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ABSTRACT

The ability to confine light to subwavelength scales has led to exciting developments in fields ranging from sensing to single molecule
chemistry. In this paper, we demonstrate how arrays of annular hole resonators can be used to confine surface acoustic waves (SAWs) to
regions of the propagating surface that are much smaller than the wavelength of the SAWs. These microscopic elastic waves are used in
devices for signal processing and sensing and, increasingly, in areas such as quantum information and microfluidics. This work potentially
transforms the ability to enhance interactions with SAWs and could pave the way for advances that mirror those in nano-photonics.

Published by AIP Publishing. https://doi.org/10.1063/5.0038381

Since 1855,1 the investigation of the properties of surface acoustic
waves (SAWs) has been a vibrant area of research and innovation. The
invention of the interdigital transducer (IDT) in the 1960s,2 which
allows SAWs to be directly excited on the surface of a piezoelectric
crystal, led to the rapid development of devices that underpin many
sensing and signal processing systems. There has been considerable
recent interest in the use of SAWs for quantum information, micro-
fluidics, and integration with both 2D materials and optomechanical
systems, see, for example, Refs. 3–11. However, up until this point, it
has been impossible to confine the energy of a propagating SAW into
a region on the propagation surface smaller than its wavelength. As
with photonics,12 the ability to effectively control and confine the
SAWs in subwavelength structures would lead to new device concepts
and paradigms, for example, the potential for increased sensitivity
chemical or gas sensing using highly resonant cavities.

One of the most promising ways of controlling SAWs is through
the use of phononic crystals (PnCs), which can be engineered to exhibit
complete bandgaps (see, for example, Refs. 13–16) prohibiting propa-
gation. Such structures are being investigated for the shaping of fluid
droplets,17 superlensing effects,18–20 to provide an acoustic analogue to
both graphene and topological materials,21–23 and to create waveguides
and cavities.24,25 Gradient-index phononic crystals, such as those pio-
neered by Lin et al.,26 have also been used to focus elastic waves.27,28

Soci�e et al.29 laterally confined SAWs between the electroplated fingers
of an interdigital transducer, but the confinement was not sub-
wavelength due to the reduced phase velocities of the confined modes.

Much early research in phononics focused on approaches that
were direct analogs of designs used in photonics, and a commonly
used design for SAW PnCs is that of etched holes in substrates where
bandgaps are defined by the pitch and filling fraction of periodic arrays
through Bragg scattering.30,31 More recently, arrays consisting of local
resonators have been shown to offer greater design freedom as
bandgap frequencies and other characteristics are defined not only by
the periodicity of the phononic crystal but also by the properties of the
resonators themselves. This allows, for example, bandgap frequencies
to be tuned below the soundline within the first Brillouin zone, leading
to arrays consisting of finite depth holes being viable without radiative
coupling to bulk acoustic waves in the substrate medium.32,33 In arrays
of pillars, coupling between the pillar resonances and SAWs contrib-
utes to the formation of a bandgap,34,35 whereas locally resonant
annular- and spiral-holes were also found to induce bandgaps but
with extraordinary extinction ratios.36,37

Confinement of SAWs using resonating elements has been
achieved experimentally through the graded system of a metawedge
exhibiting rainbow trapping,38 a concept that has recently been
extended by combination with a topological insulator,39 and in single
resonators at the focus of quasiannular IDTs.40 These works report
stationary confinement with zero group velocities, but for many appli-
cations, it is desirable for propagating SAWs to be able to couple in
and out of the confining region so that the intensity and phase of a sin-
gle SAW can be measured as it interacts with an array of confining
regions, defined in the propagating path as required. This design
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principle has been acknowledged in the plasmon analogue, where
propagating surface plasmon polaritons on metal films are more suit-
able for solid-state lighting applications than localized plasmons in
nanoparticles because photo-emitters are coupled over a much larger
area.41 A numerical demonstration of PnC waveguides including sub-
wavelength defect resonators has been achieved42 but not realized
experimentally.

In this work, we show, through both modeling and experiments,
that it is possible to confine propagating, plane wave SAWs, generated
using conventional interdigital transducers (IDTs), in subwavelength
regions of the propagating surface using arrays of annular hole
resonators.

Arrays of resonators were pattered onto commercially available
128�YX-lithium niobate (LiNbO3) SAW delay line devices, as shown
schematically in Fig. 1(a). These had an acoustic path length of
5.4mm and two identical, uniform double-electrode input/output
transducers, designed to give resonances at a number of frequencies,
and with a transducer aperture of 3.25mm. Devices were mounted
onto printed circuit boards using conductive silver epoxy, and mea-
surements were undertaken at room temperature.

The system used in this work consists of a square array, with
pitch A, of two different types of annular hole resonators, as illustrated
in Fig. 1(b). The two types of resonators are identical, apart from their
depth. In the remainder of the manuscript, resonators with smaller
and larger depths are referred to as standard and defect resonators,
respectively. Standard annular hole resonators have a finite depth DS

and radius R, whereas defect resonators have the same radius but
larger depths, DD (DD > DS). In the fabricated devices, a single line of
defect resonators (each with the same depth) was incorporated into an
array of standard resonators, as shown schematically in Fig. 1(c).

The central part of the line of defect resonators, consisting of three res-
onators and outlined in red, was separated from the other parts of the
line (outlined in green) by a small number of standard annular hole
resonators. Although this arrangement superficially resembles an in-
line cavity between two waveguides, the system was not specifically
designed to function as such but rather to provide the means to
explore the excitation of the defect resonators by propagating SAWs.

Figure 1(d) shows an SEM image of a completed device where
focused ion beam milling was used to fabricate the sample using estab-
lished techniques,34,43 with the fabrication method used here being the
same as previously reported.36 The specific dimensions used were
A¼ 13.5lm, R¼ 5.0lm, DS¼ 3.2lm, DD¼ 5.6lm, S¼ 4A, and
W¼ 3A, which were found to give significant displacements in the
defect resonators. Finally, a laser Doppler vibrometry (LDV) system
was used to scan the sample, measuring out-of-plane displacements
from the surface.

The finite element method package COMSOL Multiphysics 5.3a
was used for the simulations presented in this work. To calculate the
band diagrams of arrays of resonators, an eigenfrequency domain
model developed from Addouche et al.42 was used, where the geome-
try consisted of an array of resonators at the top of an extended sub-
strate as depicted in Fig. 1(b). A five unit wide supercell with four
standard and one defect resonator was used, to calculate solutions to
construct band diagrams, which allowed for a substrate depth of 15A
to be computed with the available resources. This depth is sufficient
for the solved eigenfrequencies to converge at the frequencies of inter-
est near the soundline, f1, for example. To better approximate geome-
tries that are achievable with the focused ion beam (FIB) milling used
to fabricate the resonators, the depth profile of the resonators was con-
sidered to be conical in the model.

FIG. 1. (a) Device schematic showing the resonator array patterned between the interdigital transducers (IDTs) of a SAW delay line. (b) Schematic diagram of the resonator
geometry, consisting of standard annular hole resonators of depth and radius of DS and R, respectively, and defect resonators with the same radius but depth DD. (c)
Schematic diagram showing the separation of the three central defect resonators (red) from the line of other defect resonators (green). (d) SEM image of the fabricated array
in LiNbO3, with the position of the defect resonators highlighted.
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To investigate the size of the displacement excited in the resona-
tors, a second model with an 11 resonator wide supercell, with 10 stan-
dard and one defect resonators, was used in order to investigate the
behavior away from the central defects. The five unit wide supercell
results were used to inform the 11 unit simulation parameters. In both
cases, Bloch-Floquet periodic boundary conditions assume an infi-
nitely large square array in the propagation direction, which is from
left to right in Fig. 1(a) and into the image in Fig. 1(b). A fixed con-
straint boundary condition was applied to the bottom of the geometry
to prevent plate modes from being solved.

As described above, an established method35,43,44 was first used
to calculate the dispersions of a system consisting of a single line of
defect resonators incorporated into an array of standard resonators.
Note that to enable the calculation of bandstructures, the line of defec-
tor resonators was continuous, without the central portion being iso-
lated. The calculated eigenfrequencies are plotted against the
wavevector within the first Brillouin zone in Fig. 2(a). The shaded gray
region in the band diagram is above the soundline where SAWmodes
are radiative,43,45 and solutions in this region were excluded. The
highlighted frequencies f1 and f2 represent modes within the resonator
array (at frequencies of 97 MHz and 108MHz) that arise due to the
inclusion of the line of defect resonators [note that these modes are
not present in the dispersion in an array consisting of just standard
annular hole resonators, as shown in Fig. 2(e)]. The frequency f3 repre-
sents a control frequency used in the experimental results (33MHz).
The modes associated with the line of defect resonators are not inde-
pendent of wavevector across the Brillouin zone, which we believe is
due to the coupling of stationary modes associated with the defect res-
onators to propagating bands within the resonator array (i.e., bands at
lower frequencies and close to the Rayleigh line33). This results in
hybridized modes with a branch that has zero group velocity solutions
at the Brillouin zone boundary and a branch that crosses the Rayleigh
line. The solutions where the calculated coupled bands cross the solid
black Rayleigh SAW line, at frequencies fn, are labeled as Mn. These
modes are, therefore, associated with the line of defect resonators but
can be excited with a propagating SAW generated using an interdigital
transducer.

This is confirmed by the calculated surface displacements at the
frequencies associated with these modes, and the RMS (root mean
square) surface displacement within the supercell for mode M1 is shown
in Fig. 2(b) (note that the RMS displacement shown here includes the

in-plane components and is defined as 1ffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
x þ A2

y þ A2
z

q
, where Ax ,

Ay , andAz are the amplitudes of the displacement field in the x, y,
and z directions, respectively). The largest surface displacement is
observed at the position of the defect resonator, with minimum
RMS displacement within the two nearest standard resonators on
either side of the defect resonator. The SAW is, therefore, being con-
fined within a portion of the array that has a width that is subwave-
length, as the diameter of one defect resonator (10 lm) is smaller
than the SAW wavelength (40 lm). Interestingly, further away at
the edges of the supercell, there are Rayleigh-like displacement pro-
files within the resonator array, which results from M1 being a
hybridized mode with similar group and phase velocities as the
Rayleigh SAW.

To investigate the excitation of the defect resonators in the case
where the line of defects is not continuous, as in Fig. 1(c), a separate

FIG. 2. (a) Band diagram, below the soundline and within the first Brillouin
zone, of the resonator array obtained from the five resonator supercell. The
red points are the calculated solutions within the array, the solid black line is
the linear Rayleigh wave dispersion, the dashed black lines highlight the fre-
quencies fn and the modes Mn are where the Rayleigh line crosses the calcu-
lated bands at these frequencies. (b) RMS displacement surface plot in the
11 resonator supercell of mode M1, (c) magnified section of the band diagram
alongside, and (d) the average RMS displacement within the defect resona-
tors that form the cavity, with a common frequency axis. (e) Band diagram,
below the soundline and within the first Brillouin zone, of an array consisting
of only standard annular hole resonators. The red points are the calculated
array solutions, and the solid black line is the linear Rayleigh wave disper-
sion. (f) Finite sized array model used for frequency domain simulations,
which was used to calculate the resonator RMS displacement as a function of
the frequency (d). The cyan shaded domains represent perfectly matched
layers used for absorption, the green and red outlined areas represent the
waveguide and in-line cavity regions, respectively, and the pink line repre-
sents the SAW source.
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frequency domain model of a finite-sized array representative of the
fabricated device shown in Fig. 1 was used, comprising a 5 � 11 finite
size square array geometry, as shown in Fig. 2(f), with defect resona-
tors highlighted. Perfectly matched layers reduce acoustic reflections,
an edge load source excites plane wave SAWs, and a frequency domain
solver is used over swept frequencies.

In Fig. 2(d), the calculated average RMS displacement of the cen-
tral, isolated, defect resonators is plotted as a function of frequency
alongside a magnified section of the supercell band diagram. Two clear
maxima are observed in the displacement, corresponding to the
frequencies f1 and f2. In the simulation, a Rayleigh SAW source is
used, meaning that these peaks arise from the excitation of modes M1

and M2 associated with the line of defect resonators, where the wave-
vectors are matched to the Rayleigh line.

The fabricated device was characterized using laser Doppler vibr-
ometry to verify the results obtained through simulations. The spatial
scan density was set to allow for at least 10 points per wavelength.
Figure 3 shows the LDV measurements at the resonant SAW
frequency of 97MHz, where the black dashed rectangle in Fig. 3(a)
indicates central defect resonators, as outlined in red in Fig. 1. A
large displacement can be seen in the three central defect resonators in
Figs. 3(a), 3(b), and 3(d), where the amplitude of the time averaged

displacement is plotted [Fig. 3(b) is a magnified view of the region
around the central resonators]. The strong displacement observed
within these resonators, as shown in the cross section plotted in
Fig. 3(d), is consistent with the results of the simulations plotted in
Fig. 2(c). The measurements yielded a value of �140 pm displacement
within the central defect resonator of the cavity, compared to a mini-
mum of 30 pm outside it. The time averaged displacement shows sta-
tionary, non-propagating modes, in addition to propagating modes,
whereas the instantaneous displacement, as plotted in Fig. 3(c), shows
only propagating modes (note that the measured displacement is still
time-averaged with regard to the vertical oscillations of the surface,
which occur at 97MHz, but is instantaneous with respect to the prop-
agation of the wave, which propagates with a velocity of �100 m/s,
such that stationary modes are not visible). In this case, there is no
observable displacement within the central resonators. This suggests
that the resonators act to confine the propagating SAWs in two
dimensions, parallel and perpendicular to the propagation direction,
over scales much smaller than the wavelength.

Although fabrication errors are clearly seen in the patterning of
the array [Fig. 1(d)], for example, stitching errors at the bottom of the
device lead to the displacement of subsequent rows, the array still
functions as intended. This is due to the periodicity of the array not

FIG. 3. Experimental results at the confinement frequency (a) amplitude of the time averaged displacement color plot overlaid on top of an image of the fabricated device, with
the three central defect resonators outlined by a black dashed rectangle, at 97 MHz, (b) magnified section of the central region from the displacement plot in (a), (c) instanta-
neous displacement color plot of the same scan in (a), and (d) line plot of the time averaged displacement along the cross section line S–S0 in the center of three defect reso-
nators in (b). Note that the SAW is propagating from bottom to top in the scans shown in (a), (b), and (c).
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being the origin of the confinement, in contrast to conventional pho-
nonic crystals. This resilience to array aberrations has been reported
previously where pseudo-random arrangements of locally resonant
PnCs retain locally resonant bandgaps.33

The ability to excite displacements within these subwavelength
structures is due to the matching of velocities between the hybridized
modes, associated with the defect resonators, and propagating
Rayleigh waves. At the resonant frequencies of the resonators, this
results in the impedance mismatch being minimized and, therefore, a
reduced reflection coefficient. For mode M1, the absolute characteristic
impedance is Z ¼ 1:2� 107 Rayls, whereas for the Rayleigh SAW,
Z ¼ 1:9� 107 Rayls, leading to a reflection coefficient CR¼ 0.23. The
impedance Z was calculated from the density, q, and group velocity of
the medium, � (Z¼ q�). The reflection coefficient, CR, at the interface
between two media with characteristic impedances Z1 and Z2 is then
given by CR ¼ Z2 � Z1ð Þ= Z2 þ Z1ð Þ.

However, a low value of reflection coefficient is not always
obtained for different geometries. Figure 4 shows simulated characteri-
zation of a modified supercell, but with much deeper hole depths of
DS¼ 15lm and DD¼ 26lm (as compared to DS¼ 3.2lm and
DD¼ 5.6lm previously). With an increased depth to pitch ratio asso-
ciated with this change, the mode [Fig. 4(a)] associated with the defect
resonators, M4 (at a frequency of �11MHz), is deeply subwavelength,
with the diameter of the defect resonator (10lm) being approximately
40 times smaller than the SAW wavelength (�360lm) at this fre-
quency. While there is significant displacement within the defect reso-
nators, as shown in Fig. 4(b), the group velocity of this mode, 74 m/s,
is over an order of magnitude slower than the Rayleigh SAW. This
leads to a characteristic impedance of Z ¼ 3:5� 105 Rayls and a
reflection coefficient of CR¼ 0.96, so these slow modes could not be
excited by a propagating SAW, without applying other coupling tech-
niques. For example, it may be possible to do this using a graded struc-
ture, in analogy to a graded dielectric index material, where the depth
of the holes of the resonators is slowly increased over distance. A sec-
ond higher frequency mode, M5, has a group velocity similar to the

Rayleigh line and could, therefore, be excited by a propagating SAW,
but in this case, the resultant displacement, Fig. 4(c), is not confined to
the defect resonators.

Finally, the ability to define subwavelength regions in which a
propagating SAW can be confined, using a local resonator approach,
offers a potential avenue to increase the sensitivity and functionality of
SAW sensors. Small changes to the environment of a resonating ele-
ment, for example, changes to gas pressure, are likely to have a signifi-
cant effect on the characteristics of the SAW propagating beyond the
confining region, which would give rise to the sensing signal.
Subwavelength confinement could also allow the use of SAWs to
probe entities that are much smaller than the SAW wavelength
although it should be noted that the geometries presented in this work
have not yet been optimized and further work is therefore under way
to establish design rules for the realization of arrays optimized for dif-
ferent applications.

In conclusion, finite element simulations show that the incorpo-
ration of a line of defect resonators within an array of annular hole res-
onators creates new modes in the dispersion diagram. These modes
appear to be hybridized modes that cross the Rayleigh dispersion at
the resonant frequencies and which have similar group velocities to
the propagating SAW at these wavevectors such that they can be
excited using plane wave SAWs generated from standard transducers.
A separate frequency domain model of a finite-sized array, consisting
of three, isolated defect references in the center of the line, was used to
show that it is possible to confine the SAW, both parallel and perpen-
dicular to the propagation direction, over length scales much smaller
than the SAWwavelength.

An array fabricated in a LiNbO3 delay line was characterized via
laser Doppler vibrometry to verify the simulations. Strong displace-
ments were observed in the defect resonators, at the resonant
frequency of 97MHz, confirming the confinement seen in the simula-
tions. These results pave the way for devices exploiting subwavelength
SAW confinement, allowing developments in phononics to mirror
those that have occurred in photonics.

FIG. 4. Characterization of a “deep” subwavelength line of defect resonators. (a) Band diagram of a resonator array, incorporating a deep subwavelength line of defects, com-
posed of both standard and defect annular holes of much greater depth. The red points are the calculated solutions within the array, the solid black line is the linear Rayleigh
wave dispersion, the dashed black lines highlight the frequencies fn and the modes Mn are where the Rayleigh line crosses the calculated bands at these frequencies. (b) and
(c) RMS displacement surface plot in the supercell of modes M4 and M5, respectively.
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