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Hypersonic Phononic Crystals
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In this Letter we propose the use of hypersonic phononic crystals to control the emission and
propagation of high frequency phonons. We report the fabrication of high quality, single crystalline
hypersonic crystals using interference lithography and show that direct measurement of their phononic
band structure is possible with Brillouin light scattering. Numerical calculations are employed to explain
the nature of the observed propagation modes. This work lays the foundation for experimental studies of
hypersonic crystals and, more generally, phonon-dependent processes in nanostructures.
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FIG. 1 (color online). SEM images of interference lithography
patterned samples: (a) s1 with r=a � 0:1; (b) s2 with r=a �
0:33; (c) laser light diffraction pattern.
The concept of phonon management has importance for
both basic science and applications, ranging from heat
management to reduction of noise in electronic circuits,
and enhanced acousto-optical interactions. The fundamen-
tal property of phononic crystals is the existence of special
frequency regions—phononic band gaps—where no me-
chanical wave can propagate. Phononic band gaps have
their origin in the destructive interference of multiply
scattered waves in periodic structures. In the past, much
attention has been focused on sonic (midgap frequency
!g � 102–103 Hz) and ultrasonic (!g � 104–106 Hz)
crystals [1–5], partially due to their promise for applica-
tions in acoustics, remote sensing, and medical diagnos-
tics, but also because of experimental convenience.
Elements of these crystals are macroscopic objects that
can be manually assembled into various structures [3],
while simple ultrasonic transmittivity measurements pro-
vide information about their phononic band gaps.
Hypersonic crystals (!g � 109–1012 Hz) are more diffi-
cult to fabricate and characterize because of their inher-
ently smaller length scale. In the past, there have been
relatively few investigations of hypersonic crystals [6–8].
However, such materials influence high energy phonons in
a novel and powerful way, which opens a pathway for
exploration of entirely new phenomena. First, the presence
of phononic band gaps perturbs the phononic density of
states, which impacts physical quantities such as thermal
conductivity and heat capacity [9]. Second, since the lattice
spacing of hypersonic crystals is comparable to the wave-
length of light, they exhibit both phononic and photonic
band gaps. Acousto-optical interactions result in intriguing
effects, such as optical cooling [10], and shock-wave-
mediated light frequency shifts [11], and suggest a novel
way to create a number of acousto-optical devices, such as
optical modulators and optically pumped acoustic oscilla-
tors [12].

We fabricate 2D hypersonic phononic crystals using
interference lithography [13,14]. This technique yields
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large area, defect free, single crystalline samples, while
affording easy control over the geometrical parameters,
such as volume fraction, symmetry, and lattice length scale
[15]. Interference lithography involves the transfer of an
intensity pattern into a photosensitive material. This expo-
sure step essentially binarizes the intensity distribution
created via the interference into a nearly uniform material
density inside some threshold isointensity contour and zero
outside of it. In our case, the photoresist employed is a
modified negative tone SU-8 platform [16]. Our samples
consist of triangular arrays of cylindrical holes in epoxy
matrix. The epoxy layer is a 6 �m thick film on a glass
substrate. The average sample radius is 2 mm. Two
samples have been analyzed: s1 with a cylinder radius to
lattice constant ratio of r=a � 0:1 (4% porosity), and s2
with r=a � 0:33 (39% porosity). The lattice constant for
both samples is a � 1360 nm. The scanning electron mi-
croscopy (SEM) images are shown in Figs. 1(a) and 1(b),
respectively. The normal incidence transmission light dif-
fraction pattern [Fig. 1(c)] confirms the single crystal
nature and hexagonal symmetry of the structures.

We employ high resolution, angle-resolved, polarized
Brillouin light scattering (BLS) to characterize phonon
propagation modes in our structures. Recently, this tech-
nique was used to study acoustic properties of inhomoge-
neous polycrystalline bulk materials, such as systems of
colloidal particles [17], concentrated ordered solutions of
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high molecular weight block copolymers [18,19], and
lithographically patterned polymer nanostructures [20].
Our measurement geometry is described in Fig. 2.
Photons with the wave vector ~qi enter the sample, where
they are scattered inelastically by thermal phonons, such
that their wave vector becomes ~qs. Polarization of the
incident and scattered light is maintained perpendicular
to the scattering plane (s polarized) by a pair of polarizers.
The orientation of the sample is adjusted in such a way that
the phonon wave vector ~k always lies in the sample plane
[Fig. 2(a)]. The magnitude of ~k is controlled by the scat-
tering angle 
, while its direction in the Brillouin zone
(BZ) is determined by the orientation angle ’ [Fig. 2(b)].
In all our measurements ~k was always pointing along the
�-M direction. The light frequency shift ! (equal to the
phonon frequency) is measured using a tandem Fabry-
Perot interferometer as a spectrum analyzer. A typical
intensity profile consists of a very strong elastic Rayleigh
peak at! � 0 and a series of symmetric Brillouin doublets
at �! that correspond to Stokes and anti-Stokes scattering
[Fig. 3(a)]. The smallest detectable frequency shift is de-
termined by the wings of the Rayleigh peak and by the
intensity of the Brillouin doublet. In our case, it is roughly
1 GHz for the stronger glass substrate peaks and 1.5 GHz
for the weaker epoxy film peaks.

To understand the effects of periodicity on the phonon
propagation we first compare the spectrum of the s1 sample
with that of the unpatterned photoresist film. Both spectra
were taken at j ~kj � 0:0051 nm�1. Figures 3(a) and 3(b)
show the scattered light intensity profiles I�!; � for the
unpatterned film and s1, respectively. Two peaks are
present in the spectrum of the unpatterned sample: a high
intensity peak (1) at ! � 4:74 GHz coming from the glass
substrate, and a less intense peak (2) at ! � 2:34 GHz that
corresponds to the longitudinal phonon of the polymer
film. The spectrum of s1 is more complex. In addition to
the most intense glass peak (1) at the same frequency, we
see three less intense peaks, (2), (3), and (4), coming from
various bands of the phononic crystal. The position of the
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FIG. 2 (color online). BLS measurement geometry:
(a) scattering plane, top view; (b) sample plane, top view.
Only phonons with ~k essentially in the sample plane are probed.
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lowest frequency longitudinal phonon peak (2) is shifted
slightly from ! � 2:34 GHz to ! � 2:29 GHz, in com-
parison with the corresponding peak (2) of the unpatterned
film, due to the decrease of the effective sound velocity in
the porous polymer structure of sample s1 (4% porosity).
The two new peaks (3) and (4) correspond to propagation
states in the higher bands of the phononic crystal.
Repeating our measurements for j ~kj from 0.0005 to
0:009 nm�1, we obtain complete phononic band diagrams,
as shown in Figs. 3(c) and 3(d) for samples s1 and s2,
respectively.

To provide interpretation of the observed modes, we
calculate theoretical band diagrams and compare them
with the experimental data. The finite element method
(FEM), based on the weighted residual formulation [21],
is employed to model the properties of the elastic struc-
tures. The FEM transforms the elastic wave equation
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into a discrete generalized eigenvalue problem, where ~u is
the displacement vector field, � is the density, and ct and cl
are the transverse and longitudinal velocities, respectively.
Because of the periodicity of the structure, the displace-
ment field ~u satisfies Bloch’s theorem. The interior air
region is modeled using zero-traction boundary conditions
at the air-material interface [22]. The background was
taken to be epoxy with � � 1:19 g=cm3, ct � 1:8 km=s,
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FIG. 3. BLS spectrum of the samples at j ~kj � 0:0051 nm�1:
(a) unpatterned epoxy film; (b) s1 film; (c),(d) experimental and
theoretical phononic band diagrams for s1 and s2 samples,
respectively. Solid triangles, glass mode; open triangles, Bragg
mode [18,19]; solid circles, phononic crystal modes; solid lines,
theoretical quasilongitudinal modes; dotted lines, theoretical
mixed modes.
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FIG. 4. (a),(b) Theoretical band diagrams for s1 and s2
samples. Solid lines represent quasilongitudinal modes; dashed
line, quasitransverse modes; dotted lines, mixed modes;
(c),(d) displacement field for quasilongitudinal (j ~kj �
0:0027 nm�1, ! � 1:16 GHz) and mixed (j ~kj � 0:0027 nm�1,
! � 1:79 GHz) modes for the s1 sample.
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and cl � 3:1 km=s. Figures 4(a) and 4(b) show the calcu-
lated dispersion relationship for in-plane propagation,
where the displacement field ~u is normal to the axis of
the cylinders for samples s1 and s2, respectively.

For the analysis of the scattering data it is important to
understand the nature of the propagation modes in the
periodic structures. In homogeneous, isotropic media there
are three independent propagation modes: longitudinal (P)
and two polarizations [SV (shear vertical, with displace-
ment field perpendicular to the sample plane) and SH
(shear horizontal, with displacement field in the sample
plane)] of transverse waves. In contrast, in phononic crys-
tals longitudinal and transverse waves are coupled to-
gether, such that the propagation modes are generally
mixed waves. To visualize the differences among various
propagation modes, we compute and compare their dis-
placement fields [Figs. 4(c) and 4(d)]. For lower-lying
modes, ~u is essentially either perpendicular or parallel to
~k. We, therefore, use the terms ‘‘quasilongitudinal waves’’
and ‘‘quasitransverse waves’’ to describe these modes
[Figs. 4(a) and 4(b)]. In contrast, higher band propagation
modes are typically strongly mixed and cannot be approxi-
mated as either longitudinal or transverse waves. We also
find that the same mode can have predominantly longitu-
dinal displacement field character for one range of ~k and
strongly mixed displacement field character for another
range of ~k [Fig. 4(a)].

To identify which of the calculated modes will be
actually measured experimentally, we must compute the
intensities of the light scattered by different modes.
Following the treatment by Landau and Lifshitz [23], the
electric field in the scattered wave ~Es is proportional to the
vector product 
 ~n� � ~n� ~G��, where ~n is a unit vector in
the scattering direction, and the components of the vector
11550
~G are given by the integral Gi �
R
�"ik exp��i ~k � ~r�dV �

ek. Here ~e is a unit vector parallel to the incident electric
field vector ~Ei � ~eE0 exp�i ~qi � ~r�; �"ik is the change in the
electrical permittivity due to elastic deformation—�"ik �
a1uik 	 a2ull�ik, where uik �
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and a1 and a2 are the photoelastic constants of the medium.
The integration is done over the scattering volume. In the
case of a plane wave propagating in a homogeneous me-
dium, the integral for ~G can be evaluated analytically. For
our scattering geometry we note that (i) SV modes do not
scatter light; (ii) light scattered by SH modes is p polar-
ized; (iii) light scattered by P modes is s polarized.
Therefore, only the signal from longitudinal phonons will
be measured.

In the case of phononic crystals, the displacement fields
cannot be represented by plane waves and the integral
for ~G must be evaluated numerically. However, the con-
clusions above still provide useful guidelines for the
interpretation of the measured spectra. In particular, it is
clear that quasilongitudinal phonons will scatter light sig-
nificantly, while contributions from the quasitransverse
modes will not be detected. The intensity of the mixed
mode peaks will depend on their field distributions and
must be evaluated separately for each mode. However,
their strength will be less than the quasilongitudinal pho-
nons peaks. For this reason, the low frequency peak (2) in
the s1 spectrum [Fig. 3(b)] is more intense than peaks (3)
and, especially, (4).

Figures 3(c) and 3(d) superpose experimental data
points and the theoretical lines on the same graphs. Only
quasilongitudinal modes (solid lines) and strongly scatter-
ing mixed modes (dotted lines) are plotted. The spectrum
of sample s1 has contributions from the second quasilon-
gitudinal mode, while the first quasilongitudinal mode is at
frequencies too low to be detected. In addition, we see the
signature of the strongly scattering mixed modes at the
higher frequencies. The spectrum from sample s2 is very
different. Because of the higher porosity, the effective
sound velocity decrease is so prominent that both the first
and second quasilongitudinal modes are below the detec-
tion threshold. All the higher modes are mixed.
Experimental data points follow the calculated lines well,
but in some places along the theoretical lines expected
experimental data points appear missing. This behavior is
not surprising. The scattering from the mixed modes is ~k
dependent and relatively weak. Therefore, for some values
of ~k it may be impossible to detect peaks even after long
accumulation times. Finally, there is one mode in both the
s1 and s2 spectra that does not follow any theoretical line.
It is labeled as ‘‘Bragg mode’’ [18,19] and is plotted with
open triangles [Figs. 3(c) and 3(d)]. To speculate on the
nature of this mode, we note that its velocity is nearly equal
to the glass sound velocity, while its negative dispersion is
a characteristic of crystalline samples [19]. These obser-
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vations strongly suggest that this mode represents a wave
propagating at the film-substrate interface.

In this Letter we demonstrate that a combination of
interference lithography and Brillouin light scattering con-
stitutes a complete tool set for fabrication and character-
ization of hypersonic phononic crystals. We are able to
create a variety of single crystalline, defect free structures,
and measure their phononic band diagrams !� ~k� directly.
We employ FEM to perform theoretical band structure
calculations and obtain very good agreement with experi-
mental results using no fitting parameters. Our work pro-
vides foundations for experimental studies of hypersonic
phononic crystals and opens a new pathway towards
achieving control over phononic properties of materials.
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