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ABSTRACT

We report an experimental study of surface acoustic wave (SAW) localization and propagation in random metasurfaces composed of Al scat-
ters using pump-probe spectroscopy. Thanks to this technique, wideband high frequency acoustic modes are generated, and their dynamical
propagation directly from inside of the media with a high (micrometric) spatial resolution is enabled. During SAW propagation, part of the
acoustic wavefront energy is trapped within free areas between the scatterers, acting as cavities. The spectral content of the localized modes of
a few GHz is found to depend on the shape and size of the cavities but also on the landscape seen by the wave during its propagation before :
arriving inside them. The experimental results are supported by numerical simulations using the finite element method. This study is the pho-
nonic part of a more global research on the co-localization of elastic and optical waves on random metasurfaces, with the main objective of
enhancing the photon-phonon interaction. Applications could range from the design of acousto-optic modulators to ultrasensitive sensors.
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I. INTRODUCTION attention has been paid to localization phenomena in random disor-
dered systems, stimulating studies such as the strong localization of
acoustic and electromagnetic waves in random media.'* In 1984,
John theoretically showed an electromagnetic mobility edge in a dis-
ordered medium, where an anomalous decrease of energy transmis-
sion rises due to Anderson localization fluctuation as the photon

The study of optical and acoustic waves in complex media has
considerably evolved over the last decades. Among them, the study
of artificial periodic structures such as phononic, photonic crystals,
acoustic, and electromagnetic metamaterials has largely contributed
to breaking conventional physical limitations. These properties

. . 15
paved the way for the design of engineered disordered systems with frequency approaches a certain critical value.™ In 2008, Hu et al.
remarkable spectral or topological properties,” ultra-broad band reported the localization of ultrasound in the Anderson sense in a
hght absorption,Z SOllIld insu_lation)3 subwavelength focusing"lf8 3D elastic medlum consisting Of a three-dimensional granular

910 or more recently, demonstration of network of aluminum beads.'® An interesting so-called 3D trans-

12 verse localization manifested by a cut-off in the transverse spreading

optical or acoustic clocking,
anomalous reflections/transmissions and topologic insulators.

Actually, most of these properties need the support of phononic of multiple scattered waves has been shown. Over the last few
and photonic crystals that exhibit local resonances, giving rise to decades, a great deal of research efforts have been devoted to investi-
one or several forbidden bands at frequencies well below the Bragg gate wave localization properties in the broad sense in disordered
range. Since Anderson’s pioneering work on electrons,'” particular media."”~** In the phononic domain, the introduction of disorder
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has been mentioned in relation to its effect on bandgap properties.
It has been shown that the latter can be extended further beyond
the absolute frequency band of the ordered crystal; this is achieved
through the disorder introduction in the phononic system inducing
strong Anderson localization, which results in a much wider abso-
lute bandgap.”® Moreover, when physical contact between scatterers
is established, unexpected responses may appear, often linked to the
percolation limit.”” In that regard, the response of a disordered
arrangement of scatterers where physical contact between them can
occur, deserves careful analysis. This is why the behavior of random
structures has been subjected to intense research in recent years.”®
These efforts have led Fernandez-Marin et al to show a controllable
anomalous localization effect, beyond the standard Anderson locali-
zation, using a Lévy-type distribution in a 1D waveguide structure
operating in the microwaves range.”” More recently, random arrays
of nano-antennas have been introduced as a means of avoiding the
diffraction losses inherent in single- or multiple-size periodic
absorbers.””’" To date, there is plenty of experimental and/or theo-
retical evidence of acoustic wave localization already reported such
as in phononic structures typically made of solid beads'** or disor-
dered elastic rods.”” Nonetheless, in all these systems, the localized
elastic wave frequencies are limited to low range domains, very
rarely exceeding ~tens of MHz. However, studies on the localization
effects of high-frequency elastic waves are still lacking. In that
context, we report in this work, an experimental study of high-
frequency (~GHz) surface acoustic wave (SAW) localization in
random metasurfaces composed of Al scatterers. Specifically, the
metasurfaces consist of an assembly of several thousands of alumi-
num pillars arranged randomly on a 100 nm thin film, also made of
aluminum, deposited on a semi-infinite silica substrate. The SAW
generation, detection, and dynamical monitoring are performed
using pump-probe spectroscopy. The random distribution of Al
pillars obeys the Poisson statistics, where unfilled areas with differ-
ent shapes referred to as cavities, appear out of the disorder during
fabrication. We provide experimental evidence of GHz-SAW locali-
zation in such cavities, which is supported by numerical simulations
based on the finite element method. In particular, we show how the
trapped SAW wavelengths systematically relate to the cavity dimen-
sions as if the localized waves were effective eigenmodes. The
reported findings are meant to help investigate enhanced acousto-
optical coupling in random metasurfaces where SAW and optical
resonances are co-localized,” with a view to design acousto-optical
modulators or ultrasensitive sensors.

The paper is organized as follows. In Sec. II, the fabricated
sample’s geometry and the experimental setup are presented. Then,
in Sec. III, we give the key experimental results regarding SAW
trapping/localization in various shaped cavities, while Sec. IV pro-
vides the numerical data supporting the experimental results.
Conclusions are summarized in Sec. V.

Il. SAMPLE GEOMETRY AND EXPERIMENTAL SETUP

The random distribution is composed of Al pillars that act as
weak scatterers when the spectral content of the propagating SAW
is far from their resonances. However, the incident wave will be
subject to multiple scattering. The spatial distribution of the scat-
terers’ centers has been calculated to obey a Poisson statistic,

ARTICLE pubs.aip.org/aip/jap

despite a hard sphere condition (of 10 nm) that is imposed for
manufacturing considerations. To ensure that the resonant frequen-
cies of the pillars are not excited by the SAW, their dimensions
have been chosen so that the first bending mode and compression
mode are above ~1.8 GHz [see Fig. 12(e) in the Appendix], ie., a
diameter of ¢ ~ 320 nm for a height of h =200 nm. The pillars are
directly fabricated on a thin Al layer of thickness e ~ 100 nm depos-
ited on a SiO, substrate using a physical vapor deposition (PVD)
technique. The Al layer is known to be a very good transducer
layer for picosecond acoustic technique since it has a small penetra-
tion depth and a high reflecting coefficient in the near IR, ensuring
a good signal-to-noise ratio (SNR).>” The SiO, substrate was
chosen for its mechanical impedance close to that of aluminum
allowing the generation of a low dispersive surface acoustic mode.
The process of fabricating the scatterers on the Al layer
involves several steps. The first step consists of depositing a resin
(of a thickness greater than that targeted for the pillars), which is
then irradiated by an E-beam (electron lithography) technique
whose electron concentration can be modified as required. This
dose, which corresponds to the density of charges per unit area (in
uC cm™2), has a major impact on the diameter of the pillars actu-
ally obtained in relation to what was targeted. The higher the con-
centration is, the more the surface area will be irradiated and the
larger the diameter of the scatterers will be, so it is necessary to
perform several dose tests to know what diameter will be obtained
at the end of the fabrication process, compared to the desired
dimensions. Once the pillar patterns are inscribed in the resin, Al
is deposited on the sample using PVD to fill the holes obtained by
electron lithography. Finally, the sample is placed in a chemical sol-
ution that attacks the resin remaining on the sample, in order to
bring out the pillars: this is the lift-off phase, at the end of which,
only the Al pillars deposited in the lithographed regions remain on

the sample. A wide field scanning electronic microscope (SEM) :
image of one of the samples thus obtained is given in Fig. 1(a).

There are approximately 20000 scatterers distributed on a
120 x 12 um? area in order to have a pillar spatial surface density
p =10% ensuring strong multiple scattering effects.”®

These random distributions have been generated using a hard
sphere condition small enough to keep the scatterers’ positions
uncorrelated. On each scatter, a 10 nm exclusion radius was placed
to avoid interpenetration of the pillars since the manufacturing pro-
cesses used ensure this condition, as long as the distance between the
two edges is greater than about 20 nm. As shown in Fig. 1(b), only a
marginal proportion of scatterers fabricated that way has percolated.
Since the resonant frequencies of the scatterers are not excited, this
low number of percolated pillars does not affect our study.

Considering the dimensions of the samples, a method of gen-
eration and detection of very high frequency acoustic waves is nec-
essary for their study, while the classical methods using
piezoelectric transducers do not satisfy this condition. The picosec-
ond acoustic technique is then ideal since it allows to generate and
detect via pulsed lasers (with a repetition rate T = 12.5 ns) acoustic
modes of a few um in wavelength, making the study of nanostruc-
tures possible. The excitation of the acoustic wave is done by means
of a laser focused on a thin Al layer (100 nm). Then, a transfer of
energy from photons to electrons takes place, which causes the gen-
eration of an acoustic stress that propagates, due to the relaxation
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FIG. 1. SEM images of ga) wide field and (b) zoom of a random distribution of Al scatterers. The pillars of diameter ¢ ~ 320 nm and height h ~ 200 nm are distributed on

an area of 120 x 120 um

of the electrons. The acoustic wave can be detected via the
out-of-plane displacement (orthogonal to its direction of propaga-
tion) by an amplitude of a few pm on the surface of the sample, by
measuring the interferences between two laser beams. These two
beams, pump (generation) and probe (detection), can be spatially
shifted, thanks to a delay line, which then enables us to observe
wave propagation over several ns with a resolution of a few ps. The
relative variations of reflectivity related to the propagation of the
SAW, governed by the out-of-plane displacement u at these fre-
quencies, are detected by means of a Sagnac interferometer chosen
for its high mechanical stability. The signal reflected back by the
sample is then sent to a differential photodiode connected to a
lock-in detection scheme. A 4 f imaging system also allows to
image the wave propagating through the metasurface on a
maximum area of 100 x 100 um® with a spatial resolution equiva-
lent to the width of the focal spot at the output of a x100 micro-
scope objective lens with a large numerical aperture (NA =0.9).
The acoustic modes thus generated—called Sezawa modes—are
very wideband since all frequencies between 100 MHz and 1.8 GHz
are excited (for the SiO, substrate), which corresponds to wave-
lengths of a few um, taking into account their propagation velocity
on the surface of the substrate. The latter has been characterized on
the samples in the absence of scatterers and their dispersion has
been shown experimentally to be negligible over the propagation
distances investigated. Moreover, the propagation velocity on the
metasurfaces is 3600 ms~' and the minimum wavelength in the
generated elastic pulse is ~2 um, more than one order of magnitude
larger than the radius of the scatterers.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

During the propagation on the surface of the substrate, the
acoustic wave interacts with each of the scatterers of the distribu-
tion that will act as secondary sources. This multitude of scattered
waves will interact together and lead to constructive interference

and are fabricated on an Al layer of thickness e ~ 100 nm itself deposited on a SiO, substrate.

phenomena that can be detected with our current experimental
setup. A 50 x 50 um”> scan of the propagation of a surface wave
through a random distribution with a scatterer concentration of
p =10% is given in Fig. 2. For a fixed pump-probe delay, the exci-
tation zone is located at the top right of the image. We see two
acoustic wave fronts separated in time by Tg = 12.5 ns, which corre-
sponds to the laser repetition rate, with a constellation of areas that
are over-vibrating several ns after the passage of the wave, and ran-
domly distributed in the metasurface. By superimposing scatterers’
positions on the image, we can see that the majority of these zones

are located in glades free of pillars. This means that during its :
propagation, part of the acoustic wave energy is trapped inside the ¢

pillar-free areas that continue to vibrate during several ns. A very
large range of zones with very different shapes and sizes among the
disordered distributions fabricated have been identified and can be
sometimes assimilated to simple geometric shapes, which we will
call here cavities. This study focuses on the resonance of individual
cavities exhibiting circular and rectangular shapes. To this end, the
probe beam is placed in the pillar-free zone of interest and is sepa-
rated from the pump by 10 um. Then, their paths are desynchron-
ized, thanks to a delay line, in order to study the vibrations of that
zone over time, after the passage of the SAW through it. That way,
the wavefront that has been propagating in the distribution has left
the cavity of interest since 0.5ns before the measurement starts.
The circular cavities studied and identified by a gray circle with
their close surroundings are given in Fig. 3(a). The spectra calcu-
lated from the temporal measurements in the three associated cavi-
ties are summarized in Fig. 3(b), where the reference spectral
content of the acoustic signal in the sample in the absence of scat-
ters is overlaid and represented as a dashed-dotted line.

The results reveal that despite the large spectral width of the ref-
erence signal, only a small part of the frequencies that have passed
through the cavities remain inside and that the main frequency
seems to depend on their dimensions with respect to the direction of
propagation. For the sake of clarity, the experimental spectra have
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FIG. 2. 50 x 50 um? scan of the surface acoustic wave propagation through a
random distribution of density p = 10% for a fixed pump-probe delay, the excita-
tion is located in the upper right part of the image. Two elastic wave fronts are
seen, separated by Tr=12.5ns with a large number of over-vibrating areas
between them. The black dots superimposed on the scan represent the posi-
tions of the scatters. The color scale on the right corresponds to the squared
amplitude of the out-of-plane displacement. Note that the lower contrast in the
upper part of the image results from experimental constraints, essentially the
stability of optical settings over the entire measurement period which generally
lasts several tens of minutes.

been self-normalized and vertically displaced in order to highlight
the frequency shift. Indeed, the smaller these dimensions are, the
more the main mode detected inside is of high frequency. The veloc-
ity of the surface acoustic waves in the absence of scatterers has been
measured at Vg0, ~ 3600 m/s and shown to propagate without dis-
persion on the distance scales studied. Several successive wavefront
measurements report that their amplitudes decay following a 1/ \/ r
law, with r the propagation distance, which reflects the energy distri-
bution on a corona, characteristic of a Rayleigh wave. A detailed
study of the attenuation of the elastic wave propagating in the meta-
surface is beyond the scope of this work. However, it can be noted
here that wavefront damping results from various causes, including
radiation in the volume due to scatterers, localization of elastic
energy in certain free surfaces between scatterers, viscoelastic effects,
dispersion, etc., whose relative contributions are extremely difficult to
measure. The absence of dispersion allows us to approximate the
wavelength of the principal modes present in the corresponding cavi-
ties, taking into account their resonance frequencies. The main
modes obtained are A, =2.6um, A, =24um, and 1;=22um and
allow to establish a clear link between the characteristic dimensions
of the cavities and the main modes present inside since the larger
the latter, the lower the frequency of the mode will be.

The main mode detected in a cavity depends not only on its
dimensions but also on its geometrical shape. In that regard, the
rest of this study focused on a rectangular cavity of dimension
2 x 5 um?, highlighted by the red area in Fig. 4(a). In the same way

ARTICLE pubs.aip.org/aip/jap

as for the previous measurements, the pump is placed at 10 um
from the probe, which is located in the center of the cavity. Time
measurements of the out-of-plane displacement u(f) obtained in
this experimental configuration, following the passage of the
surface acoustic wave in the cavity, are given with the associated
(Fourier transform) spectrum in Figs. 4(b) and 4(c), respectively.
The latter shows that vibrations persist for 4 ns without significant
attenuation and that it corresponds to a main mode of wavelength
A=2pum, so the equivalence between the dimensions of the cavity
and the main mode measured inside is found again.

The same measurement is reproduced for a sub-zone directly
downstream of the rectangular cavity, whose experimental configu-
ration and Fourier transforms in the two zones are compared, in
Figs. 5(a) and 5(b), respectively. As suggested by the temporal mea-
surements in the previous configuration, the non-attenuation of the
vibrations implies that the resonance frequency of the cavity is not
found in the sub-zone, a sign that these frequencies is indeed
trapped there, at least over the time of the measurement.

Indeed, as shown by the spectrum of the over-vibrations
recorded in the sub-zone, the resonance frequency of the rectangu-
lar cavity (denoted by the red arrow) is completely absent. This is
confirmed by another experimental configuration in which the
excitation is done this time in the direction parallel to the largest
dimension of the rectangular cavity, as shown in Fig. 6(a). The
spectra of the corresponding measurements recorded in a sub-area
before and in the rectangular cavity are compared in Fig. 6(b).

The resonance frequency of the upstream cavity corresponds
to a minimum in the rectangular cavity, indicating that this fre-
quency also remains trapped and no longer propagates during the
time of the measurement. Given the proximity of the resonance fre-
quencies of these two cavities, the full width at half maximum of
the frequency content measured in the rectangular cavity is
reduced by a factor 2 from a width FWHM =0.330.17 GHz from
one configuration to the other. The comparison of the experimen-
tal results in the two configurations highlights the influence of the
direction of excitation on the frequency content of the main mode
that will be measured in the cavity, due to the difference of land-
scape crossed by the wave before getting in the area of interest.

IV. NUMERICAL RESULTS

In this section, we present numerical results about harmonic
frequency and transient analysis of SAW propagation in the system.
In order to have a direct comparison between the measurements
and the simulations, calculations have been performed on the same
patterns of Al pillars [Figs. 5(a) and 6(a)] that have been manufac-
tured and measured. Specifically, coordinates of the positions of the
pillars in the numerical model are extracted from the fabricated
samples in a text file, which is then uploaded to the modeling soft-
ware where the simulated geometry is drawn (using such coordi-
nates). Furthermore, the dimensions of the Al pillars and the film
underneath are set as in the experiment, i.e., ey = 100 nm for the
latter and ¢ = 320 nm and h = 200 nm, for the diameter and
height of the pillars, respectively. Figures 7(a) and 7(b) show the
configurations of the numerical simulations: the source load (blue
spot) is placed about 10 um from the two free surfaces in the same
way as for the experimental measurements, with the red spots
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without any scatterers.

corresponding to the measurement points. It should be mentioned
that the first geometry [Fig. 7(a)] mimics the experimental configu-
ration in Fig. 5(a), where the source load is facing the longer side
of the rectangular cavity, while the second [Fig. 7(b)] simulates the
experimental structure in Fig. 6(a) when the source faces its smaller
side. These two models help to explore, numerically, the effect of
the excitation source direction relative to the cavity investigated
experimentally.

We refer to these configurations throughout this section,
respectively, as the perpendicular [Fig. 7(a)] and the parallel
[Fig. 7(b)] configurations. Let us mention that for the numerical
modeling, we employ the finite element method using Comsol
Multiphysics. Specifically, we solve for the scattered displacement
field u,=u — u,y based on the solid mechanic module, where the

vectors u# and u, correspond to the field in the presence and
absence of the pillars, respectively. This is performed by solving for
u and u, in two sequential steps, which enables to retrieve u,.
Strictly speaking, the phase difference between u and u, should be
taken into account to have the scattered field, that is why we
will rather determine the normalized norm of such a field, namely,
||us|]- The excitation source is a boundary load applied on a circular
area whose extension is about 0.5 um? in order to mimic the exper-
imental pump; the load is set to vibrate vertically along the z-axis,
namely, F, = Foe'”™ z, where fr€[1-2.1] GHz is the harmonic fre-
quency. Note that the load transverse component of the field is
giving rise to the propagating SAW. The substrate is thick enough
esio, = 8um not to be disturbed by the volume waves that are
also generated, but also so that the simulation time remains
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Comparison of the Fourier transform between the signal measured inside the rectangular cavity (purple) and in the sub-area (red), 0.5 ns after the passage of the wave-
front. The color of the curves corresponds to the color of the probes. The red arrow indicates the resonant frequency of the rectangular cavity.
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FIG. 7. Geometry model of the randomly generated distribution of pillars. (a) Configuration set when the source load faces the longest side of the area free of pillars.

(b) Same as (a), but when the source is in front of the short side of the area. Blue and red spots highlight the source load and the probes registering the propagating

wave spectrum. The geometrical parameters are eso, = 8um for the substrate and e, =100 nm for the Al film, while the dimensions of the pillars are set as in the

experiment. The side boundaries of the structures [of (a) and (b)] are terminated with perfect matched layers (PMLs), which are absorbing boundary conditions that elimi-

nate unphysical reflections, while their upper boundaries are set free. (c) Transverse component of the displacement field w map at f,= 1.48 GHz, plotted within a Oyz—cut

plane at the middle of the system depicted in (a). The color scale represents the normalized out-of-plane component of the displacement w.
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1

reasonable. That is also why the calculations were performed on a
reduced number of pillars compared to the experimental configura-
tion since only ~150 scatterers have been implemented.

Despite this significant difference in the number of pillars, we
emphasize that this is still sufficient to reproduce the effects experi-
mentally observed. Both studied geometries are surrounded by
perfect matched layers (PMLs) to absorb outgoing waves without
reflections. As for the mesh, we used free tetrahedral finite elements
with 5-6 elements per diameter and height of each pillar and 4 ele-
ments per wavelength along the top surface. In PMLs on the other

o
[

o
o

o
~

o
N

—==experiment ——rectangle ——sub-area

Normalized displacement,

QI.Z 1.| 4 1.l6 1.‘8 2 side, a swept mesh is applied with 6 elements per wavelength, while
in the remaining bulk, a coarser mesh is set. We use second-order
= T ‘ e croeriment polynomial functions within each finite element to approximate
g b) / —recptangle the field solved for, which ensure accurate results. In Fig. 7(c), we
g 0.8 present the field u transverse component map in a Oyz—cut plane
= of the system (near the middle) sketched in Fig. 7(a), at f.
% 06 =1.48 GHz; one notes the effective excitation of the SAW confined
"‘_; 04l near the top surface. In order to investigate the interaction between
e the Al scatterers and the incident SAW within the rectangular free
= 02l surface, we simulate the spectrum of the transverse component of
g R / . u norm, namely, ||w||* = ||w — wo||%, with w and w,, the transverse
2 0 e TN | e components of the fields # and u, respectively.
1.2 14 16 1.8 2 In Figs. 8(a) and 8(b), we show simulated spectra for perpen-

Frequency (GHz) dicular and parallel configurations, overlayed by the experimental
measurements in the rectangle for the perpendicular case as a
dotted line. The numerical results obtained for the rectangle have

FIG. 8. Normalized displacements of the scattered field ||ws || vs frequency for been averaged over three probe positions, while the result for the

(a) perpendicular and (b) parallel configurations. The spectrum for the rectangle

is the average between the three probes in the corresponding area while the sub-area thfit is obtained for one probe Oan ?nd is normalized. by g
spectrum registered in the sub-area is for only one probe, as highlighted by the the spectra in the rectangular cavity. The positions of the numerical g
red spots in Figs. 7(a) and 7(b). These are overlayed by the experimental probes are highlighted by the red spots in Fig. 7. This comparison 2
results, represented as dashed-dotted lines. shows a good agreement between the spectra measured and 3
5
®
&
8

low reflecting
boundaries

FIG. 9. (a), (b) Depiction of the extended geometry model for the perpendicular and parallel main dimensions of the rectangle, respectively. A low reflection boundary con-
dition is applied on the side and the bottom of the geometry while the upper surface is set free. The dimensions of the sample are the same as those in Fig. 7. Blue and
red spots highlight the source load and the probe registering the temporal signal.
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FIG. 10. (a) Registered time signal inside the rectangle free surface indicated
by the red spot in Fig. 9(a). The dotted rectangle indicates the over vibrations
caused by the wave’s passage through the free surface over time, before reflec-
tions from the edges of the calculation domain reach it again. (b)—(d) Snapshots
of the out-of-plane displacement at three different times indicated by the red
arrows on the time signal: t; ~ 2.7, t,~ 3, and t3 ~ 3.3 ns after the passage of
the SAW through the free area, which is highlighted by a white rectangle. The
color scale represents the normalized out-of-plane component of the displace-
ment w.

simulated inside the rectangle in terms of spectral content since the
experimental and calculated main frequencies trapped inside are
the same, both for the two configurations. One can notice that the
FWHM of the signal measured is a bit wider because the spectral
resolution is constrained in that case compared to the numerical
simulations where it can easily be tuned by changing the sweep in
the frequency domain. In the same way that has been demonstrated
by the experimental results of Fig. 5(b), the main frequency present
inside the rectangle is lacking in the sub-area, meaning that the
former is effectively trapping the wavelengths that match its charac-
teristic dimension.

We now focus on the simulation of transient SAW propaga-
tion over time in the structure depicted in Figs. 9(a) and 9(b). For
that matter, we basically use the same geometry models sketched in
Figs. 7(a) and 7(b), except that the boundary condition’s type is
changed to truncate the simulated system. As a matter of fact,
unlike the frequency domain, PMLs do not absorb well the outgo-
ing waves in the time domain which might perturb the propagating
waves in the structure due to spurious reflections. Instead, we
increase the size of the free surface surrounding the pillars and
employ a low reflecting boundary condition to terminate the geom-
etry on the side and bottom.

The results of the time domain simulation for the perpendicu-
lar configuration are given in Fig. 10(a). The SAW reaches the
pillar’s free surface at ~2ns and leaves it at ~6.6 ns, highlighting
the over-vibrations within it up to 11 ns, at which point, they are
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FIG. 11. Fourier transform of the over vibrations after the passage of the wave
through (a) the rectangle and the sub-area for configuration in Figs. 9(a) and 9(b)
through the rectangle for configuration in Fig. 9(b). The reference (dashed-dotted
line) corresponds to the spectral content of the initial signal that is launched into
the random distribution of pillars. The left vertical scale represents the spectral
content of the signal numerically generated, while the right one is the distribution
of scatterers, normalized by the reference signal outside the distribution.

disturbed by reflections from the edge of the calculation domain.
Enlarging the geometry of the domain would then allow us not to
be disturbed by these parasitic reflections, in order to determine
the duration of the corresponding over-vibrations, but would lead
to a calculation time that would be far too long and not necessary
for the needs of this study. For this reason, we have focused solely
on the over-vibration zone between 6.6 and 11 ns, which is suffi-
cient for the comparison with the experimental results.

The corresponding out-of-plane displacement fields are
shown in Figs. 10(b)-10(d) for three different over-vibrating
states, labeled as t,, t,, and t3, i.e.,, 2.7, 3, and 3.3 ns after the
passage of the SAW through the free pillar areas, respectively.
These images reveal changes in the vibrational landscape as a
function of time and, in particular, a field phase inversion from
one instant to the next, suggesting that the free surface vibrates at
a defined frequency, as has been demonstrated experimentally.
These observations are also confirmed for the parallel configura-
tion, as can be seen in Figs. 12(a)-12(d) in the Appendix.
Performing the Fourier transform over the over-vibrating region
highlighted in the time domain calculations allows us to retrieve
the main frequency trapped inside the free area for both configu-
rations. Both Figs. 11(a) and 11(b) (perpendicular and parallel
configurations) confirm the experimental observations, since
despite the wide reference spectral content launched in the
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sample (in the absence of pillars), only a small proportion of the
vibrations persist in the zone investigated after the wavefront has
passed through it.

It is worth mentioning that for the parallel configuration
[Fig. 11(b)], a small frequency band is seen in the cavity spanning
~1.9-2.5 GHz. Such a band is observed due to the fact that the
excited Gaussian pulse numerically is centered at 1.4 GHz, which
includes frequencies up to ~2.5 GHz. This was meant in order to
highlight the resonance near 1.6 GHz in the cavity. Besides, accord-
ing to the dispersion curves of the system where the pillars form a
squared array [see Fig. 12(a)], with a lattice parameter of ~0.65um
corresponding roughly to the mean distance between pillars in the
disordered structure, these modes possibly relate to the bending
and compressional modes [Fig. 12(b)] of coupled pillars around
the cavity. In fact, given that the compression mode is at ~2.3 GHz,
probably, the latter radiates some of the energy mostly in this mode
toward the cavity. On the other hand, regarding the calculations in
the frequency domain, an excellent agreement is found between the
main frequencies trapped inside the rectangle for both numerical
and experimental configurations. The same absence of this reso-
nant frequency in the sub-area indicates the effective trapping of
the spectral content of the SAW that matches the characteristic
dimensions of the free area inside the random distribution of
scatterers.

V. CONCLUSION

In this study, we have been focusing on the propagation of high
frequency surface acoustic waves through a random distribution of Al
scatterers obeying a Poisson statistic. To this end, a pump and probe
spectroscopy setup has been used, as it enables us to study the spatial
and temporal dynamics of disordered metasurfaces directly from
within the inside of the distribution, with a micrometric spatial reso-
lution. Wide-plane images of the acoustic wave’s out-of-plane dis-
placement field suggest that, as the SAW propagates, it gives up some
of its energy to the random distribution of pillars. This energy is
mainly confined inside randomly formed pillar-free zones. The versa-
tility of the experimental setup enabled us to demonstrate that, for
simple geometries such as circular shapes, the wavelengths of the con-
fined acoustic energy are directly related to their characteristic dimen-
sions. Further measurements have been carried out on a rectangular
geometry and its immediate surroundings, confirming the conclu-
sions reached on circular geometries. In addition, this geometry has
been particularly interesting as it acts as a real acoustic trap, since the
wavelengths corresponding to its characteristic dimensions no longer
propagate through the structure. All these experimental observations
were also studied numerically using Comsol Multiphysics simulation
software, with time and frequency solvers that were complementary
to this study. Despite the significant difference between the number
of pillars measured and simulated, the same effects were observed,
with a very good correspondence between experience and theory. In
particular, the effect of trapping acoustic energy in the distribution
was found for the same frequencies. The reported findings shall help
to investigate the enhanced coupling between co-localized surface
phonons and photons in the metasurface, with application in acousto-
optical modulation or ultrasensitive sensing.
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APPENDIX: SIMULATION OF THE DISPLACEMENT
FIELD IN THE PARALLEL CONFIGURATION

We present in Fig. 12(a), the simulated signal corresponding to

the out-of-plane displacement field (¥) inside the cavity set in the par- :
allel configuration. Similar to the perpendicular configuration, the

SAW arrives into the cavity around ~2 ns and leaves at ~6 ns; over-
vibrations remain trapped inside until roughly 11 ns. In Figs. 12(b)-
12(d), we show snapshots of the field () inside the cavity highlighting
the over-vibrations states, at ¢, ~ 2.3, t,~ 2.6, and 3~ 2.9 ns, where
we note the field phase inversion from one instant to the next, con-
firming the defined frequency at which the free surface vibrates in the
parallel configuration in accord with the experimental data.

In order to provide a qualitative explanation of the observed
frequency band spanning roughly the domain ~19-2.4 GHz, we
have plotted in Fig. 12(e) the simulated dispersion curves of the
metasurface using the finite element method such that the pillars
are organized in a squared array with a lattice parameter
a=0.65um. This value matches approximately the mean distance
between the pillars in the fabricated sample. Bloch boundary condi-
tions are used to mimic periodicity in the structure. One notes at
the Brillouin zone edge that two degenerate bending modes of the
pillar fall at ~1.79 GHz, while compressional and torsional modes
occur at 2.3 GHz and 2.67 GHz. Hence, the disordered metasurface
coupled pillars near or around the cavity vibrating in such modes,
especially, the compressional mode (~2.3 GHz), probably radiate
some of the energy in the cavity that we observe in Fig. 10(b). It
should be indicated that this band centered around ~2.25 GHz is
clearly favored by the parallel cavity set as it is not seen in the
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FIG. 12. (a) Registered time signal inside the rectangle free surface indicated by the red spot in Figs. 9(b). 9(b), 9(c), and 9(d). Snapshots of the out-of-plane displacement at
three different instants indicated by the red arrows on the time signal: t ~ 2.3, t, ~ 2.6, and 3 ~ 2.9 ns after the passage of the SAW through the free area, which is highlighted
by a white rectangle. The color scale represents the normalized out-of-plane component of the displacement w. (e) Dispersion curves of the metasurface when the pillars are
ordered in a squared array, with the lattice parameter a=0.65 um. (f) Displacement field norm map within a unit cell for the modes referred to as (1), (2), and (3) in (€). These
correspond to the bending, torsional, and compressional resonances of the pillar, respectively. The color scale represents the normalized displacement field norm.

perpendicular configuration [Fig. 10(a)], which confirms the hint
that the landscape encountered by the incident wave influences the
observed modes inside the cavity.
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