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We present experimental and theoretical evidence of a phononic band gap in a hypersonic range for thermally
activated surface acoustic waves in two-dimensional (2D) phononic crystals. Surface Brillouin light scattering
experiments were performed on the (001) surface of silicon, loaded with a 2D square lattice of 100- or 150-nm-high
aluminum pillars with a spacing of 500 nm. The surface Brillouin light scattering spectra revealed a different
type of surface mode, related to the modulation of the lattice structure and the mechanical eigenmodes of the
pillars. The experimental data were in excellent agreement with theoretical calculations performed using the
ﬁnite-element method.
DOI: 10.1103/PhysRevB.86.085426

PACS number(s): 78.35.+c, 62.30.+d, 43.35.Pt, 02.70.Dh

I. INTRODUCTION

II. EXPERIMENT

Periodically modulated composite structures made of
materials of different physical properties have been under intense study lately. Such composite structures comprise photonic crystals made of components of different
permittivity,1–4 magnonic crystals that are ferromagnetics
of different permeability,5,6 and phononic crystals.7–22 In
phononic crystals of a heterogeneous one-dimensional (1D),
2D, or 3D structure, the elastic (acoustic) waves propagating
in the medium are not simple plane waves that can be
classiﬁed as transverse and longitudinal (or quasitransverse
and quasilongitudinal). With a proper choice of material
parameters and modulation spacing, it is possible to induce a
complete band gap for which propagation of acoustic waves of
arbitrary polarization and wave vector is forbidden. Contrary
to the linear dispersion relation in the long-wavelength
limit, a mechanical wave of a wavelength comparable to
the spacing may undergo multiple scattering at the interfaces of different elastic media, which leads to destructive
interference and to the appearance of bands of forbidden
frequencies at which propagation of mechanical waves is not
allowed.7–22
A huge part of the advanced technological solutions in
electronic devices is implemented on silicon substrates. A
two-dimensional periodic nanostructure in the form of pillars
deposited on such a substrate, or holes (inclusions) made in the
substrate, enables the control of heat ﬂow13 and propagation
of hypersonic surface acoustic waves (SAWs).17–20 In the
surface phononics, the frequency band gap can be controlled
by the ﬁlling factor, spacing, the elastic properties of the
pillars/inclusions, and also the height of the pillar, which is
considered in this paper. This paper presents experimental
results obtained by surface Brillouin light scattering spectroscopy (SBLS)23–25 supported by theoretical modeling by the
ﬁnite-element method (FEM)26 for a 2D aluminum hypersonic
phononic structure on silicon substrate. Theoretical considerations concerning SAWs propagating in similar materials can
be found in Refs. 27–30. The SAWs in phononic crystals were
also studied experimentally (see, e.g., Refs. 31 and 32).

The (001) surface of a pure Si substrate was coated by
a 200-nm-thick poly(methyl methacrylate) (PMMA) layer
and cut into chips of size 5 × 5 mm. Several areas of the
size 100 × 200 μm were patterned by e-beam lithography
using a JEOL 6400 instrument on each chip. The chip
developed in methyl isobutyl ketone and isopropyl alcohol
(MIBK:IPA)(1:3) solution was coated in an UHV evaporator
with an Al metal sheet at a speed of 3 Å/s. The metal thickness
of the chip was controlled by a thickness monitor, so each chip
had a well deﬁned height of a nanostructure. After evaporation,
the chip was subjected to a lift-off and cleaning process.
The topography of the area and the height of the pillars
were measured by an atomic force microscope (AFM) (see
Fig. 1). SBLS measurements were performed for the samples
with a nanostructure of the period a = 500 nm. The shape of
the pillar was approximated by that of a thimble (truncated
cone) of the base radius r = 95 nm, semiangle δ = 16◦ , and
height b = 100 nm (sample 1) or b = 150 nm (sample 2).
Figure 2 presents a pillar and the unit cell assumed in FEM
simulations. The calculations were performed for the elastic
constants of cubic silicon C11 = 165.7 GPa, C12 = 63.9 GPa,
C44 = 79.9 GPa, and density ρSi = 2331 kg/m3 , and of
isotropic aluminum C11 = 111.3 GPa, C12 = 59.1 GPa, and
ρAl = 2700 kg/m3 .33,34
SBLS is a nondestructive method that enables an investigation of thermally excited SAWs in the hypersonic range. SBLS
provides information on the relative change in the frequency
of laser light undergoing inelastic scattering by SAWs. For
SAWs, the main contribution to the scattered light comes from
the surface ripple mechanism rather than from the elasto-optic
effect (the main contribution for bulk acoustic waves).23,24
SBLS measurements were performed on a six-pass tandem
type Fabry-Pérot interferometer (JRS Scientiﬁc Instruments)
using p-p (light polarization parallel to the plane of incidence)
backscattering geometry. The source of light was a 200 mW
laser generating light at λ = 532 nm. The light was collected
by using f/8 optics, with a focal length of 58 mm. The
solid angle of the lens was 0.63 steradians. In backscattering
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FIG. 1. (Color online) 2D pillar lattice Al on the (001) surface
of Si substrate AFM topography with the crystalline orientation
marked.

geometry, the angle of the laser beam incidence onto a given
surface studied is equal to the scattering angle and denoted
by θ . For homogeneous materials, the scattering wave vector
q = ks − ki (ks and ki are wave vectors of a scattered photon
and an incident photon, respectively) and the wave vector k of
a surface phonon are equal. In such a case, the magnitude of q
is given by23–25
q=

4π sin θ
.
λ

deformation:
u exp[i(kx x + ky y + kz z)],

(1)

For periodic structures such as surface phononic crystals, the scattering wave vector is deﬁned by momentum
conservation:14
q = k + G,

FIG. 2. (Color online) Schematic presentation of the unit cell and
pillar.

(2)

where G denotes the reciprocal lattice vector. For the considered X direction, we have q = k + 2nπ/a, where n is an
integer. A detailed description of the experimental setup can be
found in Refs. 24 and 25. SBLS measurements were performed
at room temperature for θ varied in the range 14◦ –85◦ [which
corresponds approximately, according to (1), to the range
of wave numbers q: 0.0057–0.0235 nm−1 ] backscattering
geometry.33,34

v exp[i(kx x + ky y + kz z)],
w exp[i(kx x + ky y + kz z)],

where u, v, and w stand for the components of deformation
in the rectangular system of coordinates, and the wave vector k = (kx ,ky ,kz ) = (k cos α,k cos β,k cos γ ). In the above
expressions, α, β, and γ are the angles made by the wave
vector and the x, y, and z axes of the coordinate system.
For the Rayleigh-type SAW, it is assumed that kz is zero (the
wave vector of the surface wave is in the xy plane), while
cos β = sin α.
Based on the expressions of solid state mechanics, it is
possible to determine the elastic free energy density of the
deformed body on the unit volume:37
F =

III. FEM MODEL

To get a correct dispersion relation for the surface acoustic
waves in the FEM approach, the boundary conditions of the
unit cell (see Fig. 2) must be chosen to correspond to the
physical properties of the waves. The exponential decay of
the wave amplitude with depth was achieved by assuming
free boundary conditions for B6 and all pillar’s walls and
ﬁxed boundary conditions for the B5 wall. The height of
the unit cell is dependent on the SAW length, λSAW . On
the basis of preliminary simulations for silicon without a
phononic nanostructure, it was assumed that h = 2λSAW .35
Such a choice of h and a ﬁxed boundary condition for the B5
wall mean that FEM solutions are limited to surface excitations
with a penetration depth smaller than 2λSAW . For the walls
B1, B2, B3, and B4, the Bloch-Floquet36 periodic boundary
conditions were speciﬁed for each of the three components of

(3)

1
2

Cij kl uij ukl ,

(4)

where Cij kl is the elasticity tensor and uij is the deformation
tensor (small deformation):


∂uj
1 ∂ui
uij =
,
(5)
+
2 ∂xj
∂xi
where (u1 ,u2 ,u3 ) = (u,v,w) and (x1 ,x2 ,x3 ) = (x,y,z). From
all the solutions of the FEM, where the undamped eigenmodes
satisfy the above boundary conditions, the ones that are surface
waves were chosen. The criterion of choice was that for SAWs,
the deformation energy density along the z axis is centered at
a distance lower than from the free surface:



dV zF
V
ρz = h − 
< 0.2h.
(6)
V dV F
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FIG. 3. SBLS spectrum for pure Si substrate. The peaks correspond to the Rayleigh surface wave propagating in the [100] direction
in the (001) plane.

FIG. 5. SBLS spectrum obtained for sample 2 (pillars’ height
b = 150 nm).

IV. RESULTS AND DISCUSSION

The average position of the symmetric peaks observed in
the SBLS spectra provides information about the so-called
Brillouin shift, which is merely the frequency of SAWs with the
wave number k. In Figs. 3–5, we have particular SBLS spectra
obtained for pure Si substrate, samples 1 and 2, respectively.
For each sample, the spectrum provides information about
SAWs propagating in the [100] direction in the (001) plane of
silicon substrate.
Pure Si substrate can be considered as a typical example of
a homogeneous elastic halfspace. The SBLS spectrum of the
pure substrate (Fig. 3) shows only one pair of peaks related
to the Rayleigh surface wave (RSW). RSW velocity generally
depends on the plane and direction of propagation, the elastic
constants Cij , and the mass density ρ of the given material. For
homogeneous, unlayered materials, RSWs (in the long-wave
limit) are nondispersive.
Loading the substrate with a thin (with respect to the
wavelength of the SAW) homogeneous layer can result in the
appearance of other well-known types of surface excitations,
e.g., Lamb, Sezawa, or Love waves, which can also be
measured using SBLS. What is more, SAW velocity becomes
dependent on the wave number q.33,34

FIG. 4. SBLS spectrum obtained for sample 1 (pillars’ height
b = 100 nm).

The situation becomes more interesting if we consider the
SBLS spectra obtained for samples 1 and 2 (Figs. 4 and 5)
revealing the peaks that cannot be simply related to any of the
surface modes mentioned. What is more, the occurrence of a
pseudo-RSW propagating in the [100] direction in the (001)
plane of silicon support can be neglected according to SBLS
results obtained for unloaded Si substrate (Fig. 3). Generally,
SBLS results obtained for several different scattering angles θ
can be gathered as the dispersion relation fSAW (q). Dispersion
of SAWs can be calculated by the above-described FEM
modeling taking the wave number as a parameter varied in
a deﬁned range and step. In Figs. 6–8, the SBLS data points
(circles) are compared with FEM simulations (lines) for pure
Si substrate, samples 1 and 2, respectively, within the range of
wave numbers available in the SBLS experiment. Now, if we
take into account FEM calculations for pure silicon, we have
an unnatural folding effect, which comes only from periodic
boundary conditions imposed on the unit cell. In addition
to this unphysical effect, the SBLS results are in very good
agreement with the calculations.
The dispersion relations obtained for samples 1 and 2 are
much different from that typical of the unloaded surface of

FIG. 6. (Color online) Dispersion relation for the Rayleigh
surface wave propagating in the [100] direction in the (001) plane
of pure Si substrate. SBLS results (circles) compared with FEM
calculations (lines).
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FIG. 7. (Color online) Dispersion relation for SAW obtained for
sample 1. SBLS results (circles) compared with FEM calculations
(lines). The hatched area denotes the band gap.

silicon (see Fig. 6). The presence of the additional peaks in the
SBLS spectra mentioned above as well as the folding effect
following from the experimental data cannot be explained
without considering the effect of the 2D periodic lattice of
pillars. According to Bloch theory,38 wave vectors k and k + G
should describe the same surface mode:
fSAW (k) = fSAW (k + G).

(7)

In our case, we have fSAW (k) = fSAW (k + 2nπ/a), which can
be observed in dispersion relations obtained for samples 1 and
2 (Figs. 7 and 8).
Comparing SBLS spectra from Figs. 3–5, we can notice that
the intensity of peaks (corresponding to SAW) for samples
with aluminum pillars can be greater than that for pure
silicon substrate. Generally, the intensity of light inelastically
scattered on SAWs is dependent on the area of the illuminated
surface spot and the reﬂectivity of the surface.39 What is more,
pillars can partially shadow the surface of the substrate. The
effective area of the silicon, which contributes to the SBLS
spectra, is reduced and depends on the pillars’ dimensions and
the scattering angle θ . Therefore, we can assume that the main
contribution to the SBLS spectra in the samples with a 2D

FIG. 8. (Color online) Dispersion relation for SAW obtained for
sample 2. SBLS results (circles) compared with FEM calculations
(lines). The hatched area denotes the band gap.

FIG. 9. (Color online) FEM three-dimensional deformation ﬁeld
corresponding to Rayleigh surface wave propagating in the [100]
direction in the (001) plane of Si substrate.

Al nanostructure comes from metallic pillars rather than from
semiconducting substrate.
The dispersion relations obtained for samples 1 and 2 reveal
a series of horizontal branches corresponding to waves of very
small group velocity. For these branches, the surface excitations correspond to the eigenmodes (resonant modes28,40 )
of the pillars with a simultaneous slight deformation of the
silicon support (see Fig. 11). As follows from the data shown in
Figs. 7 and 8, with increasing height of the pillar, the frequency
of such modes decreases. Frequencies of such modes can
be qualitatively explained if we make a comparison to the
classical mechanics problem of a rod anchored at one end.
The fundamental frequency (and other harmonics) in this case
is inversely proportional to the rod height. For our samples, we
have eigenmodes around 6 GHz for b = 100 nm and 4 GHz
for b = 150 nm, which is in excellent agreement with the
above statement. However, more general conclusions about
observed modes should be conﬁrmed by further studies for
samples differing in the pillars’ properties.
The FEM approach enables us to obtain a three-dimensional
visualization of a given excitation. Figures 9–11 show the
deformation ﬁeld corresponding to the SAW (with a particular
wave number) propagating in pure Si substrate, samples 1 and

FIG. 10. (Color online) FEM three-dimensional deformation
ﬁeld for sample 1 corresponding to SAW propagating in the [100]
direction in the (001) plane related to Si substrate.
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absorbing mechanical energy.40 In such situations, we should
look for such band gaps for which the surface wave energy will
be scattered to a minimum degree. A tempting possibility is
to simulate the propagation of surface waves in the composite
structure studied in the time domain.
Surprisingly, the SBLS spectra show only selected branches
of the band structure predicted by the theory. A possible
explanation is that the SBLS experiment permits an observation of only such waves for which the energy of associated
deformation is concentrated at the free surface. However,
a detailed explanation of such behavior requires a deeper
theoretical analysis, taking into account the dependence of
the scattering cross section on the scattering angle.
FIG. 11. (Color online) FEM three-dimensional deformation
ﬁeld for sample 2 corresponding to SAW propagating in the [100]
direction in the (001) plane related to Si substrate.

2, respectively. Although the deformation was rescaled as we
were looking for undamped eigenmodes, the scale of colors
from blue to red provides insight into the character of the
excitations.
A very good agreement was obtained between the SBLS
experimental results and those obtained from FEM for both
samples. We see that the SAW band gap for sample 1 lies
in the range of frequencies 4.68–4.83 GHz, and for sample
2 we have 4.83–5.27 GHz. It can be concluded that the
frequency band gap for SAWs can be tuned by the height
of the pillars. For the samples studied in the present paper, we
can notice that with increasing height of the pillar, the band
gap width is increased and shifts toward higher frequencies.
However, localized modes (here around 6 and 4 GHz in
Figs. 7 and 8, respectively) can affect the frequency gap
region and lead to additional band gaps, as was reported for
SAWs in Ref. 28 and for longitudinal hypersonic waves in
Ref. 41.
Let us consider the reﬂecting properties of the structure
studied for SAWs. By analogy to the bulk phononic crystals,
on the basis of the band structure it can be concluded that for
frequencies higher than ∼9 GHz, this structure should be an
excellent SAW reﬂector. However, it should be noted that the
periodic structure of the medium can cause a transformation
of the surface wave into a pseudosurface or bulk wave, and
mechanical energy can be taken from the surface into the
bulk. The pillars on the surface can also behave as resonators
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