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Direct observation of the phonon dispersion of a three-dimensional solid/solid
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We report on Brillouin measurements of the phonon dispersion relation of a three-dimensional hypersonic
phononic crystal. The phononic crystal, comprised of close-packed polystyrene spheres embedded in a
background matrix of solid polydimethylsiloxane, was fabricated using a self-assembly technique. The
experimentally measured dispersion relation reveals the band folding effect and the formation of a band gap
for longitudinal waves at the boundary of the Brillouin zone. Theoretical calculations, based on the finite element
method and the finite-difference time-domain method, are employed to interpret experimentally observed phonon
modes and provide insight on important features of the solid/solid hypersonic crystals.
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Phononic crystals, with periodic variation in the density and
elastic properties, can exhibit forbidden bands in their acoustic
transmission spectrum. This type of material prevents elastic
wave propagation in certain frequencies and could be used to
manipulate the propagation of acoustic waves by engineering
the phonon band structure.!© In the past, research has been
focused on sonic and ultrasonic phononic crystals.*:’=" With
the recent advances in material fabrication and characterization
techniques, phononic crystal research has been extended to the
hypersonic frequency region (10°-10' Hz).!-!3 Hypersonic
phononic crystals are nanocomposites with periodic structures.
Because of its submicrometer structures, hypersonic crystals
can coherently scatter both visible light (photons) and acoustic
waves (phonons). More interestingly, the ability of hypersonic
crystals to influence high frequency phonons offers a unique
opportunity to manipulate physical properties, such as heat
capacity and thermal conductivity.'>!3

Direct observation of phononic dispersion in the hy-
personic frequency regime was realized experimentally by
using Brillouin light scattering (BLS) first in the two-
dimensional (2D) epoxy-based phononic crystals,'*!> and
later in the three-dimensional (3D) close-packed polymer
colloidal systems.'®!” In previous works, the phononics are
solid/fluid systems consisting of periodically arranged solid
inclusions surrounded by a fluid with similar refractive index
to that of the solid. The index-matching liquid is used to
reduce strong multiple light scattering caused by the large
contrast in the refractive index between the solid inclusions
and surrounding air.'*'® Because of the complexity associated
with band structures for solid/solid systems, very few attempts
have been made to experimentally characterize dispersion
relations for systems comprised entirely of solid constituents.
However, these studies are limited to 1D or 2D systems. '*!>1?
Quantitative evaluation of the phonon dispersion with experi-
mental BLS data remains an open challenging problem, and it
necessitates the use of additional tools to help understand the
modes supported in phononic crystals.!” Specifically, numeri-
cal tools such as the finite element (FE) and finite-difference
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time-domain (FDTD) methods offer tremendous insights on
the phonon dispersion relations as well as transmission spectra,
and can assist greatly in the elucidation of BLS spectra of the
phononic crystals.

In this study, we fabricate 3D solid/solid colloidal hyper-
sonic phononic crystals using the self-assembly method. The
polystyrene (PS) spheres were aligned in face-centered-cubic
(fce) structure, and then embedded in the background matrix
of homogeneous polydimethylsiloxane (PDMS). The phonon
band structure was experimentally characterized by BLS with-
out infiltration of any index-matching liquid. The measured
phonon band structure features a band gap at the boundary
of the first Brillouin zone. The FE and FDTD calculations
for the phonon dispersion diagram and transmission spectrum
of the phononic crystal are utilized to explain experimental
BLS spectra.

Monodispersed colloidal PS spheres (Bangs Laboratories,
Inc.) with a nominal diameter of 215 4= 10 nm were assembled
on a quartz substrate using a modified evaporation-induced
self-assembly (EISA) method.?® After a Piranha clean, the
hydrophilic substrate was placed at a 30° angle in a 20 ml vial
with 2 ml PS dispersion (1.0 wt. %) in deionized water. The
vial was left inside a vibration-free, temperature controlled
incubator at 35 °C for 3 days to dry the aqueous dispersion to
form a thin film of close-packed PS spheres on the substrate.
The PS film was then infiltrated with premixed PDMS
elastomer precursor, Sylgard 184 (Dow Corning), which was
diluted in silicon fluid DMS-TO00 (Gelest). The gaps between
PS spheres were completely filled with liquid PDMS through
capillary force. The film was cured at room temperature for
one night, followed by additional hardening for 6 h at 55 °C.?!
The as-prepared specimen is comprised of monodispersed
PS spheres arranged in face-centered-cubic (fcc) structure
in a background matrix of solid PDMS with (111) surfaces
orientated parallel to the substrate. The thickness of the middle
area of the sample, which is used for all BLS measurements,
is approximately 10 um. The quality of the specimen was
characterized by spectrophotometry and scanning electron
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FIG. 1. (a) SEM top-view image of the PS/PDMS phononic crystal; (b) reflection spectrum at an incidence angle of 8°.

microscopy (SEM). The top view of a PS/PDMS specimen in
Fig. 1(a) shows excellent uniformly ordered structure in a plane
oriented parallel to the substrate and the gaps between the PS
spheres are filled with PDMS. The estimated center-to-center
distance between the PS spheres is 217 nm as indicated by the
SEM image. The reflection spectrum, obtained at near normal
incidence angle (6 = 8°) to the (111) surface of specimen,
shows a clear first-order diffraction peak at Ap,x = 546 nm
[Fig. 1(b)]. Assuming PS spheres are aligned in fcc structure,
the diameter of a PS sphere estimated from the constructive
interference condition [Eq. (1)]

8 .
Amax = \/;go,/ngff —sin? 6 (1)

is about 226 nm, where ¢ is the PS sphere diameter, 6 = 8°
the incidence angle, and n.; = 1.54 the effective refractive
index of the PS/PDMS crystal. Results from both SEM
and reflection spectrum are consistent with the actual PS
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sphere size, indicating PS spheres are close packed with good
crystallinity.

The measurement of the phonon band structure was per-
formed by BLS. BLS is a nondestructive, noncontact technique
that utilizes the physics of inelastic photon-phonon scattering
phenomena to characterize hypersonic phonon modes in
materials with submicrometer characteristic length scales.
Compared to inelastic neutron or x-ray scattering techniques,
BLS offers a much higher frequency resolution.””~>* Such
high resolution is achieved by the use of a six-pass tandem
Fabry-Pérot interferometer. For this study, an angle-resolved
BLS system (Fig. 2) was built to allow the scattering angle
to be changed continuously to any desired angle up to near
backscattering angle (O, = 141°). A compact diode-pumped
solid-state laser with wavelength A of 532 nm was installed
on the 26 arm in the system with as the X-Y-Z translational
sample stage was installed in the center of a 26 -rotational stage.
Brillouin spectra were recorded using symmetric transmission
scattering geometry. Phonon wave vectors measured with
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FIG. 2. (Color online) Schematic of the homebuilt angle-resolved Brillouin light scattering system.
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FIG. 3. (Color online) (a) Typical Brillouin spectrum for ¢ = 0.0160 nm~'; (b)—(f) BLS spectra recorded at various scattering angles. The
anti-Stoke side of the observed Brillouin spectra are reproduced by Lorentzian functions (blue lines).

transmission BLS reside in the (111) plane of the phononic
crystal film.'® Conservation of momentum insists the follow-
ing wave vector relationship: ¢ = k; — k;, where ¢, k;, and
k; respectively denote wave vectors for the scattered photon
and the incident photon. k; and k; can be regarded as of
equal magnitude. Therefore, ¢ is determined by the following

equation,
4 0
q= T”sm<§), 5

where 6 is the scattering angle. The dispersion relations were
measured by varying the scattering angle 6 to probe phonon
wave vectors up to the second Brillouin zone.

In solid/solid phononic crystals, longitudinal and transverse
phonon waves are usually coupled together. By using different
incident and scattered light polarizations, the longitudinal and
transverse phonon modes can be measured separately.? In this
work, only longitudinal phonon modes from the PS/PDMS
specimen were recorded in Brillouin spectra. The transverse
signals from the self-assembled colloidal specimen cannot be
observed clearly, which can be attributed to the low contrast be-
tween PS and surrounding PDMS. Figure 3(a) shows a typical
Brillouin spectrum for wave vector g = 0.0160 nm~!, which
was recorded at scattering angle 6 = 85°. The frequencies
of the phonon peaks were obtained by fitting the Brillouin
spectra with Lorentzian functions. For example, as shown in
Fig. 3(b), the most intense Brillouin signal corresponds to the
longitudinal acoustic phonon mode for peak (1) at 2.84 GHz.

Less intense peaks can be fit using three Lorentzian functions
(2), (3), and (4) at 8.02, 9.64, and 10.81 GHz, respectively.
Peaks at 8.02 and 10.81 GHz are contributed by various higher
order vibrational modes, whereas the weak peak at 9.64 GHz
is the longitudinal phonon signal which comes from the quartz
substrate.

Figures 3(b)-3(f) show the anti-Stokes side of Brillouin
spectra recorded at various scattering angles in the range of
0.0100 nm~! < ¢ < 0.0199 nm~'. Phonon eigenfrequencies
are obtained by fitting the peaks in each spectrum with
Lorentzian functions. It is clearly presented that the shape
of the major Brillouin scattering signal evolves from a
single peak at low wave vector g to double peaks when g
approaches the vicinity of the Brillouin zone boundary. Such
a change in the Brillouin spectra shape is clear evidence
of the formation of a phononic band gap at the boundary
of the first Brillouin zone. The experimentally measured
phonon dispersion relations are plotted in Fig. 4(a), where
frequencies of the phonon modes are plotted as a function of
phonon wave vector g. The dispersionless modes (w = kc)
in solid circles are the experimentally measured longitudinal
acoustic phonons from the quartz substrate. The dashed blue
line indicates the longitudinal phonon propagation in the
substrate, and it matches the BLS data very well. Solid red
diamonds are the eigenfrequency modes supported by the
PS/PDMS specimen. The experimental phonon dispersion of
the PS/PDMS specimen is nearly linear at low frequency, and
then bended significantly when approaching the boundary of
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FIG. 4. (Color online) (a) Experimental phononic dispersion relation shows a band gap between 3.7 and 4.4 GHz. Solid red diamonds,
phonon crystal modes from PS/PDMS crystal; solid blue circles, phonon modes from the quartz substrate; dashed blue line: theoretical acoustic
phonon propagation in the substrate; dashed orange line: acoustic phonon propagation in a homogeneous effective medium of PS/PDMS.
(b) A FE computed phononic dispersion superposed with BLS data (left) and a transmission spectrum simulated by FDTD (right).

the Brillouin zone, forming a Bragg gap with a gap width of
about 0.7 GHz. The dashed orange line in Fig. 4(a) represents a
linear fit to these data points. The slope of this line corresponds
to the effective speed of sound for the PS/PDMS composite,
which is approximately equal to 1721 m/s. This value can be
well estimated by using Wood’s law [Eq. (3)],%¢

1
_ _%ps 4 ¥PDMS 3)

2 2 2 ’
PeftCesr PPSCpg PPDMS CppMS

where p, ¢, and ¢ are mass density, sound velocity, and
volume percentage with the effective density per = @psops +
PPDMS PPDMS -

In order to better understand the phonon modes measured
by BLS, theoretical simulations using FE and FDTD methods
were carried out to calculate the phonon dispersion relations
and transmission spectra along particular directions of sym-
metry in fcc reciprocal space. For both numerical techniques,
the solid/solid PS/PDMS phononic crystal is modeled as
an elastic composite body comprised of a fcc arrangement
of homogeneous PS spheres in a background matrix of
solid homogeneous PDMS. Band structure calculations are
computed for a crystal of infinite extent in all spatial directions,
whereas transmission calculations use a finite slab of the
phononic crystal which consists of 10 layers of PS along the
["'-L direction. In our calculations, PS spheres (¢ = 215 nm)
occupy 72% of the volume associated with the unit cell of a fcc
crystal, which is a good approximation of our actual specimen.
Material properties used in theoretical calculations are pps =
1060 kg/m?, C; ps = 2350 m/s, C7ps = 1230 m/s, pppms =
965 kg/m3, CL,PDMS = 1190 m/s, and CT,PDMS =500 m/s,
where p, Cp, and Cy represent density, longitudinal speed
of sound, and transverse speed of sound, respectively. It is
found that FE calculated band structure shows numerous
localized resonance modes (flat bands). We interpret these
bands as resonance modes confined to the small pocket of
PDMS located in between PS spheres. The frequencies of
such localized resonance modes increase dramatically with
increasing Cr ppms. Since the longitudinal acoustic branch

is insensitive to the value used for Cr, ppms, by selecting
Crppms = 500 m/s, the position of the lowest flat band can be
pushed above the longitudinal acoustic branch in the dispersion
relation diagram. This approach allows us to study the position
of the longitudinal acoustic branch in the dispersion diagram
and relate band gap information to BLS results.

The experimental phonon dispersions are superposed onto
the theoretical band structure computed by FE and plotted
in Fig. 4(b). The theoretical band structures are calculated
along the I'-L direction, and the measured phonon wave vector
resides in the (111) plane. Given the band splitting is roughly
constant near Brillouin zone face centers as suggested by
first-order perturbation theory, itis a good approach to compare
the BLS measurements with the theoretical phonon dispersions
along the I'-L direction in order to interpret the phonon
propagation modes and band gap.'®?’?® The band structure
simulated by FE calculations shows that the longitudinal
branch stems from the I" point and folds at the boundary
of the Brillouin zone, forming a phononic band gap in the
range of 3.7—4.2 GHz at the L point, which is identified with
a vertical dashed line in Fig. 4(b). There is a clear overlap in
frequency between the gap observed in the BLS experiment
and the gap determined by FE. The transmission spectrum
of the longitudinal wave simulated by FDTD along the I'-L
direction is presented on the left of Fig. 4(b). The forbidden
bands indicated by the minimums in the transmission spectrum
are consistent with the FE calculations and the experimental
results. In addition, FE calculations show two flat bands in
the band structure in Fig. 4(b), one occurring at 4.6 GHz
and the other at 5.2 GHz, which can be attributed to the
resonance modes of the PS opals. The lowest and most
intense (1,2) resonance mode lies within the Bragg gap and is
not shown in Fig. 4(b). The frequency downshift for these
flat bands can be caused by the soft surrounding PDMS
matrix. As a result of hybridization, hybridization gaps open
up and avoid crossing of the flat bands and longitudinal
branch.?*° The apparent absence of these hybridization gaps
in the experimental dispersions could be due to the weak
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coupling between the PS spheres and soft polymer matrix,
making it difficult to observe such hybridization gaps in BLS
measurements.' %17

High frequency phonon modes (>8 GHz), which have never
been reported in solid/liquid systems before, were observed as
well in our solid/solid PS/PDMS system. However, compared
to the low frequency modes, these high frequency phonon
modes are strongly mixed, and the scattering signals are usu-
ally very weak. Besides, some high frequency modes may not
be observed in BLS even after a very long accumulation time. '
Therefore, all these factors combined makes it challenging to
match the high frequency experimental BLS data with the
simulation results.

In summary, we investigated the phonon dispersion relation
of a fcc structured phononic crystal consisting of PS spheres

PHYSICAL REVIEW B 88, 144307 (2013)

in a solid PDMS matrix. The phonon band structure measured
by BLS shows a band gap and band-folding effect at the
boundary of the first Brillouin zone, which can be attributed
to coherent scattering by phononic crystal structure. We used
FE and FDTD methods to perform phonon band structure
and transmission spectrum simulations, respectively, for the
3D PS/PDMS phononic crystal, and obtained good agreement
with the experimental BLS data. While the BLS results are
qualitatively similar to those observed in solid/liquid phononic
crystals, solid/solid phononic crystals have a significant advan-
tage in design of practical hypersonic devices. Furthermore,
the demonstration of the agreement between experiment and
theory at the submicron scale opens the prospect of further
development of 3D solid/solid hypersonic phononic crystal
systems.
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