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ABSTRACT

Phononic waveguides (PnWGs) are devices with rationally designed periodic structures to manipulate mechanical oscillations and to engineer and
control the propagation of acoustic waves, thus allowing for frequency and band selection of wave transmission and routing, promising for both
classical and quantum transduction on chip-scale platforms with various constituent materials of interest. They can be incorporated into both elec-
tromechanical and optomechanical signal transduction schemes. Here, we present an overview of emerging micro/nanoscale PnWGs and offer per-
spectives for future. We evaluate the typical structural designs, frequency scaling, and phononic band structures of the PnWGs. Material choices,
fabrication techniques, and characterization schemes are discussed based on different PnWG designs. For classical transduction schemes, an all-
phononic integrated circuit perspective is proposed. Toward emerging quantum applications, the potential of utilizing PnWGs as universal interfaces
and transduction channels has been examined. We envision PnWGs with extraordinary propagation properties, such as nonreciprocity and active
tunability, can be realized with unconventional design strategies (e.g., inverse design) and advanced materials (e.g., van der Waals layered crystals),
opening opportunities in both classical and quantum signal transduction schemes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176867

INTRODUCTION

Phonons, quanta of acoustic waves and mechanical vibrations,1,2

are ubiquitous for signal processing and communication. For example,
human verbal communications are via acoustic waves at audible fre-
quencies; wireless communication devices greatly exploit radio fre-
quency (RF) and microwave mechanical oscillations and waves in
piezoelectric crystals for timing and signal processing. Phononics gen-
erally refers to studies of acoustic and vibrational waves over a much
broader spectrum [Fig. 1(a)], ranging from infrasounds (< 20Hz),
audible sound (20 Hz–20 kHz), ultrasounds (20 kHz–1GHz), and
hypersounds (1GHz–1THz), to lattice vibrations (heat at room tem-
perature, ’ 1THz). Phonons at these frequency bands play essential
roles as information and energy carriers and have empowered numer-
ous applications from infrasonic earthquake detection,3 sonic naviga-
tion and ranging (sonar),4 noise mitigation,5 ultrasound imaging,6 to
thermal management.7

The routing of acoustic waves can be implemented with pho-
nonic waveguides (PnWGs) based on boundary confinement or the

spatial distribution and modulation of the material constants in the
structures. The former approach utilizes the phase or impedance mis-
match between different media, analogous to optic fibers,8 and ridge
and slab photonic waveguides.9,10 As exemplified in the cladding/core/
cladding structure [Fig. 1(b)], the acoustic wave, as a scalar wave, will
be confined within the homogeneous core with a relatively low velocity
of waves compared to that in the cladding regions. The latter approach
has been successfully realized in artificial structures, such as phononic
crystals (PnCs) and acoustic metastructures. Similar to photonic crys-
tals (PhCs), periodic geometrical or elastic structures in PnCs that
mimic the arrangement of atoms in natural crystals yield phononic
band structures [Fig. 1(c)]. The appearance of the second-order
Brillouin zones and consequential zone folding gives rise to the modifi-
cation of phonon dispersion and the complex band features (e.g., pass-
bands, stopbands, and bandgaps) for guided waves.

Beyond the guiding mechanisms, the working frequency/wave-
length is one of the primary parameters to be considered. In general,
the confinement of waveguides rises from interference effects; hence, the
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phonon wavelengths k are comparable to the phononic structures.
Figure 1(a) illustrates such frequency scaling of phononic devices:
infrasound and sound frequencies are usually associated with mac-
roscale objects, while for ultrasound and high-frequency opera-
tions, micro/nanostructured devices are required. Following the
frequency scaling, this Perspective article focuses on phononic
waveguides that operate at radio to microwave frequencies
(20 kHz–300 GHz) and their applications toward on-chip signal
conversion and transmission, also referred to as modalities of
transduction, in both classical and quantum regimes. The design
strategies (e.g., quasi-one-dimensional coupled resonator array,
linear defects in two-dimensional phononic crystals, and topologi-
cal structures) and corresponding metrics (e.g., degree of confine-
ment and transmittance, working frequency and bandwidth, and
the dispersion relation for guided waves) will be discussed in sec-
tion “Design Strategies and Mechanisms.” Material choices, mea-
surement, and characterization schemes will be introduced in section
“Implementation and Characterization.” The state-of-the-art and emerg-
ing applications in classical and quantum domains will be reviewed and
examined in sections “Applications in Classical Signal Processing” and
“Applications Toward Quantum Transduction,” respectively.

DESIGN STRATEGIES AND MECHANISMS
Homogeneous structures

One of the simplest geometries that support acoustic wave trans-
mission is a one-dimensional (1D) homogeneous beam with continu-
ous translational symmetry. In the loss-less 1D structure, the acoustic

signal propagates with a relation of @2u=@t2 ¼ c2@2u=@x2, where u is
the displacement, t is the time, x is the location on the beam, and c is
the speed of sound in the material, and thus, it can be transmitted as
time-dependent longitudinal and also transverse waves.

The acoustic waves are characterized by the wavenumber k and
phase velocity v; and their interactions with media, such as reflection and
refraction, obey Fermat’s principle and Snell’s law in the classic
domain.11,12 Hence, wave confinement and guiding can be implemented
with a cladding/core/cladding structure, as depicted in Fig. 1(b), based on
the contrasting speeds of sound (c ¼ v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EBulk=q
p

; where v is the
phase velocity of the acoustic wave, EBulk is the bulk modulus, and q is
the mass density) and phase mismatch in different media. Total internal
reflection occurs if the acoustic wave in the core is not phase-matched
with any leaky/evanescent modes in the cladding. To achieve such a con-
dition and confine the acoustic wave inside the homogeneous core, the
speed of sound and phase velocity in the core must be slower than the
ones in the cladding (vcore < vcladding).

13,14 The phase velocity can be rep-
resented as the slope in the dispersion diagram, which describes the rela-
tionship between the angular frequency x as a function of the
wavenumber k, v ¼ dx=dk. As shown in the right panel of Fig. 1(b), the
bottom and top wave lines correspond to the dispersion relations for the
core and the cladding, respectively; the dispersion relation for guided
waves must appear in the cone delimited by these two wave lines.
Furthermore, the guided modes in a PnWG can be described as approxi-
mate solutions of the Helmholtz equations. At a given frequency, a wave-
guide has only a finite number of guided propagation modes, of which
transverse amplitude profiles and propagation constants depend on the

FIG. 1. Overview of phononic waveguides (PnWGs). (a) The phononic spectrum with size (characteristic length, such as waveguide width w and phononic lattice period a)
dependency and frequency scaling for the typical corresponding structures and devices. The mechanisms of phononic waveguiding are based on (b) boundary confinement in
a homogenous structure and (c) spatial distribution and modulation of the material constants in a periodic structure. The dispersion plots exhibit the relation between angular
frequency x and wavenumber k.
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design of the waveguide structure. Monomodal propagation can be facili-
tated when the core size is comparable to the wavelength (k ¼ 2p=k).

The cladding/core/cladding structures discussed above are analo-
gous to the optical fibers and photonic waveguides, in which both
acoustic and electromagnetic waves are confined in slower media due
to total internal reflection,8–10,13,14 while some distinctive properties of
acoustic waves need to be taken into consideration as well. In some
configurations, even though total internal reflection cannot be satisfied
(vcore > vcladding), strong reflection and phononic confinement can still
be realized at interfaces between media with widely different acoustic
impedances (g ¼ c � q), such as between solids and gases. The speed of
sound in air is generally lower than the values in solid structural mate-
rials;15–31 however, the solid–air boundary geometrically softens the
structural response of the material and, thus, lowers the effective phase
velocity.11,32 In such a scenario, instead of phonon confinement inside
the bulk media, slow surface acoustic waves (SAWs) are generated and
constrained to the interfaces.33–35 Surface acoustic waves permit more
flexibility in material choice and geometric design.34–40 Such as topo-
graphic waveguides consisting of local deformation of the substrate
surface itself can be utilized.

Quasi-1D coupled resonator array

Coupling individual resonators into quasi-one-dimensional
(quasi-1D) arrays offers more flexibility to control the acoustic wave

propagation beyond the homogeneous structures. By engineering the
geometry of resonators, the coupling strength between the resonators,
and the periodicity of the array, the dispersion relations can be finely
tuned; thus, frequency-dependent passing and stopping of the wave
propagation can be achieved.

A representative design is a coupled block array that mimics a 1D
diatomic chain typically studied in solid-state physics [Fig. 2(a)].41 For
a 1D diatomic chain consisting of alternating small and large masses
coupled by springs, the two masses moving in-phase in each unit cell
give rise to low-frequency acoustic phonon modes, while the two
masses moving out-of-phase engender higher frequency optical pho-
non modes. The frequency bandgap between low and high frequency
vibrations becomes more pronounced with increasing difference in
these particle masses. For a quasi-1D block array consisting of a linear
array of blocks joined together by narrower connecting links, the wave
velocities and the dispersion can be more accurately described by an
effective medium theory and a tight-binding model in the low and
high frequencies, respectively.42–44 In order to produce a sizable
bandgap, which is useful for constructing wavelength-selective devices
and RF filters, the effective medium bands can be squeezed down to
lower frequencies by reducing the width of the couplers. The consequen-
tial reduction of coupling strength between the blocks also flattens the
slope of the tight-binding bands, complementing each other to increase
the phononic bandgap. Following such a design principle, Fig. 2(a)
exemplifies a quasi-1D array of rigid silicon (Si) sub-micron-sized blocks

FIG. 2. Quasi-1D phononic crystal lattices based on the periodic geometric conditions of (a) block array (array period a¼ 500 nm, square block size b¼ 400 nm, link width
wL¼ 100 nm, and thickness h¼ 250 nm) and (b) air-hole array (array period a¼ 500 nm, beam width wB¼ 500 nm, hole diameter d¼ 450 nm, and thickness h¼ 100 nm), (c)
periodic elastic conditions (array period a¼ 18 lm, trench width wT¼ 12 lm, thickness h¼ 120 nm, and tension ratio Tmax=Tmin ¼ 100), and (d) a hybrid scheme (array period
a¼ 9lm, unit cell width wU¼ 12 lm, and thickness h¼ 120 nm). The block array and air-hole structures are based on silicon (Si) with Young’s modulus of 170 GPa and mass
density of 2329 kg/m3. The elastic and hybrid schemes are based on two-dimensional (2D) materials with Young’s modulus of 370GPa and mass density of 2100 kg/m3.
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(block width� length¼ 400� 400nm2) connected through short links
(link width � length ¼ 100� 100nm2), which allows a narrow pho-
nonic passing band (�5.6–5.9GHz) sandwiched between the first and
second bandgaps. Moreover, because the frequency response is
inversely proportional to the size of the device [right axis in Fig. 2(a)],
simply increasing or decreasing the dimensions of the unit cell (block
size, link width, and thickness, proportionally) can tune the narrow
passing band over the most acoustic spectrum of interest.

The alternating masses can also be achieved by utilizing a beam
with periodic air holes [Fig. 2(b)]. The circular hole geometry possesses
high symmetry and simplicity in fabrication; however, this design is
more efficient for the beams with considerable width-to-thickness
ratios (wB=h), which work in the tension-dominated membrane
region. For rigid beams in Young’s modulus-dominated region, com-
plete phononic bandgaps can only be observed when the ratio between
the hole diameter and the beam width d=wB is large enough for a nar-
row range of beam thickness. For instance, the phononic bandgap
around 4.5GHz that is observed for a 100nm thick Si nanobeam with
a period of 500 nm, beam width of 500nm, and air-hole diameter of
450nm (d=wB ¼ 0:9) will vanish when the thickness increases to
125nm or decreases to 75nm. Hence, oval-shaped holes or rectangular
slots with less symmetry are more commonly adopted in practical
designs for rigid beams.44–50

Instead of alternating the masses, PnWG can also be imple-
mented with alternative elastic properties. Figures 2(c) and 2(d)
exemplify elastically modulated quasi-1D waveguides based on two-
dimensional (2D) materials. Thanks to the high Young’s modulus, low
rigidity, and low mass,51–53 strain engineering and consequential tun-
ing of mechanical resonances have been successfully demonstrated in
2D materials, such as graphene, transition metal dichalcogenides
(TMDCs), and 2D materials heterostructures, by employing modest
electrostatic forces.53–55 Taking the design in Fig. 2(c) as an example,
the application of DC voltage to the gate electrode array underneath a
suspended graphene waveguide exerts an electrostatic force on the gra-
phene, which induces stretching toward the electrodes.56 This electro-
static stretching forms a periodic elastic potential in the PnWG and
modulates the dispersion relation of traveling acoustic waves, provid-
ing a noninvasive approach to opening the phononic bandgaps.

Moreover, alternating the DC voltage applied to the electrode array
can realize dynamic control over the propagation properties of the
PnWG,57,58 such as a transition from transparency to opacity and trap-
ping of the acoustic waves in an arbitrary position, and empower active
phononic components (with amplification gain) for the integrated cir-
cuits. Figure 2(d) presents a hybrid scheme based on both alternating
masses and elastic constraints in a suspended hexagonal boron nitride
(h-BN) waveguide.59 Such a waveguide consists of circular drumhead
resonators overlaying with each other and forming quasi-oval-shaped
unit cells. The alternating supported and suspended areas result in
periodic elastic conditions. The coupling strength and phononic band
structure can be effectively tuned by controlling the overlaying area
between the adjacent drumheads. It is worth noting that the alternative
elastic and hybrid approaches are also applicable to conventional thin
films, such as silicon nitride (SiNx) and aluminum gallium arsenide
(AlGaAs).60–63 Moreover, frequency scaling can be easily achieved by
varying the size of the unit cells in all the aforementioned quasi-1D
array designs, following the relation plotted as the right axes of Fig. 2.

Linear defect in 2D phononic crystal

2D phononic crystals (PnCs) can be constructed by simply
extending the quasi-1D array discussed above. For instance, the PnC
shown in Fig. 3 shares elements of square blocks and thin connectors
similar to the quasi-1D array shown in Fig. 2(a) but is now arranged in
two dimensions. The phononic band structure, including all symme-
tries of vibrational modes, is plotted along the high symmetry points of
the first Brillouin zone in a 2D square lattice [Fig. 3(a)]. Analogous to
the atomic lattices in natural crystals, the appearance of second-order
Brillouin zones leads to the modification of the phonon dispersion and
zone folding. Complex features, such as bandgaps due to Bragg reflec-
tions or band hybridization of periodic scatters, emerge.64–66

Distinguishing from the quasi-1D arrays discussed above, in
which the acoustic waves are inherently confined and propagate along
the waveguide directions, the acoustic waves can propagate along arbi-
trary in-plane directions in 2D PnCs. Hence, to create effective 1D
confinement in 2D structures, a concept of defect state is borrowed
from solid-state physics. It is well known that introducing defects

FIG. 3. Linear defects in 2D phononic
crystal with block-chain unit cells. (a)
Phononic dispersion plot of a 2D PnC
(array period a¼ 12 lm, square block
size b¼ 10 lm, link width wL¼1lm, and
thickness h¼ 1 lm) with Floquet periodic-
ity. Transmission of linear defect phonon
modes at frequencies of (b) �200 and (c)
�305MHz, labeled as wine and navy
dashed lines in the dispersion plot,
respectively. The 2D PnC is simulated
based on Si with Young’s modulus of
170 GPa and mass density of 2329 kg/m3.
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inside an otherwise perfectly atomic lattice will give rise to the localized
defect states and the conduction of electrons within the bandgap.
Similarly, defect modes can be realized in PnC lattices as well, provid-
ing additional degrees of freedom to manipulate the acoustic wave
propagation. The phononic waveguide can be created by introducing a
whole row of defects in a 2D PnC.67–70 Such a phononic crystal wave-
guide can be pictured as a homogeneous core sandwiched between
two sets of 2D PnCs. For waves to be confined and guided, their fre-
quencies must fall within the bandgap of the PnCs. Once a guided
mode is excited inside the core, it will propagate with little perturbation
because the eigenmodes of the crystals are translationally invariant. A
more analytical and accurate description can be provided by the super-
cell model,71,72 in which the number of periods of the 2D PnC is
reduced by one, and the superlattice is still periodic along its principal
axis. Consequently, highly dispersive and interfering bands, as guided
bands, appear within the bulk bandgap of the original 2D PnC.
Periodicity of the supercell implies that band folding and bandgap
opening also occur for the guided bands. Apparently, the operation
bandwidth of such a phononic crystal waveguide cannot exceed the
bandgap width of the bulk crystal. Hence, for broadband operations,
wide bandgaps are favorable. On the other hand, by engineering the
bandgaps and the defect modes, single-mode operation at a desired
frequency can be facilitated in such defect-mode waveguides, which is
hard to achieve in homogeneous and quasi-1D array designs.

Moreover, bent waveguides can be realized by engineering the
defects in 2D PnCs [Fig. 3(c)]. It is worth mentioning that abrupt
bends between straight waveguides may induce significant scattering.
Hence, modeling with scattering matrices,73 which accounts for reflec-
tion and transmission between normal modes, is more suitable and
practical for phononic circuit design.

Topological structures

Inspired by topological insulators in condensed matter physics, a
class of materials that possess unique electronic conduction properties,

topological structures have been proposed and explored in the pho-
nonic domain.74–78 As suggested by the name, topological insulators
are characterized by a sizeable bandgap and are electronically non-
conductive in their bulk. However, the topological features of the
valence and conduction bands lead to the emergence of edge states for
such materials with finite sizes. For instance, in the theory of the quan-
tum Hall effect,79,80 a 2D electron gas is placed in an out-of-plane uni-
form magnetic field, which breaks the time-reversal symmetry of the
system. This leads to the electrons only orbiting in one direction and
the consequential cyclotron orbits being quantized to discrete levels,
known as the Landau levels. When the system is finite, the break of
cyclotron orbits at the edges forces the electrons to jump to the next
orbit and form a one-way current flow. It is noticed that such a current
exists independent of the boundary shape or the presence of continu-
ous defects and imperfections as long as those do not affect the
bandgap topology. The unidirectional propagation without backscat-
tering and unusual robustness to defects and disorder make topological
insulators valuable material platforms for waveguiding.

Based on the above-mentioned discussion in condensed matter
physics, it is clear that electron spin plays a fundamental role in defining
the topological edge states. Given that sound does not possess an intrin-
sic spin, the key to realizing topological structures in the phononic
domain is to create acoustic pseudospins. Angular momentum,81 geo-
metrical asymmetries,82,83 structured space- and time-dependent mate-
rial properties,84,85 and asymmetric nonlinearities86 have been explored
as pseudospins experimentally.

IMPLEMENTATION AND CHARACTERIZATION
Material choices

It is worth mentioning that the PnWG design schemes exempli-
fied in section “Design Strategies and Mechanisms” are general and
universal. Meanwhile, fundamental material properties, such as
Young’s modulus, mass density, breaking limit, piezoelectric coeffi-
cient, and electron conductivity, still need to be considered in practical

TABLE I. Mechanical and related properties of the typical structural materials for on-chip PnWG. Mass density: q (kg/m3), Young’s modulus: EY (GPa), speed of sound: c (m/s),
acoustic impedance: Z (106 kg/m2/s), thermal conductivity: j (W/m/K), Debye temperature:HD (K), piezoelectric coefficient: d (pm/V), and Akhiezer-limited frequency and quality
factor product: f � Q (THz).

Materials q (kg/m3) EY (GPa) c (m/s) Z (106 kg/m2/s) j ðW/m/K) HD (K) d (pm/V) f � Q (THz) Refs.

Si 2330 170 8433 20 140 645 N/A 23 16 and 17
SiO2 2200� 2650 75 5640 15 1.3 470 d33¼ 2.33 32 16, 18, and 19
SiNx 3170 270 9000 30 20 1750 N/A 130 20
AlN 3300 300� 350 10 170 34 290 1150 d31¼�2.6 25 18 and 21–23

d33¼ 5.5
GaN 6150 320 7300 25 130 600 d31¼�1.7 30 21 and 22

d33¼ 3.4
LiNbO3 4630 203 3990 34 5.6 307 d15¼ 69 230 19, 21, 24, and 25
Diamond 3510 1054 12 000 42 600� 1000 2340 N/A 37 16 and 26
SiC 3210 430 9500 31 500 1200 N/A 640 21
Graphene 2267 1000 21 800 47 2500 1813 N/A 37 27 and 28
h-BN 2100 870 20 300 42 450 1900 d11¼ 0.61 62 16, 27, and 29
MoS2 5060 300 7700 39 68 262.3 d11¼ 3.65 180 30 and 31
Air 1.2 1.4� 10–4 346 413 0.026 N/A N/A N/A 15, 16, and 19
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implementations. Table I summarizes the key metrics of conventional
and emerging structural materials for micro/nanoelectromechanical
systems (MEMS/NEMS). As discussed in the homogeneous design,
phononic confinement is not easily achievable in silicon-on-insulator
(SOI), the canonical platform of integrated electronics and photonics
because the acoustic waves preferably propagate in the silicon dioxide
(SiO2) cladding with a lower speed of sound rather than the silicon (Si)
core. For SAW guiding, materials that exhibit relatively large piezoelec-
tric coefficients, such as aluminum nitride (AlN), gallium nitride
(GaN), and lithium niobate (LiNbO3), are favorable.

21 Also, as men-
tioned in the quasi-1D coupled resonator array design, thin films and
2D materials with large aspect ratios between lateral dimensions and
layer thicknesses are advantageous for realizing the period elastic
schemes.

In real applications, loss and transmission speed are critical met-
rics as well. For PnWGs composed of homogeneous materials, the fun-
damental upper limit of signal transmission distance is determined by
an energy loss mechanism associated with phonon–phonon damping
in the material, known as the Akhiezer effect.87,88 The Akhiezer effect
is particularly significant when other acoustic loss mechanisms (such
as clamping loss and thermoelastic damping) are suppressed, and the
devices are operating at relatively low frequencies (xs < 1, typically
f< 1� 10 GHz, where s represents the phonon thermal relaxation
time). The Akhiezer limit of quality factor (Q) can be calculated by

Q ¼ qc4

2pg2jTf , where q is the mass density, c is the averaged acoustic

velocity, g is the average Gr€uneisen’s parameter, j is the thermal con-
ductivity, T is the temperature, and f is the operating frequency of devi-
ces. The Akhiezer limit is often described in the form of f � Q, and
materials such as silicon carbide (SiC) and silicon nitride (SiNx) exhibit
relatively high Akhiezer-limited f � Q (shown in Table I).
Additionally, materials (such as SiC, diamond, graphene, and h-BN)

exhibiting high speed of sound c ¼
ffiffiffiffiffiffiffi
EBulk
q

q
is desirable for high-

frequency and high-speed applications.
Here, we shall highlight the unique combination of large modulus

and low mass density of 2D materials endorsing promising applica-
tions in high frequency regimes.51–55 In addition, high breaking limits

make them suitable platforms for strain tuning and dynamic control of
PnWG performance. Figure 4 shows simulated phonon dispersion in
the graphene PnWG that has a square unit cell with an air hole. We
find that by changing the strain level of the PnWG, the frequency
responses of the device are greatly modified, giving highly tunable
band features. Thanks to the ultrahigh strain limit of 2D crystals
(elimit�25% for graphene),51 they could offer a much broader tuning
range for PnWG that cannot be easily achievable in conventional 3D
materials such as Si with much lower strain limits.

Device fabrication and characterization schemes

Phononic waveguides based on SAW can be fabricated by using a
piezoelectric layer-on-substrate wafer, such as LiNbO3-on-sapphire or
GaN-on-Si.89–93 The waveguide pattern is transferred using either
photo- or electron beam lithography. Subsequently, the exposed piezo-
electric layer is removed using dry etching methods. Once the wave-
guide structure is defined in the piezoelectric layer, the interdigital
transducer (IDT) metallization layer is patterned through lithography,
followed by metal deposition and a liftoff process. To characterize the
SAW phononic waveguides, a microwave signal is applied as an input
to the first IDT, which excites mechanical wave through piezoelectric
coupling [Fig. 5(a)]. Once the propagating wave reaches the second
IDT, the wave can be reflected, scattered, dissipated to the substrate, or
converted back to an electrical signal, allowing us to measure transmis-
sion (S21) through the IDT-waveguide-IDT system.

Suspended phononic waveguides can be fabricated by removing
an underneath sacrificial layer after defining and patterning the device
structure. Electrostatic actuation and readout can be performed
through a parallel-plate capacitor between the waveguide and under-
neath electrodes [Fig. 5(b)]. By introducing both DC and RF voltages
to the device and electrodes, electrostatic force excites mechanical
vibrations that propagate through the waveguide. At the output port, a
capacitive detection scheme is configured to sense mechanical vibra-
tion by measuring variation of capacitance between the device and
electrodes. In addition to electrical characterization, mechanical wave
propagation in the waveguides can be measured via a two-laser inter-
ferometry system [Fig. 5(c)],59 where mechanical waves are

FIG. 4. Simulated single-layer graphene
PnWG with different strain levels. (a)
Simulated acoustic wave transmission. (b)
Phonon dispersion curves with varying
strain levels from 0.002% to 0.01%. Inset
shows the structure and dimension of a
phononic unit cell. Red and green colored
areas represent the first and second pho-
nonic bandgaps, respectively.
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photothermally excited using an amplitude-modulated laser and
detected via continuous wave (CW) laser. Similarly, with strong opto-
mechanical coupling enabled by introducing the device into a high Q
optical cavity, radiation pressure can excite the mechanical vibration at
the input transducer, and the traveling mechanical wave can be read-
out at the output port with optomechanical signal transduction
[Fig. 5(d)].

APPLICATIONS IN CLASSICAL SIGNAL PROCESSING

Resonant MEMS have been widely employed for communica-
tions and signal processing applications thanks to their reducing size,

weight, and power (SWaP) while retaining highQ factors. In such clas-
sical applications (e.g., MEMS filters), signals should be translated
from electrical to mechanical and then converted back to the electrical
domain, leading to electromechanical coupling losses. To mitigate this
issue, purely acoustic circuits in classical applications have been pro-
posed, and some promising results have been reported.89,94 Future all-
acoustic RF front-end can be realized by connecting both passive and
active mechanical components in the circuit using phononic wave-
guides, as shown in Fig. 6. Mechanical filters can be realized by engi-
neering passbands and bandgaps in the phononic waveguides.59–61 For
example, a passband with the desired frequency can be sandwiched

FIG. 5. Excitation and detection schemes for PnWG. (a) PnWG based on surface acoustic wave (SAW) structure with piezoelectric signal transduction. (b) Suspended PnWG
and electrostatic acoustic wave excitation and detection scheme. (c) Two-laser drive-and-probe signal transduction in PnWG based on photothermal acoustic wave excitation
(drive) and optical interferometry signal readout (probe). (d) PnWG with integrated photonics where the acoustic wave can be generated by radiation pressure and detected by
optomechanical signal transduction.

FIG. 6. Classical signal transduction via phononic waveguides in an all-mechanical circuit. (a) All-mechanical RF front-end that consists of (b) acoustic filter (AF) enabled by a
transmission band sandwiched by two phononic bandgaps, (c) acoustoelectric amplifier (AEA), (d) acoustic local oscillator (LO), and (e) nonlinear acoustic mixer. The acoustic
wave is excited through piezoelectric (PZE) coupling. Amp. stands for amplification, and Res. stands for resonator.
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between the phononic bandgaps in the spectrum, which could enable a
mechanical bandpass filter [Fig. 6(b)]. Similarly, high and low pass fil-
ters can be realized by adjusting the properties of pass/stopbands and
bandgap. A voltage-controlled mechanical low noise amplifier (LNA)
has been realized by using acoustoelectric (AE) interactions between
the electronic charge carriers in the semiconductor and the electric
fields. When electron and mechanical traveling waves hold similar
propagation speeds, which enables strong AE effects leading to
mechanical wave amplification or rejection. This AE effect has been
demonstrated in various platforms (e.g., GaN thin film bulk acoustic
resonator,90 AlN/Ge,91 InGaAs/LiNbO3,

89,92 and LiNbO3/Si
93 SAW

devices) with large AE terminal gain (�11.3 dB)92 with continuous
operations. A local oscillator (LO) can be realized by implementing a
low-loss high Q mechanical resonator in phononic waveguides (e.g.,
defect resonance within the phononic bandgap) and an AE amplifier
(AEA) in the phononic circuit loop. By carefully designing mechanical
wave round trip with control of loop gain, loss, and phase using the
AE amplifier, Barkhausen criteria can be achieved for building a self-
sustaining feedback phononic oscillator. In addition, passive compo-
nents such as a mixer-filter combined device93 can be developed by
utilizing the mechanical nonlinearity of the phononic waveguide. Two
different mechanical waves from RF and LO ports can be mixed in the
waveguide through nonlinear frequency or amplitude signal mixing.95

It is worth noting that the employment of acoustic circuit compo-
nents discussed above may still be limited in special practical applica-
tions. However, as we continue to advance the design of PnCs and
PnWGs, and as the large-scale manufacturing techniques mature, the
current barriers in cost-efficiency can be overcome. Accordingly, we
envision that PnCs and PnWGs will play a significant role in future RF
applications, especially in the spectrum range beyond super high fre-
quency (SHF, 3� 30GHz).

APPLICATIONS TOWARD QUANTUM TRANSDUCTION

Unprecedented advances have been witnessed over the past decade
in creating and controlling individual quantum entities in solid-state
platforms, such as transmons using superconducting tunnel junc-
tions,96,97 spins in Si quantum dots,98,99 and defect-related quantum
emitters in wide-bandgap semiconductors.100,101 An important and
intriguing demand is to integrate quantum entities in such a way that
the strengths of individual constituents can complement one another.
For instance, superconducting transmons may be employed as compu-
tational quantum bits (qubits) due to fast processing speed, and solid-
state spins may be exploited as quantum registers and memories for
their long coherence times,102,103 while photons may serve as flying
qubits transmitted between remote quantum nodes.104 Two crucial
challenges in realizing hybrid architectures lie in the enormous energy/

TABLE II. Examples of phonon–qubit interactions and couplings. Phononic/acoustic devices utilized include high-overtone bulk acoustic resonators (HBARs), thin-film bulk
acoustic resonators (FBARs), N/MEMS resonators, and mechanical cantilevers. Only solid-state quantum entities, including superconducting (SC) devices, quantum dots, and
nitrogen vacancy (NV) centers in diamond, are listed here. The decoherence rates of qubits are calculated based on dephasing time c=2p ¼ 1=2pT2 (Hz). The damping rates
of the phononic/acoustic devices are calculated as f=2p ¼ kBT=ð�hQÞ (Hz), where kB is the Boltzmann constant, T is the temperature, �h is the reduced Planck constant, andQ
is the quality factor.

Type of
qubits

Coupling characteristics Qubit characteristics Phononic/acoustic characteristics

References

Phonon–qubit
coupling

mechanism

Coupling strength
g=2p ð Hz)

cooperativity C ¼ g2

cf

Frequency
xq=2p (Hz)

Decoherence
rate c=2p (Hz)

Frequency
xc=2p (Hz)

Damping rate
f=2p (Hz)]

SC devices Capacitive
coupling

2–120MHz 6–10GHz 20–50MHz 60MHz–6GHz 0.1–500MHz 105–107 and 110
0.04–490

Lorentz force
coupling

1MHz �2MHz �1MHz �2MHz �180 kHz 108
� 1

Piezoelectric
coupling

260 kHz 6.684GHz 27 kHz 6.678GHz 9.4 kHz 109
>260

Quantum
dots

Strain coupling 140–450 kHz (Optical photons)
�336 and �451 THz

1–10GHz 500–800 kHz 80–220MHz 112 and 113
� 1

Piezoelectric
coupling

(Theoretical)
10–450MHz

(Charges) 725GHz (Charges)
�4GHz (spins)

�0.5MHz

(Theoretical)
1.5–6GHz

(Theoretical)
�2.6MHz

122

11–55
NV centers
in diamond

Magnetic
Coupling

< 100Hz (Optical Photons)
�471THz

200 kHz–10MHz 80 kHz–1MHz 4–200GHz 111

� 1 (Spin) 2.88GHz
Strain coupling �3 kHz (Optical photons)

�471THz
100 kHz–GHz 0.9–7MHz 0.1–170GHz 114–117

� 1 (Spin) �2.88GHz
Piezoelectric
coupling

(Theoretical)
45–101 kHz

(Spin) �2.88GHz (Theoretical)
10Hz (at 20 mK)

(Theoretical)
3GHz

(Theoretical)
�2.6MHz

122

10–54
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frequency discrepancy (from microwaves to visible light photons) and
material incompatibility among the physical embodiments of these
qubits. Hence, developing a universal bus interface that can efficiently
and coherently mediate interactions and transduce quantum signals
among various disparate physical components is the key to hybrid
integration.

Phonons can provide distinctive pathways for coherent control of
quantum states in various solid-state quantum entities. As exemplified
in Table II, superconducting qubits can be coupled to phononic/
mechanical devices via electrostatic or Lorentz force interactions.105–110

In particular, the coherent energy exchange between superconducting
qubits and microwave-frequency mechanical cavities has been experi-
mentally demonstrated.109,110 For solid-state spin qubits, crystal strain
induced by the motion of phononic/mechanical devices can facilitate
coupling to the orbital and spin degrees of freedom.111–117 Quantum
emitters-embedded phonon network has been proposed,118 in which
quantum states encoded in long-lived electronic spin states can be

converted into propagating phonon wavepackets, transferred through a
phononic waveguide, and then reabsorbed efficiently by a distant defect
center (Fig. 7). In addition, optomechanical coupling can be readily
realized via radiation-pressure force, enabling coherent signal transduc-
tion between photonic and phononic frequencies.119

Further encouraged by recent experimental demonstrations of
phonon-mediated transduction between microwave and optical pho-
tons,120,121 we envision phononic waveguides to be ideal interfaces for
transducing quantum information among various quantum entities.
The scheme of utilizing phonons as the universal bus is delineated in
Fig. 8. Here, individual qubits (such as transmon qubits, spin qubits,
and photon qubits) strongly interact with local cavities (such as micro-
wave circuits, mechanical resonators, and optical cavities), which in
turn can be coupled to a phononic waveguide. Each cavity-qubit cou-
pled system can be considered as a quantum node and described using
the generic Jaynes–Cummings Hamiltonian H ¼ �hxca†aþ �hxqrþr�
þ �hg a†r� þ arþ

� �
. The first term represents the energy of the cavity

FIG. 7. Conceptual illustration of quantum emitters-embedded phonon network.

FIG. 8. Phononic waveguide bridges the coherent energy transfer and signal transduction between disparate quantum entities.
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with the resonance frequency of xc, annihilation (a) and creation (a†)
operators. The second term represents the energy of the qubit with the
transition frequency of xq, lowering (r�) and raising (rþ) operators.
The third term represents the coupling between the cavity and emitter
with the coupling strength of g. Conveniently, we assume the local cavi-
ties are high-Q mechanical resonators operating at GHz. As shown in
Table II, coupling strength g in the range of 0.1–100MHz and coopera-
tivity C of 10–400 have been experimentally demonstrated or theoreti-
cally predicted for some key solid-state qubits.122 When the cavity
mode resonates with the transition frequency of the qubit (xq � xc),
strong coupling allows a controlled mapping of the qubit state onto a
coherent phonon superposition, which can then be mapped to an itin-
erant phonon in the waveguide. Moreover, traveling at significantly
slower speeds than the luminal speed of photons, phonons have been
suggested as better carriers, allowing quantum information to be stored,
filtered, and delayed over comparatively small length scales but with
high fidelity.39,50,68

CONCLUSIONS AND OUTLOOK

The Perspectives herein have been focused upon phononic wave-
guides, a family of technologically important devices that are designed
to manipulate mechanical oscillations and to support the propagation
of acoustic waves operating at radio to microwave frequencies.
Waveguiding mechanisms and structural designs have been systemati-
cally reviewed and analyzed via numerical simulations. Mechanical
properties of conventional semiconductors (e.g., Si and AlGaAs), wide-
bandgap materials (e.g., diamond and SiC), piezoelectric materials
(e.g., AlN, GaN, and LiNbO3), and emerging van der Waals materials
(e.g., graphene, TMDCs, and h-BN) have been summarized and com-
pared for different waveguide designs. Various excitation and detection
schemes have also been discussed. Moreover, based on the preliminary
experimental demonstrations, the potential applications for on-chip
signal transduction in both classical and quantum domains have been
proposed. These Perspectives provide guidelines valuable for future
designs and demonstrations of integrated phononic circuits and hybrid
systems.
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