waves Roadmap’ of 2019 changes to ‘Guided Elastic Waves
Roadmap’ The new title reflects that SAWSs are only one—yet a very prominent—type of guided elastic
waves presently investigated and harnessed in the community. Moreover, the number of opinion pieces
increased from 15 to 18 underpinning the growth and increasing diversity of the field.

The topics covered in these opinion pieces span again the full cross-disciplinary spectrum from
quantum acoustics to the life sciences. Figure 1 gives a graphical overview of these topics covering three
main areas each comprising six opinion pieces.

i. In the areas of ‘hybrid quantum technologies’ the universal nature of phonon interactions is
deliberately exploited for quantum transduction between different degrees of freedom to single
quantum systems and macroscopic quantum phases. Contributions span from quantum acoustics
where single phonons are carriers of quantum information, interfacing single quantum emitters with
phonons to phonotrions where strong coupling between light (photons), sound (phonons), and
matter (excitons) is pioneered.
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Figure 1. Areas of guided acoustic wave research covered in this roadmap.

ii. In ‘elastic waves X-coupling) the plethora of fundamental phonon couplings to collective excitations
in emerging solid-state quantum nanosystems in novel materials are prospected and applied for
dynamic control in integrated phononic and optomechanical (OM) circuitry. Contributions cover
from magneto-acoustics, two-dimensional (2D) materials, organic semiconductors (OSs) and
integrated circuit harnessing phonons.

iii. The area ‘devices, materials, sensing and life sciences’ bridges from phononic crystals, novel
piezoelectric materials to novel sensors and for actuation. Contributions natively cover a diverse
spectrum for instance new ultra-strong piezoelectric materials, new paradigms of acoustic wave
sensors, and actuation and manipulation in mechanobiology and acoustofluidic tweezers.

This roadmap concludes the special issue on guided elastic waves for hybrid nano- and quantum
technologies [10]. This special issue is a collection of timely topical reviews and original research articles.
Three topical reviews cover recent advances in SAW modulated 2D materials and van der Waals systems
[11], acousto-opto-electronic hybrids comprising OSs and SAWs [12], and electron qubits surfing on
acoustic waves [13]. Original research articles report on important work covering the entire spectrum
from quantum technologies [14, 15], devices concepts based on novel material systems [16, 17], acous-
tofluidics and streaming [8, 18, 19] to acoustically stimulated wound healing [20].

During preparation of the final manuscript for submission, we learned that Sarah Benchabane, an
initiator of this roadmap, lost her battle against cancer. Deeply saddened by this untimely passing, we
dedicate this roadmap to Sarah’s memory.
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2. Surface acoustic waves in the quantum limit
G Andersson' and A N Cleland"*

!Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, United States of
America
2Argonne National Laboratory, Lemont, IL 60439, United States of America

E-mail: gandersson@uchicago.edu and anc@uchicago.edu

Status

The rapid and recent development of quantum acoustics, studying the interactions between mechanical
fields and matter at the quantum level, has mostly been advanced by integrating superconducting qubits
with mechanical devices [24]. Superconducting quantum circuits typically exhibit large zero-point elec-
tric field fluctuations and can be engineered to interface with the transducer structures and piezoelec-
tric materials used for SAWs and other acoustic devices [25]. Early implementations were limited by the
reduced performance of superconducting circuits fabricated on the piezoelectric substrates that support
SAW transduction. Nonetheless, these devices enabled reproducing a variety of phenomena associated
with quantum optics and cavity quantum electrodynamics with phonons instead of photons. Examples
include strong coupling of a qubit to propagating SAWSs [26] as well as vacuum Rabi splitting in a SAW
resonator [27, 28].

More recently, flip-chip assemblies combining standard dielectrics supporting the qubit circuit,
assembled in a flip-chip geometry with bulk and SAW devices including piezoelectric materials, have
largely mitigated the qubit performance issue and allowed a wide range of qubit operations as well as
dynamically tunable SAW-qubit interactions [29]. Now, qubit gates and quantum state readout can be
applied with the coupling to the acoustics turned off, ensuring high fidelity operations. These capabilit-
ies have been leveraged for more advanced experiments, such as using SAWSs to generate entanglement
between qubits [30]. In addition an acoustic beamsplitter has been used to both demonstrate the gen-
eration of entangled single-phonon states, whose entanglement can be transferred to a pair of qubits,
as well as for exploring the Hong—Ou—Mandel effect with phonons [31]. The latter includes measuring
the interference of two single phonons at the beamsplitter, where their simultaneous arrival generates an
entangled two-phonon output state. An artistic illustration of this phenomenon is shown in figure 2.

The progress that has been made in controlling phonons with superconducting qubits is encouraging
the sizable step from demonstrations of quantum physics to applications in quantum information pro-
cessing. The short wavelength and slow (acoustic) propagation velocity of SAWs may provide oppor-
tunities for time and frequency multiplexing that are more challenging to realize with purely supercon-
ducting MW hardware, where one must instead control interactions at the 10° times higher speed of
light, changing the interaction time scale from tens of nanoseconds to fractions of a picosecond. Figure 3
shows an acoustic channel where the round-trip propagation time of a SAW pulse is an order of mag-
nitude longer than the timescale of its emission from a coupled qubit. SAWs also interface in a natural
way with other solid-state quantum systems, such as semiconductor and insulator colour centres [32], as
well as OM devices, facilitating integration into quantum networks.

Current and future challenges

Coherent control

A remarkable degree of quantum control of SAW phonons has recently been demonstrated, providing
the building blocks for quantum optics, computing, and sensing with propagating phonons. Realising
the full potential of this technology will require integrating single phonon sources, beamsplitters, phase
shifters, as well as detectors on the same device. The quantum toolbox for propagating phonons is
promising for implementing circuits originally envisioned for photonic quantum computing, with the
additional resource of strong coupling to superconducting qubits.

Entangling SAW resonators

SAW resonators have a compact footprint, couple efficiently to superconducting qubits and can

be engineered to support single or multimode operation. This makes them an intriguing candid-

ate for quantum information processing applications. Multimode devices are suitable for imple-
menting quantum RAM [33], as well as quantum computing with bosonic encodings of qubits [34].
Deterministically preparing entangled states between modes in separate SAW resonators would be an
important step towards more complex protocols [35].
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Figure 2. Artistic rendering of a phononic beamsplitter with incident single-phonon wavepackets. Credit: Peter Allen, Second Bay
Studios.

Coupling to solid-state defects

Recent progress with highly strain-susceptible colour centres [32] in diamond has opened new avenues
for interfacing superconducting qubits with other solid-state quantum systems via SAWSs. Qubit state
transitions in these defects in some cases are likely more addressable using strain than MW fields [36],
making SAW-coupled superconducting qubits a promising approach to quantum control. Furthermore,
optical transitions of colour centres could be exploited for quantum MW-to-optical transduction [37].

Advances in science and technology to meet challenges

Improving coherence times. While highly coherent mechanical devices have been demonstrated in the
quantum regime [38], long lifetimes have proven challenging to combine with strong qubit-phonon
coupling; SAW propagation loss also remains a critical limiting factor for future development of SAW-
qubit systems. Much like the progress made in recent years in improving the coherence of superconduct-
ing qubits and electromagnetic resonators, reducing the loss in SAW devices will require both improved
materials and fabrication processes [39]. Phononic bandgap designs could play an important role in the
development of highly coherent quantum acoustics. A potential avenue is the use of non-piezoelectric
materials known to support high-quality mechanical modes such as Si and SiN [38, 40], where piezo-
electric thin films could be integrated locally to enable transduction.

Directional emission. Quantum control of phonons on a chip would be greatly facilitated by trans-
ducers with directional control [34]. Unidirectional transducers have been used with qubits by combin-
ing a standard interdigitated transducer with a Bragg reflector [41]. More complex phononic circuits
would benefit from a higher degree of control, enabling directional emission and transmission of SAW
phonons.
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Figure 3. SAW resonator on lithium niobate with an interdigitated transducer at the centre and mirrors on either side. Similar
to a device shown in [30]. Inset shows SEM image of IDT fingers.

Frequency response engineering. SAW transducers are distributed structures that span many wavelengths,
which gives rise to a frequency-dependent coupling strength. Tailoring the frequency response to the
level structure of the superconducting qubits could offer new functionality, much as it has done for the
processing of signals in classical SAW devices (chirping, frequency selectivity, etc).

Concluding remarks

Coupling superconducting qubits to SAWSs has enabled demonstrations of an impressive range of
quantum effects with phonons. It is an open question what role SAWs will play in future quantum
information technologies, but developments to date suggest it is not unlikely that quantum acoustics
could have a significant impact in quantum information as well as sensing and communication.
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3. Surfing electrons for quantum technology
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Status

Over the past decade, significant progress has been made in the field of single electron transport, in
particular utilising SAWs with the goal of realising flying qubits with electrons [42]. A notable chal-
lenge has been improving the efficiency of transferring electrons between distant quantum dots (QDs) in
GaAs/AlGaAs heterostructures. Initial efforts, as described in pioneering studies [43, 44], achieved trans-
fer efficiencies of around 90%. However, recent developments have pushed this figure well above 99%
[45], over distances exceeding 60 microns [46].

Synchronising two individual electrons represented a second key challenge in the perspective of real-
ising a quantum gate. SAW trains typically consist of several tens of periods, making the loading of an
electron, from a static QD into one of the moving potential wells, a probabilistic process. Nevertheless,
using ultrafast gate pulsing, researchers can now deterministically load a single electron into a desired
SAW minimum [45]. Recently, a more refined approach has been introduced, using chirp transducers
with broad bandwidths, to engineer SAWs with only a single minimum—a single-cycle acoustic pulse—
as highlighted in figure 4 [47]. Its advantage lies in the straightforward synchronisation of multiple
SAW-based single electron sources with minimal hardware additions (no need for ultrafast gate pulsing).
The synchronisation capability between two individual electrons has enabled collision experiments at
the single electron level. These single-shot experiments revealed strong antibunching of electron pairs
impinging on a beam splitter, with a key role played by Coulomb interactions [46]. Such a setup was
also used to demonstrate the appearance of a Coulomb liquid phase in droplets with as few as three
electrons [48].

Another significant challenge has been demonstrating coherent single spin transport and entan-
glement using SAWs. This can be realised by preparing a two-electron singlet state in a double QD,
then separating the electrons with precise timing and assessing coherence afterwards [49]. The concept
revolves around sequentially loading two entangled electron spins into separate SAW minima and vary-
ing their separation distance. Measurement of the singlet state probability upon their arrival at the
receiver double QD, along with observation of coherent oscillations of this probability as a function of
the separation time and applied external magnetic field, demonstrates distant spin entanglement. This
achievement marks a pivotal step towards achieving rapid, on-chip deterministic interconnection of dis-
tant qubits within semiconductor-based quantum circuits.

By leveraging all these technological advancements from the past decade, it becomes feasible to
implement real-time manipulation of the quantum state of a SAW-transported electron, paving the
way for the development of the first flying electron qubit. Note that the SAW is here a classical object
(only the electron holds the quantum information), but there are other quantum technological studies
in which the SAW is the qubit (therefore also a flying qubit). This approach is detailed in section 02 on
quantum acoustics where quantized SAWs are interfaced with superconducting qubits.

Current and future challenges

One objective in the field of SAW-assisted single-electron transport is to realise flying charge qubits
where the quantum information is coded in the quantum delocalisation over two transport paths. In
this type of qubit, the SAW is employed to transport the electron at constant velocity along two quasi-
parallel channels, locally coupled to split the probability over the two qubit states, and locally separ-
ated to control their phase difference using electric or magnetic fields. To achieve such a flying qubit,
the transported electron should occupy a well-defined quantum state and remain coherent all along the
fly. This condition is probably the biggest challenge of this field since the SAW carries the electron across
a depleted region without any screening by conducting electrons, which makes such an isolated charge
qubit very sensitive to electrostatic background noise and disorder. Local potential variations of a few
tens of meV along the transport path are responsible for transitions of the transported electron from its
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Figure 4. A sound pulse transports a single electron. (a). Artistic image of single electron transfer driven by a single-cycle SAW
pulse emitted by a chirp transducer. (b). Shape of the SAW pulse generated by the chirp IDT shown in (c) and measured with a
second high-bandwidth detector IDT (black line). The actual SAW pulse shape is calculated taking into account the finite band-
width of the detector (red line). (c). Scanning electron micrograph of the chirp IDT (left) and the device for single electron trans-
fer (right). The bandwidth of the chirp transducer extends from 0.5 GHz to 3 GHz and a single electron transfer efficiency of
99.4% has been obtained with this single-cycle pulse technique. Reproduced from [47]. CC BY 4.0.

ground state to excited states, even if the typical speed of the SAW is much smaller than Fermi velocit-
ies in conducting systems. Such excitations may arise during the injection of the single electron by the
SAW into the channel, or later, at channel discontinuities. Solutions to this issue involve increasing the
level spacing of the moving QD and designing devices with flatter potential profiles. In a recent experi-
ment on a tunable beam-splitter, a signature of charge coherence has been observed, however with very
limited visibility, using a continuous flow of single electrons [50].

The last main step in the development of SAW-based flying qubits will be the creation of a two-
qubit gate by implementing a controlled phase gate, which performs a conditional phase rotation on one
qubit depending on the quantum state of the second qubit. This operation can be achieved thanks to the
Coulomb interaction between the two electrons of the two qubits as depicted in figure 5. Previous col-
lision experiments have demonstrated the relevance of this coupling protocol by estimating the strength
of the Coulomb repulsion between two electrons flying in coupled channels [46]. Since this interaction is
rather strong, a precise control of the interaction time in the picosecond regime will be necessary. With
such a two-qubit gate, it will be possible to perform the first test of Bell’s inequalities with electrons in
a semiconductor device. The experiment will consist in preparing an entangled state with the Coulomb
coupler and measuring the correlations at the output for specific directions of the qubits’ isospins [51].

Advances in science and technology to meet challenges

In order to obtain a phase coherent flying qubit in a controlled quantum state, the moving QD should
be more robust against potential variations during the flight, which requires a larger spacing between
the quantum levels. Recent experiments [52] have shown that a SAW amplitude above 20 mV (24 dB
applied SAW power) maintains the electron inside the moving SAW QD without tunnelling to a neigh-
bouring SAW minimum. However, to preserve quantum coherence, the longitudinal confinement should
be increased further to reach a level spacing similar to the level spacing of the transverse confinement
inside the transport channel where 1D subbands are separated by typically 4 meV for 300 nm-spaced
surface gates.

One possible direction to increase the SAW amplitude is to improve the coupling efficiency of the
interdigital transducer (IDT) by overcoming impedance mismatch of the transducers, testing new elec-
trode geometries and materials. Another direction is to focus the energy of the mechanical wave in
a single direction and in a reduced sample volume using focussing IDTs [53]. A third direction is to
enhance the pulse compression technique to concentrate into a single potential minimum the energy of
all the monochromatic waves contained in a chirp pulse [47]. With all these technical developments and
optimisations, one should be able to strongly improve the confinement of the moving QD and reach a
level spacing of several meV that will be immune to unwanted Landau—Zener transitions to excited states
during the SAW transport.
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Figure 5. Two-qubit gate for flying charges. Two flying qubits are coupled via Coulomb interaction to implement a controlled
phase gate for SAW flying electrons. The dashed lines correspond to beam splitters and the green line to an energy barrier that
forbids tunnelling from one qubit to the other, but allows for Coulomb interaction. Two electrons are injected simultaneously
into qubit A (target qubit) and qubit B (control qubit) transported by a SAW. In the coupling region (highlighted in yellow),
a phase shift is induced by the control qubit to the target qubit, flipping the state of the target qubit from |0> to |1> (and vice
versa).

In parallel, the electrostatic potential should be made as uniform as possible along the transport
channel by (i) optimising the connections between the different sections of the device and (ii) by sup-
pressing the disorder potential induced by the random distribution of ionised dopants in usual GaAs
heterostructures. For the second point, undoped structures should be used, at the expense of a more
complicated gating architecture to accumulate a finite electron density where reservoirs are needed. Let
us mention that undoped structures have already been implemented successfully in SAW experiments to
create tunable p—n junctions for single-electron to single-photon conversion [54] opening prospects for
single-spin detection by conversion into a single polarized photon.

Finally, SAW-assisted single electron transfer could be applied to the field of spin qubits in group
IV semiconductors such as Si, Ge, and their compounds, since using SAWs instead of QD arrays could
speed up the spin transfer between distant localised qubits. Since these materials are however not piezo-
electric, the challenge will be to develop hybrid structures with a thin piezoelectric layer atop the qubit
layer.

Concluding remarks

While significant challenges lie ahead in terms of scalability, SAWSs are very relevant in establishing
rapid quantum links between electron spins stored within QDs integrated into complex quantum net-
works. They also hold promise in offering the first electronic flying qubit, with the next challenging task
being to achieve uniform potential throughout the flight, in order to keep the electron in a well-defined
quantum state.

At a more fundamental level, SAW-assisted transport of few-electron droplets offers the possibility
to explore the partitioning statistics of multi-electron interacting systems. The single-shot measurement
capability inherent in such experiments allows for the recording of a complete set of partitioning prob-
abilities, which can be analysed using the full-counting-statistics formalism.

It is evident that the next decade will bring forth numerous intriguing findings and applications in
single electron transport facilitated by SAWs.
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Status

Quantum emitters acting as single photon sources are characterized by electronic states with an energy
splitting in the visible or near-visible range. Due to the spin degree of freedom, these electronic states
may be further split into spin multiplets with energy splittings in the yeV-meV range. While the
electronic splittings are much larger than typical phonon energies, thus prohibiting phonon-induced
transitions, spin splittings are in the range of phonon energies and, depending on the selection rules,
phonon-induced transitions may occur. Therefore, there are two conceptionally different coupling
types between phonons and quantum emitters, depending on the considered transitions, as sketched in
figure 6(a). On the one hand, the independent boson model (top) is applicable for any type of emitter
as it describes how the crystal lattice reacts to local changes of the charge carrier density when switching
between ground and excited states. As a consequence, the energy and lattice configuration are renor-
malised and phonon sidebands appear in the spectrum. The new hybrid eigenstate of excited state and
deformed lattice is called polaron. The structure of the Hamiltonian Hys = (b' + b) | x) (x| is of pure-
dephasing type, which means that it does not describe phonon-induced transitions between the elec-
tronic states.

Resonant phonon transitions are energetically possible between spin states (figure 6(a, bottom)),
which appear in a particular well-resolved way in colour centres. Here the adequate description has
the structure of the Jaynes—Cummings model Hjc = b'|])(1 |+b| 1)(}| with the eigenstates resembling
exciton—polaritons from quantum optics which might be called spin-phoniton in this context [55]. In
this situation, phonons can be used to coherently control the quantum state constituted by the spin
states.

Analytic solutions to both models’ dynamics are only known in some special cases of optical driving,
e.g. for continuous wave (cw) excitation, pulse excitations in the ultrashort pulse limit, or if we make
approximations, like a classical description of the phonons. Therefore, applying and extending the mod-
els to simulate the performance of quantum technological devices remains an important part of modern
research.

It was recently shown that the semiclassical version of the independent boson model, where the
quantised phonon modes are replaced by monochromatic mean fields, modulating the transition energy
of quantum emitters, are well suited to describe light scattering from single QDs, as schematically
sketched in figure 7(a). This is exemplarily demonstrated by the cw laser detuning scan of the reson-
ance fluorescence spectrum depicted in figures 7(b) and (c). The complex pattern of phonon sideband
intensities in (b) is almost perfectly reproduced by the model in (c) [56]. In its full quantum form the
generation of phonon quantum states and the dynamical formation of the polaron in a single QD dur-
ing pulsed optical excitation was successfully explained by the independent boson model [57].

In the resonant phonon-coupling case, pulsed acoustic transitions between two spin states are
routinely described in the semi-classical limit of the Jaynes—Cumming model, where the driving field
operators are replaced by coherent amplitudes b — §3(¢) while the transition operators remain quantum.
This Rabi-model-like treatment is usually sufficient to describe coherent control of spin states in colour
centres by MW fields [58] which were recently moved to the acoustic domain [59]. Therefore, the same
semiclassical description works for acoustic coherent control.

Current and future challenges

As described in the following chapters, current and future challenges dealing with the interplay between
quantum emitters and acoustics focus on the development of fully-fledged hybrid quantum platforms.
From a theoretical perspective, this means that the mean field, i.e. the semi-classical approximations of
the original full quantum models, cannot be applied anymore. These approximations consider interac-
tion with coherent states including many phonons and have been successfully applied to traveling SAWs
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with large strain amplitudes. In contrast, using the full quantum model opens several further opportun-
ities, e.g. by expanding the considered Hilbert space to hybrid quantum states taking the electronic/spin
and phononic degrees of freedom into account.

One obvious challenge is the quantum state transduction between the optical and the acoustic
domain, i.e. between photons and phonons. Dynamical control of both, the independent boson and the
Jaynes—Cummings model offer a tremendous range of opportunities to imprint quantum features into
the involved boson fields. Schrodinger cat states and squeezed states are prominent examples that are
considered in quantum computing or sensing, respectively [60]. To provide useful guidance for future
experimental realisations in this context, rigorous simulations of devices need to take the fundamental
coupling mechanisms between photons, quantum emitters, and in particular phonons accurately into
account. Here, the dynamics of the involved strain fields connected with the phonon excitations strongly
depend on the considered material architecture. Not only the used material itself but the realisation
of infrastructures like cavities and waveguides strongly influence the phonon mode structure and con-
sequently the emitter-phonon coupling mechanisms.

Combining optical excitation and photon emission in the visible with acoustic phonons shows that
we need to cover several orders of magnitude in time. The same holds for spatial dimensions, reaching
from atomic scale colour centres to pm-scaled acoustic metamaterials. This renders computational chal-
lenges in particular when full quantum models, that require descriptions in multi-dimensional Hilbert
spaces, need to be linked with continuum simulations of the SAWs.
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Advances in science and technology to meet challenges

As mentioned, the successful semi-classical models applied to the interplay between optically driven
quantum emitters and phonon fields need to be treated in their full quantum form to rigorously
describe effects like quantum state transduction between the two domains. In this regard, initial steps
have been made by simulating photon scattering spectra with the independent boson model [61] and
even the readout of phonon statistics via the light scattering spectrum of a single quantum emitter has
been demonstrated theoretically [62].

The sketch of a potential infrastructure that allows to interface the existing light-driven quantum
emitters (QD-like and colour-centre-like) via SAW resonator phonons is shown in figure 6(b). There,
we distinguish between QD-like emitters, that are described by the independent boson model (figure 6(a,
top)) and colour-centre-like emitters with resonant spin textures, described by the Jaynes—Cummings
model (figure 6(a, bottom)). Such a hybrid photon-emitter-phonon approach provides a large flexibility
to form new eigenstates between parts of the entire systems depending on the coupling mechanisms and
strengths between different parts of the system.

In the long run, the development of a quantum transducer between visible single photon quantum
states and phonons in the GHz spectral range will require far reaching theoretical predictions of coup-
ling efficiencies, structure designs, and conversion efficiencies to name a few.

In case of the description of phonon-driven transitions between spin states in colour centres,
quantum optics has already paved the way towards single emitter and phonon operation. However, the
details of the coupling mechanisms between colour centre spins and phonon fields requires dedication
shown by the rather complex structure of the Hamiltonian describing the relevance of different types of
strain [63], e.g. volumetric or shear strain.

Based on the Jaynes—Cummings-like coupling, first theoretical works have suggested phonon net-
works between remote spin centres in waveguides [64]. Here, optimised phononic waveguide and cavity
designs require further effort in simulating these structures and characterising their mode structures for
example by finite element methods [65]. One might even envision combining multiple quantum emit-
ters of the same (QD-like or colour-centre-like) or of different type (QD-like and colour-centre-like) in a
single phonon cavity and thereby create novel functionalities governed by the different coupling mechan-
isms between the emitters mediated by the common acoustic quantum mode.

Concluding remarks

The vision of hybrid phonon-based quantum technologies is based on the combination of quantum
optics for long-distant and quantum acoustics-based on-chip communication. Promising links between
the two realms are quantum emitters, that interact strongly with photons and provide different coupling
mechanisms to phonons. The latter are based on their internal energy structure. If a resonant coupling
between spin states is not possible for phonons, only energy and lattice renormalisations are possible,
described by the independent boson model. This is typically the case for emitters like QDs. If resonant
spin transitions are possible for phonons, the Jaynes—Cummings model is applicable.

The growing possibilities to produce phononic infrastructures like waveguides and cavities and com-
bine them with quantum emitters opens a wide range of opportunities to form hybrid functionalities
including optical, electronic, spin, and acoustic excitations. To find efficient solutions for future prob-
lems posed by quantum technology, appropriate theoretical descriptions are imperative. These can be
based on the combination of the two described quantum models and large-scale classical treating the
continuum mechanics of phononic crystals architectures.
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Status

Single semiconductor quantum dots (QDs) represent the best-known source of on-demand single
photons regarding the simultaneous optimisation of purity, indistinguishability, and brightness and thus
constitute an important component of photonic quantum technologies. For such implementations, it is
essential to have precise control of the QD’s spectral properties. This control can be achieved by utilising
the dynamic strain field of a SAW, which periodically modulates the transition energies of semiconductor
QDs. The use of mechanical waves has the advantage that they interact with virtually any solid-state
system and can thus be utilized as a universal quantum link once the single-phonon level is achieved.
Furthermore, SAWs can be efficiently coupled piezoelectrically to external MW circuits using IDTs, mak-
ing this system ideal for the implementation of MW-to-optical transduction schemes in the gigahertz
range.

Recent experiments on the dynamic modulation of single QDs via acoustic fields were conducted in
the resolved sideband regime, where the mechanical frequencies exceed the optical linewidth of the QD.
This can be achieved by selecting sufficiently high acoustic frequencies or by optically driving the QD
resonantly in the limit of small Rabi frequencies [66—68]. The mechanism of this scattering process is
depicted in figure 8(a). Upon scattering on the two-level system (QD), photons can either absorb phon-
ons from the acoustic field or emit phonons into the acoustic field, resulting in the formation of phonon
sidebands (see figure 8(b)). For fully resonant optical excitation and modulation by a single acoustic
wave phonon absorption and emission probabilities are balanced and the sidebands are symmetric with
respect to hwgp. These processes are well described within the independent boson model, as presented
in section 4.

In addition to the observation of phononic sidebands, a series of pivotal experiments were con-
ducted. For instance, parametric excitation was demonstrated, whereby the system was optically res-
onant and driven via one of the sidebands. In this scheme, the absorption or emission of phonons
can be selectively favoured, enabling bi-directional energy conversion between the acoustic and optical
domains (see section 4) [56, 67]. In addition, it was shown that by simultaneously modulating a QD
with two acoustic fields of different frequencies, sum and difference frequency generation processes can
be observed (see figure 8(c)). Because these processes depend on phase-matching conditions between the
two fields, they can be used to deliberately enhance or suppress certain sidebands [66]. The robustness
of these acoustic control schemes was theoretically confirmed, showing high fidelity scattering remains
achievable under realistic noise conditions with coherent driving [69].

Furthermore, it was shown that using detuned optical pulses and coherent phonon driving, the QD
can be prepared in an excited state preferentially through phonon-assisted processes, a mechanism useful
for enhancing fidelity in MW-to-optical transduction [70].

In addition to implementing these new measurement and excitation techniques, considerable effort
has been invested in integrating QDs into more complex mechanical systems with the objective of
enhancing the coupling to mechanical fields. These systems include SAW resonators [67, 71], suspen-
ded QD membranes [68, 72], and QD membranes heterogeneously integrated into superconducting SAW
resonators on strongly piezoelectric LINbO3 [14], as well as nanowire QDs transferred onto thin-film
LiNbOs and integrated into hybrid photonic waveguides [73].

Current and future challenges
The primary objective of coupling individual QDs to mechanical fields is to reach high cooperativity
and strong coupling in the single-phonon regime, which enables the transduction of quantum informa-
tion from a single photon to a single phonon and vice versa [74]. To achieve this goal, several challenges
must be addressed.

Firstly, the OM coupling strength g, between QDs and phonons must be significantly enhanced
in order to overcome the intrinsic dissipation of both the QD (v) and the mechanical system (x). To
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Figure 8. Resonance fluorescence on an acoustically modulated quantum dot (two level system). (a) Upon resonant scattering

at a periodically modulated QD, photons can absorb phonons from the acoustic field or emit phonons into the acoustic field,
resulting in a blue or red shift of the scattered photons. (b) Absorption and emission of a discrete number of phonons leads to the
formation of equidistant phonon sidebands in the fluorescence spectrum. (c) When a QD is simultaneously modulated by two
acoustic fields, the generation of sum and difference frequencies can be observed.

achieve this, it is necessary to enhance the density of phononic states in the vicinity of the QD by loc-
alising the acoustic field within a mechanical resonator on length scales comparable to the acoustic
wavelength (a few microns). Such an approach was recently demonstrated with focusing SAW cavit-

ies, resulting in >1 MHz single-phonon coupling rate g, [75]. While this is coupling is competitive

with state-of-the-art approaches based on OM nanobeams and membranes [76], the large QD natural
linewidth (~100-500 MHz) and acoustic cavity mode linewidths on the order of 100 kHz make reaching
the large single-phonon cooperativity and strong coupling regimes challenging.

Secondly, the resonance frequencies of these resonators should be as high as possible in order to
reach the resolved sideband regime, and to ensure that the mean thermal phonon occupation is well
below unity at temperatures accessible by state-of-the-art cryogenic systems. However, the resulting small
mode volumes necessitates precise control of the QD position to ensure a maximum overlap between
a the QD and the mechanical mode profile. This can be achieved by fabricating phononic structures
with respect to predetermined QDs, or in the case of hetero-integrated devices, by a precise alignment
of transferred QD membranes to prefabricated resonators. It has been demonstrated that such resonat-
ors can significantly enhance the OM coupling strength. However, when going to smaller mode volumes,
scattering of phonons into the bulk crystal increases, limiting the quality factor of the resonator.

Lastly, to achieve MW-to-optical transduction, not only does the single-phonon OM coupling rate
have to exceed the intrinsic loss rates of the QD and mechanical system at high frequencies, but the
QD must be co-integrated into an acoustic and optical cavity to also enhance the optical efficiency. Co-
integration with an optical cavity would enable efficient optical coherent control for pumping whilst
enabling efficient photon collection to leverage the on-demand, deterministic nature of photon emis-
sion from QDs, which is a key distinguishing factor from OM resonators without emitters. Furthermore,
nanofabrication processing creates etched surfaces and RF transmission lines near the QD that can result
in undesirable charge noise. Controlling the QD charge state through passivation or integration in ver-
tical diode structures is thus imperative for maintaining the desirable high-quality properties intrinsic to
QDs.

Advances in science and technology to meet challenges
Many of the challenges discussed in the previous chapter can be resolved by designing phononic struc-
tures that are tailored to the specific scientific and technology requirements. Figure 9 provides an over-
view of the various possible structures for coupling QDs to acoustic fields, with each structure exhibiting
its own advantages and disadvantages.

The most straightforward implementation of acoustic modulation of a QD is by the use of a
propagating SAW. Here the amplitude, phase, and, when specifically adapted IDT designs are employed,
the frequency of the acoustic wave can be fully controlled by external RF electronics. This makes this
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Figure 9. Possible implementations for dynamic modulation of QDs using acoustic phonon fields. These include dynamic mod-
ulation by a propagating SAW (top row), by the mechanical mode of a Bragg type resonator (centre row) and the modes of (sus-
pended) phononic crystal resonators (bottom row). All these implementations can be done monolithically on the host substrate
of the QDs (left column) or in hetero-integrated devices where QD membranes (blue) are transferred onto a different substrate
(grey) (right column).

device an ideal test-bed for investigating the coupling of an acoustic field to a QD and for testing and
implementing different excitation and detection schemes [56, 66]. However, due to relatively weak opto-
mechanical coupling, propagating SAWs are not suited for fully fledged quantum applications. To con-
fine the acoustic field to a smaller mode volume, a resonator can be defined by two distributed Bragg
reflectors (DBRs). These reflectors can be realized by metal stripes or grooves etched into the sub-
strate. Furthermore, the DBRs can be curved to focus the acoustic field and thus further reduce the
mode volume. It has been demonstrated that such resonators can significantly enhance the OM coup-
ling strength. However, reducing the mode volume typically leads to a concomitant increase in the scat-
tering of phonons into the bulk modes, limiting the quality factor of the resonator. Bulk scattering can
be mitigated by incorporating QDs into suspended membranes, which reduces or eliminates the bulk
mode density of states entirely [56, 66, 72, 77]. These membranes can be further co-designed to obtain
phononic and opto-mechanical crystals that allow for precise control and confinement of phonons and
photons in such structures.

All the structures described here can be fabricated monolithically directly on the material system
hosting the QDs, typically GaAs. Although GaAs is an excellent material for opto-mechanics, its weak
piezoelectricity impedes the coupling of mechanical modes to external electrical circuits. This is of par-
ticular importance when superconducting qubits are to be coupled to mechanical modes, which is a pre-
requisite for MW-to-optical transduction. This can be circumvented through heterogeneous integration
of QDs with, for example, other highly piezoelectric substrates such as lithium niobate (LN) [14, 78,
79]. Thin film LN on sapphire allows for both phononic and photonic waveguiding, and these acoustic
and optical modes can be coupled to a QD in a transferred thin-film membrane as shown in figure 9.
LN has a larger acoustic velocity compared to III-V materials, which results in stronger acoustic con-
finement in the transferred III-V membranes with slower sound velocity. In addition to the different
approaches for OM coupling shown in figure 9, advances in fabrication are required to retain the excel-
lent QD and OM resonator properties. When fabricating QD OM devices, surface passivation or co-
integration with electrical tuning and control of QD charge and spin is important for ensuring radi-
atively limited linewidths, minimising spectral diffusion, and manipulation of the QD excitonic charge
state and spin population.

Concluding remarks

The coherent interaction between acoustic phonons and optically active semiconductor QDs has proven
to be a highly promising platform for future quantum technologies. In such systems, the phonon, which
can couple to virtually any solid-state system, serves as a universal link between solid-based qubits and
QDs, and thus also to infrared photons.

Despite significant progress, challenges remain in achieving strong single-phonon cooperativity, min-
imising decoherence from charge noise, and precisely controlling QD-resonator alignment. Addressing
these will require advances in nanofabrication, cryogenic integration, and materials engineering. In par-
ticular, the integration of QDs into phononically and photonically tailored environments will play a
pivotal role in the transition of this system from the laboratory to practical applications. Furthermore,
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hetero-integration of QDs enables the combination of their advantageous optical properties with those of
other material systems, such as the strong piezoelectricity of LN.

Looking ahead, acoustically driven QD systems offer a compelling route toward scalable quantum
interfaces that connect MW, mechanical, and optical degrees of freedom. With continued development,
such systems may play a central role in future quantum networks, transducers, and signal-processing
platforms.
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Status

Nanometre-scale structures consisting of charge carriers trapped within structural imperfections in

the lattice of inorganic semiconductors have attracted great attention as versatile systems for quantum
photonics and spintronics. These defect-bound quantum states behave as quasi-atoms capable of emit-
ting non-classical light thereby providing qubits for the emerging photonic quantum technologies.
Moreover, their localized electronic orbitals together with their electron spin magnitudes define a
plenitude of energy levels which can be coupled not only via photons (e.g. optical and MW fields),

but also via phonons, as already discussed in section 4. Since SAW-induced acousto-mechanical and
acousto-electric modulation mechanisms typically extend over a thickness of approximately one acoustic
wavelength (i.e. a few micrometres) both below and above the substrate surface, they provide a powerful
method for ‘wireless’ and non-destructive dynamic reshaping of structural, optical, and electronic prop-
erties of the system.

The tailoring of the electronic energy levels via SAW-driven oscillating Stark effect and/or elastic
deformation requires luminescent defects with narrow zero-phonon lines (ZPLs). Their linewidth is
primarily determined by the intrinsic lifetime of the excited electronic state and it is limited by inter-
actions with the local environment such as thermal lattice vibrations. For this reason, the SAW modula-
tion of the ZPL has been demonstrated at cryogenic temperatures in nitrogen-vacancy (NV) centres in
diamond [80], defect centres in h-BN [81], as well as in a variety of 2D transition metal dichalcogenides
[82]. Figure 10 shows the SAW-mediated spectral tuning of the ZPL for a single defect in h-BN, which
has further been combined with spectral detection filtering for temporal control of the emitted photons
[81]. In this way, both spectral tuning and on-demand single-photon emission are simultaneously
achieved, thus providing an effective post-fabrication, in-situ tuning method for controlling and manipu-
lating otherwise random properties of quantum light sources that severely limit practical applications in
quantum photonics.

Regarding spin control, SAW-driven spin manipulation was first reported in diamond NV centres by
exploiting the strong coupling of strain to their excited electronic states [83]. Ground state spin manipu-
lation was then demonstrated in neutral silicon divacancies (VV) in 4H-SiC, where mechanically driven
Autler-Townes splitting and magnetically forbidden Rabi oscillations were reported [84], and shortly
afterwards in single SiV centres in diamond [59]. While all these spin centres require operation at cryo-
genic temperatures, the long spin coherence time of the negatively charged silicon vacancy (Vg;) in 4H-
SiC allows SAW-driven spin manipulation at room temperature [85]. In contrast to the 1-spin of the NV
and VV centres, the 3/2-spin of the Vg; makes it possible to optically address magnetically forbidden spin
transitions without the need of any additional MW field [85]. Moreover, by simultaneously driving spin
transitions in the ground and excited states with the same SAW, see figure 11, novel phenomena such as
the coherent trapping of the spin have been demonstrated [86].

Current and future challenges

There are still several challenges to the use of spin-opto-mechanical processes in defect centres for
quantum applications. First, all the proof of concepts discussed above have been realised using free-space
optics. Large-scale quantum networks based on spin optomechanics will require the on-chip integra-
tion of both nanophotonic and nanophononic structures (see sections 10, 11 and 13) containing defects
implanted at well-defined positions, similar to the QDs case discussed in section 5. Moreover, since
SAWSs can propagate over distances exceeding several millimetres with almost no dissipation, individual
defects located at different positions within the acoustic path can be simultaneously and independ-
ently controlled by the same SAW field, thus allowing parallel schemes for quantum information pro-
cessing. The deterministic integration of single NV centres with a SiO,/Si-based photonic platform has
already been demonstrated [87], as well as the integration of Vg; centres into nanophotonic waveguides
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Figure 10. (a) [llustration of an acoustic experiment: A semiconducting material hosting quantum emitters is placed onto the
SAW propagation path. The SAW is excited by applying a radio frequency (RF) signal to an interdigital transducer (IDT) pat-
terned on a piezoelectric substrate. Dimensions are out of scale. (b) Acoustic tuning of a ZPL in h-BN, measured at 10 K. (c)
Control of photon emission rate via acoustically mediated photon time-binning, measured at the maximum RF power applied
to the IDT. The PL intensity scales of the time-resolved luminescence have been normalized for clarity. Reproduced from [81].
CCBY 4.0.
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Figure 11. (a) Energy dependence of the ground (GS) and excited state (ES) 3/2-spin of the Vs; centre in an in-plane magnetic
field, B. Green (red) vertical arrows denote SAW-driven GS (ES) spin transitions at 921 MHz. Grey arrows denote MW-driven
spin transitions at 800 MHz. (c) Optically detected spin resonances driven by the SAW (black squares) and by the MW field (grey
circles). Narrow (broad) resonances correspond to GS (ES) spin transitions. Reproduced from [86]. CC BY 4.0.

[88]. The next step should be the incorporation of nanophononic structures compatible with the nano-
photonic ones for efficient acoustic manipulation.

So far, SAW-driven spin—phonon coupling in defect centres has been realised using strong, focused
standing SAWs [59, 83,84,85]. However, the elliptically polarised strain fields of travelling SAWs can
break time-reversal symmetry and thus excite chiral spin-acoustic resonances [85], which are essential
for the realisation of unidirectional spin-OM networks. Spin control driven by chiral SAW fields requires
the combination of spin centres with excellent optoelectronic properties and long coherence times, and
piezoelectric materials with large electromechanical (EM) coupling coefficients for efficient SAW genera-
tion by acoustoelectric (AE) transducers, see section 14.

Finally, quantum devices based on the acoustic control of defects in 2D materials like h-BN are cur-
rently limited by the fact that flakes of these materials must be transferred to the surface of a piezoelec-
tric substrate. This procedure severely limits scalability and is deleterious for the mechanical coupling
between substrate and flake. Therefore, a future challenge will be the optimisation of the mechanical
coupling at the interface between piezoelectric substrate and 2D material.
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Advances in science and technology to meet challenges

The monolithic integration of nanophotonic and nanophononic structures containing atom-like centres
has recently been demonstrated for QDs in GaAs-based semiconductor platforms [89]. Similar realisa-
tions with defect centres will require the combination of their host materials (e.g. diamond or SiC) with
insulating substrates exhibiting low refractive index for optical guiding and strong piezoelectricity for
efficient SAW excitation. In addition, phonon—photon conversion mechanisms involving acoustic phonon
sidebands, as discussed in sections 4 and 5, require acoustic frequencies exceeding the linewidths of the
ZPLs, which are typically on the order of several GHz. The challenge here is that such SAW frequencies
require AE transducers with dimensions at the limit of current fabrication technologies. These limita-
tions can be overcome by using materials with higher sound velocities and stronger EM coupling coeffi-
cients, such as GaN, AIN and AIScN [90, 91], which have also recently been shown to host point defects
with single-photon emission [92, 93]. Here, the main efforts will be to identify centres with non-zero
spin [94] and to determine their crystal structure, energy levels, and coupling efficiency to the SAW
fields. The realisation of such systems is beneficial because they are compatible with the upcoming 6G
telecom technologies and can therefore be easily integrated.

With regard to defects in 2D materials, one possible strategy to enhance the mechanical coupling will
be to avoid transfer processes by further developing the growth of 2D materials directly on substrates
compatible with piezoelectric SAW excitation. An alternative approach could be to enhance the spin—
phonon coupling by means of a third electronic excitation, such as magnons. SAW-driven spin waves
(SWs) in the GHz frequency range can be efficiently excited in ferromagnetic thin films, see sections 8
and 9, and the coupling between magnons and the spin of NV centres in diamond has already been
reported [95]. The scalable realisation of such magneto-acousto-optical coupling schemes in 2D materi-
als will require the further development of material combinations exhibiting the appropriate mixture of
magnetic, piezoelectric and optoelectronic properties.

Concluding remarks

The proof-of-concept demonstrations showing coherent manipulation of several types of luminescent
defects by SAW fields highlights the great potential and versatility of acoustically based control schemes
for applications in quantum technologies. The next step should be the integration of these defect centres
into hybrid nanophotonic and nanophononic platforms to combine the acoustic manipulation and
optical addressing of the information with the transfer of such information between centres. These func-
tionalities will require further advances in materials science and engineering to identify defects with
excellent optoelectronic properties and long spin coherence times in host materials that are also com-
patible with on-chip photonic and phononic architectures.
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Status

The coherent coupling between light and mechanical motion is at the heart of optomechanics (OM)

[96] and its applications, e.g. in photonics, quantum systems, as well as in GHz-to-optical conversion.
Conventionally, OM setups are electronically passive with an external light source and an OM coup-

ling based on the cavity-enhanced radiation pressure (RP) mechanism. A relatively new paradigm with
promising prospects relies on the exciton-enhanced coupling to high-frequency (10-300 GHz) acous-

tic phonons in light-matter systems, where excitons and photons hybridize to form exciton—polaritons
[97]. While the original idea has been discussed for superlattices of quantum wells (QWs) [98], there has
been rapid progress enabled by the development of hybrid microcavities (MCs) for polaritons and GHz
phonons conceptualized in figures 12(a) and (b). Such a hybrid MC consists of DBRs designed to co-
localize and enhance the optical and acoustic fields within a thin spacer layer containing QWs. The latter
are positioned close to the anti-nodes of the acoustic and optical modes to enhance the coupling to QW
excitons.

The phonon—photon interaction becomes significantly enhanced because the phonon strain couples
to exciton resonances via the efficient deformation potential (DP) mechanism (i.e. the strain-induced
bandgap modulation), which benefits from the large values of the DP constants of semiconductors (of
approx. 10 eV), thus implying in polariton energy shifts on the meV scale even for strain on the order
of 10~%. One particularly attractive material platform is the (Al,Ga)As material system, where, due to the
double ‘magic’ coincidence between photons and acoustic phonons [101], an (Al,Ga)As MC for near
infra-red photons also co-localizes 20 GHz phonon modes, cf figures 12(c) and (d), yielding optical
and acoustic quality factors reaching Q ~ 10* at 10 K. The strong light-matter coupling plays a crucial
role in preserving high optical Q’s, which would otherwise suffer from the presence of highly absorb-
ing QWs. It has recently been demonstrated that the (single-polariton) DP coupling strength can reach
go = 20 MHz [102]: the later exceeds the effective RP one (due to the modulation of the refractive index
and spacer interfaces) by several orders of magnitude and has led to the demonstration of sensing of
attometre displacement [103]. The hybrid light-matter nature of polaritons also induces strong non-
linearities and polariton lasing characterized by the sub-GHz optical linewidths. In combination with the
large g, values, very large multi-polariton cooperativities C &~ 10* can be achieved [100].

Another useful aspect of the MC platform is that its spacer region can be patterned on the pum-
lateral-scale to create intracavity traps zero-dimensionally confining both phonon and polariton states.
Finally, monochromatic longitudinal acoustic phonons with frequencies up to 20 GHz can be injec-
ted into the spacer by a radio-frequency-driven piezoelectric BAW resonator (BAWR) fabricated on the
sample surface. This has enabled the demonstration of GHz-modulation of polariton resonances [104]
with energy modulation amplitudes reaching AE ~ 50 meV [102], cf figure 12(e), which exceeds by an
order of magnitude the typical light-matter coupling energy of approx. 3 meV.

Optical experiments on intra-cavity traps have revealed rich dynamic phenomena including self-
driven oscillations/lasing [100], synchronisation [105], and spontaneous breaking of the time transla-
tion symmetry leading to time-crystals [106]. Furthermore, the piezoelectric phonon injection enabled
the demonstration of polariton-based coherent optomechanics as well as strong polariton—phonon OM
coupling [21]. These results consolidated a new area of GHz optomechanics with polaritons, termed
polaromechanics [99]. Table 1 compares relevant the following parameters of various OM systems: typ-
ical mechanical (optical) frequencies vy (vc) and dissipation rates vy (7¢), single photon coupling rate
(g0) and cooperativity (Cp) and the type of the platform. In the case of the polariton platform, the two
values for v¢ and Cy correspond to the ones in the single-polariton (left) and polariton non-equilibrium
condensate regimes (right).

Current and future challenges
Exploitation of the previously outlined polaromechanical phenomena requires a polariton decoherence
rate (7po1) much smaller than the mechanical frequency (ww), i.e. Ypol < wnm. In the few-polariton
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Figure 12. (a) Schematic energy diagram showing the polariton modes (in blue) emerging from the strong coupling between
cavity photons and exciton resonances. A GHz phonon couples to the polariton via the radiation-pressure-like coupling and the
deformation potential mechanism. The green wavy lines sketch phonon-induced energy modulation of the modes. (b) Sketch of
the resonant cell in a structured microcavity (MC). A pm-sized wider region created within the MC spacer forms a trap that lat-
erally confines phonon and photon fields. Phonons in the form of longitudinal bulk acoustic waves are generated by RF-driving
a ring-shaped bulk acoustic wave resonator on top of the MC. Phonons reach the centre of the trap via multiple reflections at

the polished backside of the substrate. Simulated spatial distribution of the squared (c) optical field |E¢|* (at ~1530 meV) and
(d) phonon uniaxial strain |uzz|2 (at 7 GHz) around the MC spacer. The green lines in (c) and (d) show, respectively, the depth
profiles of the refractive index (n) and the normalized mass density (p/pcaas)- The shaded regions designate the locations of
GaAs QWs. Reproduced from [99]. CC BY 4.0. (e) Time-integrated photoluminescence colour map showing the evolution of
the polariton resonances as a function of the RF power applied to the transducer at 10 K. The upper resonance (denoted as X) is
exciton-like, while the lower one (denoted as C) is photon-like. The X-resonance is strongly modulated in energy via the deform-
ation potential mechanism, with the energy modulation amplitude (AE) reaching 50 meV for the largest RF power. The dynamic
anti-crossing around VPgg & 0.43 VW can be identified. The energy-modulation of the C-resonance is more than an order of
magnitude smaller. Reproduced from [100]. CC BY 4.0. (c) An experimental photoluminescence spectrum of the emission of

a confined polariton condensate at 10 K under acoustic modulation displaying well-resolved sidebands separated by the LBAW
energy hwipaw-

Table 1. Properties of different optomechanical platforms. Reproduced from [100]. CC BY 4.0.

Platform vMm (GHz) ywm (Hz) ve (THz) vyc (Hz) go (Hz) Co Type

This work 7-200 1 x 10° 370 50 x 10°,0.5 x 10°(+) 20 x 10° 0.02,3.2  Active
Bulk Fabry—Perot [107]  12.7 86 x 10° 193 73 x 10° 24 4% 1071%  Passive
Nanobeam [108] 3.7 3.5 x 10* 195  5x 10 9x10° 0.18 Passive
2D crystal cavity [109]  10.2 8.5(+) 192 5 x 10% 1.1 x 10° ~1 Passive
QD in SAW cavity [110] 3.6 2 x 10° 324 1.6 x 10° 1.2 x 10° 0.018 Active
Ring resonator [111] 0.314 1.01 x 10° 196 ~1.3 x 10'° 3.7 x 10" 1.6 x 10~* Passive

regime (i.e. for low optical excitation fluencies), po1 is determined by the cavity photon lifetime (typ-
ically, 5-10 ps) yielding y,01/27 ~ 50 GHz. So far, the fast modulation regime has only been achieved
in the MC system by exploiting the long coherence time (27/7,,01) of polaritons in the condensate. The
latter arises from a balance between laser-induced particle creation and losses by photon escape from
the MC and, thus, depends on the experiment conditions. Experimentally, decoherence rates down to
Vpol-Bec/27t = 50 MHz have been reported for polariton condensate [112]. Presently, however, the upper
limit for the coherence is unknown. Understanding the mechanisms limiting condensate coherence is,
therefore, crucial for the field of polaromechanics and its potential applications. The main challenge will
be to achieve linewidths 5 < wy in the single-polariton regime, a key prerequisite for the quantum
microwave-to-optical conversion using these particles, which requires cavity photon lifetime exceeding
150 ps, or wm/2m > 50 GHz. The second challenge will be to reach above unit quantum cooperativ-
ity, C1 = Cy/ny > 1, which is paramount for quantum interactions between the polariton and mech-
anical modes, with a small thermal population of the mechanical mode ny, ~ 1. The later presupposes
hwy > kT, which for 20 GHz phonons means operating below 1 K. It has been suggested in Zambon
et al [113] that polaromechanical single-polariton cooperativity Cy could reach unit value. However,
experimentally it is well below that: Cy ~ 0.02 [102].

While considerable progress has been made towards the design of optimized BAWRs [114], the effi-
cient electrical generation of phonons at frequencies above 20 GHz remains a technological challenge.
For example, BAWRs for the 20 GHz range normally require very thin piezoelectric films (e.g. 80—

100 nm-thick textured films for ZnO-based or AIN-based resonators), which must be well-textured and

22


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

free of pinholes. Going beyond that limit requires new strategies and materials. Furthermore, these res-
onators generate predominantly longitudinal bulk acoustic phonons, which couple weakly to the spin
degrees of freedom of polariton condensates. The efficient excitation of transverse or even chiral GHz
acoustic waves (vortices) is an emerging field with important consequences also for other fields related to
opto-acoustics [115].

Finally, most of the polaromechanical studies have so far been restricted to the (Al,Ga)As materials
platform. One of the bigger application barriers for this materials platform lies in the very low operation
temperature of about 10 K, which is intimately related to the low binding energy (and, thus, temperat-
ure stability) of excitons in GaAs as well as the increased phonon absorption at elevated temperatures.
Progress has been made to extend the operation temperature for this platform [107]. As an example, the
microwave-to-photon transduction in the many-particle regime can be carried out at temperatures of
at least 77 K (liquid nitrogen), where cooling can be provided by inexpensive Sterling cryo-coolers. The
temperature limitation of the (Al,Ga)As material platform provides a strong motivation to explore other
material systems more suitable for room temperature operation.

Advances in science and technology to meet challenges

The resolved sideband condition vy, < wy can be fulfilled in (Al,Ga)As MCs in the few polariton
regime by either employing ultra-high-Q MCs (Q > 10°) [108] or using phonon modes above 50 GHz.
The first approach requires ultra-pure molecular beam epitaxy (MBE) reactors for sample growth

with minimized optical absorption. The second approach can be realized with current MCs by prop-
erly designing the structure to optimize the coupling to these high frequency phonons. This approach
requires piezoelectric excitation of tens of GHz phonons. In principle, this can be achieved by exciting
overtones of the BWARs, albeit at a reduced acoustic amplitude. Alternatively, the generation of phon-
ons above 20 GHz can be done using ps-long optical pulses. In order to reach Cy > 1, further enhance-
ments of g, and reduction of the v, are required, which can potentially be realized by using ultra-high-
Q MCs and polariton traps with dimensions below 1 pm.

Increasing the generation frequency and reducing the size of bulk transducers are key developments
towards the quantum polaromechanics in the single-polariton regime and realisation of on-chip arrays
of single-particle microwave-to-optical converters. Here, transducers based on AIN (also ScAIN), which
have higher acoustic velocity as compared to presently-employed ZnO films, could enable devices oper-
ating well above 20 GHz. Remarkably, the piezoelectric generation of acoustic waves up to 60 GHz has
been demonstrated using Lamb waves in thin-film LiNbO; resonators [109]. Finally, the presently used
BAWRs have opaque metal contacts: they need to be made into a ring-shaped aperture for optical access
to the polaromechanical cell at its centre, see figure 12(b). The acoustic amplitude then becomes lim-
ited by the multiple round trips through the MC and the substrate. The process is restricted to very low
temperatures due to the acoustic absorption. One envisaged solution is to develop transducers based on
transparent conductors, e.g. indium-tin oxide films.

Another anticipated development is the utilisation of QW materials with high exciton binding ener-
gies to enable strong photon—exciton coupling and condensation at room temperature. While the MBE
process used to grow (Al,Ga)As MCs provides the best quality samples, it is restrictive in terms of mater-
ial palette. A hybrid approach combining the MBE-grown lower DBR and spacer with QWs (or half
cavity) with the deposition of the upper DBR using another process (e.g. sputtering) can be envisaged.
The hybrid fabrication enables the use of materials with higher exciton binding energies (e.g. (ALN)Ga
alloys), non-crystalline (e.g. organic) semiconductors and 2D materials (e.g. transition-metal dichalco-
genides (TMDCs)). Interestingly, it has recently been demonstrated that mesoporous materials can sus-
tain GHz phonons [110]. Therefore, fabrication of DBRs based on such mesoporous layers could enable
new types of compact on-chip hybrid opto-acousto-piezoelectric sensors.

Concluding remarks

Polaromechanics is a new exciting area, which bridges GHz optomechanics and light—-matter exciton—
polaritons in hybrid phonon—photon semiconductor MCs. On the one hand, this emergent area enriches
the field of GHz optomechanics by bringing intrinsic light sources and the exciton-boosted coupling to
phonons and ns-long coherence time of polariton condensates. On the other hand, it enables the applic-
ation of coherent interactions with GHz phonons as a tool to control light-matter interactions. So far,
the work has been focused on understanding the basic physical and technological aspects of single or
few coupled resonant cells defined in patterned (Al,Ga)As MCs. The natural next step will be to real-
ize Floquet engineering (and Floquet topological states) in lattices of many coupled cells [111, 116]. In
terms of polariton—phonon coupling, the polaromechanical platform compares favourably with most
passive OM platforms, which makes it attractive to demonstrate microwave-to-optical conversion. The
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intrinsic scalability of the patterned MC platform is a key property towards polaromechanical chips.
Several challenges, however, need to be overcome on the way towards applications, e.g. in polariton
lasers, quantum converters, as well as for the extension of the polaromechanics concepts to QDs and 2D
materials. New concepts are emerging including the condensation of THz-frequency vibrational modes
interacting with polaritons [117] as well as optomechanics with disk resonators [118].
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Status

Nonreciprocal MW devices, such as isolators and circulators, are key components of modern commu-
nication technology. Isolators protect radio frequency (RF) devices from unwanted back reflections
while circulators are three-port devices that channel signals exclusively in one circular direction, facil-
itating simultaneous transmission and reception at the same frequency. Isolators and circulators are also
employed for low-noise qubit readout in superconducting quantum computers.

These nonreciprocal RF devices are based on the time-reversal symmetry breaking by the magnetisa-
tion of ferrite materials. Their typical dimensions are in the order of centimetres, corresponding to the
RF wavelength at their operating frequency in the GHz regime.

Because of the greatly reduced wavelengths of SAWs compared to MW photons, SAWs are commer-
cially used in miniaturized reciprocal MW components. The SAW lattice dynamics can interact with
magnetic degrees of freedom by transfer of linear and angular momentum. The propagation of SAWs
in magnetic media is therefore a promising avenue for developing a novel category of nonreciprocal RF
devices, including acoustic isolators or circulators. A prototypical piezoelectric/magnetic hybrid device is
illustrated in figure 13(a).

Nonreciprocal SAW transmission in piezoelectric/magnetic hybrids was initially observed in ZnO on
yttrium iron garnet (YIG) crystals and later in thin nickel films on LiNbO; [120]. The nonreciprocity
was traced back to a directional SAW to spin wave (SW) coupling mechanism that is based on the rel-
ative helicities of SAWs and SWs. From a fundamental point of view, the magnetoacoustic wave is chiral
and can be nonreciprocal because of a combined breaking of time- and space-reversal symmetry. In later
experiments, it was found that the nonreciprocity is significantly larger than expected from pure magne-
toelastic coupling [121, 122]. This was explained by the additionally present magneto-rotation coupling
mechanism.

Another promising strategy for nonreciprocal SAW transmission in piezoelectric/magnetic hybrids
is based on magnetic thin films with a nonreciprocal SW dispersion [123]. As depicted in figure 13(b),
resonant SAW-SW interaction at the frequency f, is only possible for waves with a wave vector k > 0
resulting in a pronounced SAW nonreciprocity. Magnetic thin films with interfacial Dzyaloshinskii—
Moriya interaction [121, 122] and magnetic bilayers [124] have so far been discussed. Due to its large
tuneability and large nonreciprocal SW dispersion, synthetic antiferromagnets (SAFs), which are made
from two antiparallel coupled ferromagnetic layers and an ultrathin nonmagnetic spacer layer, are espe-
cially promising [123]. For a CoFeB/Ru/CoFeB SAF, a large nonreciprocal SAW transmission of more
than 250 dB per mm length of the SAF along the SAW propagation direction was demonstrated [119],
as shown in figure 13(c).

Current and future challenges

There are several challenges that need to be addressed in the field of magnetoacoustics, as summar-

ized in figure 14. On the technological side, to obtain commercially viable miniaturized RF isolators,
the insertion loss needs to be brought on par with the widely available reciprocal SAW devices that are
presently used. The current research-grade magnetoacoustic nonreciprocal devices described above are
absorptive and thus fundamentally limited in power handling and efficiency. The magnetoelastic coup-
ling results not only in SAWs with nonreciprocal amplitudes but also nonreciprocal phase shifts. Careful
design of SAF magnetic layers should allow for low almost reciprocal SAW attenuation and large nonre-
ciprocal SAW phase shift of 7 [125], which could pave the way to nonreciprocal SAW phase shifters and
circulators. However, experimental verification of corresponding devices is so far missing.

On the more fundamental research side, we face the challenge of integrating magnetoacoustic ele-
ments into quantum-mechanical systems. The interest in addressing this challenge stems from the fact
that SAWs can be controlled and sensed in the quantum regime [29]. If strong coupling of SAWs and
SWs can be established in suitable systems, this would potentially open an avenue for the quantum-
control of magnons. In this regard, the ideal magnetic materials should exhibit a large magnetoelastic
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Figure 13. (a) Illustration of the investigated nonreciprocal piezoelectric/ferromagnetic hybrid. The SAWs can resonantly excite
SWs in the magnetic film by magnetoacoustic interaction. (b) A large nonreciprocal SAW transmission can arise in magnetic sys-
tems with a nonreciprocal SW dispersion [f(k) # f(—k)] since resonant SAW-SW interaction is only possible for waves propagat-
ing in one direction (e.g. k > 0), where the counter-propagating wave frequencies are detuned (k < 0). The SW dispersion can

be manipulated by an external magnetic field H. (c) The background-corrected SAW transmission of a CoFeB/Ru/CoFeB syn-
thetic antiferromagnetic film shows a large nonreciprocity. Reprinted with permission from [119]. Copyright (2023) American
Chemical Society.
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Figure 14. SAWs are commercially used for communication and sensing. Applied research in the condensed matter community
includes the study of quantum effects and hybrid systems such as combining phononics and magnonics in magnetic media.
Emerging challenges include finding ways to exploit the impact of chirality and topology in novel SAW-based devices.

coupling, low effective magnetic damping, and reasonable large saturation magnetisation and can be
deposited in arbitrary thicknesses on diverse piezoelectric crystals. Another key fundamental challenge
that should be addressed is the potential exploitation of SAW chirality for topological properties such as
backscattering-free unidirectional SAW propagation. By taking advantage of the symmetry and chirality
of SAWs in magnetic media, hybrid systems that combine phononics with photonics and magnonics may
be established.

Advances in science and technology to meet challenges

The operational frequency of nonreciprocal magnetoacoustic devices is currently restricted to the single-
digit GHz range since the typical frequency ranges for SAWs (MHz to few GHz) and SWs (above

1 GHz) differ slightly. Because the nonreciprocal effects are in addition larger at higher frequencies,
reaching a nonreciprocity contrast close to 100% is more difficult at low frequencies. This challenge
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could be addressed by using magnetic systems with tailored low frequency and low linewidth SW reson-
ances. Moreover, the nonreciprocal magnetoacoustic SAW devices demonstrated so far are bandwidth-
limited to a relatively narrow frequency range, defined by the slope of the wave dispersions and res-
onance linewidth. This restriction results in limitations, such as a limited operation band, and can be
relieved by wide-band matching of the SAW and SW dispersions [123, 126] and appropriate IDT design.
Novel approaches that allow for efficient SAW excitation over a broad frequency range would be needed
for applications that require large RF bandwidths. This will require efforts to transfer established engin-
eering knowledge from the field of commercial SAW devices to research-grade magnetoacoustic devices.

Going beyond the established magnetoelastic ferromagnets, such as CoFeB, FeCoSiB, and FeGaB,
further improvements in material engineering are expected to leverage great potential for optimisation.
In particular, hybrids that combine quantum acoustics and magnonics at mK temperatures will require
suitable material combinations that allow on-chip integration of magnetic thin films and superconduct-
ing circuitry on piezoelectric substrates.

To further improve the coupling strength between SAWs and SWs [127], the electrical excitation
and detection of SAWs in suitable low-damping magnetic media such as YIG needs to be established
at GHz frequencies. Detection of single hybrid magnon—phonon excitations may be enabled by integrat-
ing ultrasensitive and nanoscale electromagnetic sensors, such as nitrogen vacancies in diamond, with
magnetoacoustic devices. Full access to quantum magnetoacoustics will furthermore require operation at
millikelvin temperatures.

Concluding remarks

The addition of the magnetic degree of freedom and the concomitant breaking of time-reversal sym-
metry has opened a broad range of novel SAW-based functionalities. The field of nonreciprocal mag-
netoacoustics is moving towards active control and exploitation of chirality and topology, integration of
quantum acoustics, and magnetic systems with strong coupling of SAWs and SWs. A better understand-
ing of the underlying physical phenomena will potentially enable novel functionalities that combine the
advantages of magnetoacoustics and quantum acoustics with the miniaturisation and flexibility offered
by the established SAW platform.
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Status

The interaction between SAWs and spin waves (SWs) is gaining attention in spintronics and magnetism
research [128]. SWs in ferromagnets, usually excited by MW photons, can also be triggered by phon-
ons, as predicted by Kittel [129]. When SAWs and SWs reach strong coupling, their interaction surpasses
the relaxation rates of both phonons and SWs. This leads to the formation of hybridized quasiparticles,
combining features of both phonons and magnons [127]. Our recent experiments demonstrated this
hybridisation at room temperature. We used acoustic wave reflectors to create an acoustic cavity, redu-
cing phonon losses, and employed CoFeB layers with low magnetic damping. Additionally, our setup
enhanced the coupling of SWs with a horizontal shear strain component [130, 131].

We investigated the avoided crossing or anticrossing between magnon and phonon dispersions as a
strong coupling signature. In our experiments, SAW transmission data revealed a bending in the phonon
dispersion when the externally applied magnetic field approached magnon resonance (see figure 15).
With a CoFeB layer thickness of 10 nm, the phonon dispersion exhibited energy absorption at resonance
around 30 mT, maintaining a constant and linear behaviour. However, when the thickness increased
to 20 nm, the phonon dispersion not only absorbed energy at resonance but also showed noticeable
bending, indicating strong magnon—phonon coupling. This coupling implies that phonons now exhibit
magnon-like characteristics and can be influenced by magnetic fields, and vice versa, with implica-
tions for hybrid wave information and communication devices. The dashed curves in figure 15 rep-
resent calculated magnon (purple) and phonon (brown) dispersions, with the light green curve indic-
ating anticrossing. Additionally, in the thin film limit where the acoustic wavelength exceeds the mag-
netic layer thickness, we observed a monotonic increase in coupling strength with CoFeB layer thickness
(figure 15(c)), providing a route to achieve ultra-strong coupling.

Current and future challenges

The anticipated shared properties of the hybrid magnon—phonon waves are indeed intriguing and
require experimental verification. In magnonics, some outstanding challenges include relatively short
propagation lengths and low propagation velocities. For ferromagnets, these parameters typically are

the propagation length of a few micrometres, and the propagation velocity of a few tens of meters per
second. In contrast, phonons exhibit longer propagation lengths (up to millimetres) and higher propaga-
tion velocities (in the range of thousands of meters per second). It is imperative to characterize the
propagation length and velocity of the hybrid magnon—phonon waves. However, this task is not straight-
forward, particularly when SAWs couple with thin magnetic layers. SAWSs excite multiple SWs as they
traverse the magnetic layer, making it challenging to isolate a particular wave packet to study propaga-
tion lengths and velocities. Achieving this requires experimental schemes involving precise timing for
excitation and detection. Coherence is another essential property of information and communication
technologies. In the case of hybridized magnon—phonon waves, it is desirable to develop experimental
techniques for reading out the phase without disturbing its coherence.

During the transition from weak to strong coupling regimes, the concept of the Purcell effect [132]
also becomes relevant. This effect demonstrates that modifications in the density of the final states of an
atom inside a resonant cavity can enhance spontaneous emission. An acoustic cavity device may induce
a Purcell effect in the magnon—phonon excitations, potentially leading to lasing. The conditions under
which this lasing can occur and how it may manifest in our hybrid magnon—phonon quasiparticles
remain uncertain, but parallels to cavity electromagnetism provide grounds for optimism.

Beyond the strong coupling regime, increasing the magnetic volume of our hybrid devices could
push us toward the ultra-strong coupling regime. In this regime, the coupling strength g is compared
not with the energy losses in the system but with the excitation frequency w, such that delineates the
ultra-strong coupling regime. From a purely fundamental physics perspective, the ultra-strong coupling
regime offers fertile ground and deserves a separate research category [133].
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Figure 15. SAW transmissions when the external magnetic field is applied in the direction of SAW propagation; ¢ iy = 0°. SAW
transmission signal (|Sz1 |2) of the sample with CoFeB thickness of (a) tcpg = 10 nm and (b) tcpg = 20 nm under various amp-
litudes of the magnetic field poH. Purple and brown dashed curves in (a) and (b), indicate the calculated magnon (SWR) and
phonon dispersions, respectively. The light green curve is the anticrossing calculation. For details on the theoretical model see ref
[127]. (c) The coupling strength (g, the black circles) and magnon (k. the purple square) and phonon (kp, the blue triangle)
relaxation rates as a function of the thickness of the CoFeB layer. Reprinted (figure) with permission from [127], Copyright
(2024) by the American Physical Society.

Advances in science and technology to meet challenges

To address the challenges in studying hybrid magnon—phonon waves, we require experimental techniques
capable of precisely assessing wave coherence with high spatial, temporal, and frequency resolutions.
Recent advancements in time-resolved magneto-optical Kerr effect (t-MOKE) and micro-Brillouin light
scattering (BLS) spectroscopy offer promising avenues in this regard.

An intriguing possibility lies in the emergence and rapid development of nitrogen vacancy (NV)
centre magnetometry. NV centre magnetometry can potentially outperform t-MOKE and BLS in phase
sensitivity. Bertelli et al [134] successfully demonstrated phase-sensitive magnetic imaging of coherent
SWs by utilising a diamond chip with an ensemble of NV centres over the magnetic sample of interest.
This phase resolution in the GHz frequency range, coupled with high spatial resolution, makes NV
centre magnetometry highly attractive for characterising the coherence lengths and times of our hybrid-
ized magnon—phonon waves. Further developments in phase resolution with fast temporal detection can
enable the study of phase coherence at the Rabi splitting of the magnon—phonon quasiparticles.

Ongoing developments of all-electronic MW detection schemes with high phase and frequency
resolution [135] are also crucial for envisioned technology implementations of information processing
circuits based on hybridized magnon—phonon waves.

Further improvements in magnon—phonon coupling strength can be achieved by employing mag-
netic materials with ultralow magnetic damping, such as YIG. However, a challenge lies in growing high-
quality YIG thin films on top of piezoelectric substrates. A recent report demonstrated the epitaxial
growth of multi-domain YIG film with low magnetic damping on top of a LiINbO; substrate [136], and
a more recent report demonstrated nonreciprocal resonant SAW absorption in an on-chip YIG-SAW
device integrated using the focused ion beam technique [137].

Although the magnetic damping in our hybridized magnon—phonon wave experiments is currently
larger than the phonon losses, improvements can still be made on the phonon side. Our acoustic cav-
ity devices currently support two main phonon modes, potentially leading to undesirable crosstalk.
Selectivity of a specific single phonon mode in the form of SAWs can be achieved using phononic
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crystals [138]. Engineering periodic potentials for SAWs not only results in mode selectivity but also
induces nonreciprocal behaviours [139].

Concluding remarks

We have provided a brief overview of the recent experimental demonstration of SAW hybridisation with
SWs in the strong coupling regime, highlighting the anticipated implications for information and com-
munication technologies. We anticipate that with advancements in experimental techniques offering
enhanced phase, spatial, and temporal resolutions, the intriguing characteristics of this novel hybridized
magnon—phonon wave will be unveiled in the short to medium term. Particularly intriguing would be
the transition from the strong to the ultra-strong coupling regimes, and a transition from the classical to
the quantum realm, most likely at ultra-low temperatures.
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Status

Piezoelectric microresonators underpin modern wireless communication [140]. Despite billions of these
devices being in widespread use everyday across a range of materials, device geometries and operation
frequencies [141], every piezoelectric device in current commercial use shares one common charac-
teristic: they all manipulate quasi-plane waves of sound, i.e. the transverse extent of the waves is large
(10-20x) in comparison with the acoustic wavelength. The ideas of waveguiding sound waves (using
slow-on-fast layer stacks) have been around for decades [142], but have not become mainstream due

to a variety of challenges discussed in the next section. On the other hand, there has been a convergence
of developments in the past decade [76] which makes it interesting to consider again the question of
strong confinement and waveguiding of GHz acoustic waves in chipscale platforms. These developments
include: the spectacular success of (silicon) integrated photonics in revolutionising telecommunications
by exploiting strong confinement of light in low-loss platforms; hardware advances in quantum com-
puting platforms (especially superconducting qubits) which opens up the need for networking remote
systems [143] and the associated realizsation that acoustic waves can function as universal quantum
transducers [144]; increased understanding of dissipation in nanomechanical systems and the develop-
ment of techniques to mitigate the same culminating in nanomechanical systems with fQ (frequency
quality factor product) figures of merit that far exceed bulk geometries [145]; and finally advances in
semiconductor crystal growth (especially interface defect minimisation) driven by power electronics and
high power MW amplifiers.

While the culmination of these trends makes it attractive to reconsider exploiting strong confinement
of GHz acoustic waves in low-loss chipscale platforms, it is imperative to point out here that one really
needs to move beyond replicating existing functionality in small form-factors. This is because the per-
formance metrics for RF filters [141] are quite prohibitive and guided wave devices face some unique
challenges in meeting them as discussed below. Therefore, the focus of this article is on effects that one
can uniquely exploit in chipscale platforms [146]. These can be broadly classified according to whether
the devices exploit the low-loss that chipscale guided wave platforms provide to realize high Q whisper-
ing gallery mode resonators and long spiral delay lines [22] (cf figure 16); strong confinement to realize
sensors [147] that exploit the high perturbation sensitivity of guide wave platforms; or field enhancement
to realize nonlinear effects such as four wave mixing and parametric amplification [148], acoustoelectric
interactions [149] and efficient interfacing with nanoscale quantum systems [150].

Current and future challenges

As alluded to above, the advantages of guided acoustic wave devices have been recognized from the very
early days of ultrasonics research [142]. The main challenge that has prevented widespread adoption of
these ideas are the excess insertion loss encountered when engineering guided wave systems. This inser-
tion loss has two main components: coupling loss from transducers to waveguides and propagation loss
within the waveguide itself. Waveguided platforms require efficient injection of acoustic waves from a
transducer to a waveguide. Given impedance matching constraints [143], this boils down to a focusing
problem of efficiently focusing acoustic waves to diffraction limited spot sizes and efficiently coupling
this focused spot into an acoustic waveguide. In contrast to optical waves, the problem in the acoustic
case is more complex as the slow acoustic waves are in general surface waves which makes implementing
traditional (optical) focusing geometries like tapers inefficient. In addition, the acoustic waveguide sys-
tem (for instance, a simple strip waveguide as shown in figure 16(a)) is in general a multimode platform
and every interface (and surface roughness) provides a route for mode conversion. While these chal-
lenges are significant, there is no fundamental reason why acoustic fields cannot be injected into and
out of wavelength scale cavities with near unity efficiency.

43 An expanded version of the ideas outlined in this article was published in [146].
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Figure 16. (a) Guided acoustic mode propagating in a 1 pm wide gallium nitride waveguide on a silicon carbide substrate (b)
Acoustic microring resonators with quality factors >10? at 3.4 GHz (c) spiral delay lines with on-chip delays ~2.5 us. © 2024
IEEE. Reprinted, with permission, from [22].

While the coupling loss is the main source of insertion loss in current devices, propagation loss is
also critical. While whispering gallery mode acoustic wave resonators have shown record high Q factors
[22], it is still unclear what the fundamental limit on acoustic dissipation is for waveguided geometries.
A major challenge here is the lack of acoustic imaging modalities that can provide fast 3D acoustic field
distributions. Without local imaging of acoustic wave scattering [151] and mode conversion, it is hard to
optimize device performance based on only MW transmission measurements.

A final hurdle for widespread adoption of guided wave acoustic devices is the lack of dynamic
control [152] on propagating acoustic fields in waveguide geometries. Dynamic control is necessary for
active switching, routing and tuning of phononic integrated circuits. Traditional techniques that work
reasonably well with bulk devices like thermal and electric field tuning need to be adapted to mesh well
with the reduced footprints that guided wave platforms offer. More importantly, the device geometry
(and material stack) needs to be carefully optimized to ensure dynamic control without incurring excess
insertion loss and scattering.

Advances in science and technology to meet challenges

To address the challenges in the previous section, one can broadly organize the advances need on three
fronts: materials, devices and metrology. Given that strong acoustic confinement requires a slow-on-fast
layer structure, the choice of fast substrates is limited to sapphire, silicon carbide and diamond. Given
the need for strong acoustic confinement across all mode shapes and at all in-plane waveguide orient-
ations, SiC [153] presents the best near-term choice accounting for acoustic velocities and commercial
availability. This opens up the requirement for strongly piezoelectric crystalline thin films like LN and
lithium tantalate (LT) [154] on SiC using wafer bonding and smart-cut [155]. In parallel, optimising
the deposition of sputtered piezoelectric films like SCAIN [156] on SiC needs to be done to provide a
viable near-term alternative to crystalline thin films for proof-of-principle devices. Waveguided devices
require exquisite control of sidewall angles and surface roughness. A lot of work has already been done
on optimising integrated photonic devices in LN and LT and many of these ideas can be ported over to
acoustics. A viable alternative is to build on the developments in high power RF devices and exploit the
gallium nitride on silicon carbide platform [22]. While the piezoelectric coefficient of GaN is lower than
that of ScAIN, LN and LT, it is a piezoelectric semiconductor and provides some unique advantages in
terms of engineering AE interactions in guided wave geometries [157].

In parallel, device geometries (both on the transducer and waveguide front) need to be optimized to
reduce the excess insertion loss that usually accompanies guided wave devices. In particular, efficient uni-
directional focusing transducers need to be developed which can efficiently focus GHz acoustic fields to
pm-scale dimensions. In parallel, phononic bandgap structures need to be optimized to ensure unwanted
mode conversion at surfaces can be avoided. State-of-the-art guided wave devices currently have inser-
tion loss exceeding 10 dB, even for short waveguide spans. This needs to be below 2 dB for these plat-
forms to be attractive from an applications perspective.

Finally, metrology methods that can locally map acoustic wave scattering and mode conversion with
nm spatial and ns temporal resolution need to be developed to understand the effects of nanofabrication
on limiting acoustic loss. New metrology methods [158] that are sensitive to surface states need to be
explored to understand the effects of surface dissipation in these geometries. Given the high surface to
volume ratio of these devices, surface loss presents the ultimate limit on achievable performance and
passivation techniques need to be developed similar to photonics.
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Concluding remarks

Strong transverse confinement of GHz acoustic fields in low-loss chip scale platforms provides a new
degree of freedom that can be exploited to improve the performance of piezoelectric devices across a
range of applications ranging from wireless communications to sensing to quantum information pro-
cessing. To realize these benefits and to have an impact comparable to that of silicon integrated photon-
ics on optical telecommunications, a number of challenges need to be addressed, with the two key ones
being the excess insertion loss that usually accompanies guided wave geometries and the development of
methods to exert effective dynamic control on propagating sound waves in chip-scale platforms.
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IAOs is a new paradigm of acousto-optics (AOs), in which acoustic wave devices and photonic devices
are integrated on the same platform to engineer the OM interaction between light and sound. In these
IAO systems, optical and acoustic waves co-propagate and interact within planar waveguide structures,
enabling enhanced AO interactions compared to bulk counterparts due to the co-confinement.

TAO systems typically integrate photonic components such as waveguides, ring resonators, and
Mach—Zehnder interferometers (MZIs) with EM transducers on piezoelectric materials, such as IDTs
for generating SAWSs and parallel plate transducers for generating BAWs. Commonly used piezoelectric
materials in [AO systems (figures 18(a)—(e)) are LN, aluminium nitride (AIN), gallium nitride (GaN),
zinc oxide (ZnO), and aluminium scandium nitride (AIScN). For a material to be efficient in AO inter-
action, it needs to have a high optical refractive index, low acoustic velocity, and a large photoelastic
effect. These can be gauged with the AO figure of merit M, = n®p?/pv’, where n is the refractive index,
p is the photoelastic constant, p is the material density, and v is the acoustic velocity. Figure 18(F) lists
the M, values of selected AO materials. However, due to the high modal confinement in IAO, the mov-
ing boundary effects often dominate the photoelastic effect. In addition, to reduce acoustic loss, free-
standing IAO devices are often fabricated to minimize such losses, making the boundary effect more
prominent.

Various TAO device architectures have been explored to enhance AO interactions. High-order acoustic
Rayleigh modes have been used to modulate AIN photonic ring resonators [159], while suspended MZI
and racetrack cavity integrated with IDTs have facilitated MW-to-optical conversion using LN [160].
These works are waveguides running perpendicular to the acoustic waves (figure 17(c)), which leads to
a lower photon conversion efficiency <0.1%[160]. Sohn et al [161] tilted the IDTs relative to the wave-
guide to generate a parallel acoustic wavevector q|, which breaks the reciprocity of light propagation
(with fixed acoustic direction) and realizes a magnetic-free optical isolator (figure 17(d)) and achieves
an optical mode conversion efficiency of 17%. To push for even higher AO modulation strength, Liu
etal [162] realized an OM waveguide enabling backward AO Brillouin scattering through a large g
(figure 17(e)). Sarabalis et al [163] demonstrated an inter-modal Brillouin scattering (figure 17(a)) in an
OM waveguide with co- or counter-propagating acoustic waves. An impressive near 100% optical mode
conversion efficiency was also achieved with an OM waveguide by Zhang ef al [164]. More recently,
Chen et al [165] developed an OM ring resonator (OMR) in which acoustic and optical waves are co-
confined and co-resonant, leveraging the large coupling strength of cavity optomechanics (figure 17(f)).

Current and future challenges

AO modulation efficiency and bandwidth.

A key challenge lies in enhancing the AO modulation efficiency, which is limited by two factors: (1) the
EM efficiency to generate acoustic waves from RF driving power, and (2) the OM coupling strength,
which determines the AO modulation efficiency. For optimal EM efficiency, the IDT must be imped-
ance matched to the power source (50 €2). This can be achieved by designing the number of IDT finger
pairs, N, and the aperture size. However, increasing N reduces the bandwidth, presenting an efficiency-
bandwidth trade-off that needs to be considered carefully based on the applications. A representative
MW photon to optical photon conversion efficiency measurement data is shown in figure 18(g). New
transducer design ideas are needed to overcome this limitation. Conversely, the OM coupling strength
depends on the confinement of modes and the interaction length. A solution to reduce the acous-

tic loss is to undercut the active area and suspend the thin film to eliminate the acoustic loss channel
through the substrates. One such example using free-standing gallium phosphide (GaP) shows an acous-
tic propagation loss at 6.2 dB mm™! (acoustic quality factor Q = 2,300) (figure 18(g)). However, this
method reduces the device’s power handling capability, due to weakened heat dissipation, and less mech-
anical robustness.
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guides simultaneously guide acoustic and optical waves to OM ring resonators where the acousto-optomechanical interaction is
enhanced.
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Figure 18. Representative integrated acousto-optomechanical (IAO) systems with different parallel acoustic wavevector g

(a) A standing acoustic wave cavity integrated with suspended lithium niobate (LN) waveguides. Reproduced from [160].

CC BY 4.0. (b) A tilted interdigital transducer (IDT) on aluminium nitride (AIN) integrated with spiral silicon waveguides.
Reproduced from [166]. CC BY 4.0. (c) A suspended LN optomechanical waveguide with co-traveling acoustic and optical
waves. Reproduced from [163]. CC BY 4.0. (d) A non-suspended gallium nitride (GaN)-on-sapphire optomechanical waveguide.
Reprinted with permission from [165] © The Optical Society. (e) A suspended gallium phosphide (GaP) optomechanical ring
resonator (OMR) with co-resonating acoustic and optical modes. Reproduced from [164]. CC BY 4.0. (f) Acousto-optic figure-
of-merit M; of selected materials. The electromechanical coupling coefficient k2, is related to the ratio of mechanical power gen-
erated by RF driving power. Here the M is calculated at telecom wavelength 1.55 m, and the definition is described in the main
text. (g) A representative microwave-to-optical conversion efficiency measurement data that shows the microwave transmission
coefficient (S21) measured from a high-speed photodetector. Reproduced from [160]. CC BY 4.0. (h) A microwave transmis-
sion spectrum, which shows the acoustic transmission power coefficient between a pair of IDT from a GaP optomechanical ring
resonator. The extracted acoustic propagation loss is around 6 dB mm™!. Reproduced from [164]. CC BY 4.0.
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Scalability, fabrication challenges, and device footprint.

The TAO modulation efficiency has been limited to a few percent until Zhang et al [164] recently showed
a complete optical mode conversion on a non-suspended GaN-on-sapphire platform. The device is a

3 mm long OM waveguide with IDT driven at 0.56 W. The impressive near-unity conversion efficiency
is achieved with the high RF driving power and long interaction length. The challenge here is to scale up
the number of high-power, large footprint devices on chip to truly leverage the benefit of an integrated
platform. To date, a variety of materials and substrates have been used in IAO devices, requiring com-
plicated fabrication processes and making compatibility and integration with prevailing platforms such
as superconducting qubits and silicon photonics a challenge. In addition, the thermal energy generated
by the IDT could cause unintentional optical phase shift or resonance drifting in integrated photonic
circuits, which is not ideal. A compact, power efficient solution is needed.

Materials innovations.

The intrinsic material properties play important roles in the AO figure of merit. Therefore, the selection
of material may have different requirements based on the application. For high-efficiency, high-power
devices in the classical applications (e.g. optical frequency shifter, isolator, beam-deflector), the power
handling of the device is a challenge for the IAO since the high energy density in the IDT may damage
the piezoelectric thin film. For quantum applications, the integration to a superconducting qubit using
a high-overtone BAWR using AIN has been demonstrated, which shows a single phonon coherence time
>10 ps [167]. On the other hand, for the MW-to-optical transduction, the challenge is that the stray
electromagnetic field from the strongly piezoelectric material can cause noise and degrade the coher-
ence of the quantum system, such as superconducting qubits. In addition to the noise from the MW
photons, the thermal noise from the MW phonons at can also be reduced by phononic bandgap engin-
eering using phononic shields [166].

Advances in science and technology to meet challenges

Direct acoustic imaging.

Engineering the acoustic and optical modes to achieve optimal AO modal overlap is crucial to increase
OM coupling strength. However, the excited acoustic mode profile in a complex device structure can dif-
fer considerably from the predictions by simulations such as finite element analysis. For example, direct
visualisation of gigahertz acoustic waves using a novel transmission-mode MW impedance microscopy
(TMIM) technique [168] has revealed the unintentional generation of high-order acoustic waves in a
suspended waveguide, which reduces the AO modulation efficiency. TMIM can help identify the ori-
gin of acoustic wave scattering in devices and provide invaluable insights for better waveguide geometry
design. Further advancement of TMIM in a cryogenic environment will also deepen the understanding
of quantum acoustic and cryogenic AO modulations.

Miniaturisation of the IAO devices.

Miniaturising TAO devices is crucial for compatibility and scalability with integrated photonic circuits,
yet it remains a significant challenge. Confining the acoustic mode in acoustic waveguides and cavities
can enhance the interaction and reduce the device footprint by shortening the needed interaction length.
For applications requiring strong OM coupling strength but only a small bandwidth (e.g. MW-to-optical
transduction or filtering), an IAO cavity with co-resonating acoustic and optical modes is desirable. For
the applications demanding large bandwidth (e.g. optical isolator and mode convertor), a spiral shape
multi-pass OM waveguide is ideal [169]. However, achieving higher AO modulation without sacrificing
bandwidth remains an open question in both cases.

Heterogeneous integration.

Wafer-scale heterogeneous integration of non-piezoelectric and piezoelectric materials can be advantage-
ous for IAO devices to leverage the strengths of different materials. For instance, LN-on-silicon nitride
(SiN) [170] combines LN’s excellent acoustic properties with SiN’s low optical loss. By integrating differ-
ent materials, preferable acoustic and optical characteristics can be preserved. Exploring more material
combinations can open new design spaces for high-efficiency AOMs. Pairing materials with high acous-
tic speed and high refractive index contrast enables high OM coupling and low acoustic loss without

a suspending structure. Additionally, separating piezoelectric and non-piezoelectric regions can reduce
unwanted stray electric fields and crosstalk.
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Concluding remarks

The technology evolution from conventional bulk modulators to planar and guided-wave IAO devices
represents a crucial improvement in the AO technology. Despite significant progress, challenges persist in
maximising AO modulation efficiency, scalability, and materials innovation. Addressing these challenges
requires new device architectures, heterogeneous material platforms, and innovative designs. Tools like
direct acoustic imaging offer insights into optimising device geometries, while miniaturisation and het-
erogeneous integration strategies hold promise in enhancing performance and compatibility. New oppor-
tunities for IAO research in optical signal modulation, communication, and quantum applications also
require interdisciplinary effort to realize the full potential of IAO devices.
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Status

Since the publication of the 2019 surface acoustic waves roadmap [9], research into the interplay of

2D materials and SAWs has continued at a steady pace (for a more comprehensive review see [171]).
These new materials, the first of which to be isolated was graphene in 2004, naturally lend themselves
for integration with SAWs. Their relatively large surface area, and sensitivity to external stimuli, makes
them an obvious route to develop higher sensitivity SAW sensors. In addition, the inherent thinness of
these materials means that not only will they interact mechanically with SAWs, but also that the electric
fields generated by a SAW propagating on a piezoelectric substrate can interact with any charge carriers
present. The interactions between SAWs and 2D materials is thus an exciting testbed to study the prop-
erties of new materials but could also ultimately form the basis of new devices.

Although many new 2D materials are now available, interactions between graphene and SAWs are
still the focus of much research, and graphene’s potential as an extraordinarily responsive sensing mater-
ial has continued to be exploited for the development of a wide range of SAW sensors [172] and micro-
fluidic devices. Acoustic charge transport, where the piezoelectric fields associated with a propagating
SAW can be used to trap and transport charge is also an area of much interest. Uniquely to graphene
in acousto-electric devices, the AE current in the same device can be reversed, and switched off, using
an applied gate voltage to dope the graphene and change the majority charge carrier. In addition to
this classical transport regime, recent research, which has used 2D hexagonal boron nitride (h-BN) as
a gate material [23, 173], have demonstrated AE current in the quantum regime, with the observation
of Shubnikov de Haas oscillations in large magnetic fields demonstrating quantised 2D subbands, and
mirroring early work on the use of SAWs to probe the properties of 2D electron gases in AlGaAs/GaAs
heterostructures (cf figure 19). Additionally, SAWs were used to artificially induce gauge fields in the
absence of external magnetic fields [174].

The other most studied class of 2D material has been that of TMDCs, including materials such as
molybdenum- and tin-disulphide. In contrast to graphene, these materials have intrinsic bandgaps, lead-
ing themselves to the study of excitonic effects, but also the development of novel optoelectronic devices,
with higher performance and new device functionality. For example, Datta et al [175], Scolfaro et al [82]
and Peng et al [176] have all demonstrated successful transport of excitons in TMDC monolayers and
interlayer excitons in bilayers over long ranges (limited by flake size, see figure 20), whereas Alijani et al
[177] and Zhao et al [178] demonstrated optoelectronic device enhancement using 2D materials com-
bined with SAWs and Nysten et al [179] showed that SAW-based scanning acousto-electric spectroscopy
provides a highly sensitive and local contact-free probe to uncover distinct local features in TMDCs
monolayers such as local changes in the dielectric and strain environment, i.e. tears, folds etc, induced
by the exfoliation and transfer process.

Current and future challenges

A continuing challenge is the ability to prepare large area, high quality, samples of 2D materials.
Chemical vapour deposition techniques for the growth of materials such as graphene and h-BN have
continued to advance, with growth on metal substrates being the predominant approach. However,

thus still necessitates transfer of the 2D material of interest onto the preferred substrate, which for SAW
applications is likely to be quartz or LN. The transfer process itself can often introduce imperfections,
such as wrinkles, which not only limit the carrier mobility, but also make the process somewhat irrepro-
ducible. There have been very few reports of direct epitaxial growth of 2D materials onto SAW substrates
[180, 181], and a key technological challenge is how to reproducibly obtain large area, high quality 2D
materials on SAW substrates.

As predicted in the 2019 surface acoustic waves roadmap [9], the use of hBN as an encapsulating
dielectric has proven to be a good solution to improve the quality of the transferred 2D materials on
rough substrates. However, while the piezoelectric field of the SAW can be correctly transmitted through
the dielectric, the mechanical adhesion of the hBN on the SAW substrate is weak and can lead to the
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Figure 19. Observation of quantum transport in graphene using a surface acoustic wave resonator. (a) Optical microscope image
of the device showing a view of the full SAW cavity in the lower image, an enlarged view of the of the centre of the cavity with the
detail of the prepatterned gold electrodes without the graphene sample in the upper left image and a false-colour image showing
the graphene device in detail in the upper right image. The monolayer graphene is coloured in light purple, and the graphite

top gate is coloured in light green. (b) The change in the cavity phase at the fixed resonant frequency of the SAW resonator, as a
function of magnetic field, at two different gate voltages, and at 1.7 K. The quantum oscillations are clearly visible above 0.6 T.
The data have been offset for clarity. Reprinted (figure) with permission from [23], Copyright (2023) by the American Physical
Society.

loss of the SAW strain inside the 2D material under study. This fact was highlighted by the study of the
emission of defect centres in hBN under acoustic strain [182].

For less mature 2D materials, such as (TMDCs), most of the reported work integrating with SAWs
have been based on the use of mechanically exfoliated single crystal flakes, which tend to be high quality
(low numbers of defects) and therefore, for example, have high electron mobility. Although applications
will require scalable device architectures that are cost effective, in some senses SAWs provide an excel-
lent tool for studying the properties of these flakes, which only a few tens of micrometres in size, with
less rigorous contacting and positioning requirements compared to all electrical approaches. Recently,
SAW driven magnon—phonon coupling [183] was demonstrated using a flake of chromium trichloride,

a material consisting of layers, of alternating magnetisation, weakly bound together by Van der Waals
attraction. This shows that advances in materials technology will underpin exciting new research avenues
that integration of SAWs and 2D materials offer.

Advances in science and technology to meet challenges
While there are very few reports on the CVD growth of 2D materials directly on SAW substrates such
as LINDbO3, other techniques could be applied to resolve such an issue. For example, Xu et al have
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Figure 20. SAW-driven transport of interlayer excitons (IXs) at 100 K. Real-space photoluminescence (PL) mapping (a), when
SAW is off, and (b) when SAW is on with 6 mW power. Two bright emission spots appear at the edge of the flake and the focal
point of the acoustic wave due to the SAW-driven transport of IXs. Insets: Illustration of the free diffusion and SAW-driven drift
of IXs. (¢), (d) The spectral PL image in the same experimental conditions as for (a) and (b), respectively. The non-local exciton
emission at the flake edge is clearly attributed to the IXs in WSe;, which have an emission peak at 1.56 eV. (e) The emission spec-
trum at the pump position slightly decreases when the SAW is turned on. (f) The emission spectrum at the flake edge position
drastically increases when SAW is turned on. Reproduced from [176]. CC BY 4.0.

developed a technique for the direct fabrication of few-layer graphene on LiNbO; by implanting Carbon
ions in a Copper covering layer, which is later removed [181]. Alternatively, non-piezoelectric substrates
adapted for the CVD growth of 2D materials, i.e. silicon, can still sustain SAW modes, which can be
excited by the deposition of thin film piezoelectric materials such as Zinc Oxide, LiNbO;3, etc. A lot of
progress has been made for the fabrication of such hybrid substrates. Additionally, the requirement for
higher frequencies in the several GHz to tens of GHz regime for the investigation of new emergent 2D
Materials, such as the excitation of SWs in ferromagnetic 2D materials, i.e. Crl3, requires this type of
thin film structures, i.e. LINbO3 on Sapphire or on Silicon and have already been investigated for the
excitation of high frequency SAW devices [184, 185].

In parallel to the possible direct growth of 2D materials on SAW substrates, advances in synthesis
technique have also opened a large range of possible new 2D materials and possible properties. It is pos-
sible that, as the range of materials available to research increases, the possibility of easier incorporation
in SAW devices becomes more probable. The recent use of artificial intelligence and machine learning
methods for materials discovery has enabled an even quicker expansion of this research field [186].

Advances in phononic metamaterials [187] are also likely to have an increasing impact on this
research. The ability to control and manipulate the propagation of SAWs, as with photonics, is likely to
lead to enable new fundamental studies and device concepts for which the integration of 2D materials
is extremely well suited. For example, the ability to confine the acoustic energy in a very small volume
[188], or acoustic cavity, would increase the interaction of a SAW with a flake of 2D material, further
increasing the ability of the SAW to probe the properties of the material, but also allowing the devel-
opment of new sensors. The unique properties of 2D materials, including their mechanical flexibility,
may also allow new approaches for realisation of dynamically tuneable phononic metamaterial arrays.
Additionally, van der Waals materials are very sensitive to strain [189] and these new phononic tools
would present an excellent platform to probe these effects at MHz and GHz frequencies.

Concluding remarks

Since the last roadmap article, the field of acoustic waves and 2D materials has been flourishing. The
research on graphene has expanded and includes now the study of charge carrier dynamics in the
quantum regime and the fabrication of highly sensitive sensor and microfluidic devices. The study of
TMDCs integration in SAW devices has also increased and exciton transport and improved optoelec-
tronic properties have been proven. This increase in the successful fabrication of efficient and effective
electronic and optoelectronic devices with an increasing range of 2D materials demonstrates the techno-
logical potential of 2D materials-SAW hybrid devices but also the great potential of SAWs for the con-
tactless study of many fascinating fundamental properties such as charge carrier dynamics, exciton trans-
port, SWs excitation, etc in new 2D materials. The direct growth of high quality 2D materials on SAW
substrate remains the main challenge to be addressed, but the fast-paced improvement in growth and
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synthesis techniques for 2D materials as wells as SAW thin film substrates has the potential to overcome
this problem, especially with the addition of machine learning and Al for materials discovery.
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Status

The interaction between SAWs and inorganic semiconductors is a well-established research area. The
strain and piezoelectric fields of SAW alter the electrical characteristics of a semiconductor via type-

I and type-II band-edge modulations, respectively, as shown in figure 21 [190]. These modulations
instigate spatial separation of charge carriers in an exciton, leading to acousto-optoelectric (AOE) effect.
Additionally, AE effect—where the momentum of SAW exerts a dragging force on charge carriers—offers
promising applications in charge transport, demonstrating increase in conductivity and current in vari-
ous inorganic semiconductor-based devices including III-V and 2D materials [180, 191, 192]. Nonlinear
interactions between counter-propagating SAWs give their convolution which is widely used in commu-
nication systems, and inorganic semiconductors incorporated in air-gap and monolithic convolvers [193,
194] enhance the otherwise weak non-linearity of typical piezoelectric substrates.

Conversely, use of organic semiconductors (OSs), known for low-cost solution-processing fabrica-
tion, mechanical flexibility and biocompatibility, is a comparatively new concept in the exploration of
acoustic interactions [12]. Although OS offer prospective sustainable and flexible device applications, like
wearable sensors, RFID tags, etc, they are not crystalline and suffer from trap states. Overcoming poten-
tial barrier between traps and grain-boundaries limits efficient charge transport and causes instability.
Acoustic influence on poly(3-hexylthiophene-2,5-diyl) (P3HT) shows that momentum from SAW can
reduce effective energy difference between these trap states [195]. AE effect remains directional showing
large increase in current when charges are biased in the direction of SAW. Similar effect predominates in
P3HT transistors tested with variable channel widths indicating evenly distributed charge transport path-
ways across the thin film [196]. This key experiment showed improved stability by compensating long-
term charge trapping effects. Additionally with photoexcitation, OS such as P3HT and poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenvinylen] (MEH-PPV) show quenching in photoluminescence intensity
wherein SAW fields help overcome the exciton binding energy, Xgr [16]. The maximum charge trans-
port capacity, Nmax shows dependency on SAW power and wavelength, though independency of light
intensity. However, at high intensities reaching N,y limits the exciton ionisation which drops the overall
efficiency. In addition to these fascinating inter-dependencies, use of orthogonal SAWs shows possib-
ility of information routing via diagonal movement of charges in MEH-PPV [197]. As a step forward
towards all-optical devices, device engineering approach such as inclusion of metal-insulator-OS layers
in SAW path enables electrical control of exciton flux leading to excitonic transistor characteristics [198].
Furthermore, low intrinsic charges in P3HT aided in recording the highest efficiency achieved in a SAW
convolver [199].

Current and future challenges

Fabrication complexities: Larger section of OS degrade over time upon exposure to air, moisture and
light, often leading to device instability, which is one of the primary challenges in the study of SAW
interactions with OS. Encapsulation methods that do not interfere with SAW propagation or the intrinsic
properties of OS are crucial, and developing advanced strategies such as multilayered barrier materials
transparent to SAWs, is essential for device longevity and reliability. Another significant challenge lies

in the fabrication of multilayered devices, hindered by the chemical incompatibility between conven-
tional photoresists and OS. During the fabrication process, photoresists can react with the OS, altering
or damaging the underlying layers, making it difficult to construct stable, multilayered structures neces-
sary for advanced device applications. Alternative patterning techniques can be developed to avoid the
use of traditional photoresists. Methods such as soft lithography [200] or nanoimprint lithography [201]
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Figure 21. Schematic of SAW-OS device structure describing the energy band modulations. Reproduced from [16]. © IOP
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Figure 22. Schematic of a prospective polymeric flexible SAW-OS device.

can be employed with innovative approaches to layered fabrication, such as additive manufacturing tech-
niques, to preserve the integrity of OS layers. Hybrid material systems that combine the beneficial attrib-
utes of OS with the stability of inorganic materials can be imperative for creating more robust devices.
Additionally, interface engineering, such as surface treatments and the use of buffer layers, is critical to
ensure good adhesion and minimize degradation at the interfaces between different materials. A holistic
approach to device design, integrating comprehensive consideration of the required device performance
and the establishment of standardized testing protocols for long-term stability and performance evalu-
ation, is essential for developing devices that can reliably operate under variable environments.

Experimental conditions: High strain levels in materials commonly used for SAW devices, such as LN

and tantalate, pose significant challenges in the precise characterisation of organic device perform-

ance. Managing strain becomes crucial during operational analysis, as it may lead to stress induced
morphological changes in some softer materials. Understanding and mitigating the effects of strain on
these materials is essential for ensuring the reliability and practical applicability of OS integrated SAW
devices. Future challenges include engineering devices with flexible substrates as the piezoelectric layer,
to enhance mechanical durability for SAW applications in flexible electronics. Additionally, technique for
improving charge transport within OS like achieving chain alignment during the thin film formation via
application of direct current electric field as promisingly observed in MEH-PPV [202] can also be opted.

Advances in science and technology to meet challenges

Flexible SAW: The main yield of coupling OS with SAW lies in fabricating flexible devices like shown
in figure 22 which can harness the potential of the underlying interaction along with substantial reduc-
tion of the total production cost. Till date, experiment studying the propagation of SAW in polymeric
and flexible piezoelectric substrates remains confined to materials such as poly(vinylidenefluoride-
trifluoroethylene) (PVDF-TrFe) [203], ZnO [204] and single crystalline LiINbO; thin film [205]. These
devices show inconsequential degradation in SAW characteristics under bending and deformation con-
ditions suggesting prospects of utilising flexible substrates with OS. Although, the restricted use of the
low-cost polymeric piezoelectric materials has been mainly because of their low piezoelectric coupling
coefficient leading to low operating frequency. To counter-act, with polymeric piezoelectric materials,
engineering of the traditional SAW device structure can enhance the piezoelectric response, like using
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parallel double layers of IDTs [203] enabling efficient poling of the thin film by aligning dipoles with
applied electric field, wherein the PVDE-TrFe based polymer SAW devices have also shown air stability
with no perceptible loss of poling. Proper solvent selection [206] and electrospinning [207] are other
simple and effective methods which have shown to improve piezoelectricity in PVDF and its copoly-
mer PVDE-TrFe, showing wide usage in self-powered sensors to smart skin and electronic textiles. The
frequency range till which these materials can sustain bending and deformations is another interesting
aspect yet to be addressed.

Hybrid material system: Since the study of the interaction between an OS and SAW is very new [12] and
has been established with only few polymers such as P3HT [195] and MEH-PPV [16], AE and AOE
effects need to be studied in more variety of OS and materials like perovskites to bring together a lar-
ger database exploring the underlying phenomenon caused by the coupling with SAW. For example,
band aligned hybrid and heterostructure layers of these materials can lower the effective Xz, instead

of higher Xpg often seen in the individual materials, and offer efficient charge transport via AOE effect.
Heterostructure layers with tuned capacitive properties attributing to stronger depletion can help further
enhance efficiency of SAW convolvers.

Concluding remarks

The coupling of SAW with OS offers an exciting field for research as it is yet in the early stage and deliv-
ers stimulating underlying phenomenon leading to modulation of charge and exciton transport. The
biggest advantage of using OS lies within the ease of low-cost solution processing fabrication and its
applicability in flexible devices. Utilising these with existing SAW technology can help devise highly effi-
cient signal processing units, charge transfer devices, optoelectronic components, wearable and dispos-
able sensors. Resolving of some interesting challenges with process and device engineering can further
ensure wider reliability and practical applicability of these systems.
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Status

Phononic crystals and acoustic metamaterials constitute an emergent field with immense potential for
spatial confinement and waveguiding of acoustic or elastic energy. These materials, characterized by peri-
odic structures or locally resonant elements, offer novel avenues for manipulating acoustic or elastic
waves as seen the illustration in figure 23(a), akin to the control exerted by photonic crystals, metama-
terials, and metasurfaces over light. This manipulation spans various wave types, including SAWs, Lamb
waves, and beam waves offering potential breakthroughs in fields ranging from telecom technology to
healthcare.

A key advantage of phononic crystals lies in their capacity to regulate wave propagation by introdu-
cing specific patterns or altering the composition of materials [210]. This capability holds promise for
diverse applications, such as sensing [211], energy harvesting [212], telecommunication filters [213], and
quantum technology [214]. Especially for energy harvesting, phononic crystals and acoustic metamateri-
als are able to improve the power density, bandwidth and robustness of acoustic/elastic energy for energy
harvesting, based on various mechanisms such as compact cavity/defect modes, topological states, local-
ized resonant vibrations, etc.

Researchers have pursued various designs and configurations of phononic crystals and metamaterials,
aiming for efficient waveguiding, particularly at high frequencies. The focus of optimisation has primar-
ily centred on the geometric characteristics of the crystal lattice including the size and shape of constitu-
ent unit cells, alongside material properties to attain the widest and all-direction band gaps in the ideal
crystal. Different defects inside the perfect crystal were considered in order to control the wave disper-
sion including the phase and the group velocities of the guided modes.

Recent explorations have extended to alternative guiding mechanisms like non-reciprocal, topolo-
gical, and time-dependent metamaterials. Non-reciprocal metamaterials [215], with their asymmetric
wave transmission properties, are crucial for applications such as isolators, circulators, and directional
waveguides. Recent research endeavours have focused on developing non-reciprocal acoustic and elastic
metamaterials employing materials like magnetoelastic, piezoelectric, or active substances with broken
time-reversal symmetry. Topological metamaterials, drawing from topological physics, engender robust
and protected wave transport phenomena, offering unique properties like immunity to defects and
disorder [216]. For example, topological vortex mode is designed in pillared phononic crystal plate for
antisymmetric Lamb wave with Jackiw—Rossi binding mechanism [208], as shown in figures 23(b) and
(c). Efforts in this domain have aimed at designing structures with non-trivial band topologies, exploit-
ing geometric and topological features to achieve desired wave behaviours.

Current and future challenges

Despite significant advancements, challenges persist, particularly in implementing and scaling phononic
crystals and metamaterial structures for practical use. For instance, coupling phononic waveguides with
photonic devices, at submicron scale, enables novel functionalities in integrated photonics, facilitating
efficient interactions between light and sound in OM systems. Refinement of fabrication techniques is
crucial to achieve the necessary precision, especially for high-frequency applications. Additionally, integ-
rating phononic waveguides with other technologies, such as photonic, plasmonic, and electronic devices,
as well as hybrid systems like sensors or communication devices, requires further development. In addi-
tion to traditional fabrication methods such as CNC machining, laser cutting, advanced fabrication tech-
niques, especially additive manufacturing and micro/nanofabrication, are accelerating the development of
these materials with customizable designs. However, there are three main future challenges that need to
be addressed:
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Figure 23. (a) [llustration of phononic crystals/acoustic metamaterials consisting of periodic pillars deposited on top of a plate
which interact with Lamb waves. (b) Geometric structure of topological vortex mode for antisymmetric Lamb wave with Jackiw—
Rossi binding mechanism. The lower panel shows experimentally measured response peak and out-of-plane displacement field
of the topological vortex mode. Reproduced with permission from [208]. CC BY-NC 4.0. (c) Hlustration of SAW metasurfaces
marked as green (upper panel) and fabricated sample (lower panel). Reproduced from [209]. CC BY 4.0.

1. The challenge of size minimisation. The fundamental properties of the phononic crystals and acoustic
metamaterials originate from their dispersion curves that showing the matter-wave interaction. In
another word, it normally requires sufficient number of unit cells resulting in bulky size of the entire
structure. It urgently needs to minimize the geometric size of the phononic crystals and acoustic
metamaterials while conserving their versatile wave functions in order to improve the application
flexibility. Recent advances reported by Feng et al such as the fabrication of a line-defect phononic
waveguide with a 20 pm wavelength using electroplating, demonstrate progress in this area
(figure 24(a)). The waveguide demonstrates the capability of guiding, bending and splitting of SAW
(figure 24(b)).

2. The challenge lies in advancing structural fabrication technology to meet the growing demands for
the wave functions of phononic crystals and acoustic metamaterials. With increasingly complex
geometry configurations and the use of multiple materials, a delicate balance between available
fabrication precision and structural requirements must be struck. There is a pressing need for more
sophisticated fabrication techniques capable of realising desired structural configurations at various
scales with multiple composition of materials.

3. The challenge of intelligent design and functional application. There are strong nonlinear mapping
relationships between the structural parameters and designed function properties. Currently, a lot of
efforts are cost in trial-and-error test. Finite element method is a common tool for modelling
phononic waveguides with relatively good precision (figure 24(c)), but the computation complexity is
high. Intelligent algorithms, such as Al-driven, data-driven or environment interaction, are urgently
needed to predict functions in forward design and efficiently determine structural parameters in
inverse design with the requisite precision. Furthermore, identifying potential applications for
phononic crystals and acoustic metamaterials across different industries with real-world working
conditions is imperative for their widespread adoption and practical implementation.

Advances in science and technology to meet challenges

Elastic metasurfaces [217], rapidly developed in recent years, significantly improve the minimisation of
structural size while possessing rich and power wave functions. It takes the advantage of the nonlinear
wave response of subwavelength-thickness structures and manipulates the wave functions efficiently. The
downsizing of phononic crystals and acoustic metamaterials or even elastic metasurfaces is also com-
monly achieved through microfabrication techniques, notably photolithography. To be specifically, SAW
metasurfaces show promising potential in high frequency applications such as NEMS, sensing, commu-
nications, quantum processing. This method facilitates the precise patterning of photoresist with resolu-
tions reaching a few hundred nanometres, subsequently translating into the desired structures via either
etching or electroplating. While electroplating is favoured for metallic structures, etching predominates
for dielectric materials, offering the advantage of uniform structure heights across the device. To further
shrink the structures, e-beam lithography is often employed, yet its costliness and time-intensive nature
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Figure 24. (a) A line-defect phononic waveguide of 20 pum wavelength fabricated by the electroplating process. (b) Surface dis-
placement showing the SAW splitting of the waveguide. (c) Simulation of the line-defect phononic waveguide by finite element
method.

pose constraints, particularly for large array production. To mitigate this challenge, nano-imprinting

has emerged as a viable alternative, extensively utilized in nano-scale photonic crystal manufacturing.
Nano-imprinting entails the initial fabrication of an imprinting mold from a durable material such as
silicon, followed by transferring the pattern from the mold to a desired substrate through the imprinting
process.

Advancements in fabrication techniques and substrate preparation methods have facilitated the cre-
ation of phononic crystals and acoustic metamaterials with intricate spatial structures and material com-
positions. Additive manufacturing, particularly 3D printing, has played a significant role in this advance-
ment. 3D printing allows for the fabrication of phononic crystals with complex 3D unit cells, departing
from traditional structures like holes or cylinders. However, conventional 3D printing is limited to struc-
tures with critical dimensions in the tens of microns range. Recent progress in 3D printing, specifically
through 2-photon polymerisation, enables the fabrication of complex 3D unit cells at the nanoscale,
albeit restricted to polymer materials. Integrating 2-photon polymerisation with electroplating could
potentially extend its applicability to metallic unit cells. In terms of composite material stacks, thin-film
piezoelectric substrates prepared via smart-cut techniques have been explored, including LN and LT films
on insulator substrates. This approach opens avenues for fabricating phononic crystals with intricate
material compositions. The development of machine learning as well as other optimisation methods such
as topology optimisation and genetic algorithm can help to accelerate the efficiency in the forward pre-
diction and the inverse design for phononic crystals and acoustic metamaterials [218]. Considering the
fabrication constrains in the current technologies in the design process, the development of phononic
crystals and acoustic metamaterials will adapt to practical needs and industrial applications.

Concluding remarks

In conclusion, phononic crystals and acoustic metamaterials represent a growing field with vast potential
applications in various industries, from technology to healthcare. These materials offer innovative aven-
ues for manipulating elastic and vibrations with highly spatial confinement. Despite notable progress,
significant challenges persist, particularly in implementing these materials for practical applications, espe-
cially at high frequency. This includes the imperative to minimize structural size while preserving ver-
satile wave functions by controlling the elastic absorption phenomena that often occur at high frequency
in deposited materials. The need for advancements in structural fabrication technology to meet evolving
demands, and the necessity for intelligent design and functional application to overcome nonlinear map-
ping relationships between structural parameters and desired properties. Addressing these challenges
requires interdisciplinary collaboration and innovative approaches. Advanced fabrication techniques, such
as 3D printing and nano-imprinting, coupled with machine learning algorithms, hold promise for over-
coming these obstacles.
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Status

The 5th and 6th generation communication networks (5 G and 6 G) promises to revolutionize modern
society. These advancements will unlock a new era of possibilities in various fields, including the inter-
net of things (IoT), a rapid transmission of massive amounts of information, an extreme user and device
density for smart cities and connected ecosystems, the intelligent transportation (autonomous vehicles),
smart manufacturing, etc [219]. To respond to these needs, the electromagnetic spectrum needs to be
expanded and number of RF bands, dedicated to data transmission, have to be increased in line with
the need of increased bandwidths and high frequencies of the acoustic filters, based on piezoelectric
materials, which is a significant technological challenge [220] (figure 25). RF filter technology, based
on SAW devices using piezoelectric materials such as LiNbO3 and LiTaOj; single crystal wafers are lim-
ited to 2.5 GHz due to limitations in terms of quality factor and heat dissipation, while incredibly high
performance SAW filters, based on LiTaO; single-crystal 1-2 pm thick films, fabricated by polishing,
mounted on a multilayer structure to confine the energy to the surface have made it possible to extend
the frequencies of SAW components up to 3.5 GHz [220, 221]. BAW devices using sputtered piezoelec-
tric AIN and Al;_,Sc,N thin films on electrode/(Bragg mirror or membrane)/Si structure enables oper-
ational frequencies up to 4 GHz and 8 GHz, respectively [222], responding to the RF communication
needs of frequency bands up to 6 GHz for 5G technology. The number of filters in the smart phones
already approaches 100 requiring significant space therefore tunable and reconfigurable filters are highly
demanded. The future 6G communications will require RF spectrum in the range of 10-26 GHz [220,
221]. Small size rf filters, operating at 30-50 GHz are also of special interest as an alternative for bulky
electromagnetic filters in the extreme density circuits [221].

Furthermore, piezoelectric effect and acoustic waves are also explored for numerous functionalities
in the integrated photonic or phononic circuits: for AO modulators, piezo optomechanic components,
and low loss acoustic wave routing [223, 224]. AO operation offers low-power consumption and low-
noise operation contrary to standard electro-optic approach or thermo-optic components. The strain
field generated by acoustic waves offers also a complementary method to optical and MW techniques for
manipulating the spins, which holds significant promise for applications in quantum communication,
sensing or tunable/nonreciprocal RF devices [225, 226]. Furthermore, highly coupled piezoelectric thin
films can be considered also for the nanoscale positioning/alignment, and for generation of controlled
perturbations and stimuli.

Current and future challenges

Although acoustic devices operating up to 50 GHz were reported, it is still highly challenging to attain
the required performance of acoustic devices for filter design in terms of quality factor (Q > 1000), EM
coupling (K* = 10%-20%), impedance matching (50 €2), and high-power handling capability at these
frequencies [221]. The frequency of BAWRs can be easily increased by reducing the thickness of the
piezoelectric thin film. However, a reduction in the effective K> of BAWRs due to the presence of elec-
trodes, temperature compensation layers, and mirror becomes significant in the case of very thin piezo-
electric layers (typically <300 nm thick). Reducing the thickness of electrodes increases (for example,
100 nm thick Al layer sheet resistivity is around 1-2 € sq~!, while 10 nm thick Al film presents resistiv-
ity >150 € sq!) their resistance which consequently deteriorates the quality factor. According to Mason
equivalent circuit model, at resonance frequency, fy, the quality factor, Q, can be defined by Q = Eff’é:,
where L,, is a motional inductance, R,,—motional resistance representing mechanical/acoustic losses,
and R,—series resistance from electrodes, contacts, etc. LINbOj3, is available in the form of thin films
with thicknesses >300 nm, fabricated by ion slicing or polishing processes, and offers one of the highest
K? of 25% for longitudinal BAW in comparison to other available thin films available at the industrial
scale. This enabled the demonstration of TFBAR (thin film bulk acoustic resonator) and SMR (solidly
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Figure 25. 5 G and 6 G band allocation in the frequency range from sub-GHz to 71 GHz, along with the RF and mm-wave
(mmW) filter technologies considered. Reproduced from [220]. CC BY 4.0.

mounted resonator) devices based on LiNbO; films with acceptable effective K and operating at 6—

8 GHz but limited Q factor [227, 228]. However, at high frequencies, acoustic material losses and power
dissipation tend to increase considerably, and manufacturing tolerances to variations in film thickness
and properties become very low. The polishing/trimming methods used for the fabrication of LiNbO;
films faces their limits in terms of thickness control.

Although the performance of SAW devices cannot compete with that of BAW filters at frequencies
>4 GHz so far. New technological platforms, based on coupled acoustic waves with optic or SWs require
extreme performances with respect to those of classical approaches: ultra-low-loss processing, precision
control of temporal and spectral profiles of photons, phonons, electrons and spins, fast switches, etc (see
other sections). To attain a high coupling of different modes, the waves have to be well confined thus
suspended acoustic waveguides are frequently considered [229] even structure mechanical robustness and
power handling (due to due to inefficient heat dissipation, primarily caused by limited thermal conduc-
tion through air and the absence of effective heat sinking to the substrate) are compromised. Frequently
used co-planar configuration of SAW interdigital electrodes (such as delay lines), operating from 100s
MHz to 3 GHz in addition present high propagation losses and cross-talk. To attain higher frequencies
higher overtone modes are frequently considered although their K? is lower than that of fundamental
mode. Moreover, the footprint of present AO devices is too large. AIN films, broadly used for BAW fil-
ters at industrial scale has attracted a considerable attention for development of piezo optomechanic
functions thanks to its CMOS compatibility, wide bandgap, absence of refractive effect and reasonable
photoelastic properties (p;; = 0.1) [229] although it presents several times smaller photoelastic and K>
coefficients in comparison to LINbO3. The key challenges for piezo-MEMS actuators are operation at
high frequencies (100 MHz) and to reduce further the driving voltages.

Advances in science and technology to meet challenges
To increase further the frequency of acoustic filters, new resonator concepts are needed (figure 25) and
innovative approaches such as XBARs (X-laterally excited) [230], OBARs (O-overmoded, using second
overtone of thickness mode, exited in the structure composed piezoelectric film sandwiched between
two electrodes with thicknesses of 1/2 acoustic wavelength) [231], polarisation inverted multilayered
film resonators [232] which reduces constraints of using very thin piezoelectric and electrode films
(although their thickness still has to be controlled with precision) in line with innovative power man-
agement strategies for the membrane structures such as inverted structures [233] were reported. OBARs
enables not only to attain higher quality factor and reduced loss at high frequencies (>30 GHz) than
standard BAW due to reduced resistive loading of electrodes but also preserved 2/3 of K* of the funda-
mental mode [234]. High-frequency guided SAW in highly coupled piezoelectric thin films like LINbO;
on substrates or layers with higher acoustic velocity (such as SiC, WC, diamond, sapphire, BN, AlN,
ZrB,, TiB;) enable to attain better wave confinement to the surface and to increase considerably SAW
velocity/frequency [221, 235] which are essential for development of acoustic waveguides and devices
based on the elastic wave coupling. Guided SAWs are dispersive and thus their characteristics are highly
dependent on the piezoelectric layer thickness. Moreover, the guiding efficiency is attained at piezo-
electric layer thickness below V4 of SAW wavelength (<200 nm for smallest industrial IDT pitch). BAW
devices could be also an efficient way to confine the acoustic energy but only high overtone BARs with
poor energy confinement and low coupled AIN layers were tested [224].

Nevertheless, further advances in new piezoelectric thin films and their fabrication techniques are
required. In the case of the top-down fabrication, further efforts are needed to offer LiNbO3 layers with
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better controlled and more homogeneous thicknesses over large surfaces including thin films with thick-
nesses <300 nm. Direct growth of high quality single crystalline LINbO3; on sapphire substrates and
high-performance guided SAW waves at 5.4 GHz [236] and possibility to grow highly coupled textured
Y33° LiNbOs; orientation with physical properties close to single crystal films on bottom electrode &
Bragg mirror [237] have been already demonstrated. Direct liquid injection chemical vapour depos-
ition enables LiNbOs3 thin film growth with homogeneous and controlled composition and thickness
over large surfaces (up to 8-12 inches). Film growth opens possibilities for further optimisation of device
performance in terms of Li stoichiometry and LiNbOs-LiTaO3 solid solution composition (such crystals
are not available at industrial scale) to reduce photorefractive effect, to ameliorate thermal conductiv-
ity, reduce temperature coefficient of frequency (TCF) keeping reasonable K?, increase power handling
capability by increasing the coercive field, etc. The techniques enabling in-situ polarisation reversal dur-
ing the film growth would be a big step forward in BAW technology. Furthermore, to integrate single-
crystalline quality deposited LiNbO; films with SiC, diamond, or SiO, containing structures for guided
acoustic or optic waves, layer transfer techniques have to be developed. In the case of heterogeneous
integration of LINbO; with high acoustic velocity layers/substrates, the bonding layers such SiO, or Au
should be replaced by direct molecular bonding, which is not straightforward due to issues related to
high thermal stresses in LiNbO; films. The advent of the 2D materials promises new approaches for the
elimination of electrode mass effect on thin piezoelectric thin film EM coupling. Particular effort has

to be given for the development of K;_xNayNb,_,Ta,O3 family thin films—materials with the highest
known experimentally measured piezoelectric (K* of SAW & BAW 53% & 88%, respectively [238]),
elasto-optic (py; in the range 0.5-0.8 [239]), electro-optic (rs; = 11 000 pm V! and 33 = 440 pm V!
[240]), and nonlinear Kerr coefficients, but not available in the form of big crystals like LINDO3, and
their integration with photonic and acoustic devices for advanced semiconductor platforms to face future
technology performance requirements.

Concluding remarks

To summarize, the future acoustic device development requires to achieve extreme performances (high
frequences, high Q factors, high K2, low losses, dispersion engineering, durability, etc). So far the LNOI
platform seems to be the structure of choice for the acoustic devices operating at high frequencies
although the control and homogeneity of thickness needs to be further ameliorated. New resonator con-
cepts are developed to respond to the performance requirements of high-frequency acoustic filters and
to offer higher efficiencies of AO coupling, spin manipulation, etc. Further maturity amelioration of
LiNbOj; thin film growth and layer transfer techniques might help not only to reduce the fabrication
costs, to overcome difficulties of thickness control but also to enable amelioration of performance by
tuning stoichiometry and solid solution composition. Further advances in piezoelectric thin films such
as KNbO; family materials and their fabrication and integration techniques would open new avenues for
highest performances at high frequencies and would offer the CMOS compatibility (Li containing mater-
ials are not compatible) with a possibility to take profit from maturity and advantages of semiconductor
platforms.
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Status

SAW sensors are gaining prominence in various sectors including automotive, aeronautics, medical
industries, and the IoT. SAW sensors are very sensitive to a large variety of physical parameters including
magnetic fields when combined with a magnetoelastic layer (figure 26). Thanks to their wireless, battery-
free and identification capabilities, SAW sensors offer significant advantages over conventional magnetic
sensors such as magneto-resistive or inductive devices and are particularly suited for industrial monitor-
ing, remote sensing in harsh environments, and biomedical applications.

Magnetic field-sensitive SAW devices were first introduced by Ganguly et al [242] as phase shifters.
Magnetic field SAW sensors (MSAW) are particularly suitable for detecting weak (>1 nT), low-frequency
(>1 Hz) magnetic fields and serving as current sensors due to their wide dynamic range and bandwidth.
Based on magnetoelastic materials, they leverage non-linear alterations in the material’s elastic paramet-
ers caused by magnetostrictive strain, which in turn modify the SAW velocity, impacting resonance fre-
quencies or propagation delays [243—247], and more rarely the SAW amplitude [248, 249]. The vari-
ations of each elastic constant under magnetic field, sometimes summarized using the ‘AE/AG effect’
denomination, impact differently each type of mode, for example Rayleigh or Love waves.

There are two main geometries of MSAW sensors: resonator [243] and delay line [241]. Both config-
urations allow for the detection of subtle magnetic field changes (figure 26). Resonators are very com-
pact, while delay lines can yield a high absolute phase sensitivity, separate acoustic wave generation
and sensing parts, and can provide identification, using reflector banks with variable delays to gener-
ate a code. The magnetoelastic material can constitute the IDTs, or be used in full film form on top of
resonators [244, 245] or within delay lines [241, 246, 247, 250]. Alternatively, magnetic sensing is achiev-
able by monitoring the amplitude changes in the SAW reflected signal, influenced by impedance changes
in an externally coupled GMI sensor [248].

The applications of MSAW sensors span a broad spectrum. They can detect fields exceeding the
Earth’s magnetic field (EMF) at 1 mT and higher, critical for remote magnetic field and current sensing
(ex. power lines), or sensing within motors. These sensors also perform well sensing EMF disturbances
ranging from 0.1 to 10 uT (ex. autonomous sensors for smart parking or traffic control). Furthermore,
they can achieve detection limits as low as 1 nT and below, essential for critical biomedical applications.

Current and future challenges

Since the earlier breakthroughs [243], the field of MSAW sensors has experienced remarkable advance-
ments in sensitivity and lower limit of detection, as evidenced in table 2. Notably, researchers from the
University of Kiel have made significant contributions [241, 247]. These advances stem from intens-
ive studies focused on engineering the properties of both the magnetoelastic layer and the piezoelectric
substrate.

Regarding the piezoelectric substrate, studies have shown that Shear and Love waves based on ST-
cut quartz (QST) X + 90° (refer to table 2) or LN Y-X cut [250] typically outperform Rayleigh waves
in terms of MSAW device sensitivity. This superiority is often attributed to the substantial variation of
the elastic stiffness constant Cgs under field [246]. Concerning the magnetoelastic overlayer, research has
highlighted the critical role played by the relative angles between the acoustic wave vector, the anisotropy
direction, and the magnetic field orientation [245, 246].

Moreover, to detect low magnetic fields and obtain high sensitivity sensors a balance must be found
between relatively high magnetostriction and low anisotropy, with FeCoSiB appearing as the leading
candidate so far. Additionally, to achieve low limits of detection, mastering the magnetic domain and
domain wall configuration is essential to minimize the associated noise [251]. Moreover, the thickness
and quality of the magnetoelastic layer have a significant influence on sensor performance [242, 252,
253], as magnetic sensitivity tends to amplify with these attributes.
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Figure 26. MSAW sensors. (a) Schematic view of a resonator configuration, with an insulating layer and a full film magnetoelastic
layer. The SAW propagation direction is indicated in orange, (b) top view of a sample in delay line configuration with a CoFeB
magnetoelastic layer between IDTs (path 2) and temperature compensation (path 1). Reproduced from [241]. CC BY 4.0.

Table 2. MSAW sensors structures and performances. R: resonators, DL: delay lines, QST: quartz ST-cut.

Substrate & structures ~ Sensitive layer Freq. Max. sensitivity Limit of detection References
FeCoSiB/ZnO (R) FeCoSiB 1.6 GHz around / [243]

11 500 ppm mT~!
QST X + 90 (DL) [TbCo,/FeCo]x25 1.2 GHz 2500 ppm mT™! / [246]
QST X + 90/Zn0O/Si0, CoFeB 1 GHz 620 ppm mT ™! / [244]
(R) FeCoSiB 450 MHz 14 000 ppm mT " / [245]
QST X 4 90/Si0; (R)  FeCoSiB/NiFe/Mnlr ~45— ~50 pT/N Hz at [247]

(x2) 49 000 ppm mT ™! 10 Hz @25 dBm

@25 dBm*
QST X + 90/§i0; (DL) 142.5MHz ~28 000 ppm mT~' 28 pT/Y Hzat 10 Hz

@5 dBm™* @5 dBm

*assuming a delay of

1.389 ns

However, numerous challenges persist in the realm of MSAW sensors [254]. Optimising opera-
tional conditions often requires applying a bias field, which can increase size and power consumption.
Solutions entail engineering intrinsic bias fields in order to have high sensitivity at zero field, align-
ing the external field along the hard axis to have a reproductible continuous rotation of the magnetic
moments and a stable sensor behaviour, always taking into consideration the occurrence of hysteretic
behaviours that can hinder field determination.

Moreover, temperature sensitivity poses a significant challenge frequently overlooked in literat-
ure. This issue encompasses both the temperature coefficient of frequency (TCF) values, defined as
TCF = Af/(fAT), and the influence of temperature fluctuations on the magnetic anisotropy within
the sensitive layer. Addressing this challenge can be approached in two ways: integrating materials in
multilayers to achieve nearly zero TCF and maintain magnetic stability [244], or utilising a magnetically
insensitive acoustic path for temperature compensation [250]. In such cases, SAW devices become mul-
tifunctional, enabling the simultaneous sensing of multiple parameters. Additionally, due to acoustic and
magnetic losses, as well as often poor impedance matching, MSAW devices frequently exhibit mediocre
electrical properties for wireless operation. Exploring novel approaches such as implementing electro-
magnetic resonator geometries or employing insulating magnetostrictive ferromagnets could potentially
solve some of these issues.

Advances in science and technology to meet challenges
Building on recent advancements in magnonics, SAW-ferromagnetic resonance (FMR) technology holds
the potential to develop sensors with significantly enhanced sensitivity and directionality due to the res-
onant nature of the magnetoacoustic interaction [255]. These conditions are achievable by employing
low damping magnetostrictive materials with SAW-frequencies close to the FMR, known as SAW-FMR
[256, 257]. The spin current emitted from the induced magnetisation precession can moreover be detec-
ted in the DC regime [128, 258], making it potentially more readily implementable, although the low
signal-to-noise ratio needs to be improved.

Experimental demonstrations of SAW-FMR magnetic field sensing include Rayleigh waves travers-
ing an epitaxial Iron film on GaAs [255] and shear horizontal-type SAWs excited in a FeCoSiB layer
on LiTaO; [252]. Future SAW-FMR developments target 1-10 GHz. High frequencies demand electron
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beam lithography for IDT fabrication, advanced signal processing, and wireless addressing. Challenges
can be tackled by selecting high-phase-velocity piezoelectric substrates or adjusting the field direction to
lower spin wave (SW) frequencies [255]. The integration of magnetorotational coupling notably expands
the range of magnetic materials suitable for SAW-FMR devices, accommodating both magnetostrictive
and non-magnetostrictive materials, such as softer, non-magnetostrictive permalloy. Additionally, the
non-reciprocal nature of these interactions could enable to sense not only the field axis but also its dir-
ection as discussed in contribution 8.

Achieving a three-axis determination of the magnetic field orientation remains a challenge with
MSAWSs. Furthermore, the literature often overlooks the issue of very low capability to sense the out-
of-plane component of the magnetic field, despite its necessity in certain space-constrained applications.
Thicker magnetoelastic layers present a promising solution to address this concern.

In the context of remote magnetic sensing in harsh environments such as in the gas, aerospace, steel
and automotive industries, selecting materials capable of withstanding extreme conditions is essential as
detailed in contribution 17. In this context, piezoelectric substrates like Langasite can withstand tem-
peratures of up to 1000 °C. However, their effectiveness in such harsh environments depends on their
compatibility with magnetostrictive materials that preserve their magnetic properties even under such
extreme temperatures.

In order to achieve extremely low detection limits, and to mitigate low-frequency noise arising from
magnetic domains interacting with propagating SAWs strategies such as leveraging exchange bias with
antiferromagnetic materials have been explored. For instance, Schell et al showcased exceptional detec-
tion capabilities, achieving remarkably low detection limits of 28 pT/Hz"? at 10 Hz and 10 pT/Hz!?
at 100 Hz [247]. These results represent a significant advancement towards biomedical applications
demanding the detection of extremely weak biomagnetic fields. If Magnetocardiography and very low
field Magnetic Anomaly Detection applications now seem within grasp, exploring new paradigms is
essential to achieve femtotesla range magnetoencephalography with MSAW technology.

Concluding Remarks

Magnetic SAW sensors present an appealing option for various industrial uses, yet further research is
necessary, especially for magnetic field sensing involving harsh environments. When compared to exist-
ing magnetic sensors on the market, MSAW sensors offer several distinct advantages. These include
their capability to probe magnetic fields across a very broad spectrum of amplitudes and frequencies,
the integration of wireless technology, the combination of SAW sensitivity to various physical paramet-
ers (e.g. magnetic field, temperature, strain, gases) within a single device, and the relatively low cost of
fabrication. The potential applications of MSAW sensors could be further explored and require addi-
tional research, particularly in areas such as flexible and wearable devices, local 3D magnetometry for
precise spatial measurements, as well as space applications where radiation resilience is critical. Finally,
we believe that the recent advancements in the use of SAWs for magnonics and spintronics, particularly
through the interaction between SAW and SWs in the GHz regime [see contribution 8], could yield sig-
nificant benefits for enhanced sensing capabilities. For a deeper understanding of this topic, the reader is
encouraged to consult [128]. It is essential that the magnonics and SAW communities engage in dialogue
to fully realize this potential.
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Almost 60 years after the first SAWs were excited by IDT structures directly on piezoelectric crystals,
they have led to three very different generations of SAW applications. While frequency-selective SAW
devices as the first generation are indispensable for practically every modern telecommunication sys-
tem and SAW devices in the form of micro-acoustofluidic actuators (third generation) are mostly still at
the research level, SAW sensors, which represent the second generation of SAW applications, are already
proving their special properties in very demanding real-life scenarios.

SAW sensors are suitable for measuring physical variables such as temperature, force, torque, pres-
sure and viscosity, but they can also be used as chemical- and biosensors. They are battery-free passive
components that can be interrogated both by wire and radio. In addition to their technologically basic
design, they have another decisive advantage over their semiconductor-based competitors. Due to the
materials used, they can also work in harsh environments, e.g. with high radiation exposure, high elec-
trical and magnetic field strengths, and especially at very high temperatures. These advantages, in com-
bination with their passive mode of operation and contact-free wireless interrogation, make SAW sensors
particularly attractive for a range of industrial applications.

Various robust SAW sensor solutions are currently available for monitoring industrial systems
and processes under harsh environmental conditions, e.g. inside marine diesel engines directly on the
crosshead bearing, on boilers of power plants, in the combustion chamber of waste power plants, inside
large industrial furnaces, vacuum and plasma systems and directly on the rotors of turbine engines or
embedded in additive-manufactured steel components [259-261]. In addition, the use of wireless SAW
sensors for direct measurement of the food core temperature in industrial ovens as well as in consumer
household ovens has proven itself for over a decade.

Current and future challenges

The greatest challenge for SAW sensors in harsh environments is ensuring component integrity under
high-temperature conditions. This applies in particular to the temperature durability of all materials and
components used [259].

Although the melting temperatures of most piezoelectric crystals are well above 1000 °C, the use of
standard substrates from telecommunications is limited to much lower temperatures, e.g. 573 °C for
quartz due a structural phase transformation. Degradation effects have already been reported in the
300 °C—-400 °C range for LiNbOs, yet recently investigated members of the langasite family, in particular
langasite LGS itself and catangasite CTGS, do not exhibit limiting phase transitions below their melt-
ing points of over 1300 °C [262]. In addition, the successful deployment of a high-temperature resistant
piezoelectric AIN thin film system on SiC substrates supporting high SAW phase velocity was recently
reported [263].

In general, the material parameters of the piezoelectric substrate significantly determine the SAW
properties such as phase velocity, piezoelectric coupling etc. and thus also the frequency and design prin-
ciple of the sensor, i.e. either resonator (SAWR) or reflective delay line (rDL). Moreover, wireless devices,
which are usually exposed to multiple signals, also have to deal with signal interference problems. SAW
sensors in the preferred 2.4 GHz ISM band require high phase velocities, which can currently only be
achieved with LiNbO3, which also enables rDLs with ID functionality. In contrast, the other substrate
materials can only be used for SAWRs in the 433 MHz band due to their relatively low velocities and
small coupling coefficients.

For temperature measurements, changes of the sensor frequency or of the SAW propagation time
caused by the temperature dependence of the material parameters in combination with thermal expan-
sion are currently evaluated. For an effective sensor design, it is therefore necessary to know all acous-
tically relevant material properties (complete elastic, dielectric and piezoelectric tensors as well as mass
density) including the corresponding temperature dependencies and thermal expansion coefficients.

For new crystals such as LGS and CTGS, this leads to major challenges in their precise experimental
determination [264, 265].
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Figure 27. SAW wavefield measured in-situ at high temperature operation. Partial view of the amplitude distribution (shown in
colour) of a CTGS-based 433 MHz resonator at 450 ©C with local degradation of the electrode metallisation at the IDT-reflector
transition.

Another challenge is the temperature durability of the electrode metallisation. In principle, refract-
ory precious metals such as Pt and Ir can be deposited as thin films, whose melting temperatures are
even far higher than those of the piezoelectric substrates. However, the main problem for such films with
a thickness of only a few hundred nanometres are oxidation and diffusion-related degradation effects
such as de-wetting which seriously jeopardize the integrity of the electrodes even at temperatures below
1000 °C within a few hours. The stabilisation of the electrodes therefore requires the development of
dedicated material systems and technologies, e.g. for encapsulation and passivation.

Advances in science and technology to meet challenges

In recent years, significant progress has been made both in terms of technology and material improve-
ment. The size and quality of commercially-available piezoelectric wafers have been increased improv-
ing conditions for industrial deployment of SAW sensors. Furthermore, the analytical possibilities have
also been improved including in-situ analysis of SAW wave fields under high-temperature conditions
(see figure 27) allowing identification of hidden effects at device level and supporting high-performance
designs. Moreover, the extensive use of advanced techniques for material analysis using SEM, FIB and
TEM has increasingly contributed to the clarification of the fundamental mechanisms of temperature-
induced material degradation.

Following a pragmatic approach, research on high-temperature sensors is currently pursuing several
directions. One focus area are sensors for intermediate high temperatures between 300 °C and 600 °C.
For this range there is a great need for cost-effective wireless sensors to monitor temperatures inside
industrial and automotive systems that cannot be realized on the base of semiconductors. In contrast,
SAW sensors can be manufactured to some extent using slightly modified standard manufacturing tech-
nologies and materials well-known from filter technology. For example, electrodes based on a NiAl alloy
deposited on congruent-grown high-quality LiNbO; already enable stable long-term operation of rDL
tags at 500 °C in air for several days without significant degradation [266]. Other newly developed
aluminium-based electrode systems with AINO encapsulation realized by controlled thermal formation
of either the intended AITi phase or the refractory AlRu phase demonstrate in resonators on CTGS long-
term stable operation in air up to 570 °C (AlTi [267]) or with AlRu at more than 700 °C, in vacuum
are even 900 °C expected for the latter [268].

Operation at very high temperatures up to 1000 °C or even at ultra-high temperatures >1000 °C
can so far only be realized with cost-intensive substrates and metallisation systems based on Pt. For
example, resonators with Al,O3-encapsulated Pt electrodes on CTGS were operated between —100 °C
and 1100 °C [269]. For SAWRs with Pt-Ni/Pt—Zr multilayers on LGS long-term operation at 1000 °C
has been demonstrated [259]. Resonators made of Pt/Cr on LGS, completely covered with an AIN bar-
rier layer, were frequency-stable up to 1100 °C, even 1300 °C could be reached for a few cycles [270].

Following a completely different approach, stable cycling up to 1000 °C for SAWR on LGS was real-
ized, even without any barrier layers. Here, the electrode metallisation was deposited with high crystal-
line quality using low-rate magnetron sputtering of pure Pt at 630 °C and was subsequently structured
by dry etching [271].
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Concluding remarks

The current trend towards increasing global interconnectivity and a bulk-collection of measurement data
with small, autonomous sensors as part of the IoT and of Industry 4.0 will continue to grow in the
future. Here, battery-free and wireless SAW sensors have a unique role to play. Wherever the environ-
mental conditions are too harsh for semiconductor-based systems and conventional wired or fibre-based
sensors cannot be used due to their functional principle or require too much effort for installation and
operation, SAW sensors will make a reliable contribution. In order to drive this development forward,
the search for even more resilient material systems and innovative sensor solutions will further enhance
performance and also open up higher frequency ranges.
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While there has been extensive work to date on the use of guided acoustic waves for physically manip-
ulating cells (see, for example, section 19 on acoustic tweezers), it was only recently discovered that

such waves can also influence their internal biological machinery [272]. This possibility, in itself, is quite
intriguing, not only because their wavelengths—O(10-100 pm)—are comparable or larger than the char-
acteristic dimension of the cell (O(1-10 pm)), but also because cells would not normally be expected to
appreciably respond to mechanical cues at frequencies considerably beyond the typical Hz-order frequen-
cies associated with physiological motion.

A distinct advantage of high frequency (MHz-order) mechanostimulation compared to static or low
frequency (mainly several Hz) mechanostimulation in conventional mechanobiology is the consider-
ably higher cellular viabilities (typically >90%) that can be retained. This is because of the increasing
difficulty in driving cavitation at high frequencies [273] given that the mechanical or cavitation index
scales as the inverse of the square root of frequency or the inverse of the frequency, respectively [274],
and because only very short, repeated bursts of stimuli are required (several minutes daily) to achieve
similar, but more persistent and longer-term effects compared to that obtained with its static or low fre-
quency counterpart, in which continuous treatments over days at much higher intensities are typically
administered.

As such, we expect this discovery to spawn an entire new field of sonomechanobiology, given its abil-
ity to direct various cell fates for a number of applications (figure 28), including cytosolic intracellu-
lar delivery, cell migration and proliferation, exosome biogenesis, stem cell differentiation, endothelial
barrier modulation, immune cell activation, and sperm/oocyte activation, among others [20, 272, 275—
282]—in many cases without the need for additional chemical or biochemical stimuli.

Much, however, remains to be understood regarding the underlying mechanotransductive mechan-
isms by which the cells sense the high frequency mechanical forcing, relay these cues through the cell
and nucleus [283], and how this leads to the complex transcriptomic and signalling events that result
in the cell and nuclear [283] responses that eventuate. While it has been reported that Piezo channels,
for example, can be activated by high frequency guided waves [276, 278, 284, 285], and that these allow
the modulation of Ca?" ion influx into the cell that, in turn, acts as a second messenger that triggers a
host of downstream signalling cascades [272], the mechanosensory apparatus that facilitates the cellu-
lar perception of the high frequency forcing, for example, has yet to be completely elucidated. Equally,
beyond the few applications that have been demonstrated, we believe the full potential of the high fre-
quency mechanostimulation has yet to be explored, both in terms of its use as a tool for probing and
understanding cellular, tissue and organ biological function, and its implications on physiological and
pathological events at these different scales, together with the therapeutic applications that follow.

Current and future challenges

Given the infancy of the field, there is thus an immediate need to conduct systematic investigations that
provide a more comprehensive understanding of the phenomena in order for its potential to be fully
realised. A significant challenge with such studies is the complexity of the mechanostimulation applied
to the cells, which comprises a dynamic combination of compression, tension or shear. In addition, the
acoustic forcing can also give rise to a number of other effects felt by the cells, in particular, acoustic
RP, acoustic streaming (i.e. convective flow) in the extracellular milieu—which, in turn, can induce sec-
ondary shear effects on the cell, as well as viscous heating. It may also not be expedient to neglect the
influence of the evanescent electric field associated with the EM coupling of the acoustic wave depend-
ing on the proximity of the cells to the piezoelectric substrate on which the acoustic wave propagates.
Isolating each effect to ascertain which is responsible for a specific cellular mechanoresponse can there-
fore be especially challenging, particularly given that this typically varies across cell types. Moreover, the
nonlinearity of the system is now well known, particularly from our work to date in understanding the
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Figure 28. Applications stemming from the downstream cell fates following high frequency mechanostimulation of cells.

fundamental fluid—structure coupling arising from high frequency microfluidic acoustic wave excitation,
making modelling the phenomena considerably more difficult.

Future challenges are anticipated to centre around defining a clear pathway for practical realisation of
the technology towards translational impact. This will largely depend on the ability to

1. Demonstrate the platform as an analytical or diagnostic tool;

2. Upscale the current microfluidic chip based technology into an efficient means for autologous ex vivo
cell engineering or industrial scale cell bioprocessing; or,

3. Develop a method for enabling in vivo application.

Achieving these will require addressing current limitations associated with the miniaturised chipscale
footprint of the acoustic devices, which pose constraints to direct scale-up of the technology, and the
short attenuation length of the high frequency sound waves, which do not easily allow for non-invasive
in vivo treatment that does not involve device implantation.

Advances in science and technology to meet challenges

The ability to probe cellular responses at spatial and temporal scales commensurate with the external
forcing is critical to unpacking the complex interactions associated with the high frequency mechanos-
timulation. While high resolution metrology and microscopy has progressed significantly to date, partic-
ularly with advances in super-resolution microscopy (such as stimulated emission depletion, photoactiv-
ated localisation microscopy and stochastic optical reconstruction microscopy) and high-speed atomic
force microscopy, a means for capturing dynamical mechanobiological phenomena at high frequencies
is still needed. Recent advances such as digital image correlation techniques to quantify cell deformation
under ultrasonic excitation [286], for example, offer potential for carrying out such analyses, although
the current limitation in temporal resolution of several kHz needs to be circumvented.

Moreover, advances in sonogenetics additionally has the potential to offer valuable insight in the
understanding of sonomechanobiology. That sonogenetic responses are also observed at high MHz
frequencies [287] is perhaps unsurprising given that mechanosensitive ion channels, such as transient
receptor potential, TWIK (tandem of pore domains in a weak inward rectifying K+ channel) related K+
(TREK) and Piezo channels, for example, have also been found to be activated at these frequencies.

Finally, translation of the technology for in vivo therapeutic applications will require development of
both synthetic and/or in silico models that recapitulate the physiological context as well as devices that
can be implanted safely and efficiently. While a number of conceptual designs of chipscale SAW devices,
for example, have been proposed, particularly as in vivo sensors for patient monitoring, we are not aware
of successful demonstrations of implanted devices in clinical translation. Moreover, we note that most, if
not all, sensing applications only require very low powers. By contrast, an acoustic wave actuation device
would require far more power, for which a strategy for wirelessly powering the device in vivo would be
required.

Concluding remarks

The new and emerging field of sonomechanobiology offers exciting new possibilities to engineer cells
for a many different applications, including regenerative, cancer and even cell-free (e.g. exosome)
therapeutics [272]. Mechanostimulating cells at high MHz frequencies not only allows directing specific
downstream cell fates similar to that observed with static and low frequency mechanostimulation, but
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affords far greater control over modulation of second messenger signalling whilst maintaining very high
levels of cell viability, therefore facilitating effects that persist over longer terms. For the platform to be
translated for cell processing or into clinical practice, nevertheless, requires further research and devel-
opment to scale up the technology into a bioreactor platform that can handle throughputs commensur-
ate with industrial scale bioprocesses, or to integrate it into an implantable device for in vivo therapeut-
ics, in addition to a rigorous understanding of the fundamental mechanisms that underpin the cellular
mechanoresponse to high frequency vibrational excitation.
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Acoustic tweezers, in their various implementations, have advanced research capabilities by enabling the
precise manipulation of particles and fluids in a contact-free manner. Tracing back to the mid-19th cen-
tury, scientists observed that particles aggregate at the nodes of standing acoustic waves. However, it was
not until about thirty years ago that the first modern acoustic tweezers were developed, showcasing their
ability to trap and manoeuvre relatively large (~200 pm) latex spheres and clusters of frog eggs [288].
Since these early, rudimentary applications, the technology behind acoustic tweezers has undergone sig-
nificant refinement. Acoustic tweezers devices are now capable of performing complex, selective manipu-
lations, including trapping, translation, and rotation, of a wide range of materials [289-293]. Their scope
of operation spans from nanometre-sized bioparticles to millimetre-sized model organisms (figure 29),
and they function effectively in various mediums including air, water, and even biological tissues, illus-
trating their versatility and increasing sophistication in modern research [294].

Recent advancements in acoustic tweezers have broadened their impact across various scientific
fields. Their precision manipulation capabilities have led to innovative techniques and groundbreak-
ing discoveries, particularly in biomedical research. The potential for non-invasive surgical applications
and improved patient care is significant, extending the boundaries of minimally invasive procedures
and offering new treatment options for challenging conditions. Looking to the future, the anticipated
improvement in the resolution of acoustic tweezers is expected to transform cellular and molecular bio-
logy. Advancements in transducer design and wave-guide technology are set to enhance the resolution of
acoustic tweezers to the nanometre scale. This breakthrough will enable highly precise applications like
the stimulation of individual transmembrane proteins, paving the way for more profound insights into
cellular mechanics and signalling pathways in mechanobiology studies. Furthermore, in the realm of tis-
sue engineering, acoustic tweezers are anticipated to play a critical role in the development of advanced
tissue models. These future models aim to surpass the limitations of simple single-cell-type aggregations
by incorporating complex assemblies of multiple cell types, thus more accurately replicating natural tis-
sue dynamics.

As this article delves into the innovative applications of acoustic tweezers, it becomes clear that we
are on the cusp of a new wave of precision in scientific research and medical practice, driven by the con-
tinued development and application of this versatile technology. The envisioned diverse applications,
from detailed biological manipulations to advanced tissue engineering, underscore their growing import-
ance and vast potential for future scientific breakthroughs.

Current and future challenges

Acoustic tweezers, despite their advancements, face several key challenges that limit their broad adop-
tion in research. One of the biggest challenges is the ability to selectively manipulate a large number of
particles without influencing neighbouring particles. Early demonstrations of acoustic tweezers primar-
ily relied on standing waves to trap and move particles in grid-like patterns. However, this method was
limited in its ability to manipulate individual particles. To overcome the challenge of selectively manip-
ulating particles, several innovative strategies have been developed, including phased array transducers
[290, 291], acoustic holography [292], and single beam trapping [293].

Phased array transducers are at the forefront of manipulating acoustic wavefronts. They control each
pixel independently, allowing dynamic and real-time adjustments [290, 291]. However, their complex-
ity and cost escalate with larger arrays, necessitating individual control and synchronisation of each
transducer. Acoustic holography offers an alternative with a monolithic acoustic hologram. This tech-
nique, akin to an optical kinoform, shapes the output of a single transducer to create precise 3D sound
fields [292]. The process achieves diffraction-limited resolution but lacks flexibility in dynamic scenarios.
Single beam trapping with acoustic vortices is another notable advancement, achieving precise localisa-
tion by adding angular momentum to the field [293]. However, these vortices form a node line, not
a point, along the axial direction, limiting their use to primarily 2D manipulation and reducing their
effectiveness in 3D. Currently, no single technique stands out as the definitive solution for the selective
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Figure 29. (a) Schematic representation of an acoustic tweezer device, highlighting its ability to trap single particles by applying
standing surface acoustic waves. (b) Scale of objects that can be manipulated using acoustic tweezers, ranging from nanometre-
sized exosomes, through larger cells at approximately 10 zm, up to tissue samples >1 mm in size.

manipulation of particles. In future applications, a synergistic approach, combining these techniques,
may be the most effective path.

Another primary obstacle is the gap in commercialisation and seamless integration with existing
research tools. To date, the most striking demonstrations of acoustic tweezers have largely been confined
to the controlled environments of research laboratories, limiting their interdisciplinary significance and
practical utility. While there have been recent advancements, such as the development of Lumicks’ Z-
Movi for cell avidity measurements, acoustic tweezers still lag behind more established technologies like
optical tweezers, which boast a variety of commercialized instruments. Recent demonstrations of acoustic
tweezers inside of Petri dishes represent a promising first step [295]; however, the journey towards wide-
spread, practical application is still underway. To bridge this gap, further innovation and collaboration
between researchers and industry are essential. Efforts must focus on simplifying the technology for user-
friendly operation, increasing compatibility with existing tools, and scaling production for commercial
availability.

Advances in science and technology to meet challenges
One significant area of progress in acoustic tweezers is their enhanced capacity for selective manipula-
tion, evolving from manipulating particles in fixed grid patterns to dynamically controlling individual
particles. Historically, acoustic streaming, a fluid flow induced by the acoustic field, was often considered
a drawback in acoustic tweezers, as it could lead to unintended particle movements, disrupting pre-
cise manipulation. However, recent advancements have turned this perceived limitation into an asset.
By exploiting acoustic streaming, either independently or in combination with acoustic radiation force,
researchers have enabled selective 3D manipulation of particles and droplets [296], facilitating high-
throughput laboratory automation while preventing cross-contamination.

Recent years have seen remarkable progress in the development of in vivo acoustic tweezers, with
applications ranging from non-invasive surgery to targeted drug delivery. One notable advancement
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Figure 30. (a) Applications of acoustic tweezers across different biomedical domains: targeted drug delivery via the trapping of
microbubbles; diagnostics through the isolation of circulating tumour cells (CTCs) and exosomes from blood samples; and the
arrangement of cell spheroids in tissue engineering to create organized structures. (b) Illustration of emerging applications for
acoustic tweezers in the advancement of multimodal biomedical tools: mechanobiology, where acoustic energy is used to generate
heat, cavitation, or radiation forces to affect cellular behaviour; therapeutic applications, where focused ultrasound facilitates
targeted treatment and stimulation; and direct sound printing, where focused ultrasound enables the precise placement and
assembly of materials for tissue engineering and regenerative medicine. These innovative approaches illustrate the potential of
acoustic tweezers to not only manipulate cells and particles but also to influence biological processes and outcomes, paving the
way for the development of multimodal acoustic tweezer technologies.

involves using ultrasound beams, shaped and steered by a phased array, to manipulate solid objects
within tissue [290]. This technology has demonstrated the ability to control objects, such as guiding
ingestible cameras or aiding in kidney stone expulsion, showing a deviation of less than 10% from inten-
ded paths in live animal models without causing tissue damage. Additionally, acoustic vortex tweezers
have been developed to trap and concentrate microbubbles or engineered bacteria in the bloodstream.
Advancements in genetic engineering have led to bacteria capable of producing gas vesicles, increasing
their acoustic sensitivity. These engineered bacteria can be clustered and steered in vivo using acoustic
tweezers [291], showing potential in targeted therapies, such as improving drug aggregation in tumours.
Collectively, these developments in acoustic tweezers technology mark a significant leap forward in med-
ical applications, paving the way for more precise, non-invasive treatments and diagnostics.

The evolution of acoustic tweezers is charting a new course in biomedical research, blending refined
manipulation with insights into cellular response to acoustic stimulation (figure 30). High-frequency
ultrasound, a focal point in mechanobiology studies, is emerging as a powerful tool for applications ran-
ging from selective cell stimulation [295] to in vivo 3D printing [297]. This union of precise manipu-
lation with functional modulation heralds the era of multimodal acoustic tweezers, capable of not just
precise positioning but also altering cellular activity. Such advancements are setting the stage for acoustic
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tweezers to revolutionize medical treatments and diagnostics, offering a future where targeted, non-
invasive interventions at the cellular level become a mainstay in personalized medicine.

Concluding remarks

Acoustic tweezers have made significant strides, evolving from basic particle manipulation to advanced
tools capable of precise control over a broad range of materials. This is particularly evident in the realm
of biomedical research, where they have expanded into critical areas like non-invasive surgery and tar-
geted drug delivery. Their capability to manipulate objects within the body and concentrate micro-
bubbles for drug delivery highlights their importance in modern medicine. Looking ahead, acoustic
tweezers are on track to become multifunctional tools, capable of not just precise positioning but also
altering cellular functionality. This evolution heralds a new era in biomedical research, focusing on tar-
geted, non-invasive treatments integral to personalized medicine. Moreover, there are still many exciting
areas to explore. As the resolution of acoustic tweezers improves and the operational frequency extends
into the GHz range, we anticipate the emergence of entirely new fields of study. One such promising
area is the influence of GHz acoustics on biological systems, a realm barely explored but ripe with
potential. These advancements suggest that the journey of acoustic tweezers is far from complete, with
their full capabilities yet to be fully realized and harnessed.

Acknowledgements

The authors acknowledge support from the National Institutes of Health National Institutes of Health
(RO1HD103727, UH3TR002978, U18TR003778, RO1GM132603, RO1GM141055, RO1GM143439,
R01GM135486, R21HD102790, RO1GM 145960, RO1GM 144417, R01AG084098, R440D024963,
R44HL140800, and R44AG063643) and National Science Foundation (CMMI-2104295). The authors also
extend acknowledgement to BioRender.com for creation of images.

Data availability statement

No new data were created or analysed in this study.

ORCID iDs

Hubert ] Krenner @ 0000-0002-0696-456X
Paulo V Santos @ 0000-0002-0218-8030
Andrew N Cleland @ 0000-0003-4981-4294
Hermann Sellier @ 0000-0002-1439-1044
Shintaro Takada @ 0000-0002-7831-585X
Christopher Biuerle @ 0000-0001-7393-0346
Daniel Wigger @ 0000-0002-4190-8803
Tilmann Kuhn 0000-0001-7449-9287

Pawel Machnikowski & 0000-0003-0349-1725
Matthias Weif3 0000-0002-3140-8266

Galan Moody 0000-0002-6265-2034

Alberto Herndndez-Minguez @ 0000-0003-4361-9914
Snezana Lazi¢ @ 0000-0002-1389-1901
Alexander S Kuznetsov @ 0000-0002-1569-0791
Matthias Kiifd @ 0000-0002-5934-4153

Jorge Puebla 0000-0002-4364-5672
Yunyoung Hwang @2 0000-0002-8379-8921
Yoshichika Otani @ 0000-0001-8008-1493
[-Tung Chen 0009-0005-0370-9511

Geoff R Nash 0000-0002-5321-4163
Paromita Bhattacharjee @ 0000-0001-7247-7535
Himakshi Mishra 0000-0001-9095-3013
Parameswar K Iyer (2 0000-0003-4126-3774
Harshal B Nemade @ 0000-0002-4792-8979
Yabin Jin @ 0000-0002-6991-8827

Ausrine Bartasyte (2 0000-0002-8862-2669
Samuel Margueron @ 0000-0003-2971-1351

64


https://orcid.org/0000-0002-0696-456X
https://orcid.org/0000-0002-0696-456X
https://orcid.org/0000-0002-0218-8030
https://orcid.org/0000-0002-0218-8030
https://orcid.org/0000-0003-4981-4294
https://orcid.org/0000-0003-4981-4294
https://orcid.org/0000-0002-1439-1044
https://orcid.org/0000-0002-1439-1044
https://orcid.org/0000-0002-7831-585X
https://orcid.org/0000-0002-7831-585X
https://orcid.org/0000-0001-7393-0346
https://orcid.org/0000-0001-7393-0346
https://orcid.org/0000-0002-4190-8803
https://orcid.org/0000-0002-4190-8803
https://orcid.org/0000-0001-7449-9287
https://orcid.org/0000-0001-7449-9287
https://orcid.org/0000-0003-0349-1725
https://orcid.org/0000-0003-0349-1725
https://orcid.org/0000-0002-3140-8266
https://orcid.org/0000-0002-3140-8266
https://orcid.org/0000-0002-6265-2034
https://orcid.org/0000-0002-6265-2034
https://orcid.org/0000-0003-4361-9914
https://orcid.org/0000-0003-4361-9914
https://orcid.org/0000-0002-1389-1901
https://orcid.org/0000-0002-1389-1901
https://orcid.org/0000-0002-1569-0791
https://orcid.org/0000-0002-1569-0791
https://orcid.org/0000-0002-5934-4153
https://orcid.org/0000-0002-5934-4153
https://orcid.org/0000-0002-4364-5672
https://orcid.org/0000-0002-4364-5672
https://orcid.org/0000-0002-8379-8921
https://orcid.org/0000-0002-8379-8921
https://orcid.org/0000-0001-8008-1493
https://orcid.org/0000-0001-8008-1493
https://orcid.org/0009-0005-0370-9511
https://orcid.org/0009-0005-0370-9511
https://orcid.org/0000-0002-5321-4163
https://orcid.org/0000-0002-5321-4163
https://orcid.org/0000-0001-7247-7535
https://orcid.org/0000-0001-7247-7535
https://orcid.org/0000-0001-9095-3013
https://orcid.org/0000-0001-9095-3013
https://orcid.org/0000-0003-4126-3774
https://orcid.org/0000-0003-4126-3774
https://orcid.org/0000-0002-4792-8979
https://orcid.org/0000-0002-4792-8979
https://orcid.org/0000-0002-6991-8827
https://orcid.org/0000-0002-6991-8827
https://orcid.org/0000-0002-8862-2669
https://orcid.org/0000-0002-8862-2669
https://orcid.org/0000-0003-2971-1351
https://orcid.org/0000-0003-2971-1351

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

Massimiliano Marangolo @ 0000-0001-6211-8168
Laura Thevenard 0000-0002-4723-2955
Catherine Gourdon @ 0000-0001-9901-1399
Sami Hage-Ali 0000-0002-5139-7277
Omar Elmazria 0000-0003-4917-9120
Hagen Schmidt @ 0000-0003-2352-351X
Leslie Y Yeo 0000-0002-5949-9729
Lizebona A Ambattu @ 0000-0001-6073-0652
Jessie S Jeon 0000-0001-6690-5775

Daesik Kwak 0009-0002-3854-2991

Tony Jun Huang 0000-0003-1205-3313

References

[1] Campbell C K 1998 Surface Acoustic Wave Devices for Mobile and Wireless Communications (Academic Press)

[2] Hashimoto K 2000 Surface Acoustic Wave Devices in Telecommunications (Springer) (https://doi.org/10.1007/978-3-662-04223-6)

[3] Willett R L 1994 Surface acoustic wave studies of electron correlations in the 2DES Surf. Sci. 305 76-82

[4] Wixforth A 2000 Interaction of surface acoustic waves, electrons, and light Int. J. High Speed Electron. Syst. 10 1193-227

[5] Cerda-Méndez E A, Krizhanovskii D N, Skolnick M S and Santos P V 2018 Quantum fluids of light in acoustic lattices J. Phys. D:
Appl. Phys. 51 033001

[6] Friend J and Yeo L'Y 2011 Microscale acoustofluidics: microfluidics driven via acoustics and ultrasonics Rev. Mod. Phys. 83 647—
704

[7] Ballantine J S et al 1997 Acoustic Wave Sensors: Theory, Design and Physico-Chemical Applications (Applications of Modern
Acoustics) (Academic Press) (available at: www.elsevier.com/books/acoustic-wave-sensors/levy/978-0-12-077460-9)

[8] Krenner H J, de Lima M Jr and Santos P V 2024 Special issue on surface acoustic waves in semiconductor nanosystems (avail-
able at: https://iopscience.iop.org/journal/0022-3727/page/Special-Issue-on-Surface-Acoustic-Waves-in-Semiconductor-
Nanosystems)

[9] Delsing P et al 2019 The 2019 surface acoustic waves roadmap J. Phys. D: Appl. Phys. 52 353001

[10] Benchabane S, de Lima M M, Krenner H J, Santos P V and Zhang M 2024 Special issue on guided elastic waves for hybrid nano-
and quantum technologies (available at: https://iopscience.iop.org/collections/jpd-230316-162)
[11] Zhao P, Sharma C H, Tiemann L and Blick R H 2024 Surface acoustic wave induced transport and strain phenomena in van der
Waals materials J. Phys. D: Appl. Phys. 57 303001
[12] Bhattacharjee P, Mishra H, Iyer P K and Nemade H B 2024 Acoustic interactions with semiconductors: progression from inor-
ganic to organic material system J. Phys. D: Appl. Phys. 57 423001
[13] Wang J, Edlbauer H, Jadot B, Meunier T, Takada S, Biuerle C and Sellier H 2025 Electron qubits surfing on acoustic waves:
review of recent progress J. Phys. D: Appl. Phys. 58 023002
[14] Lienhart M, Choquer M, Nysten E D S, Weify M, Miiller K, Finley J J, Moody G and Krenner H J 2023 Heterogeneous integra-
tion of superconducting thin films and epitaxial semiconductor heterostructures with lithium niobate J. Phys. D: Appl. Phys.
56 365105
[15] Margulis V A and Muryumin E E 2024 Giant quantum oscillations of acoustoelectric current in narrow graphene nanoribbons J.
Phys. D: Appl. Phys. 57 075304
[16] Mishra H, Bhattacharjee P and Nemade H B 2023 Acoustic charge transport in organic semiconductor films J. Phys. D: Appl.
Phys. 56 015102
[17] Liou Y-T, Msall M, Herndndez-Minguez A and Santos P V 2024 Spatial analysis of multi-frequency SAW beams excited by
slanted IDTs on ZnO-SiC heterostructures J. Phys. D: Appl. Phys. 57 415302
[18] Qian Z, Zhang C, Li P, Wang B, Qian Z, Kuznetsova [ and Li X 2023 A dictionary-reconstruction approach for separating helical-
guided waves in cylindrical pipes J. Phys. D: Appl. Phys. 56 305301
[19] Pouya C and Nash G R 2024 Metamaterial control of the surface acoustic wave streaming jet J. Phys. D: Appl. Phys. 57 195303
[20] Baumgartner K, Tdufer P, Lienhart M, Lienhart R and Westerhausen C 2024 Pulsed surface acoustic waves accelerate wound
healing and reveal new parameter limits for cell stimulation in vitro J. Phys. D: Appl. Phys. 57 155401
[21] Kuznetsov A S, Biermann K, Reynoso A A, Fainstein A and Santos P V 2023 Microcavity phonoritons—a coherent optical-to-
microwave interface Nat. Commun. 14 5470
[22] Bicer M and Balram K C 2024 Low-loss GHz frequency phononic integrated circuits in gallium nitride for compact radio fre-
quency acoustic wave devices IEEE Trans. Ultrason. Ferroelectr. Freq. Control 71 172-81
[23] FangY, Xu Y, Kang K, Davaji B, Watanabe K, Taniguchi T, Lal A, Mak K F, Shan ] and Ramshaw B 2023 Quantum oscillations in
graphene using surface acoustic wave resonators Phys. Rev. Lett. 130 246201
[24] O’Connell A D et al 2010 Quantum ground state and single-phonon control of a mechanical resonator Nature 464 697703
[25] Aref T et al 2016 Quantum acoustics with surface acoustic waves Superconducting Devices in Quantum Optics (Quantum Science
and Technology) ed R H Hadfield and G Johansson (Springer International Publishing) pp 217-44
[26] Gustafsson M V, Aref T, Kockum A E, Ekstrom M K, Johansson G and Delsing P 2014 Propagating phonons coupled to an artifi-
cial atom Science 346 207-11
[27] Moores B A, Sletten L R, Viennot J J and Lehnert K W 2018 Cavity quantum acoustic device in the multimode strong coupling
regime Phys. Rev. Lett. 120 227701
[28] Manenti R, Kockum A F, Patterson A, Behrle T, Rahamim J, Tancredi G, Nori F and Leek P J 2017 Circuit quantum acoustody-
namics with surface acoustic waves Nat. Commun. 8 975
29] Satzinger K J et al 2018 Quantum control of surface acoustic wave phonons Nature 563 661-5
30] Bienfait A et al 2019 Phonon-mediated quantum state transfer and remote qubit entanglement Science 364 368-71
31] Qiao H et al 2023 Splitting phonons: building a platform for linear mechanical quantum computing Science 380 1030-3

[
[
[
[32] Maity S et al 2022 Mechanical control of a single nuclear spin Phys. Rev. X 12 011056

65


https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0002-4723-2955
https://orcid.org/0000-0002-4723-2955
https://orcid.org/0000-0001-9901-1399
https://orcid.org/0000-0001-9901-1399
https://orcid.org/0000-0002-5139-7277
https://orcid.org/0000-0002-5139-7277
https://orcid.org/0000-0003-4917-9120
https://orcid.org/0000-0003-4917-9120
https://orcid.org/0000-0003-2352-351X
https://orcid.org/0000-0003-2352-351X
https://orcid.org/0000-0002-5949-9729
https://orcid.org/0000-0002-5949-9729
https://orcid.org/0000-0001-6073-0652
https://orcid.org/0000-0001-6073-0652
https://orcid.org/0000-0001-6690-5775
https://orcid.org/0000-0001-6690-5775
https://orcid.org/0009-0002-3854-2991
https://orcid.org/0009-0002-3854-2991
https://orcid.org/0000-0003-1205-3313
https://orcid.org/0000-0003-1205-3313
https://doi.org/10.1007/978-3-662-04223-6
https://doi.org/10.1016/0039-6028(94)90862-1
https://doi.org/10.1016/0039-6028(94)90862-1
https://doi.org/10.1142/S012915640000074X
https://doi.org/10.1142/S012915640000074X
https://doi.org/10.1088/1361-6463/aa9ec7
https://doi.org/10.1088/1361-6463/aa9ec7
https://doi.org/10.1103/RevModPhys.83.647
https://doi.org/10.1103/RevModPhys.83.647
https://doi.org/10.1103/RevModPhys.83.647
https://www.elsevier.com/books/acoustic-wave-sensors/levy/978-0-12-077460-9
https://iopscience.iop.org/journal/0022-3727/page/Special-Issue-on-Surface-Acoustic-Waves-in-Semiconductor-Nanosystems
https://iopscience.iop.org/journal/0022-3727/page/Special-Issue-on-Surface-Acoustic-Waves-in-Semiconductor-Nanosystems
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1088/1361-6463/ab1b04
https://iopscience.iop.org/collections/jpd-230316-162
https://doi.org/10.1088/1361-6463/ad3f24
https://doi.org/10.1088/1361-6463/ad3f24
https://doi.org/10.1088/1361-6463/ad5849
https://doi.org/10.1088/1361-6463/ad5849
https://doi.org/10.1088/1361-6463/ad6c5a
https://doi.org/10.1088/1361-6463/ad6c5a
https://doi.org/10.1088/1361-6463/acd7f9
https://doi.org/10.1088/1361-6463/acd7f9
https://doi.org/10.1088/1361-6463/ad098c
https://doi.org/10.1088/1361-6463/ad098c
https://doi.org/10.1088/1361-6463/ac9f20
https://doi.org/10.1088/1361-6463/ac9f20
https://doi.org/10.1088/1361-6463/ad600e
https://doi.org/10.1088/1361-6463/ad600e
https://doi.org/10.1088/1361-6463/accaf2
https://doi.org/10.1088/1361-6463/accaf2
https://doi.org/10.1088/1361-6463/ad2563
https://doi.org/10.1088/1361-6463/ad2563
https://doi.org/10.1088/1361-6463/ad18fa
https://doi.org/10.1088/1361-6463/ad18fa
https://doi.org/10.1038/s41467-023-40894-7
https://doi.org/10.1038/s41467-023-40894-7
https://doi.org/10.1109/TUFFC.2023.3332146
https://doi.org/10.1109/TUFFC.2023.3332146
https://doi.org/10.1103/PhysRevLett.130.246201
https://doi.org/10.1103/PhysRevLett.130.246201
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature08967
https://doi.org/10.1007/978-3-319-24091-6_9
https://doi.org/10.1126/science.1257219
https://doi.org/10.1126/science.1257219
https://doi.org/10.1103/PhysRevLett.120.227701
https://doi.org/10.1103/PhysRevLett.120.227701
https://doi.org/10.1038/s41467-017-01063-9
https://doi.org/10.1038/s41467-017-01063-9
https://doi.org/10.1038/s41586-018-0719-5
https://doi.org/10.1038/s41586-018-0719-5
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1126/science.adg8715
https://doi.org/10.1126/science.adg8715
https://doi.org/10.1103/PhysRevX.12.011056
https://doi.org/10.1103/PhysRevX.12.011056

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[33] Hann C T, Zou C-L, Zhang Y, Chu Y, Schoelkopf R ], Girvin S and Jiang L 2019 Hardware-efficient quantum random access
memory with hybrid quantum acoustic systems Phys. Rev. Lett. 123 250501

[34] Diringer A A, Blumenthal E, Grinberg A, Jiang L and Hacohen-Gourgy S 2024 Conditional-not displacement: fast multioscillator
control with a single qubit Phys. Rev. X 14 011055

[35] Wollack E A, Cleland A'Y, Gruenke R G, Wang Z, Arrangoiz-Arriola P and Safavi-Naeini A H 2022 Quantum state preparation
and tomography of entangled mechanical resonators Nature 604 4637

[36] Guo X et al 2023 Microwave-based quantum control and coherence protection of tin-vacancy spin qubits in a strain-tuned
diamond-membrane heterostructure Phys. Rev. X 13 041037

[37] Raniwala H, Krastanov S, Hackett L, Eichenfield M, Englund D R and Trusheim M E 2023 Piezoelectric nanocavity interface for
strong coupling between a superconducting circuit, phonon, and spin Phys. Rev. Appl. 19 064051

[38] MacCabe G S, Ren H, Luo J, Cohen ] D, Zhou H, Sipahigil A, Mirhosseini M and Painter O 2020 Nano-acoustic resonator with
ultralong phonon lifetime Science 370 8403

[39] Gruenke R G et al 2024 Surface modification and coherence in lithium niobate SAW resonators Sci. Rep. 14 6663

[40] Tsaturyan Y, Barg A, Polzik E S and Schliesser A 2017 Ultracoherent nanomechanical resonators via soft clamping and dissipa-
tion dilution Nat. Nanotechnol. 12 776-83

[41] Dumur E et al 2021 Quantum communication with itinerant surface acoustic wave phonons npj Quantum. Inf. 7 173

[42] Edlbauer H et al 2022 Semiconductor-based electron flying qubits: review on recent progress accelerated by numerical modelling
EPJ Quantum. Technol. 9 21

[43] Hermelin S, Takada S, Yamamoto M, Tarucha S, Wieck A D, Saminadayar L, Biuerle C and Meunier T 2011 Electrons surfing on
a sound wave as a platform for quantum optics with flying electrons Nature 477 435

[44] McNeil R P G, Kataoka M, Ford C J B, Barnes C H W, Anderson D, Jones G A C, Farrer I and Ritchie D A 2011 On-demand
single-electron transfer between distant quantum dots Nature 477 439

[45] Takada S et al 2019 Sound-driven single-electron transfer in a circuit of coupled quantum rails Nat. Commun. 10 4557

[46] Wang ] et al 2023 Anti-bunching of an electron pair surfing on sound Nat. Nanotechnol. 18 721

[47] Wang J et al 2022 Generation of a single-cycle acoustic pulse—a scalable solution for transport in single-electron circuits Phys.
Rev. X12 031035

[48] Shaju ] et al 2025 Evidence of Coulomb liquid phase in few-electron droplets Nature 642 928

[49] Jadot B, Mortemousque P-A, Chanrion E, Thiney V, Ludwig A, Wieck A D, Urdampilleta M, Biuerle C and Meunier T 2021
Distant spin entanglement via fast and coherent electron shuttling Nat. Nanotechnol. 16 570

[50] Ito R, Takada S, Ludwig A, Wieck A, Tarucha S and Yamamoto M 2021 Coherent Beam splitting of flying electrons driven by a
surface acoustic wave Phys. Rev. Lett. 126 070501

[51] Ionicioiu R, Zanardi P and Rossi F 2001 Testing Bell’s inequality with ballistic electrons in semiconductors Phys. Rev. A
63 050101(R)

(52] Edlbauer H et al 2021 In-flight distribution of an electron within a surface acoustic wave Appl. Phys. Lett. 119 114004

[53] Msall M E and Santos P V 2020 Focusing surface-acoustic-wave microcavities on GaAs Phys. Rev. Appl. 13 014037

[54] Hsiao T-K et al 2020 Single-photon emission from single-electron transport in a SAW-driven lateral light-emitting diode Nat.
Commun. 11 917

[55] Soykal O O, Ruskov R and Tahan C 2011 Sound-based analogue of cavity quantum electrodynamics in silicon Phys. Rev. Lett.
107 235502

[56] Wigger D, Weif3 M, Lienhart M, Miiller K, Finley J J, Kuhn T, Krenner H ] and Machnikowski P 2021 Resonance-fluorescence
spectral dynamics of an acoustically modulated quantum dot Phys. Rev. Res. 3 033197

[57] Wigger D, Karakhanyan V, Schneider C, Kamp M, Hofling S, Machnikowski P, Kuhn T and Kasprzak J 2020 Acoustic phonon
sideband dynamics during polaron formation in a single quantum dot Opt. Lett. 45 919-22

[58] Pingault B, Jarausch D-D, Hepp C, Klintberg L, Becker J N, Markham M, Becher C and Atatiire M 2017 Coherent control of the
silicon-vacancy spin in diamond Nat. Commun. 8 1-7

[59] Maity S et al 2020 Coherent acoustic control of a single silicon vacancy spin in diamond Nat. Commun. 11 1-6

[60] Degen C, Reinhard F and Cappellaro P 2017 Quantum sensing Rev. Mod. Phys. 89 035002

[61] Hahn T, Groll D, Krenner H J, Kuhn T, Machnikowski P and Wigger D 2022 Photon scattering from a quantum acoustically
modulated two-level system AVS Quantum. Sci. 4 011403

[62] Groll D, Paschen F, Machnikowski P, Hess O, Wigger D and Kuhn T 2025 How to read out the phonon number statistics via res-
onance fluorescence spectroscopy of a single-photon emitter Adv. Quantum. Technol. 8 2300153

[63] Udvarhelyi P, Shkolnikov V O, Gali A, Burkard G and Pélyi A 2018 Spin-strain interaction in nitrogen-vacancy centers in dia-
mond Phys. Rev. B 98 075201

[64] Lemonde M-A, Meesala S, Sipahigil A, Schuetz M J A, Lukin M D, Loncar M and Rabl P 2018 Phonon networks with silicon-
vacancy centers in diamond waveguides Phys. Rev. Lett. 120 213603

[65] Brendel C, Peano V, Painter O and Marquardt F 2018 Snowflake phononic topological insulator at the nanoscale Phys. Rev. B
97 020102

[66] Weiffl M, Wigger D, Nigele M, Miiller K, Finley J J, Kuhn T, Machnikowski P and Krenner H J 2021 Optomechanical wave mixing
by a single quantum dot Optica 8 291

[67] Imany P et al 2022 Quantum phase modulation with acoustic cavities and quantum dots Optica 9 501

[68] Spinnler C et al 2024 Quantum dot coupled to a suspended-beam mechanical resonator: from the unresolved- to the resolved-
sideband regime Phys. Rev. Appl. 21 034046

[69] Bogaczewicz R A and Machnikowski P 2025 Precision of the acoustic control of single-photon scattering with semiconductor
quantum dots Opt. Lett. 50 888

[70] DeCrescent R A, Wang Z, Bush J T, Imany P, Kwiatkowski A, Reddy D V, Nam S W, Mirin R P and Silverman K L 2024 Coherent
dynamics in an optical quantum dot with phonons and photons Optica 11 1526

[71] Wang Z, DeCrescent R A, Imany P, Bush J T, Reddy D V, Woo Nam S, Mirin R P and Silverman K L 2024 Gated InAs quantum
dots embedded in surface acoustic wave cavities for low-noise optomechanics Opt. Express 32 38384

[72] Vogele A, Sonner M M, Mayer B, Yuan X, Weif3 M, Nysten E D S, Covre da Silva S F, Rastelli A and Krenner H J 2020 Quantum
Dot Optomechanics in Suspended Nanophononic Strings Adv. Quantum. Technol. 3 1900102

[73] Descamps T et al 2024 Acoustic modulation of individual nanowire quantum dots integrated into a hybrid thin-film lithium
niobate photonic platform Nano Lett. 24 12493-500

66


https://doi.org/10.1103/PhysRevLett.123.250501
https://doi.org/10.1103/PhysRevLett.123.250501
https://doi.org/10.1103/PhysRevX.14.011055
https://doi.org/10.1103/PhysRevX.14.011055
https://doi.org/10.1038/s41586-022-04500-y
https://doi.org/10.1038/s41586-022-04500-y
https://doi.org/10.1103/PhysRevX.13.041037
https://doi.org/10.1103/PhysRevX.13.041037
https://doi.org/10.1103/PhysRevApplied.19.064051
https://doi.org/10.1103/PhysRevApplied.19.064051
https://doi.org/10.1126/science.abc7312
https://doi.org/10.1126/science.abc7312
https://doi.org/10.1038/s41598-024-57168-x
https://doi.org/10.1038/s41598-024-57168-x
https://doi.org/10.1038/nnano.2017.101
https://doi.org/10.1038/nnano.2017.101
https://doi.org/10.1038/s41534-021-00511-1
https://doi.org/10.1038/s41534-021-00511-1
https://doi.org/10.1140/epjqt/s40507-022-00139-w
https://doi.org/10.1140/epjqt/s40507-022-00139-w
https://doi.org/10.1038/nature10416
https://doi.org/10.1038/nature10416
https://doi.org/10.1038/nature10444
https://doi.org/10.1038/nature10444
https://doi.org/10.1038/s41467-019-12514-w
https://doi.org/10.1038/s41467-019-12514-w
https://doi.org/10.1038/s41565-023-01368-5
https://doi.org/10.1038/s41565-023-01368-5
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1038/s41586-025-09139-z
https://doi.org/10.1038/s41586-025-09139-z
https://doi.org/10.1038/s41565-021-00846-y
https://doi.org/10.1038/s41565-021-00846-y
https://doi.org/10.1103/PhysRevLett.126.070501
https://doi.org/10.1103/PhysRevLett.126.070501
https://doi.org/10.1103/PhysRevA.63.050101
https://doi.org/10.1103/PhysRevA.63.050101
https://doi.org/10.1063/5.0062491
https://doi.org/10.1063/5.0062491
https://doi.org/10.1103/PhysRevApplied.13.014037
https://doi.org/10.1103/PhysRevApplied.13.014037
https://doi.org/10.1038/s41467-020-14560-1
https://doi.org/10.1038/s41467-020-14560-1
https://doi.org/10.1103/PhysRevLett.107.235502
https://doi.org/10.1103/PhysRevLett.107.235502
https://doi.org/10.1103/PhysRevResearch.3.033197
https://doi.org/10.1103/PhysRevResearch.3.033197
https://doi.org/10.1364/OL.385602
https://doi.org/10.1364/OL.385602
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1038/s41467-019-13822-x
https://doi.org/10.1038/s41467-019-13822-x
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1116/5.0077024
https://doi.org/10.1116/5.0077024
https://doi.org/10.1002/qute.202300153
https://doi.org/10.1002/qute.202300153
https://doi.org/10.1103/PhysRevB.98.075201
https://doi.org/10.1103/PhysRevB.98.075201
https://doi.org/10.1103/PhysRevLett.120.213603
https://doi.org/10.1103/PhysRevLett.120.213603
https://doi.org/10.1103/PhysRevB.97.020102
https://doi.org/10.1103/PhysRevB.97.020102
https://doi.org/10.1364/OPTICA.412201
https://doi.org/10.1364/OPTICA.412201
https://doi.org/10.1364/OPTICA.451418
https://doi.org/10.1364/OPTICA.451418
https://doi.org/10.1103/PhysRevApplied.21.034046
https://doi.org/10.1103/PhysRevApplied.21.034046
https://doi.org/10.1364/OL.539414
https://doi.org/10.1364/OL.539414
https://doi.org/10.1364/OPTICA.537726
https://doi.org/10.1364/OPTICA.537726
https://doi.org/10.1364/OE.538480
https://doi.org/10.1364/OE.538480
https://doi.org/10.1002/QUTE.201900102
https://doi.org/10.1002/QUTE.201900102
https://doi.org/10.1021/acs.nanolett.4c03402
https://doi.org/10.1021/acs.nanolett.4c03402

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[74] Choquer M, Weifl M, Nysten E D S, Lienhart M, Machnikowski P, Wigger D, Krenner H J and Moody G 2022 Quantum control
of optically active artificial atoms with surface acoustic waves IEEE Trans. Quantum. Eng. 3 1-17
[75] DeCrescent R A, Wang Z, Imany P, Boutelle R C, McDonald C A, Autry T, Teufel ] D, Nam S W, Mirin R P and Silverman K L
2022 Large Single-Phonon Optomechanical Coupling Between Quantum Dots and Tightly Confined Surface Acoustic Waves in
the Quantum Regime Phys. Rev. Appl. 18 034067
[76] Safavi-Naeini A H, van Thourhout D, Baets R and van Laer R 2019 Controlling phonons and photons at the wavelength scale:
integrated photonics meets integrated phononics Optica 6 213
[77] Spinnler C et al 2024 A single-photon emitter coupled to a phononic-crystal resonator in the resolved-sideband regime Nat.
Commun. 15 9509
[78] Nysten E D S, Rastelli A and Krenner H J 2020 A hybrid (Al)GaAs-LiNbOs3 surface acoustic wave resonator for cavity quantum
dot optomechanics Appl. Phys. Lett. 117 121106
[79] Nysten ED S, Huo Y H, Yu H, Song G F, Rastelli A and Krenner H J 2017 Multi-harmonic quantum dot optomechanics in fused
LiNbO 3—(Al)GaAs hybrids J. Phys. D: Appl. Phys. 50 43LT01
[80] Golter D A, Oo T, Amezcua M, Stewart K A and Wang H 2016 Optomechanical quantum control of a nitrogen-vacancy center in
diamond Phys. Rev. Lett. 116 143602
[81] Lazi¢ S et al 2019 Dinamically tuned non-classical light emission from atomic defects in hexagonal boron nitride Commun. Phys.
2113
[82] Scolfaro D, Finamor M, Trinchao L O, Rosa B L T, Chaves A, Santos PV, likawa F and Couto O D D 2021 Acoustically driven
stark effect in transition metal dichalcogenide monolayers ACS Nano 15 15371-80
[83] Golter D A, Oo T, Amezcua M, Lekavicius I, Stewart K A and Wang H 2016 Coupling a surface acoustic wave to an electron spin
in diamond via a dark state Phys. Rev. X 6 041060
[84] Whiteley S J et al 2019 Spin-phonon interactions in silicon carbide addressed by Gaussian acoustics Nat. Phys. 15 490
[85] Herndndez-Minguez A, Poshakinskiy A V, Hollenbach M, Santos P V and Astakhov G V 2020 Anisotropic spin-acoustic reson-
ance in silicon carbide at room temperature Phys. Rev. Lett. 125 107702
[86] Herndndez-Minguez A, Poshakinskiy A V, Hollenbach M, Santos P V and Astakhov G V 2021 Acoustically induced coherent spin
trapping Sci. Adv. 7 eabj5030
[87] Bohm E Nikolay N, Pyrlik C, Schlegel J, Thies A, Wicht A, Trinkle G and Benson O 2019 On-chip integration of single solid-
state quantum emitters with a SiO, photonic platform New J. Phys. 21 045007
[88] Babin C et al 2021 Fabrication and nanophotonic waveguide integration of silicon carbide colour centres with preserved spin-
optical coherence Nat. Mater. 21 67-73
[89] Biihler D D, Weil M, Crespo-Poveda A, Nysten E D S, Finley J J, Miiller K, Santos P V, de Lima M M and Krenner H J 2022 On-
chip generation and dynamic piezo-optomechanical rotation of single photons Nat. Commun. 13 6998
[90] Wang L, Chen S, Zhang ], Zhou J, Yang C, Chen Y and Duan H 2018 High performance 33.7 GHz surface acoustic wave nano-
transducers based on AlScN/diamond/Si layered structures Appl. Phys. Lett. 113 093503
[91] Yuan M, Dinh D V, Mandal S, Williams O A, Chen Z, Brandt O and Santos P V 2024 Generation of GHz surface acoustic waves
in (Sc,Al)N thin films grown on free-standing polycrystalline diamond wafers by plasma-assisted molecular beam epitaxy J. Phys.
Appl. Phys. 57 495103
[92] Berhane A M et al 2017 Bright room-temperature single-photon emission from defects in gallium nitride Adv. Mater. 29 1605092
[93] Bishop S G, Hadden J P, Alzahrani F D, Hekmati R, Huffaker D L, Langbein W W and Bennett A ] 2020 Room-temperature
quantum emitter in aluminum nitride ACS Photonics 7 163641
[94] Luo J, Geng Y, Rana F and Fuchs G D 2024 Room temperature optically detected magnetic resonance of single spins in GaN Nat.
Mater. 23 1-7
[95] Labanowski D, Bhallamudi V P, Guo Q, Purser C M, McCullian B A, Hammel P C and Salahuddin S 2018 Voltage-driven, local,
and efficient excitation of nitrogen-vacancy centers in diamond Sci. Adv. 4 eaat6574
[96] Aspelmeyer M, Kippenberg T ] and Marquardt F 2014 Cavity optomechanics Rev. Mod. Phys. 86 1391
[97] Weisbuch C, Nishioka M, Ishikawa A and Arakawa Y 1992 Observation of the coupled exciton-photon mode splitting in a semi-
conductor quantum microcavity Phys. Rev. Lett. 69 3314
[98] Jusserand B, Poddubny A N, Poshakinskiy A V, Fainstein A and Lemaitre A 2015 Polariton resonances for ultrastrong coupling
cavity optomechanics in GaAs/AlAs multiple quantum wells Phys. Rev. Lett. 115 267402
[99] Santos P V and Fainstein A 2023 Polaromechanics: polaritonics meets optomechanics Opt. Mater. Express 13 1974
[100] Chafatinos D L, Kuznetsov A S, Anguiano S, Bruchhausen A E, Reynoso A A, Biermann K, Santos P V and Fainstein A 2020
Polariton-Driven Phonon Laser Nat. Commun. 11 4552
[101] Fainstein A, Lanzillotti-Kimura N D, Jusserand B and Perrin B 2013 Strong optical-mechanical coupling in a vertical GaAs/AlAs
microcavity for subterahertz phonons and near-infrared light Phys. Rev. Lett. 110 037403
[102] Sesin P, Kuznetsov A S, Rozas G, Anguiano S, Bruchhausen A E, Lemaitre A, Biermann K, Santos P V and Fainstein A 2023 Giant
optomechanical coupling and dephasing protection with cavity exciton-polaritons Phys. Rev. Res. 5 L042035
[103] Karzel M, Samusev A K, Linnik T L, Littmann M, Reuter D, Bayer M, Akimov A V and Scherbakov A V 2025 Polariton probing
of attometre displacement and nanoscale strain in ultrashort acoustic pulses Nat. Mater. 24 120914
[104] Kuznetsov A S, Machado D H O O, Biermann K and Santos P V 2021 Electrically Driven microcavity exciton-polariton
optomechanics at 20 GHz Phys. Rev. X 11 021020
[105] Chafatinos D L, Kuznetsov A S, Reynoso A A, Usaj G, Sesin P, Papuccio I, Bruchhausen A E, Biermann K, Santos P V and
Fainstein A 2023 Asynchronous locking in metamaterials of fluids of light and sound Nat. Commun. 14 3485
[106] Haddad I C, Chafatinos D L, Kuznetsov A S, Papuccio-Ferndndez I A, Reynoso A A, Bruchhausen A E, Biermann K, Santos P V,
Usaj G and Fainstein A 2024 Solid-state continuous time crystal in a polariton condensate with a built-in mechanical clock
Science 384 995
[107] dePedro-Embid I, Kuznetsov A S, Biermann K, Cantarero A and Santos P V 2025 Near-room-temperature zero-dimensional
polariton lasers with sub-10 GHz linewidths (arXiv:2504.10994)
[108] Steger M, Gautham C, Snoke D W, Pfeiffer L and West K 2015 Slow reflection and two-photon generation of microcavity
exciton—polaritons Optica 2 1-5
[109] Yang Y, Lu R, Gao L and Gong S 2020 10-60-GHz electromechanical resonators using thin-film lithium niobate IEEE Trans.
Microw. Theory Tech. 68 5211

67


https://doi.org/10.1109/TQE.2022.3204928
https://doi.org/10.1109/TQE.2022.3204928
https://doi.org/10.1103/PhysRevApplied.18.034067
https://doi.org/10.1103/PhysRevApplied.18.034067
https://doi.org/10.1364/OPTICA.6.000213
https://doi.org/10.1364/OPTICA.6.000213
https://doi.org/10.1038/s41467-024-53882-2
https://doi.org/10.1038/s41467-024-53882-2
https://doi.org/10.1063/5.0022542
https://doi.org/10.1063/5.0022542
https://doi.org/10.1088/1361-6463/aa861a
https://doi.org/10.1088/1361-6463/aa861a
https://doi.org/10.1103/PhysRevLett.116.143602
https://doi.org/10.1103/PhysRevLett.116.143602
https://doi.org/10.1038/s42005-019-0217-6
https://doi.org/10.1038/s42005-019-0217-6
https://doi.org/10.1021/acsnano.1c06854
https://doi.org/10.1021/acsnano.1c06854
https://doi.org/10.1103/PhysRevX.6.041060
https://doi.org/10.1103/PhysRevX.6.041060
https://doi.org/10.1038/s41567-019-0420-0
https://doi.org/10.1038/s41567-019-0420-0
https://doi.org/10.1103/physrevlett.125.107702
https://doi.org/10.1103/physrevlett.125.107702
https://doi.org/10.1126/sciadv.abj5030
https://doi.org/10.1126/sciadv.abj5030
https://doi.org/10.1088/1367-2630/ab1144
https://doi.org/10.1088/1367-2630/ab1144
https://doi.org/10.1038/s41563-021-01148-3
https://doi.org/10.1038/s41563-021-01148-3
https://doi.org/10.1038/s41467-022-34372-9
https://doi.org/10.1038/s41467-022-34372-9
https://doi.org/10.1063/1.5046113
https://doi.org/10.1063/1.5046113
https://doi.org/10.1088/1361-6463/ad76ba
https://doi.org/10.1088/1361-6463/ad76ba
https://doi.org/10.1002/adma.201605092
https://doi.org/10.1002/adma.201605092
https://doi.org/10.1021/acsphotonics.0c00528
https://doi.org/10.1021/acsphotonics.0c00528
https://doi.org/10.1038/s41563-024-01803-5
https://doi.org/10.1038/s41563-024-01803-5
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevLett.69.3314
https://doi.org/10.1103/PhysRevLett.69.3314
https://doi.org/10.1103/PhysRevLett.115.267402
https://doi.org/10.1103/PhysRevLett.115.267402
https://doi.org/10.1364/OME.497791
https://doi.org/10.1364/OME.497791
https://doi.org/10.1038/s41467-020-18358-z
https://doi.org/10.1038/s41467-020-18358-z
https://doi.org/10.1103/PhysRevLett.110.037403
https://doi.org/10.1103/PhysRevLett.110.037403
https://doi.org/10.1103/PhysRevResearch.5.L042035
https://doi.org/10.1103/PhysRevResearch.5.L042035
https://doi.org/10.1038/s41563-025-02229-3
https://doi.org/10.1038/s41563-025-02229-3
https://doi.org/10.1103/PhysRevX.11.021020
https://doi.org/10.1103/PhysRevX.11.021020
https://doi.org/10.1038/s41467-023-38788-9
https://doi.org/10.1038/s41467-023-38788-9
https://doi.org/10.1126/science.adn7087
https://doi.org/10.1126/science.adn7087
https://arxiv.org/abs/2504.10994
https://doi.org/10.1364/OPTICA.2.000001
https://doi.org/10.1364/OPTICA.2.000001
https://doi.org/10.1109/TMTT.2020.3027694
https://doi.org/10.1109/TMTT.2020.3027694

10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[110] Cardozo de Oliveira E R, Xiang C, Esmann M, Lopez Abdala N, Fuertes M C, Bruchhausen A, Pastoriza H, Perrin B, Soler-
Illia G J A A and Lanzillotti-Kimura N D 2023 Probing gigahertz coherent acoustic phonons in TiO, mesoporous thin films
Photoacoustics 30 100472

[111] Del Valle Inclan Redondo Y et al 2024 Non-reciprocal band structures in an exciton—polariton Floquet optical lattice Nat.
Photon. 18 548

[112] Fabricante B R et al 2024 Narrow-linewidth exciton-polariton laser Optica 11 838

[113] Zambon N C, Denis Z, De Oliveira R, Ravets S, Ciuti C, Favero I and Bloch J 2022 Enhanced cavity optomechanics with
quantum-well exciton polaritons Phys. Rev. Lett. 129 093603

[114] Gokhale V ], Downey B P, Katzer D S, Nepal N, Lang A C, Stroud R M and Meyer D ] 2020 Epitaxial bulk acoustic wave resonat-
ors as highly coherent multi-phonon sources for quantum acoustodynamics Nat. Commun. 11 2314

[115] Zanotto S, Tredicucci A, Navarro-Urrios D, Cecchini M, Biasiol G, Mencarelli D, Pierantoni L and Pitanti A 2020 Optomechanics
of chiral dielectric metasurfaces Adv. Opt. Mater. 8 1901507

[116] Kuznetsov A, Carraro-Haddad I, Usaj G, Biermann K, Fainstein A and Santos P V 2025 Ground state exciton-polariton condens-
ation by coherent Floquet driving (arXiv:2506.05874v1)

[117] Shishkov V'Y, Andrianov E S, Tretiak S, Whaley K B and Zasedatelev A V 2024 Sympathetic mechanism for vibrational condens-
ation enabled by polariton optomechanical interaction Phys. Rev. Lett. 133 186903

[118] De Oliveira R, Colombano M, Malabat F, Morassi M, Lemaitre A and Favero I 2024 Whispering-gallery quantum-well exciton
polaritons in an indium gallium arsenide microdisk cavity Phys. Rev. Lett. 132 126901

[119] KiiB M, Glamsch S, Kunz Y, Horner A, Weiler M and Albrecht M 2023 Giant surface acoustic wave nonreciprocity with low mag-
netoacoustic insertion loss in CoFeB/Ru/CoFeB synthetic antiferromagnets ACS Appl. Electron. Mater. 5 5103

[120] Sasaki R, Nii Y, Iguchi Y and Onose Y 2017 Nonreciprocal propagation of surface acoustic wave in Ni/LiNbO3 Phys. Rev. B
95 020407(R)

[121] Xu M, Yamamoto K, Puebla ], Baumgaertl K, Rana B, Miura K, Takahashi H, Grundler D, Maekawa S and Otani Y 2020
Nonreciprocal surface acoustic wave propagation via magnetorotation coupling Sci. Adv. 6 eabb1724

[122] Kii3 M, Heigl M, Flacke L, Horner A, Weiler M, Albrecht M and Wixforth A 2020 Nonreciprocal Dzyaloshinskii-moriya mag-
netoacoustic waves Phys. Rev. Lett. 125 217203

[123] Verba R, Tiberkevich V and Slavin A 2019 Wide-band nonreciprocity of surface acoustic waves induced by magnetoelastic coup-
ling with a synthetic antiferromagnet Phys. Rev. Appl. 12 054061

[124] Shah P ], Bas D A, Lisenkov I, Matyushov A, Sun N X and Page M R 2020 Giant nonreciprocity of surface acoustic waves enabled
by the magnetoelastic interaction Sci. Adv. 6 eabc5648

[125] Verba R, Bankowski E N, Meitzler T J, Tiberkevich V and Slavin A 2021 Phase nonreciprocity of microwave—frequency surface
acoustic waves in hybrid heterostructures with magnetoelastic coupling Adv. Electron. Mater. 7 2100263

[126] K3 M, Glamsch S, Horner A and Albrecht M 2024 Wide-band nonreciprocal transmission of surface acoustic waves in synthetic
antiferromagnets ACS Appl. Electron. Mater. 6 1790

[127] Hwang Y et al 2024 Strongly coupled spin waves and surface acoustic waves at room temperature Phys. Rev. Lett. 132 056704

[128] Puebla J, Hwang Y, Maekawa S and Otani Y 2022 Perspectives on spintronics with surface acoustic waves Appl. Phys. Lett.
120 22050

[129] Kittel C 1958 Interaction of spin waves and ultrasonic waves in ferromagnetic crystals Phys. Rev. 110 836

[130] Hwang Y, Puebla J, Xu M, Lagarrigue A, Kondou K and Otani Y 2020 Enhancement of acoustic spin pumping by acoustic dis-
tributed Bragg reflector cavity Appl. Phys. Lett. 116 252404

[131] Asano M, Matsumoto H, Hayashi M and Hatanaka D 2023 Cavity magnomechanical coupling with coupled magnon modes in a
synthetic antiferromagnet Phys. Rev. B 108 064415

[132] Purcell E M 1946 Spontaneous emission probabilities at radio frequencies Phys. Rev. 69 681

[133] Kockum A F, Miranowicz A, De Liberato S, Savasta S and Nori F 2019 Ultrastrong coupling between light and matter Nat. Rev.
Phys. 1 19-40

[134] Bertelli I, Carmiggelt J J, Yu T, Simon B G, Pothoven C C, Bauer G E W, Blanter Y M, Aarts J and van der Sar T 2020 Magnetic
resonance imaging of spin-wave transport and interference in a magnetic insulator Sci. Adv. 6 eabd3556

[135] An K et al 2024 Emergent coherent modes in nonlinear magnonic waveguides detected at ultrahigh frequency resolution Nat.
Commun. 15 7302

[136] Yamanoi K, Hase K, Komori S, Taniyama T and Nozaki Y 2024 Y3FesO;, film with multi-domain epitaxy on single-crystalline
LiNbOj3 substrate APL Mater. 12 021130

[137] BaY, Puebla J, Yamamoto K, Hwang Y, Liao L, Maekawa S, Klein O and Otani Y 2025 Nonreciprocal resonant surface acoustic
wave absorption in Y3FesO1, Phys. Rev. B 111 104401

[138] Laude V, Wilm M, Benchabane S and Khelif A 2005 Full band gap for surface acoustic waves in a piezoelectric phononic crystal
Phys. Rev. E 71 036607

[139] Liao L, Puebla J, Yamamoto K, Kim J, Maekawa S, Hwang Y, Ba Y and Otani Y 2023 Valley-selective phonon-magnon scattering
in magnetoelastic superlattices Phys. Rev. Lett. 131 176701

(140] Bhugra H and Piazza G 2017 Piezoelectric MEMS Resonators (Springer International Publishing) (https://doi.org/10.1007/978-3-
319-28688-4)

[141] Ruby R 2015 A snapshot in time: the future in filters for cell phones IEEE Microw. Mag. 16 46—59

[142] Oliner A A 1976 Waveguides for acoustic surface waves: a review Proc. IEEE 64 615-27

[143] Balram K C and Srinivasan K 2022 Piezoelectric optomechanical approaches for efficient quantum microwave-to-optical signal
transduction: the need for co-design Adv. Quantum. Technol. 5 2100095

[144] Schuetz M J A, Kessler E, Giedke G, Vandersypen L M K, Lukin M D and Cirac J I 2015 Universal quantum transducers based on
surface acoustic waves Phys. Rev. X 5 031031

(145] Engelsen N J, Beccari A and Kippenberg T J 2024 Ultrahigh-quality-factor micro- and nanomechanical resonators using dissipa-
tion dilution Nat. Nanotechnol. 19 725-37

[146] Balram K C 2024 Piezoelectric phononic integrated circuits Appl. Phys. Lett. 125 200505

(147] Fu W, Shen Z, Xu Y, Zou C-L, Cheng R, Han X and Tang H X 2019 Phononic integrated circuitry and spin—orbit interaction of
phonons Nat. Commun. 10 2743

[148] Mayor F M, Jiang W, Sarabalis C J, McKenna T P, Witmer J D and Safavi-Naeini A H 2021 Gigahertz phononic integrated circuits
on thin-film lithium niobate on sapphire Phys. Rev. Appl. 15 014039

68


https://doi.org/10.1016/j.pacs.2023.100472
https://doi.org/10.1016/j.pacs.2023.100472
https://doi.org/10.1038/s41566-024-01424-z
https://doi.org/10.1038/s41566-024-01424-z
https://doi.org/10.1364/OPTICA.525961
https://doi.org/10.1364/OPTICA.525961
https://doi.org/10.1103/PhysRevLett.129.093603
https://doi.org/10.1103/PhysRevLett.129.093603
https://doi.org/10.1038/s41467-020-15472-w
https://doi.org/10.1038/s41467-020-15472-w
https://doi.org/10.1002/adom.201901507
https://doi.org/10.1002/adom.201901507
https://arxiv.org/abs/2506.05874v1
https://doi.org/10.1103/PhysRevLett.133.186903
https://doi.org/10.1103/PhysRevLett.133.186903
https://doi.org/10.1103/PhysRevLett.132.126901
https://doi.org/10.1103/PhysRevLett.132.126901
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1002/aelm.202100263
https://doi.org/10.1002/aelm.202100263
https://doi.org/10.1021/acsaelm.3c01709
https://doi.org/10.1021/acsaelm.3c01709
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1103/PhysRevB.108.064415
https://doi.org/10.1103/PhysRevB.108.064415
https://doi.org/10.1007/978-1-4615-1963-8_40
https://doi.org/10.1007/978-1-4615-1963-8_40
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1126/sciadv.abd3556
https://doi.org/10.1126/sciadv.abd3556
https://doi.org/10.1038/s41467-024-51483-7
https://doi.org/10.1038/s41467-024-51483-7
https://doi.org/10.1063/5.0189760
https://doi.org/10.1063/5.0189760
https://doi.org/10.1103/PhysRevB.111.104401
https://doi.org/10.1103/PhysRevB.111.104401
https://doi.org/10.1103/PhysRevE.71.036607
https://doi.org/10.1103/PhysRevE.71.036607
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1007/978-3-319-28688-4
https://doi.org/10.1007/978-3-319-28688-4
https://doi.org/10.1109/MMM.2015.2429513
https://doi.org/10.1109/MMM.2015.2429513
https://doi.org/10.1109/PROC.1976.10185
https://doi.org/10.1109/PROC.1976.10185
https://doi.org/10.1002/qute.202100095
https://doi.org/10.1002/qute.202100095
https://doi.org/10.1103/physrevx.5.031031
https://doi.org/10.1103/physrevx.5.031031
https://doi.org/10.1038/s41565-023-01597-8
https://doi.org/10.1038/s41565-023-01597-8
https://doi.org/10.1063/5.0222394
https://doi.org/10.1063/5.0222394
https://doi.org/10.1038/s41467-019-10852-3
https://doi.org/10.1038/s41467-019-10852-3
https://doi.org/10.1103/physrevapplied.15.014039
https://doi.org/10.1103/physrevapplied.15.014039

10P Publishing

J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

(149] Hackett L, Miller M, Brimigion F, Dominguez D, Peake G, Tauke-Pedretti A, Arterburn S, Friedmann T A and Eichenfield M
2021 Towards single-chip radiofrequency signal processing via acoustoelectric electron—phonon interactions Nat. Commun.
12 2769

[150] Kline C S, Monroy-Ruz J and Balram K C 2024 Piezoelectric microresonators for sensitive spin detection Phys. Rev. Appl.
22 064019

[151] Zheng L, Shao L, Loncar M and Lai K 2020 Imaging acoustic waves by microwave microscopy: microwave impedance micro-
scopy for visualizing gigahertz acoustic waves IEEE Microw. Mag. 21 60-71

[152] Shao L, Zhu D, Colangelo M, Lee D, Sinclair N, Hu Y, Rakich P T, Lai K, Berggren K K and Lon¢ar M 2022 Electrical control of
surface acoustic waves Nat. Electron. 5 348-55

[153] Long Y, Liu Z and Ayazi F 2023 4H-Silicon carbide as an acoustic material for MEMS IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 70 1189-200

[154] Wang C et al 2024 Lithium tantalate photonic integrated circuits for volume manufacturing Nature 629 784-90

[155] Ballandras S et al 2019 New generation of SAW devices on advanced engineered substrates combining piezoelectric single crystals
and Silicon 2019 Joint Conference of the IEEE Int. Frequency Control Symp. and European Frequency and Time Forum (EFTF/IFC)
pp 1-6

[156] Wang J, Park M, Mertin S, Pensala T, Ayazi F and Ansari A 2020 A film bulk acoustic resonator based on ferroelectric aluminum
scandium nitride films J. Microelectromech. Syst. 29 741-7

[157] Ghosh S, Hollis M A and Molnar R ] 2019 Acoustoelectric amplification of Rayleigh waves in low sheet density AIGaN/GaN het-
erostructures on sapphire Appl. Phys. Lett. 114 063502

[158] Thomas R, Li H, Laverock J and Balram K C 2023 Quantifying and mitigating optical surface loss in suspended GaAs photonic
integrated circuits Opt. Lett. 48 3861

[159] Tadesse S A and Li M 2014 Sub-optical wavelength acoustic wave modulation of integrated photonic resonators at microwave
frequencies Nat. Commun. 5 5402

[160] Shao L et al 2019 Microwave-to-optical conversion using lithium niobate thin-film acoustic resonators Optica 6 1498-505

[161] Sohn D B, Kim S and Bahl G 2018 Time-reversal symmetry breaking with acoustic pumping of nanophotonic circuits Nat.
Photon. 12 91-97

[162] Liu Q, Li H and Li M 2019 Electromechanical Brillouin scattering in integrated optomechanical waveguides Optica 6 778-85

[163] Sarabalis CJ et al 2021 Acousto-optic modulation of a wavelength-scale waveguide Optica 8 477-83

[164] Zhang L, Cui C, Chen P-K and Fan L 2024 Integrated-waveguide-based acousto-optic modulation with complete optical conver-
sion Optica 11 184-9

[165] Chen I-T, Li B, Lee S, Chakravarthi S, Fu K-M and Li M 2023 Optomechanical ring resonator for efficient microwave-optical
frequency conversion Nat. Commun. 14 7594

[166] Chen M, Owens J C, Putterman H, Schifer M and Painter O 2025 Phonon engineering of atomic-scale defects in superconduct-
ing quantum circuits Sci. Adv. 10 ead06240

[167] ChuY et al 2017 Quantum acoustics with superconducting qubits Science 358 199-202

[168] Lee D, Liu Q, Zheng L, Ma X, Li H, Li M and Lai K 2021 Direct visualization of gigahertz acoustic wave propagation in suspen-
ded phononic circuits Phys. Rev. Appl. 16 34047

[169] Zhou Y et al 2024 Nonreciprocal dissipation engineering via strong coupling with a continuum of modes Phys. Rev. X 14 21002

[170] Churaev M et al 2023 A heterogeneously integrated lithium niobate-on-silicon nitride photonic platform Nat. Commun. 14 3499

[171] Nie X, Wu X, Wang Y, Ban S, Lei Z, YiJ, Liu Y and Liu Y 2023 Surface acoustic wave induced phenomena in two-dimensional
materials Nanoscale Horiz. 8 15875

[172] Damasceno B S et al 2023 Recent improvements on surface acoustic wave sensors based on graphenic nanomaterials Mater. Sci.
Semicond. Process. 167 107811

[173] Mou Y et al 2024 Gate-tunable quantum acoustoelectric transport in graphene Nano Lett. 15 4625-32

[174] Zhao P, Sharma C H, Liang R, Glasenapp C, Mourokh L, Kovalev V M, Huber P, Prada M, Tiemann L and Blick R H 2022
Acoustically induced giant synthetic hall voltages in graphene Phys. Rev. Lett. 128 256601

[175] Datta K, Lyu Z, Li Z, Taniguchi T, Watanabe K and Deotare P B 2022 Spatiotemporally controlled room-temperature exciton
transport under dynamic strain Nat. Photon. 16 242-7

[176] Peng R et al 2022 Long-range transport of 2D excitons with acoustic waves Nat. Commun. 13 1334

[177] Alijani H et al 2023 The acoustophotoelectric effect: efficient phonon—photon—electron coupling in zero-voltage-biased 2D SnS2
for broad-band photodetection ACS Nano 17 19254—64

[178] Zhao Q et al 2023 Significant suppression of dark current in a surface acoustic wave assisted MoS, photodetector Adv. Electron.
Mater. 9 2300496

[179] Nysten E D S, Weify M, Mayer B, Petzak T M, Wurstbauer U and Krenner H ] 2024 Scanning acousto-optoelectric spectroscopy
on a transition metal dichalcogenide monolayer Adv. Mater. 36 2402799

[180] Preciado E et al 2015 Scalable fabrication of a hybrid field-effect and acousto-electric device by direct growth of monolayer
MoS,/LiNbO; Nat. Commun. 6 8593

[181] Xu Y, Lu F, Liu Y and Ma C 2022 Direct graphene synthesis on LiNbO 3 substrate by C implantation on Cu covering layer Mater.
Res. Express 9 115602

[182] Iikawa E Herndndez-Minguez A, Aharonovich I, Nakhaie S, Liou Y-T, Lopes ] M J and Santos P V 2019 Acoustically modulated
optical emission of hexagonal boron nitride layers Appl. Phys. Lett. 114 171104

[183] Lyons T P, Puebla J, Yamamoto K, Deacon R S, Hwang Y, Ishibashi K, Maekawa S and Otani Y 2023 Acoustically driven magnon-
phonon coupling in a layered antiferromagnet Phys. Rev. Lett. 131 196701

[184] Biiyiikkose S, Vratzov B, Atag D, Van Der Veen J, Santos P V and Van Der Wiel W G 2012 Ultrahigh-frequency surface acoustic
wave transducers on ZnO/SiO ; /Si using nanoimprint lithography Nanotechnology 23 315303

[185] La Spina L, Micard Q, Mosset A, Margueron S, Bartasyte A and Laude V 2023 Dispersion of surface elastic waves on Z-LiNbO3
films on Z-sapphire Appl. Phys. Lett. 122 172202

[186] Song, Siriwardane E M D, Zhao Y and Hu J 2021 Computational discovery of new 2D materials using deep learning generative
models ACS Appl. Mater. Interfaces 13 53303—13

[187] Wang Y-F, Wang Y-Z, Wu B, Chen W and Wang Y-S 2020 Tunable and active phononic crystals and metamaterials Appl. Mech.
Rev. 72 040801

[188] Ash B J, Rezk A R, Yeo L Y and Nash G R 2021 Subwavelength confinement of propagating surface acoustic waves Appl. Phys.
Lett. 118 013502

69


https://doi.org/10.1038/s41467-021-22935-1
https://doi.org/10.1038/s41467-021-22935-1
https://doi.org/10.1103/PhysRevApplied.22.064019
https://doi.org/10.1103/PhysRevApplied.22.064019
https://doi.org/10.1109/MMM.2020.3008240
https://doi.org/10.1109/MMM.2020.3008240
https://doi.org/10.1038/s41928-022-00773-3
https://doi.org/10.1038/s41928-022-00773-3
https://doi.org/10.1109/TUFFC.2023.3282920
https://doi.org/10.1109/TUFFC.2023.3282920
https://doi.org/10.1038/s41586-024-07369-1
https://doi.org/10.1038/s41586-024-07369-1
https://doi.org/10.1109/FCS.2019.8855991
https://doi.org/10.1109/JMEMS.2020.3014584
https://doi.org/10.1109/JMEMS.2020.3014584
https://doi.org/10.1063/1.5080450
https://doi.org/10.1063/1.5080450
https://doi.org/10.1364/ol.492505
https://doi.org/10.1364/ol.492505
https://doi.org/10.1038/ncomms6402
https://doi.org/10.1038/ncomms6402
https://doi.org/10.1364/OPTICA.6.001498
https://doi.org/10.1364/OPTICA.6.001498
https://doi.org/10.1038/s41566-017-0075-2
https://doi.org/10.1038/s41566-017-0075-2
https://doi.org/10.1364/OPTICA.6.000778
https://doi.org/10.1364/OPTICA.6.000778
https://doi.org/10.1364/OPTICA.413401
https://doi.org/10.1364/OPTICA.413401
https://doi.org/10.1364/OPTICA.488271
https://doi.org/10.1364/OPTICA.488271
https://doi.org/10.1038/s41467-023-43393-x
https://doi.org/10.1038/s41467-023-43393-x
https://doi.org/10.1126/sciadv.ado6240
https://doi.org/10.1126/sciadv.ado6240
https://doi.org/10.1126/science.aao1511
https://doi.org/10.1126/science.aao1511
https://doi.org/10.1103/PhysRevApplied.16.034047
https://doi.org/10.1103/PhysRevApplied.16.034047
https://doi.org/10.1103/PhysRevX.14.021002
https://doi.org/10.1103/PhysRevX.14.021002
https://doi.org/10.1038/s41467-023-39047-7
https://doi.org/10.1038/s41467-023-39047-7
https://doi.org/10.1039/D2NH00458E
https://doi.org/10.1039/D2NH00458E
https://doi.org/10.1016/j.mssp.2023.107811
https://doi.org/10.1016/j.mssp.2023.107811
https://doi.org/10.1021/acs.nanolett.4c00774
https://doi.org/10.1021/acs.nanolett.4c00774
https://doi.org/10.1103/physrevlett.128.256601
https://doi.org/10.1103/physrevlett.128.256601
https://doi.org/10.1038/s41566-021-00951-3
https://doi.org/10.1038/s41566-021-00951-3
https://doi.org/10.1038/s41467-022-29042-9
https://doi.org/10.1038/s41467-022-29042-9
https://doi.org/10.1021/acsnano.3c06075
https://doi.org/10.1021/acsnano.3c06075
https://doi.org/10.1002/aelm.202300496
https://doi.org/10.1002/aelm.202300496
https://doi.org/10.1002/adma.202402799
https://doi.org/10.1002/adma.202402799
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1038/ncomms9593
https://doi.org/10.1088/2053-1591/ac9f03
https://doi.org/10.1088/2053-1591/ac9f03
https://doi.org/10.1063/1.5093299
https://doi.org/10.1063/1.5093299
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1088/0957-4484/23/31/315303
https://doi.org/10.1088/0957-4484/23/31/315303
https://doi.org/10.1063/5.0142417
https://doi.org/10.1063/5.0142417
https://doi.org/10.1021/acsami.1c01044
https://doi.org/10.1021/acsami.1c01044
https://doi.org/10.1115/1.4046222
https://doi.org/10.1115/1.4046222
https://doi.org/10.1063/5.0038381
https://doi.org/10.1063/5.0038381

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[189] QiY, Sadi M A, Hu D, Zheng M, Wu Z, Jiang Y and Chen Y P 2023 Recent progress in strain engineering on Van der Waals 2D
materials: tunable electrical, electrochemical, magnetic, and optical properties Adv. Mater. 35 2205714

[190] Fandan R, Pedrés ] and Calle F 2021 Exciton-plasmon coupling in 2D semiconductorsaccessed by surface acoustic waves ACS
Photonics 8 1698-704

[191] Liang J, Liu B-H, Zhang H-X, Zhang H, Zhang M-L, Zhang D-H and Pang W 2018 Monolithic acoustic graphene transistors
based on lithium niobate thin film J. Phys. D: Appl. Phys. 51 204001

(192] Shilton J M, Talyanskii V I, Pepper M, Ritchie D A, Frost ] E F, Ford CJ B, Smith C G and Jones G A C 1996 High-frequency
single-electron transport in a quasi-one-dimensional GaAs channel induced by surface acoustic waves J. Phys.: Condens. Matter
8 L531-9

[193] Gautier H and Kino G S 1977 A detailed theory of the acoustic wave semiconductor convolver IEEE Trans. Sonics Ultrason.
24 23-33

[194] Panwar B S 2003 Influence of silicon dioxide-silicon interface trap charges on the performance of monolithic metal-zinc oxide-
silicon nitride-silicon dioxide-silicon convolver IEEE Trans. Ultrason. Ferroelectr. Freq. Control 50 99-102

[195] Bhattacharjee P, Mishra H, Iyer P K and Nemade H B 2022 Acoustically assisted charge transport in poly(3-hexylthiophene) ACS
Appl. Electron. Mater. 4 3560—6

[196] Bhattacharjee P, Mishra H, Iyer P K and Nemade H B 2023 Acoustically improved performance in poly(3-hexylthiophene) based
organic field effect transistor J. Appl. Phys. 133 195501

[197] Mishra H, Bhattacharjee P and Nemade H B 2023 Acoustical control of chargecarrier movement in an organic semiconductor
Sens. Actuators A 358 114451

[198] Bhattacharjee P, Mishra H, Iyer P K and Nemade H B 2023 Acoustically operated excitonic transistor using poly(3-
hexylthiophene) ACS Appl. Electron. Mater. 5 36506

[199] Bhattacharjee P, Mishra H, Iyer P K and Nemade H B 2023 An efficient monolithic SAW convolver using poly(3-hexylthiophene)
IEEE Trans. Instrum. Meas. 72 1-7

[200] Qin D, Xia Y and Whitesides G 2010 Soft lithography for micro- and nanoscale patterning Nat. Protocol. 5 491-502

[201] Chou SY, Krauss P R and Renstrom P J 1996 Imprint lithography with 25-Nanometer resolution Science 272 85-87

[202] Mishra H, Bhattacharjee P and Nemade H B 2024 Long-range chainalignment in MEH-PPV films cast under an electric field J.
Mater. Sci., Mater. Electron. 35 396

[203] Kumar A, Thachil G and Dutta S 2019 Ultra high frequency acoustic wave propagation in fully polymer based surface acoustic
wave device Sens. Actuators A 292 52-59

[204] Wu ], Yin C, Zhou J, Li H, Liu Y, Shen Y, Garner S, Fu Y and Duan H 2020 Ultrathin glass-based flexible, transparent, and ultra-
sensitive surface acoustic wave humidity sensor with ZnO nanowires and graphene quantum dots ACS Appl. Mater. Interfaces
12 39817-25

[205] Xu H, Dong S, Xuan W, Farooq U, Huang S, Li M, Wu T, Jin H, Wang X and Luo ] 2018 Flexible surface acoustic wave strain
sensor based on single crystalline LINbO3 thin film Appl. Phys. Lett. 112 093502

[206] Sukumaran S, Szewczyk P K, Knapczyk-Korczak J and Stachewicz U 2023 Optimizing piezoelectric coefficient in PVDF fibers:
key strategies for energy harvesting and smart textiles Adv. Electron. Mater. 9 2300404

[207] Feng Z, Zhao Z, Liu Y, Liu Y, Cao X, Yu D-G and Wang K 2023 Piezoelectric effect polyvinylidene fluoride (PVDF): from energy
harvester to smart skin and electronic textiles Adv. Mater. Technol. 8 2300021

[208] Wen Z, Martinez ] A1, Jin Y, Li Y, Djafari-Rouhani B, Torrent D, Raynaud J-L and Khelif A 2023 Topological vortex mode for
flexural waves in pillared plates Mater. Des. 233 112209

[209] Wang W et al 2025 Experimental realization of on-chip surface acoustic wave metasurfaces at sub-GHz Adv. Sci. 12 2411825

[210] PennecY, Vasseur J O, Djafari-Rouhani B, Dobrzynski L and Deymier P A 2010 Two-dimensional phononic crystals: examples
and applications Surf. Sci. Rep. 65 229-91

[211] Lucklum R, Ke M and Zubtsov M 2012 Two-dimensional phononic crystal sensor based on a cavity mode Sens. Actuators B
171 271-7

[212] Wen Z, Wang W, Khelif A, Djafari-Rouhani B and Jin Y 2022 A perspective on elastic metastructures for energy harvesting Appl.
Phys. Lett. 120 020501

[213] Gao F, Benchabane S, Bermak A, Dong S and Khelif A 2023 On-chip tightly confined guiding and splitting of surface acoustic
waves using line defects in phononic crystals Adv. Funct. Mater. 33 2213625

[214] Arrangoiz-Arriola P, Wollack E A, Pechal M, Witmer J D, Hill J T and Safavi-Naeini A H 2018 Coupling a superconducting
quantum circuit to a phononic crystal defect cavity Phys. Rev. X 8 031007

[215] Nassar H, Yousefzadeh B, Fleury R, Ruzzene M, Alu A, Daraio C, Norris A N, Huang G and Haberman M R 2020 Nonreciprocity
in acoustic and elastic materials Nat. Rev. Mater. 5 667-85

[216] Xue H, Yang Y and Zhang B 2022 Topological acoustics Nat. Rev. Mater. 7 974-90

[217] Jin Y, Wang W, Khelif A and Djafari-Rouhani B 2021 Elastic metasurfaces for deep and robust subwavelength focusing and ima-
ging Phys. Rev. Appl. 15 024005

[218] Jin Y, He L, Wen Z, Mortazavi B, Guo H, Torrent D, Djafari-Rouhani B, Rabczuk T, Zhuang X and Li Y 2022 Intelligent on-
demand design of phononic metamaterials Nanophotonics 11 439-60

[219] DOMOCO 6G White Paper NTT Docomo (available at: www.docomo.ne.jp/english/corporate/technology/whitepaper_6g/)

[220] LiuY, CaiY, Zhang Y, Tovstopyat A, Liu S and Sun C Materials, design, and characteristics of bulk acoustic wave resonator: a
review Micromachines 2020 11 630

[221] Hagelauer A et al 2023 From microwave acoustic filters to millimeter-wave operation and new applications IEEE J. Microw.
3 484-508

[222] Tag A et al 2022 Next generation of BAW: the new benchmark for RF acoustic technologies IEEE Int. Ultrasonics Symp. pp 1-4

[223] Shao L, Sinclair N, Leatham J, Hu Y, Yu M, Turpin T, Crowe D and Lon¢ar M 2020 Integrated microwave acousto-optic fre-
quency shifter on thin-film lithium niobate Opt. Express 28 23728

[224] Jiang W, Sarabalis C J, Dahmani Y D, Patel R N, Mayor F M, McKenna T P, Van Laer R and Safavi-Naeini A H 2020 Efficient bid-
irectional piezo-optomechanical transduction between microwave and optical frequency Nat. Commun. 11 1166

[225] Atatiire M, Englund D, Vamivakas N, Lee S Y and Wrachtrup J 2018 Material platforms for spin-based photonic quantum tech-
nologies Nat. Rev. Mater. 3 38-51

[226] Lopes Seeger R et al 2024 Symmetry of the coupling between surface acoustic waves and spin waves in synthetic antiferromagnets
Phys. Rev. B 109 104416

70


https://doi.org/10.1002/adma.202205714
https://doi.org/10.1002/adma.202205714
https://doi.org/10.1021/acsphotonics.1c00173
https://doi.org/10.1021/acsphotonics.1c00173
https://doi.org/10.1088/1361-6463/aabb92
https://doi.org/10.1088/1361-6463/aabb92
https://doi.org/10.1088/0953-8984/8/38/001
https://doi.org/10.1088/0953-8984/8/38/001
https://doi.org/10.1109/T-SU.1977.30907
https://doi.org/10.1109/T-SU.1977.30907
https://doi.org/10.1109/TUFFC.2003.1176531
https://doi.org/10.1109/TUFFC.2003.1176531
https://doi.org/10.1021/acsaelm.2c00524
https://doi.org/10.1021/acsaelm.2c00524
https://doi.org/10.1063/5.0150580
https://doi.org/10.1063/5.0150580
https://doi.org/10.1016/j.sna.2023.114451
https://doi.org/10.1016/j.sna.2023.114451
https://doi.org/10.1021/acsaelm.3c00400
https://doi.org/10.1021/acsaelm.3c00400
https://doi.org/10.1109/TIM.2023.3243613
https://doi.org/10.1109/TIM.2023.3243613
https://doi.org/10.1038/nprot.2009.234
https://doi.org/10.1038/nprot.2009.234
https://doi.org/10.1126/science.272.5258.85
https://doi.org/10.1126/science.272.5258.85
https://doi.org/10.1007/s10854-024-12182-7
https://doi.org/10.1007/s10854-024-12182-7
https://doi.org/10.1016/j.sna.2019.03.023
https://doi.org/10.1016/j.sna.2019.03.023
https://doi.org/10.1021/acsami.0c09962
https://doi.org/10.1021/acsami.0c09962
https://doi.org/10.1063/1.5021663
https://doi.org/10.1063/1.5021663
https://doi.org/10.1002/aelm.202300404
https://doi.org/10.1002/aelm.202300404
https://doi.org/10.1002/admt.202300021
https://doi.org/10.1002/admt.202300021
https://doi.org/10.1016/j.matdes.2023.112209
https://doi.org/10.1016/j.matdes.2023.112209
https://doi.org/10.1002/advs.202411825
https://doi.org/10.1002/advs.202411825
https://doi.org/10.1016/j.surfrep.2010.08.002
https://doi.org/10.1016/j.surfrep.2010.08.002
https://doi.org/10.1016/j.snb.2012.03.063
https://doi.org/10.1016/j.snb.2012.03.063
https://doi.org/10.1063/5.0078740
https://doi.org/10.1063/5.0078740
https://doi.org/10.1002/adfm.202213625
https://doi.org/10.1002/adfm.202213625
https://doi.org/10.1103/PhysRevX.8.031007
https://doi.org/10.1103/PhysRevX.8.031007
https://doi.org/10.1038/s41578-020-0206-0
https://doi.org/10.1038/s41578-020-0206-0
https://doi.org/10.1038/s41578-022-00465-6
https://doi.org/10.1038/s41578-022-00465-6
https://doi.org/10.1103/PhysRevApplied.15.024005
https://doi.org/10.1103/PhysRevApplied.15.024005
https://doi.org/10.1515/nanoph-2021-0639
https://doi.org/10.1515/nanoph-2021-0639
https://www.docomo.ne.jp/english/corporate/technology/whitepaper_6g/
https://doi.org/10.3390/mi11070630
https://doi.org/10.3390/mi11070630
https://doi.org/10.1109/JMW.2022.3226415
https://doi.org/10.1109/JMW.2022.3226415
https://doi.org/10.1109/IUS54386.2022.9958625
https://doi.org/10.1364/OE.397138
https://doi.org/10.1364/OE.397138
https://doi.org/10.1038/s41467-020-14863-3
https://doi.org/10.1038/s41467-020-14863-3
https://doi.org/10.1038/s41578-018-0008-9
https://doi.org/10.1038/s41578-018-0008-9
https://doi.org/10.1103/PhysRevB.109.104416
https://doi.org/10.1103/PhysRevB.109.104416

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[227] Reinhardt A, Bousquet M, Joulie A, Hsu C L, Delaguillaumie F, Maeder-Pachurka C, Enyedi G, Perreau P, Castellan G and Lugo ]
2021 -Lithium niobate film bulk longitudinal wave resonator 2021 Joint Conf. European Frequency and Time Forum and IEEE Int.
Frequency Control Symp. (EFTF/IFCS) (IEEE) pp 1-4

[228] Kadota M, Yamashita F and Tanaka S 2023 4 and 7 GHz solidly mounted thickness extension mode bulk acoustic wave resonators
using 36°Y LiNbOs3 Jpn. J. Appl. Phys. 62 S]1004

[229] Liu X, Bruch A W and Tang H X 2023 Aluminum nitride photonic integrated circuits: from piezo-optomechanics to nonlinear
optics Adv. Opt. Photon. 15 236

[230] Plessky V, Yandrapalli S, Turner P J, Villanueva L G, Koskela ] and Hammond R B 2019 5 GHz laterally—excited bulk—wave reson-
ators (XBARs) based on thin platelets of lithium niobate Electron. Lett. 55 98—100

[231] Schaffer Z, Simeoni P and Piazza G 2022 33 GHz overmoded bulk acoustic resonator IEEE Microw. Wirel. Compon. Lett.

32 656-9

[232] Sekimoto J, Suzuki M and Kakio S 2022 High-order mode bulk acoustic wave resonators based on polarity-inverted SiAIN/AIN
multilayered films for high-frequency operation Appl. Phys. Lett. 121 141904

[233] Plessky V 2022 XBAR (invited) Proc. IEEE Int. Ultrasonics Symp. pp 1-11

[234] Baek J, Barth S, Schreiber T, Bartzsch H and Piazza G 2024 52 GHz 35% scandium doped aluminum nitride overmoded bulk
acoustic resonator 2024 IEEE Ultrasonics, Ferroelectrics, and Frequency Control Joint Symp. (UFFC-]S) (Taipei, Taiwan) pp 1-3

[235] Zhang H and Wang H 2021 Investigation of surface acoustic wave propagation characteristics in new multilayer structure:
siO,/IDT/LiNbO3/diamond/Si Micromachines 12 1286

[236] Almirall A, Oliveri S, Daniau W, Margueron S, Baron T, Boulet P, Ballandras S, Chamaly S and Bartasyte A 2019 High-frequency
surface acoustic wave devices based on epitaxial Z-LiNbOj3 layers on sapphire Appl. Phys. Lett. 114 162905

[237] Bartasyte A, Astié V and Kuprenaite S 2020 Layered solid element comprising a ferroelectric layer and method for manufacturing
the same Patent EP20-305575

[238] Yamanouchi K and Odagawa H 1999 KNbO3 and super high coupling single crystals for SAW and BAW Devices IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 46 700-5

[239] Imai T, Kawamura S and Oka S 2020 Space charge assisted evaluation method of the elasto-optic coefficients of electrooptic crys-
tals Opt. Mater. Express 10 2181-91

[240] LiJ, LiY, Zhou Z, Bhalla A and Guo R 2013 Linear electrooptic coefficient rs; of tetragonal potassium lithium tantalate niobate
Ko.95Lig.05 Tao.40Nbo.60O3 single crystal Opt. Mater. Express 3 2063—71

[241] Kittmann A et al 2018 Wide band low noise love wave magnetic field sensor system Sci. Rep. 8 4

[242] Ganguly A K, Davis K L, Webb D C, Vittoria C and Forester D W 1975 Magnetically tuned surface-acoustic-wave phase shifter
Electron. Lett. 11 6101

[243] Smole P, Ruile W, Korden C, Ludwig A, Quandt E, Krassnitzer S and Pongratz P 2003 Magnetically tunable SAW-resonator
Proceedings of the 2003 IEEE International Frequency Control Symposium pp 9036

[244] Yang Y, Mengue P, Mishra H, Floer C, Hage-Ali S, Petit-Watelot S, Lacour D, Hehn M, Han T and Elmazria O 2022 Wireless mul-
tifunctional surface acoustic wave sensor for magnetic field and temperature monitoring Adv. Mater. Technol. 7 2100860

(245] Hu W, Huang M, Xie H, Zhang H and Bai F 2023 Self-biased magnetic field sensors based on surface acoustic waves through
angle-dependent magnetoacoustic coupling Phys. Rev. Appl. 19 014010

[246] Mazzamurro A, Dusch Y, Pernod P, Bou Matar O, Addad A, Talbi A and Tiercelin N 2020 Giant Magnetoelastic coupling in a love
acoustic waveguide based on TbCo2/FeCo nanostructured film on ST-cut quartz Phys. Rev. Appl. 13 044001

[247] Schell V, Spetzler E, Wolff N, Bumke L, Kienle L, McCord J, Quandt E and Meyners D 2023 Exchange biased surface acoustic
wave magnetic field sensors Sci. Rep. 13 8446

[248] Hauser H, Steindl R, Hausleitner C, Pohl A and Nicolics ] 2000 Wirelessly interrogable magnetic field sensor utilizing giant
magneto-impedance effect and surface acoustic wave devices IEEE Trans. Instrum. Meas. 49 64852

[249] Wu Y, Cui B, Jia Y, Zhou Z, Hu W, Bai F, Wang W, Xue X and Liang Y 2024 Highly sensitive surface acoustic wave magnetic field
sensor based on the loss mechanism Smart Mater. Struct. 33 055008

[250] Mengue P, Meistersheim L, Hage-Ali S, Floer C, Petit-Watelot S, Lacour D, Hehn M and Elmazria O 2023 Magnetic SAW RFID
sensor based on love wave for detection of magnetic field and temperature IEEE J. RFID 23 16691-8

[251] Miiller C, Durdaut P, Holldnder R B, Kittmann A, Schell V, Meyners D, Hoft M, Quandt E and McCord ] 2022 Imaging of
love waves and their interaction with magnetic domain walls in magnetoelectric magnetic field sensors Adv. Electron. Mater.
82200033

[252] Hu W, Wang Y, Huang M, Zhang H and Bai F 2023 Observation of enhanced dynamic AG effect near ferromagnetic resonance
frequency Appl. Phys. Lett. 123 012406

[253] Kittmann A et al 2020 Sensitivity and noise analysis of SAW magnetic field sensors with varied magnetostrictive layer thicknesses
Sens. Actuators A 311 111998

[254] Aslam M, Zhang H, Sreejith V, Naghdi M and Ju S 2023 Advances in the surface acoustic wave sensors for industrial applications:
potentials, challenges, and future directions: a review Measurement 222 113657

[255] Duquesne J-Y, Rovillain P, Hepburn C, Eddrief M, Atkinson P, Anane A, Ranchal R and Marangolo M 2019 Surface-acoustic-
wave induced ferromagnetic resonance in Fe thin films and magnetic field sensing Phys. Rev. Appl. 12 024042

[256] Weiler M, Dreher L, Heeg C, Huebl H, Gross R, Brandt M S and Goennenwein S T B 2011 Elastically driven ferromagnetic reson-
ance in nickel thin films Phys. Rev. Lett. 106 117601

[257] Thevenard L, Gourdon C, Prieur J Y, von Bardeleben H J, Vincent S, Becerra L, Largeau L and Duquesne J-Y 2014 Surface-
acoustic-wave-driven ferromagnetic resonance in (Ga,Mn)(As,P) epilayers Phys. Rev. B 90 094401

[258] Mi S, Zhao C, Liu M, Wang J and Liu Q 2024 Detection of spin current generated by the acoustic spin—rotation coupling mech-
anism via acoustic voltage Appl. Phys. Lett. 125 252402

[259] Pereira da Cunha M 2023 High-temperature harsh-environment SAW sensor technology Proc. IEEE Int. Ultrasonics Symp.
(Montreal, 3-8 September 2023) pp 1-10

[260] Nicolay P, Elmazria O, Sarry F, Bouvot L, Kambara H, Singh K J and Alnot P 2009 Wide vacuum pressure range monitoring by
pirani SAW sensor IEEE Trans. Ultrason. Ferroelectr. Freq. Control 56 684—9

[261] Tomaz I, Ui Mhurchadha S M, Marques S, Quinn P, Funke H, Birkholz H, Zietzschmann S and Raghavendra R 2021 The devel-
opment of a smart additively manufactured part with an embedded surface acoustic wave sensor Addit. Manuf. Lett. 1 100004

[262] Suhak Y, Fritze H, Sotnikov A, Schmidt H and Johnson W L 2021 High-temperature electromechanical loss in piezoelectric lan-
gasite and catangasite crystals J. Appl. Phys. 130 085102

71


https://doi.org/10.1109/EFTF/IFCS52194.2021.9604280
https://doi.org/10.35848/1347-4065/acb363
https://doi.org/10.35848/1347-4065/acb363
https://doi.org/10.1364/AOP.479017
https://doi.org/10.1364/AOP.479017
https://doi.org/10.1049/el.2018.7297
https://doi.org/10.1049/el.2018.7297
https://doi.org/10.1109/LMWC.2022.3166682
https://doi.org/10.1109/LMWC.2022.3166682
https://doi.org/10.1063/5.0106428
https://doi.org/10.1063/5.0106428
https://doi.org/10.1109/UFFC-JS60046.2024.10793588
https://doi.org/10.3390/mi12111286
https://doi.org/10.3390/mi12111286
https://doi.org/10.1063/1.5086757
https://doi.org/10.1063/1.5086757
https://doi.org/10.1109/58.764856
https://doi.org/10.1109/58.764856
https://doi.org/10.1364/OME.393804
https://doi.org/10.1364/OME.393804
https://doi.org/10.1364/OME.3.002063
https://doi.org/10.1364/OME.3.002063
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1049/el:19750465
https://doi.org/10.1049/el:19750465
https://doi.org/10.1109/FREQ.2003.1275210
https://doi.org/10.1002/admt.202100860
https://doi.org/10.1002/admt.202100860
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.13.044001
https://doi.org/10.1103/PhysRevApplied.13.044001
https://doi.org/10.1038/s41598-023-35525-6
https://doi.org/10.1038/s41598-023-35525-6
https://doi.org/10.1109/19.850409
https://doi.org/10.1109/19.850409
https://doi.org/10.1088/1361-665X/ad37b3
https://doi.org/10.1088/1361-665X/ad37b3
https://doi.org/10.1002/aelm.202200033
https://doi.org/10.1002/aelm.202200033
https://doi.org/10.1063/5.0155019
https://doi.org/10.1063/5.0155019
https://doi.org/10.1016/j.sna.2020.111998
https://doi.org/10.1016/j.sna.2020.111998
https://doi.org/10.1016/j.measurement.2023.113657
https://doi.org/10.1016/j.measurement.2023.113657
https://doi.org/10.1103/PhysRevApplied.12.024042
https://doi.org/10.1103/PhysRevApplied.12.024042
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevB.90.094401
https://doi.org/10.1103/PhysRevB.90.094401
https://doi.org/10.1063/5.0242879
https://doi.org/10.1063/5.0242879
https://doi.org/10.1016/j.addlet.2021.100004
https://doi.org/10.1016/j.addlet.2021.100004
https://doi.org/10.1063/5.0058751
https://doi.org/10.1063/5.0058751

I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 093001 H J Krenner et al

[263] Yang Z et al 2023 Surface acoustic wave temperature sensor based on Pt/AIN/4 H-SiC structure for high-temperature environ-
ments Sens. Actuators A 357 114379

[264] Weihnacht M, Sotnikov A, Suhak Y, Fritze H and Schmidt H 2017 Accuracy analysis and deduced strategy of measurements
applied to CazTaGa3Si;O14 (CTGS) material characterization Proc. IEEE Int. Ultrasonics Symp. (Washington DC, 6-9 September
2017) pp 1-4

[265] Suhak Y, Schulz M, Johnson W L, Sotnikov A, Schmidt H and Fritze H 2018 Electromechanical properties and charge transport
of CazTaGa3Si,O14 (CTGS) single crystals at elevated temperatures Solid State Ion. 317 221-8

[266] Maufay J, Paulmier B, Emo M, Youbi U, Mbina E, Aubert T, Kokanyan N, Hage-Ali S, Vilasi M and Elmazria O 2023 Innovative
NiAl electrodes for long-term, intermediate high-temperature SAW sensing applications using LiINbO; substrates IEEE Sens. J.
23 16691-8

[267] Seifert M, Leszczynska B, Weser R, Menzel S, Gemming T and Schmidt H 2023 Durability of TiAl based surface acoustic wave
devices for sensing at intermediate high temperatures J. Mater. Res. Technol. 23 41908

[268] Seifert M, Leszczynska B, Menzel S B, Schmidt H and Gemming T 2023 Aluminum based high temperature thin film electrode
system for wireless sensors J. Mater. Res. Technol. 26 1955-61

[269] YangY, Peng B, Yue H, Huang F, He P, He Z, Zhu ] and Zhang W 2022 Temperature characteristics of surface acoustic wave res-
onators prepared on (0°, 90°, w) CTGS cuts Appl. Acoust. 194 108788

[270] Zhou X, Tan Q, Liang X, Lin B, Guo T and Gan Y 2021 Novel multilayer SAW temperature sensor for ultra-high temperature
environments Micromachines 12 643

[271] De Sousa Lopes Moreira A, Bartasyte A, Belharet D, Soumann V, Margueron S and Broenner A 2021 Stabilized Pt interdigitated
electrodes for high-temperature SAW sensors Proc. IEEE Int. Ultrasonics Symp. (Xi’an, China, 6—11 September 2021) pp 1-4

[272] Ambattu L A and Yeo L'Y 2023 Sonomechanobiology: vibrational stimulation of cells and its therapeutic implications Biophys.
Rev. 4021301

[273] Rezk A R et al 2020 Free radical generation from high-frequency electromechanical dissociation of pure water J. Phys. Chem. Lett.
11 4655-61

[274] Rezk A R, Ahmed H, Ramesan S and Yeo L Y 2021 High frequency sonoprocessing: a new field of cavitation-free acoustic materi-
als synthesis, processing, and manipulation Adv. Sci. 8 2001983

[275] Brugger M S, Baumgartner K, Mauritz S CF, Gerlach S C, Roder E, Schlosser C, Fluhrer R, Wixforth A and Westerhausen C 2020
Vibration enhanced cell growth induced by surface acoustic waves as in vitro wound-healing model Proc. Natl Acad. Sci. USA
117 31603-13

[276] Greco G, Agostini M, Tonazzini I, Sallemi D, Barone S and Cecchini M 2018 Surface-acoustic-wave (SAW)-driven device for
dynamic cell cultures Anal. Chem. 90 7450-7

[277] Ambattu L A, Ramesan S, Dekiwadia C, Hanssen E, Li H and Yeo L' Y 2020 High frequency acoustic cell stimulation promotes
exosome generation regulated by a calcium-dependent mechanism Commun. Biol. 3 553

[278] Kim S, Nam H, Cha B, Park ], Sung H J and Jeon J S 2022 Acoustofluidic stimulation of functional immune cells in a microre-
actor Adv. Sci. 9 2105809

[279] Ambattu L A, Gelmi A and Yeo L'Y 2022 Short-duration high frequency megaHertz-order nanomechanostimulation drives early
and persistent osteogenic differentiation in mesenchymal stem cells Small 18 2106823

[280] Sun C et al 2022 Acoustically accelerated neural differentiation of human embryonic stem cells Acta Biomater. 151 333-45

[281] Ambattu L A, Knight C, Lin K-H, Gelmi A and Yeo L Y 2023 Calcium-dependent cAMP mediates the mechanoresponsive beha-
viour of endothelial cells to high-frequency nanomechanostimulation Biomaterials 292 121866

[282] Gai ], Dervisevic E, Devendran C, Cadarso V J, O’Bryan M K, Nosrati R and Nield A 2022 High-frequency ultrasound boots bull
and human sperm motility Adv. Sci. 9 2104362

[283] Ambattu L A, Del Rosal B, Ferrai C and Yeo L Y Sonoepigenetics: spatiotemporal calcium dynamics and cAMP signaling driven
by high frequency nanomechanostimulation regulates transient epigenetic modifications and early osteogenic commitment in
mesenchymal stem cells (available at: https://doi.org/10.1101/2025.03.17.643773)

(284] Liao D, Li E, Lu D and Zhong P 2019 Activation of Piezol mechanosensitive ion channel in HEK293T cells by 30 MHz vertically
deployed surface acoustic waves Biochem. Biophys. Res. Commun. 518 541-7

[285] Ambattu L A, Del Rosal B, Conn C E and Yeo L Y 2025 High frequency MHz-order vibration enables cell membrane remodelling
and lipid microdomain manipulation Biophys. J. 124 25-39

[286] Ballard M, Marek A and Pierron F 2023 The image-based ultrasonic cell shaking test PLoS One 18 €0285906

[287] Maresca D, Lakshmanan A, Abedi M, Bar-Zion A, Farhadi A, Lu G J, Szablowski ] O, Wu D, Yoo S and Shapiro M G 2018
Biomolecular ultrasound and sonogenetics Annu. Rev. Chem. Biomol. 9 229-52

[288] Wu J 1991 Acoustical tweezers J. Acoust. Soc. Am. 89 2140-3

[289] Yang S et al 2022 Harmonic acoustics for dynamic and selective particle manipulation Nat. Mater. 21 540-6

[290] Ghanem M A, Maxwell A D, Wang Y N, Cunitz B W, Khokhlova V A, Sapozhnikov O A and Bailey M R 2020 Noninvasive acous-
tic manipulation of objects in a living body Proc. Natl Acad. Sci. 117 16848-55

[291] YangY et al 2023 In-vivo programmable acoustic manipulation of genetically engineered bacteria Nat. Commun. 14 3297

[292] Melde K, Mark A G, Qiu T and Fischer P 2016 Holograms for acoustics Nature 537 518-22

[293] Baudoin M, Thomas J L, Sahely R A, Gerbedoen J C, Gong Z, Sivery A, Matar O B, Smagin N, Favreau P and Vlandas A 2020
Spatially selective manipulation of cells with single-beam acoustical tweezers Nat. Commun. 11 4244

[294] Rufo J, Cai F, Friend J, Wiklund M and Huang T J 2022 Acoustofluidics for biomedical applications Nat. Rev. Method Primers
230

[295] Tian Z et al 2020 Generating multifunctional acoustic tweezers in Petri dishes for contactless, precise manipulation of
bioparticles Sci. Adv. 6 eabb0494

[296] Zhu H et al 2021 Acoustohydrodynamic tweezers via spatial arrangement of streaming vortices Sci. Adv. 7 eabc7885

[297] Kuang X et al 2023 Self-enhancing sono-inks enable deep-penetration acoustic volumetric printing Science 382 1148-55

72


https://doi.org/10.1016/j.sna.2023.114379
https://doi.org/10.1016/j.sna.2023.114379
https://doi.org/10.1016/j.ssi.2018.01.032
https://doi.org/10.1016/j.ssi.2018.01.032
https://doi.org/10.1109/JSEN.2023.3289008
https://doi.org/10.1109/JSEN.2023.3289008
https://doi.org/10.1016/j.jmrt.2023.02.070
https://doi.org/10.1016/j.jmrt.2023.02.070
https://doi.org/10.1016/j.jmrt.2023.08.025
https://doi.org/10.1016/j.jmrt.2023.08.025
https://doi.org/10.1016/j.apacoust.2022.108788
https://doi.org/10.1016/j.apacoust.2022.108788
https://doi.org/10.3390/mi12060643
https://doi.org/10.3390/mi12060643
https://doi.org/10.1063/5.0127122
https://doi.org/10.1063/5.0127122
https://doi.org/10.1021/acs.jpclett.0c01227
https://doi.org/10.1021/acs.jpclett.0c01227
https://doi.org/10.1002/advs.202001983
https://doi.org/10.1002/advs.202001983
https://doi.org/10.1073/pnas.2005203117
https://doi.org/10.1073/pnas.2005203117
https://doi.org/10.1021/acs.analchem.8b00972
https://doi.org/10.1021/acs.analchem.8b00972
https://doi.org/10.1038/s42003-020-01277-6
https://doi.org/10.1038/s42003-020-01277-6
https://doi.org/10.1002/advs.202105809
https://doi.org/10.1002/advs.202105809
https://doi.org/10.1002/smll.202106823
https://doi.org/10.1002/smll.202106823
https://doi.org/10.1016/j.actbio.2022.07.041
https://doi.org/10.1016/j.actbio.2022.07.041
https://doi.org/10.1016/j.biomaterials.2022.121866
https://doi.org/10.1016/j.biomaterials.2022.121866
https://doi.org/10.1002/advs.202104362
https://doi.org/10.1002/advs.202104362
https://doi.org/10.1101/2025.03.17.643773
https://doi.org/10.1016/j.bbrc.2019.08.078
https://doi.org/10.1016/j.bbrc.2019.08.078
https://doi.org/10.1016/j.bpj.2024.10.007
https://doi.org/10.1016/j.bpj.2024.10.007
https://doi.org/10.1371/journal.pone.0285906
https://doi.org/10.1371/journal.pone.0285906
https://doi.org/10.1146/annurev-chembioeng-060817-084034
https://doi.org/10.1146/annurev-chembioeng-060817-084034
https://doi.org/10.1121/1.400907
https://doi.org/10.1121/1.400907
https://doi.org/10.1038/s41563-022-01210-8
https://doi.org/10.1038/s41563-022-01210-8
https://doi.org/10.1073/pnas.2001779117
https://doi.org/10.1073/pnas.2001779117
https://doi.org/10.1038/s41467-023-38814-w
https://doi.org/10.1038/s41467-023-38814-w
https://doi.org/10.1038/nature19755
https://doi.org/10.1038/nature19755
https://doi.org/10.1038/s41467-020-18000-y
https://doi.org/10.1038/s41467-020-18000-y
https://doi.org/10.1038/s43586-022-00109-7
https://doi.org/10.1038/s43586-022-00109-7
https://doi.org/10.1126/sciadv.abb0494
https://doi.org/10.1126/sciadv.abb0494
https://doi.org/10.1126/sciadv.abc7885
https://doi.org/10.1126/sciadv.abc7885
https://doi.org/10.1126/science.adi1563
https://doi.org/10.1126/science.adi1563

	The 2026 guided acoustic waves roadmap
	1. Introduction
	2. Surface acoustic waves in the quantum limit
	3. Surfing electrons for quantum technology
	4. Phononic quantum technologies with quantum emitters
	5. Quantum dot phononic devices
	6. Spin mechanics with defects
	7. Gigahertz optomechanics with light–matter exciton–polaritons
	8. Nonreciprocal magnetoacoustics
	9. Surface acoustic waves strongly coupled to spin waves
	10. Piezoelectric phononic integrated circuits
	11. Integrated acousto-optomechanics (IAOs)
	12. 2D materials and van der Waals systems
	13. Coupling between surface acoustic waves and organic semiconductors
	14. Spatial confinement of elastic energy in phononic crystals and metamaterials: advances, challenges, and future directions
	15. Piezoelectric thin films for novel microacoustic devices
	16. Surface acoustic waves for magnetic field sensing
	17. Surface acoustic wave sensors in harsh environments
	18. Sonomechanobiology
	19. A new wave of precision: the rise and promise of acoustic tweezers
	References


