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A B S T R A C T

The modification of phononic crystals by surface structuring allows obtaining a new parameter describing the
dynamics of the structure produced in this way. We have investigated the dispersion relation of surface acoustic
waves propagating in a phononic material which is based on nanometer-scale surface modulation using inter-
connected one-dimensional array of stripes and a two-dimensional array of pillars. The influence of these two
array components on the dispersion relation has been determined experimentally (Brillouin light scattering) and
theoretically (Finite Element Method). The interaction of these two nanostructures supports a new mode which
is not observed in independent structures of pillars and stripes. The influence of the relative position of these two
nanostructures on the frequency of the new mode has been determined.

1. Introduction

Phononic crystals are special periodic materials with great promise
for controlling and manipulating the propagation of elastic waves. The
periodic nature of such materials gives them novel properties that
cannot be found in bulk materials such as, for example, near zero group
velocity or formation of band gap – the range of frequency where the
acoustic waves cannot propagate [1–7]. A defect free phononic crystals
are very useful in actual fabrication at the nanoscale because can
strongly reduce tedious technological processes and potentially im-
prove the precision of the devices [8]. The addition of defects to pho-
nonic crystals (for example, local irregularity of the phononic lattice)
provides possibilities to create new devices to control acoustic wave
transmission [9–13]. The idea of applying an additional layer to the
fragment of the phononic structure allows the evolution of the bandgap
and localization of the own vibrations of the pillars [14]. The mod-
ulation of elastic properties and the dimension of nanostructures give
further opportunities to influence the wave propagation [15–19].
Moreover, many recent studies have addressed phononic crystals with
regard to their applications. Such materials can be useful in commu-
nication, sensing, and optomechanics [20–25].

This article presents results on propagation of surface acoustic
waves (SAW) in a nano-engineered phononic system consisting of one-
dimensional (1D) and two-dimensional (2D) phononic structures. Each
of these structures has a different location that characterizes its
bandgap. Creating two structures of different dimensions in one tech-
nological process but using the same material seems to be another good

step in expanding the application possibilities of phononic materials.
We used non-destructive testing methods for our research.

The Brillouin scattering of light was used for determination of the
SAW dispersion relation. Theoretical calculations of the expected dis-
persion relation have been done using the finite element method (FEM).
The main goal of our study was to determine the influence of both 1D
and 2D structures – pillars and stripes – on the dispersion relation of
surface acoustic waves in a phononic crystal consisting of these na-
nostructures as well as determining the nature of the vibrations arising
at the interface of these two nanostructures.

2. Materials and methods

2.1. The samples

The naturally oxidized (0 0 1) surface of a pure Si wafer was used as
the substrate. The sample was cut into chips of the size of 5 × 5 mm2

and coated with a 250 nm thick PMMA layer. Several patterns covering
100 × 100 μm2 were fabricated on each chip using e-beam lithography
(JEOL 7100F instrument). After development in MIBK solution, the
chips were coated with Al in an UHV evaporator at the speed of 0.3 nm/
s. The thickness of the metal on the chip was controlled by a thickness
monitor with a resolution of 0.1 nm. After evaporation, the chips were
subject to a lift-off and cleaning process. The resulting periodic na-
nostructure consisted of strongly interconnected aluminum stripes and
pillars. A scanning electron micrograph of a typical sample used in our
experiment is shown in Fig. 1a. The shape and parameters of stripes and
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pillars (Fig. 1) were defined by using SEM and AFM imaging: the width
of the stripes b = 135 nm, the radius of the pillar r = 105 nm, the
tilting angle of the wall of the pillar α= 3.8 degrees (i.e. more precisely
the pillars were truncated cones Fig. 1c). The height of the aluminum
nanostructure was h = 160 nm. The structures shown in Fig. 1 are
characterized by the lattice constant of a = 500 nm, which was the
same for both the stripes and the pillars. The stripes orientation with
respect to the silicon lattice is shown in Fig. 2b.

2.2. Experimental setup

The propagation of surface acoustic waves along the silicon surfaces
covered with an aluminum nanostructure was studied using a six-pass,
tandem Brillouin spectrometer (JRS Scientific Instruments) which en-
sures a contrast of 1010 [26–27]. The source of light was a 200 mW
Nd:YAG single-mode diode-pumped laser, emitting the second harmo-
nics of light of the length λ0 = 532 nm (Excelsior Spectra Physics). A
detailed description of the experimental setup is found in Refs. [28,29].
Measurements were made in the backscattering geometry. The incident
light was polarized in the sagittal plane defined by the wave vector of a
given phonon and the normal to the sample surface. The SAW energy is
represented by the Brillouin frequency shift Δf of the inelastically
scattered laser beam. The range of wavelengths of the Rayleigh SAW
studied was from about 280 nm to 7000 nm [30].

Owing to its high sensitivity, Brillouin spectroscopy permits detailed
investigations of the dispersion relation of SAW propagating in the
patterned 1D/2D aluminum structures.

3. FEM simulations

The dispersion relation for surface acoustic waves propagating in
the studied phononic crystal was simulated using the finite element
method code of COMSOL Multiphysics [31]. Phononic crystal with
strong interconnected aluminum stripes and pillars on silicon substrate
is schematically shown in Fig. 2a. The elementary cell used in the FEM
simulation is displayed in Fig. 2b. Pillars form a square lattice which is
described by 2D irreducible Brillouin zone of the square lattice which is
given in Fig. 2c.

The silicon substrate was treated as a uniform semispace z ≤ 0 with
nanostructures on the top of semispace. For simulations, the substrate
was taken as strictly flat. The calculations were performed for the
elastic constants of cubic silicon =c 165.711 GPa, =c 63.912 GPa,

=c 79.944 GPa and density =ρ 2331Si kg·m−3 [32], aluminum
=c 111.311 GPa, =c 59.112 GPa, and density =ρ 2700Al kg·m−3 [33].

The geometrical parameters used during the simulations corresponded
to the real parameters of the experimentally investigated sample. Bloch
– Floquet periodic boundary conditions were applied to walls B1, B2
and B3 (Fig. 2b), and the opposite walls parallel to them. Fixed
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Fig. 1. Scanning electron microscope (SEM) image of aluminum nanostructure consisting of interconnected aluminum stripes and pillars deposited on a silicon
substrate (a). Schematic representation of the studied phononic crystal (b, c).

Fig. 2. Periodic structure made of a array of pillars and stripes on Si substrate surface (a). Schematic view of the unit cell used in FEM simulations (b). The irreducible
first Brillouin zone of the square lattice (c).
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boundary condition was applied to the bottom surface of the unit cell.
The height of the elementary cell used in the simulations was correlated
with the wavelength of the acoustic wave propagating in the sample.

4. Results

The investigated phononic structure is complex in terms of the
construction. In the studied samples, the phononic structure consisted
of parallel lines, i.e. stripes (one-dimensional phononic crystal, 1DPnC)
and pillars (two-dimensional phononic crystal, 2D PnC) which are
coupled (1D/2D double-lattice PnC). The pillars structure forms a 2D
square lattice. Therefore, the experimental investigations of SAW pro-
pagation was done in two different directions marked in the irreducible
first Brillouin zone of the square lattice as kx and ky (Fig. 2c). In the first
measurements, the direction of the SAW wave vector q was along the
stripes which correspond to the kx direction, while in the second case,
the direction of the SAW wave vector q was perpendicular to the pat-
terned lines which correspond to the ky direction.

From the point of view of 2D pillar array, the dispersion relations
measured in the directions kx and ky do not differ from each other,
however, for 1D stripe array, the difference is fundamental [34].

The measurements and simulations on the dispersion relation of
surface acoustic waves presented in Fig. 3 for our 1D/2D double-lattice
sample have been done in kx direction (the direction of SAW propa-
gation is along the lines of stripes). The blue dotted line in the figure
corresponds to the bulk transverse wave propagates in pure silicon
substrate. The brown dashed line corresponds to Rayleigh SAW pro-
pagates in pure silicon substrate. The letters A-E denote individual
dispersion branches for SAW and the corresponding maps of unit cell
deformation.

Even though the investigations were done for the SAW propagation
along the Al stripes, the dispersion relation is typical of a 2D PnC as the
dispersion relation shows the characteristic Brillouin zone folding.
Typical dispersion relation of SAW for 1D PnC composed of stripes is
not periodic when the waves propagate along the stripes [34]. Our
result means that even a slight periodic inhomogeneity of a striped
configuration (in our case it is made by a pillar connected to the stripe)
induces the typical 2D PnC character of the dispersion relation in
contrast to the dispersion relation observed in the 1D PnC composed of
stripes alone [30]. Therefore, it can be explicitly stated that the

observed folding effect at the boundary of Brillouin zones in the dis-
persion relation of Fig. 3 is exclusively caused by the 2D phononic pillar
lattice. The acquisition of a part of the deformation energy through the
striped lattice via the pillar-line coupling results in a reduction of the
frequency of each band in the dispersion relation for combined stripe
and pillar phononic lattice, distinct from the bands visible in the dis-
persion relation characteristic to pure pillar lattices [35–36].

The obtained dispersion relation shows the existence of a non-dis-
persive mode A (breathing mode [37–40]) with a frequency of 4.9 GHz.
The mode at frequency of 4.4 GHz (at q = 0.0063 nm−1) marked as B
in Fig. 3 is typical of Rayleigh surface acoustic waves. The modes as-
sociated with the lowest three branches (C, D, E) of the dispersion re-
lation can be classified as eigenmodes of the stripe/pillar lattice. As can
be seen from the presented map of unit cell deformation, the strain
caused by the SAW occurs both in the Al line and in the pillar.

The dispersion relation obtained for 1D/2D PnC in the ky direction
-which is the direction of the SAW propagation perpendicular to the
stripes, is displayed in Fig. 4. The blue dotted line in the figure corre-
sponds to the bulk transverse wave propagating in pure silicon sub-
strate. The brown dashed line corresponds to Rayleigh SAW propa-
gating in pure silicon substrate. The letters A-G denote individual
dispersion branches and the corresponding maps of unit cell deforma-
tion.

The dispersion relation for SAWs propagating perpendicular to the
stripes (Fig. 4) is significantly different from the dispersion relation
presented in Fig. 3. Both the stripe and pillar lattices have an influence
on the appearance of the folding effect in the dispersion relation. The
non-dispersive modes visible in the dispersion relation are classified by
3D maps of unit cell deformation in Fig. 4 as modes A–C. The energy of
each mode, as in the parallel-propagation measurement geometry,
spreads over both stripes and pillars. The maps of unit cell deformation
related to the dispersive eigenmodes of the phononic lattice are shown
in Fig. 4 as modes D–G.

5. Discussion

The obtained characteristic dispersion relations in two different
measurement geometries (along and perpendicular to the stripe struc-
tures) allow us to determine the character of the individual surface
acoustic modes of each substructure of the unit cell (pillar and stripe),
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Fig. 3. Dispersion relation obtained using FEM (black lines) and BLS (red circles) for 1D/2D PnC consisting of both stripes and pillars in kx direction (along the
stripes), (waves propagate in pure silicon substrate: blue dotted line - bulk transverse wave; brown dashed line - Rayleigh SAW) (a) and 3D maps of unit cell
deformation caused by the SAW at q = 0.0063 nm−1 (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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as well as the impact of individual phononic lattices (stripes and pillars)
on the propagation of the SAW. In the two studied geometries with
combined stripe and pillar lattices, the frequency of bands in the dis-
persion relation is reduced with respect to pure lattices containing only
stripes or pillars, respectively. For the two studied geometries a number
of bands for a lattice combining pillars and stripes is reduced when
comparing to a number of bands of each substructure separately. It is a
result of coupling between two substructures: pillars and stripes.

In both studied orientations of the double-lattice sample, there are
breathing modes emerging in the dispersion relation at the frequencies
of 4.9 GHz (Fig. 3 mode A), 5.1, 6.3 and 7.6 GHz (Fig. 4. modes A, B, C),
respectively. In the first studied orientation of the sample, the breathing
mode at frequency of 4.9 GHz in Fig. 3 originates from the pillar lattice
vibrations [20,37]. The breathing mode, even though initially asso-
ciated with the pillar lattice only, propagates also in the lattice of
stripes.

In a striped 1D PnC only guided waves can propagate. However, by
connecting a stripe with a pillar, the stripe absorbs part of the de-
formation associated with the breathing mode of the pillar. The pre-
sence of the breathing mode, the appearance of the folding effect in the
dispersion relation (Fig. 3), all together unequivocally confirm the
dominant influence of the pillar phononic lattice on the propagation of
surface acoustic waves in studied nanostructures when the surface
waves propagate along stripes.

A more complex situation for the breathing modes occurs in the
dispersion relation obtained for the SAW propagating perpendicularly
to the stripe substructure (Fig. 4). The breathing mode frequency of
approx. 5.1 GHz (mode C in Fig. 4) appears both on the pillar and the
stripe lattices. The breathing mode at frequency of 7.6 GHz (mode A in
Fig. 4) is a mode characteristic to the stripe lattice, as the 3D map of
deformation shows that all energy is concentrated in the stripe. A new
mode is the breathing mode at the frequency of 6.3 GHz (mode B in
Fig. 4). The center of deformation associated with this mode is exactly
at the connection between the stripe and the pillar. The frequency of
this mode strongly depends on distance between center of the pillar and
the center of the stripe. In the situation, when the pillar just touches the
stripe, the distance is about 173 nm (the sum of half the width of the
stripe and the radius of the pillar). Dispersion relations calculated for
various distances between these sub-structures have shown that the
new breathing mode appears when the pillar and the stripe are
touching (Fig. 5). This figure is divided into three areas: the first and the
third is the region when pillar and stripe are not connected, the second

– when they are connected.
The breathing mode at frequency of 7.6 GHz (mode A in Figs. 4 and

5), which is characteristic to the stripe lattice, is independent on dis-
tance between stripe and pillars. The new mode B exists only for a
structure consisting of coupled pillars and stripes. The frequency of the
mode B strongly depends on distance between both substructures -
Fig. 6.

The next mode C is typical pillar’s breathing mode. It means that all
the energy is mainly concentrated in the pillar which is visible in the 3D
maps of the unit cell deformation in region I in Fig. 6. When the pillar
and the stripe overlap in a such way that part of the pillar protrudes on
both sides of the stripe (region IV in Fig. 6) the frequency of mode B is
the same as the frequency of mode A, so the energy deformation is
concentrated in the stripe. The most interesting situation is when the
pillars and the stripes are partly connected (region II and III in Fig. 6).
The frequency of this new mode B is different from the point when the
pillar and the stripe are connected to the point when the pillar overlaps
the stripe but it is still partly visible on one side of the stripe. In this
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region the deformation energy of mode B is distracted into both the
pillar and the stripe. In the region of connection between pillars and
stripes the frequency of mode B is changed according to the distance
between the centers of stripes and pillars. The last mode, mode D,
visible in Fig. 5, is a pure Rayleigh surface acoustic wave. The fre-
quency of this mode is decreased when the pillar and the stripe are
connected. We have to remember that Rayleigh SAW propagates into all
the sample, as constraints to the breathing modes in which energy is
strongly concentrated in the phononic structure. The deformation en-
ergy of the Rayleigh SAW is not so sensitive to the changes of the po-
sition of the pillar and the stripe.

Observed in our experiments additional mode results from interac-
tion between pillars and stripes. To describe strength of the interaction
we introduced the filling factor f. In general definition comprise a
common area of the pillar and stripe divided by the total area of a unit
cell:

=f area
area

nanostructures

unit cell (1)

The common area is related with a distance d between center of the
pillar and the center of the stripe the equation for filling factor is dif-
ferent. When distance d fulfills a relation ⩽ ⩽ −d r0 b

2 (see Fig. 5V),
the pillar resides in middle of the stripe. In this case the general defi-
nition of the filling factor takes a form:

=
+

f
area area

area
stripe two parts of the pillar

unit cell (2)

and after development:

=

+

⎧

⎨

⎪⎪

⎩
⎪
⎪

−

⎫

⎬

⎪⎪

⎭
⎪
⎪

+

⎧

⎨

⎪⎪

⎩
⎪
⎪

−

⎫

⎬

⎪⎪

⎭
⎪
⎪

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎡

⎣

⎢
⎢
⎢

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎤

⎦

⎥
⎥
⎥

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎡

⎣

⎢
⎢
⎢

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎤

⎦

⎥
⎥
⎥

−
+

−
+

−
−

−
−

f

a b

a

·

r r

r r

Π· ·2·cos

360

sin 2·cos

2

Π· ·2·cos

360

sin 2·cos

2

2

b d

r

o

b d

r

b d

r

o

b d

r

2 1 2 2 1 2

2 1 2 2 1 2
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(right and left) side on the stripe.

When the part of the pillar partially overlaps a stripe (but not more
than half of pillar), so the distance d fulfills following relation
( − ⩽ ⩽r db b

2 2 ) (see Fig. 5III, V) the filling factor is defined as:
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If part of pillar partially overlaps the stripe (more than half of the
pillar), so the distance d fulfill the following relation ( ⩽ ⩽d rb
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Fig. 5IV, VI) the fill factor has a form:
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Because pillar and stripe cannot be connected so the f factor is de-
fined as:
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area area

area
stripe pillar

unit cell (4)

and after development:

= +f a b r
a
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Depending on the mutual position of pillar and stripe for the in-
vestigated sample the filling factor ranges from 0.31 to 0.41.
Deformation of unit cell caused by the SAW is different for different f
factor (Table 1).

Presented above comparison of deformation for several filling factor
show concentration of the A and C modes into the stripe and pillar
respectively for separated pillars and stripes. The deformation related
with a new breathing mode B exists only in structure consisting of
connected pillars and stripes. The frequency of this mode is quadratic
function of the filling factor f (see Fig. 6. red line).

6. Conclusions

The result of our experiments revealed an effect of coupling between
1D and 2D sublattices on the dispersion relations of a complex structure
consisting of both substructures. We find that, if the system consists of
1D and 2D phononic sublattices, the dispersion relation is typical for a
2D lattice. Thus, the dispersion relation is always typical for the more
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complex structure - in our case, the 2D pillar-based phononic structure.
The 1D lattice, in our case a lattice of stripes, affects the frequency of
the modes in the dispersion relation. In addition, the breathing modes
occurring in the lattices of stripes or pillars are also present in the
studied phononic double-lattice of stripes and pillars. The basic
breathing modes observed in the studied nanostructures exist both in
the stripe and pillar lattices, indicating that these modes are in-
dependent of each other. It is remarkable that the combined system of
stripes and pillars generates also a new breathing mode (cf. Fig. 56),
where the deformation field of the mode is concentrated in the coupling
region between stripes and pillars.

Finally, it can be concluded that the formation of phononic crystals
based on lattices of various dimensions, in our work 1D and 2D lattices,
provides the possibility to produce a kind of generator for modes of
frequencies differing from frequencies characteristic for uncoupled 1D
and 2D substructures. Such a generator, moreover, will fulfill its func-
tion only in a particular direction of wave propagation. Phononic
crystals have diverse application potentials in many fields and the
modulation of wave propagation, tunable and active manipulation of
waves have outlining future directions in the application of phononics
materials [41].
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