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Surface acoustic waves are commonly used in a variety of radio-frequency electrical devices as a result of their
operation at high frequencies and robust nature. For devices based on Rayleigh-like plane waves, functionality
is based on the fact that the Rayleigh wave mode is confined at the solid-air interface. However, to create
advanced functionality through the use of phononic crystal structures, standard cylindrical inclusions have
been shown to couple Rayleigh modes to the shear horizontal bulk modes and provide a significant pathway to
energy loss. We introduce alternative inclusion shapes with a reduced 2-fold symmetry that lowers the speed
of the Rayleigh-like surface acoustic wave to below that of the shear horizontal mode. With an eigenfrequency
below the sound line, the new mode is confined to the surface with limited coupling and loss to the bulk.
Based on these inclusions, an acoustic waveguide design is proposed that demonstrates a strong confinement
of wave energy both at the surface and within the waveguide.

Surface acoustic waves (SAWs) are essential in di-
verse applications1, from high-frequency filtering in
telecommunications2 to precise sensors3–6 and advanced
quantum computing7,8 functionalities. However, pre-
vious SAW waveguide designs using phononic crystals
(PnCs)9,10 have primarily relied on line defects11–14, but
can suffer from high propagation loss due to backscatter-
ing and leakage into the surrounding PnC, which ham-
pers their efficiency and restricts miniaturization or for-
mation of complex acoustic circuits. Although topo-
logical materials have been explored to address these
issues15–17, practical integration challenges and fabrica-
tion constraints persist.

An alternative to creating a line-defect waveguide in a
PnC on a bulk substrate is to alter the surface proper-
ties to create a slow channel through which the wave can
propagate. Previous work includes the use of pillars18

or inclusions19 to modify the surface velocity, and the
surrounding, unmodified surface naturally acts as the
cladding and eliminates the need for separate, extended
cladding structures. Challenges do persist in these struc-
tures as care must be taken to not have modes that exist
above the sound line20, where coupling to radiative bulk
modes leaks energy away from the surface and into the
bulk.

Focusing on waveguides using inclusions to create a
PnC structure, dispersion calculations for a square lat-
tice of shallow inclusions in GaAs showed that the ve-
locity of a Rayleigh-like SAW mode is smaller than the
pure Rayleigh mode of a bare surface21. A PnC wave-
guide was demonstrated19 that capitalized on the re-
duced SAW velocity, but it was evident that inclusions
coupled the Rayleigh mode to the previously orthogonal
shear horizontal (SH) bulk mode. For such inclusions on
the surface, the sound line threshold effectively becomes
the shear horizontal mode. This is supported by disper-
sion calculations of shallow inclusions21, which show a
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FIG. 1. (a) Visualization of the single unit cell domain. For
this study a = 4 µm, hinclusion = 3 µm and hdomain =
50 µm while d varies between shapes (b) Dispersion relation
comparing the eigenfrequency of the Rayleigh mode in an
infinite crystal of cylindrical inclusions to that of the Rayleigh
mode on a bare surface and bulk shear horizontal waves.

dramatic reduction in loss to the bulk when the eigenfre-
quencies of the Rayleigh-like mode of a PnC fell below
that of the SH mode. In that work, this occurred for
modes near the boundary of the Brillouin zone, which are
less practical as the group velocity tends to zero. There-
fore, reducing the eigenfrequencies of Rayleigh-like SAW
modes (and, equivalently, the phase velocity of those
modes) to below that of the SH mode brings those SAW
modes below the sound line, eliminates radiation path-
ways of acoustic energy to the bulk, and maintains the
surface confinement of the SAWs in the microstructured
surface.

In this Letter, previous PnC designs are modified by
exploring alternative inclusion geometries to overcome
the limitations imposed by the SH mode. The shape
of inclusions on PnCs is important22. In particular, the
current work demonstrates that by changing the inclu-
sion design from simple cylinders to elongated shapes,
the SAW eigenfrequency is sufficiently reduced to less
than that of the SH mode thus achieving improved wave-
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guide confinement in both the lateral and vertical direc-
tions. Both a rectangular prism and elliptical cylinder
inclusions are introduced to contrast with the conven-
tional circular cylinder inclusion. While both new shapes
improve upon traditional cylindrical shapes, it is the el-
liptic cylinder that lowers the eigenfrequency of the its
modes the most, resulting in a waveguide that possesses
the superior lateral confinement to previous work while
improving the surface confinement figure of merit by ten
orders of magnitude.

The phononic crystal waveguides were designed and
simulated in COMSOL Multiphysics along with the
Structural Mechanics module, which uses finite element
methods for eigenfrequency analysis. Results provided
eigenfrequencies and corresponding eigenmodes of the
various inclusion and domain geometries under investi-
gation. The lattice parameter (a) of all PnCs was set to
4 µm, and the depth of the inclusions (holes) was fixed at
3 µm. The stiffness constant and density for GaAs were
taken from Tanaka and Tamura23 and the COMSOL Ma-
terial Library, respectively, which are presented in Table
I. The wave propagation is along the Γ-X direction which
is oriented along the crystallographic [110]-direction (or
equivalent) of GaAs, which is the the piezoelectric direc-
tion of a GaAs (001)-surface where SAWs may be ex-
cited. To accommodate SAWs traveling along the [110]-
direction, the materials parameters were rotated using a
bond transformation matrix approach24.

To characterize the effects of elongated inclusions, two
types of analysis are provided that, by extension, require
two computational domains:

1. Dispersion Relation: The dispersion relation
of various inclusions shapes (cylindrical, rectan-
gular prism, and elliptic cylinder) are modeled
within a single unit cell domain with dimensions
4 µm × 4 µm × 50 µm, as shown in Fig. 1. This
geometry models an infinite PnC and is used to
identify geometries and Rayleigh-like modes that
have eigenfrequencies below the bulk SH mode.

2. Waveguide Design: Using a suitable inclusion
shape and acoustic wavevector, four inclusions are
arranged side-by-side in a larger computational do-
main to form a waveguide 16 µm wide. The en-
tire waveguide structure was simulated on compu-
tational domain of 4 µm × 100 µm × 50 µm, and
the properties of the Rayleigh-like eigenmode are
evaluated.

Appropriate boundary conditions were chosen to accu-
rately represent the physical system. The top surface was
modeled as a free boundary in both computational do-
mains, allowing SAWs to propagate freely. For the single
unit cell domain used for dispersion relation calculations,
opposite vertical sides were paired using Bloch-Floquet
periodic boundary conditions to simulate an infinite pe-
riodic array. In the waveguiding domain, Continuity pe-
riodic boundary conditions were employed on the side

TABLE I. Material Constants of GaAs

Material Constant Value

Stiffness Constant, c11 1.19×1011 Pa

Stiffness Constant, c12 5.38×1010 Pa

Stiffness Constant, c44 5.94×1010 Pa

Density, ρ 5307 kg/m3

walls perpendicular to wave propagation. This helps to
ensure displacement and stress continuity as edge effects
are minimal. The boundary conditions remained Bloch-
Floquet in the direction of wave propagation. In both
domain geometries, a Low-reflecting boundary was ap-
plied to the bottom surface to minimize reflections and
simulate a semi-infinite substrate.19 Further, a mesh sen-
sitivity analysis was performed to balance accuracy and
computational efficiency, resulting in the selection of a
maximum mesh size of a/4 (1 µm) and a minimum mesh
size of a/40 (0.1 µm), which is comparable to previous
work.19

To focus the study to Rayleigh-like SAW eigenmodes,
three key parameters were used. The first is the squared
polarization ratio (r), which is defined as the ratio of
the displacement components in the xz-plane (sagittal
plane) to the total displacement, and correlates to the
polarization of a Rayleigh wave. The ratio is defined as

r =

∫
(u∗

xux + u∗
zuz)dV∫

(u∗
xux + u∗

yuy + u∗
zuz)dV

, (1)

and is equal to 1 for an plane Rayleigh wave. The second
parameter used is the strain energy ratio. This is cal-
culated by dividing the integrated elastic strain energy
in the upper half of the domain for a particular eigen-
mode by the elastic strain energy in the entire domain.
The strain energy ratio is a useful measure of identifying
whether a mode has most of its energy at or near the sur-
face as would a SAW. By considering eigenmodes where
the value of both the squared polarization ratio and the
strain energy ratio are greater than 0.6, SAWs can be
readily identified in the PnC structure that are Rayleigh-
like. For the purposes of this discussion, we will only be
considering the lowest frequency band in the dispersion
relation as the focus is to identify modes with frequencies
below the bulk SH mode. Finally, we also introduce the
parameter referred to as the logarithmic reciprocal atten-
uation (or, simply, the reciprocal attenuation), which will
serve as our figure of merit in the discussion below. It

is defined as − log10

(
Im(ω)
Re(ω)

)
and corroborates well with

the strain energy ratio, quantifying precisely the atten-
uation of the eigenmodes as energy is lost to the bulk,
as modeled by the absorbing boundary on the bottom of
the simulation domain.
To investigate the impact of inclusion shape, the dis-

persion relations of the lowest Rayleigh-like mode are
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FIG. 2. Dispersion relation comparing the lowest order SAW
modes of cylindrical, rectangular prism, and elliptical cylinder
inclusions to the shear horizontal threshold.

compared for three inclusion shapes: cylindrical, rect-
angular prism, and elliptical cylinder. Each inclusion is
centered on the surface of a single unit cell of the domain
and is designed to maintain a consistent dimension of 3.4
microns along the major axis. Specifically, the cylindrical
inclusion has a diameter of 3.4 µm, and both the rect-
angular prism and elliptical cylinder maintain an aspect
ratio of 3:1. For the elliptical cylinder, this yields a semi-
minor axis of 0.566 µm and a semi-major axis of 1.7 µm.
Similarly, the slit has dimensions of 3.4 µm× 1.133 µm.
In both cases, the major axes are perpendicular to the
direction of wave propagation. As mentioned above, the
depth of all inclusions is maintained at 3 µm across all
shapes.

Figure 2 presents the dispersion relation for these three
inclusion geometries, plotting eigenfrequency against the
reduced wavevector q = k/kx, where k is the wavevec-
tor of the SAW and kx = π

a is the boundary of the
Brillouin zone for the square lattice of inclusions. The
dashed red line represents the SH wave eigenfrequencies
of bulk GaAs, serving as the critical threshold for decou-
pling SAWs from bulk modes. As evident from Fig. 2,
elliptical cylinder inclusions achieve eigenfrequencies con-
sistently below the SH threshold for wavevectors well dis-
placed from the boundary of the Brillouin zone. As this
mode diverges from the SH line, the reciprocal atten-
uation noticeably increases indicating that coupling to
the bulk modes is dramatically diminished, which fur-
ther implies a robust confinement of the SAW to the sur-
face even in the presence of inclusions. The strain energy
ratio and squared polarization ratio parameters, are con-
sistently high across all q values. The strain energy ra-
tio > 0.9998 and squared polarization ratio ranging from
0.9810 to 0.9845) further indicating that these are surface
bound Rayleigh-like waves.

The elliptical cylinder provides two important aspects
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FIG. 3. Rayleigh mode eigenfrequency at q = 0.5 as a func-
tion of the aspect ratio (major to minor axis) of the elliptical
cylinder inclusion. The first point presents an aspect ratio of
1, which is the cylindrical inclusion. The frequency of the SH
mode is represented by the dotted line.

that slow the phase velocity of the SAW. Like a typical
cylindrical inclusion, the elliptical cylinder has local res-
onant modes that are excited as the wave propagates on
the surface. Moreover, as the cylindrical inclusion trans-
forms into the 2-fold symmetric ellipse shape, the vol-
ume of the inclusion reduces. This effectively increases
the mass at the surface, and this mass-loading decreases
the eigenfrequencies of the SAW mode. For comparison,
the rectangular prism inclusion is also included in Fig. 2,
which has the same maximal dimensions as the ellipti-
cal cylinder. This 2-fold symmetric inclusion shape also
reduces its eigenmode frequencies below the SH mode be-
fore the boundary of the Brillouin zone, but not to the
same extent as the elliptical cylinder. This again sup-
ports the concept of mass-loading effects, as the volume
of rectangular prism inclusion would be larger than that
of the elliptical inclusion.
To further explore the effect of mass loading, Fig. 3

plots the eigenfrequency for modes at q = 0.5 for the
surface profile of the inclusions transitioning from a cir-
cle to a high aspect ratio ellipse. As the aspect ratio
increases, there is a monotonic decrease in the eigenfre-
quency, and as the shape adopts its 2-fold degeneracy,
there is a rapid change from lower aspect ratios. This is
the direct result of a significant addition of mass added
around the inclusion as the aspect ratio transitions from
1:1 to 4:1. At higher aspect ratios, the eigenfrequency
drops below the SH mode, and the changes eventually
become muted as the incremental mass loading is signif-
icantly reduced. It is interesting that while the minor
axis of the highest ratios is incredibly small (on the or-
der of 30 nm), the presence of the discontinuity in the
surface continues to govern the physics of the PnC as a
local resonator.
The above clearly underscores the elliptical cylinder’s
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FIG. 4. Waveguide performance diagram showing key metrics
as functions of the reduced wavevector q for the four-inclusion
waveguide with elliptical cylinders.

effectiveness for reducing the eigenfrequencies of the
SAW and decoupling the surface mode from bulk ra-
diation pathways, and the inclusion is suitable to be
used as a basis for phononic crystal-based waveguides.
To compare with previous work19, a simulation domain
is constructed employing a waveguide consisting of four
elliptical cylinders side by side, forming a 16 µm wide
waveguide structure with the unmodified GaAs surface
as the cladding. The elliptical cylinders were chosen to
have the 3:1 aspect ratio to align with readily available
optical lithography techniques. To quantify energy con-
finement within the waveguide core, we introduced a new
parameter, the core strain energy, which represents the
fraction of strain energy confined in the unit cells below
the waveguide inclusion and within the upper 25 µm of
the computational domain. The core strain energy ratio
is then calculated by dividing this core strain energy by
the total strain energy in the computational domain.

Figure 4 presents the waveguide performance diagram,
plotting key parameters —- reciprocal attenuation, group
velocity, and core strain energy ratio —- against the
reduced wavevector q for the Rayleigh-like eigenmodes
propagating through the waveguide. As observed for the
infinite crystal in Fig. 2, the reciprocal attenuation is
monotonically increasing as q increases, or similarly, as
the acoustic wavelength decreases. With a decrease in
wavelength, the SAW will naturally be more situated
near the surface, which enhances the effect of the PnC
on wave motion. Interestingly, near q = 0.6, the slope
of the increase changes, which is about where the PnC
eigenmode crosses the SH mode in the dispersion relation.
An additional change in slope is observed near q = 0.74,
which could indicate the presence of an additional cou-
pling mechanism as the eigenfrequencies drops further
below the SH sound line. As q approaches 1, the recipro-
cal attenuation saturates, which suggests that a limit has

4
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FIG. 5. Magnitude of Displacement Field across a 4-inclusion
waveguide using elliptical inclusions for q = 0.74 and: (a)
total displacement; (b) x-component; (c) y-component; (d)
z-component. The displacement magnitudes for the x- and
z-directions are comparable to the total displacement, but
displacement in the y-direction is an order of magnitude less.

been reached in COMSOL when the imaginary frequency
is very small. Also indicated in Fig. 2, the group velocity
is naturally decreasing as q approaches the boundary of
the Brillouin zone. As a result of this and the increas-
ing reciprocal attenuation, the core strain energy ratio
increases for increasing q as more acoustic energy is con-
fined both within the waveguide and near the surface.

A waveguide operated at q = 0.74 provides a balanced
approach from the performance metrics: the group veloc-
ity is 1722m/s, such that the wave is adequately slowed
for effective waveguiding while still enabling acoustic
transport; the core strain energy ratio is large (0.903)
indicating that over 90% of the total energy is stored
within the waveguide core; and the reciprocal attenua-
tion is 10−14, demonstrating exceptional SAW confine-
ment to the surface. Notably, this reciprocal attenuation
value is almost ten orders of magnitude higher than that
achieved with cylindrical inclusions in previous designs19.

Figure 5 visualizes the displacement field within the
four-hole waveguide of elliptical cylinder inclusions at
q = 0.74. The individual components ux, uy, uz aid in vi-
sualizing the field distribution, while the norm of the dis-
placement vector, |u|, serves as a quantitative measure of
overall SAW confinement. Panel (a) shows the displace-
ment magnitude norm (|u|), which is concentrated near
the surface within the waveguide core, indicating effective
lateral and vertical confinement of the surface acoustic
waves. The high-intensity area localized within the wave-
guide core demonstrates strong confinement, preventing
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energy leakage into the bulk substrate, and predicts ef-
ficient acoustic waveguiding. An animation of the wave
exhibiting all phases is included in the supplemental ma-
terial.

Panels (b), (c), and (d) display the displacement com-
ponents ux, uy, and uz, respectively. The ux and uz com-
ponents, corresponding to motion in the sagittal plane as
desired for Rayleigh-like modes, and they exhibit sym-
metric profiles about the waveguide core. In contrast,
the uy component is an order of magnitude weaker, and
is coupled to the sagittal motion via the elliptical in-
clusions. This lateral motion shows an interesting anti-
symmetric profile, but remains confined to the waveguide
core in contrast to cylindrical inclusions19, which ex-
tended well beyond the waveguide.

For every measure, the elliptical cylinder geometry ex-
cels in achieving significant confinement of acoustic en-
ergy to the surface and lateral confinement within a sim-
ple waveguide. This is made possible because of the
targeted lowering of the SAW eigenfrequency below the
shear horizontal threshold using the 2-fold symmetric el-
liptical cylinder. As a result, the desired surface modes
are below the sound line, which now includes the shear
horizontal mode, and efficient phononic crystal waveg-
uides can be made on the surface of a substrate. In par-
ticular, the design enhanced the surface confinement of
a waveguide by almost 10 orders of magnitude using the
reciprocal attenuation as a figure of merit. Such a system
can also form a new platform on which PnC structures
and waveguides are applied. For instance, this configu-
ration is highly suited for applications in quantum infor-
mation processing and spintronics25–27, where laterally
confined SAWs are critical for the coherent transport of
spin information.
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