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We present a phononic crystal based on ZnO pillars on a Si substrate that creates local-resonance
band gaps, prohibiting surface-acoustic-wave propagation. The created local-resonance band gaps orig-
inate from Fano-resonance between the pillars and the substrate, and are shown to be highly influenced
by the structural parameters of the pillars. Regarding surface acoustic waveguiding, we introduce a line
defect to the crystal where elastic energy can be confined, leading to defect modes with slow group veloc-
ity. It is shown that the emerged defect guiding modes can be conducted into the local-resonance gap
by adjusting the structural parameters of the defects. Moreover, it is proven that hollow cylinders in the
linear defect introduce higher degrees of freedom in the structural parameters of the defect for adjusting
the guiding mode, and can lead to narrow-band guiding modes in comparison with the gap width at the
vicinity of the mid gap. The achieved narrow-band guiding modes are attributed to the reduced number
of allowed resonance frequencies in hollow cylinders due to their reduced effective radius and inherent
spatial confinement. Additionally, benefiting from acoustoelectric interaction in piezoelectric materials,
we can modulate the elasticity of the ZnO structures by varying their conductivity, which can lead to effi-
cient tuning of the designed guiding modes. The required conductivity modulation in the ZnO structures
is proposed to achieved by UV illumination so that the photogenerated excess carriers screen the electric
field associated with the elastic wave, perturbing the wave propagation and affecting the defect guid-
ing modes. The proposed system opens up perspectives for designing reconfigurable, high-quality-factor
surface-acoustic-wave devices such as filters and duplexers. The achieved maximum shift of the guid-
ing frequency is about 100 MHz for a defect frequency of 4.18 GHz and a bandwidth of about 100 MHz,
suitable for wireless communication applications.
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I. INTRODUCTION

Periodic arrays of scatterers with different elastic prop-
erties from those of the background media, which can
strongly alter the propagation of elastic and acoustic
waves, are known as phononic crystals (PNC). PNCs can
create stop bands for elastic-acoustic waves in certain
frequency ranges depending on the geometric and elas-
tic parameters of the scatterers [1–3]. PNCs have found
numerous applications such as acoustic filters, waveg-
uides, isolators, reflectors, resonators, and demultiplex-
ers, as well as sensors and energy-harvesting devices
[4–15]. Moreover, recent advances in nanotechnology
have led to the realization of nanodimensional PNCs with
high-frequency operating ranges that have opened new
application fields, including acoustic metamaterials, heat
management, and coupled photonic-phononic applications
[16–19].
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Discovered in 1885 by Lord Rayleigh, surface acoustic
waves (SAW) are characterized by their bounded displace-
ment to a certain vicinity on the surface and their low
amplitude as compared to their wavelength [20,21]. The
SAW devices are commonly used as rf filters, resonators,
and duplexers in wireless communication systems such
as cell phone networks [22–27], and in a wide range of
sensor platforms including gas, temperature, and mag-
netic field sensors [28–32]. PNCs with finite thicknesses,
known as PNC plates or slabs, can be implemented on the
delay line of SAW devices to open complete band gaps
for guided SAWs inside the slab [33]. Acoustic waves
traveling in the PNC slabs can lead to the formation of
guided modes, which are confined to the vicinity of the
slab surface and the scatterers. The band gaps in PNCs
generally result from the destructive interference of scat-
tered waves, which is known as Bragg scattering. The
frequency range of this band gap inversely depends on the
PNC’s lattice constant dimension, thus it is limited by the
dimensions of the PNCs. The necessity for the creation of
band gaps in frequency ranges, which are not constrained
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by the PNC’s unit cell dimension, has attracted major
attention to a new type of band gap known as the local
resonance-gap. Local-resonance structures, that is, pillars,
that can be arrayed to form a PNC and can show Fano-like
interference with the substrate, resulting in the appear-
ance of new modes called surface-coupled modes, which
are a hybrid of the resonance modes of the resonators
and the surface modes of the substrate. In consequence,
the local-resonance band gaps accordingly appear in the
absence of these modes [34]. There are several publica-
tions that report numerical and experimental studies on
local-resonance band gaps [35–38]. They demonstrate that
the local-resonance band gaps are highly influenced by the
structural parameters of the PNCs. Moreover, it is well
established that point or linear defects inside a PNC can
create defect modes inside the local-resonance band gap
that can be used to localize elastic waves inside the defect.
The resulting transmission peak of the defect can be further
utilized in elastic wave guiding and filtering applications
[39–41].

In this work, we report a tunable locally resonance
surface-acoustic-waveguiding behavior, benefiting from
the acoustoelectric interaction in a ZnO-based PNC. We
investigate the effect of structural parameters and the
shape of the linear defect on the waveguiding character-
istics, including guiding frequency and bandwidth. Our
results show an optimized waveguiding behavior when
using a linear defect based on hollow cylinders. Addi-
tionally, benefiting from the acoustoelectric interaction in
piezoelectric materials, we can effectively modulate the
elasticity of the ZnO structures by varying their conduc-
tivity, which can lead to efficient tuning of the optimized
guiding modes. Of the all available piezoelectric media,
ZnO has been chosen in this work because of its large
piezoelectric-coupling coefficient, strong acoustoelectric
interaction, and ease of integration with electronic circuits,
as well as its simple and low-cost deposition possibilities
over nonpiezo materials such as Si [42]. The presented
study can be utilized in realizing reconfigurable SAW
devices. In this line of research, there are very recent
reports, which utilize completely different approaches,
including magnetically tunable SAW devices based on
a multiferroic substrate [43] and magnetically controlled
nonreciprocal SAWs by magnetoelastic and interfacial
Dzyaloshinskii-Moriya interactions [44]. Here, we present
an optimized waveguide as a SAW filter and success-
fully prove the tunable performance of the device by
modulating the conductivity of the ZnO layer. The final
proposed tunable filter is a band-pass shear-horizontal
SAW filter, benefiting from high electromechanical cou-
pling and energy concentration near the metallized sur-
face of shear-horizontal waves. Considering the frequency,
bandwidth, and tunability of the designed filter, it can be
suitable for wireless communication applications such as
duplexers [45].

II. STRUCTURE AND PHYSICAL OPERATING
PRINCIPLE

It is well known that the interaction of an incident elastic
wave with a PNC depends on the elastic and mechani-
cal parameters of the crystal. On the other hand, tailoring
a defect inside the PNC can introduce certain defect fre-
quencies inside the stop band of the PNC. These defect
frequencies depend on the shape and structural parame-
ters of the defect, as well as the elastic constants. Thus,
the guiding frequencies can be engineered by adjusting
the structural or elastic parameters of the defect. Since
changing the structural parameters of the defect is not
feasible after the fabrication process, finding a way to mod-
ify the elastic properties of the PNC is preferred to tune
the guiding frequencies. Previous studies have shown that
acoustoelectric interaction in semiconductor-piezoelectric
materials can induce effective perturbations in elastic con-
stants vs conductivity modulation [46]. This interaction
occurs due to screening of the electric field associated
with the elastic wave propagation in piezoelectric media
by excess carriers, which results in an effective change
of the media’s elasticity [47–51]. Regarding this, we con-
sider a PNC of intrinsic ZnO pillars with a linear defect
to achieve a SAW waveguiding behavior in which the
elastic constants can be controlled through the acousto-
electric interaction. Consequently, the characteristics of the
designed SAW waveguide can be tuned by modulating
the conductivity of the material and can be proposed as
a reconfigurable SAW filter.

Figure 1 demonstrates a schematic of the proposed tun-
able PNC-based waveguide and the relating qualitative
transmission spectrum. It can be observed that the input
SAW is fed through a line source to the delay line, which
consists of intrinsic ZnO pillars over Si as the substrate.
The proposed ZnO/Si-based structure benefits from a sim-
ple low cost and CMOS-compatible fabrication process,
suitable for integration goals. ZnO pillars form a square
lattice on the delay line, where a linear defect is included

FIG. 1. Schematic of the proposed SAW filter consisting of a
ZnO-based PNC. The inset shows the transmission spectra of the
filter, corresponding to two different conductivity values σ 1>σ 2.
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to realize the required guiding modes in the forbidden
band gap of the PNC. The transmission spectrum of the
presented filter is achieved by dividing the average abso-
lute displacement components, collected along the output
line probe, as depicted in Fig. 1, by the average abso-
lute displacement components, collected along the input
line. Conductivity (σ ) modulation of the ZnO pillars leads
to tuning the defect frequency of the PNC or the guid-
ing frequency of the filter owing to the acoustoelectric
interaction. The needed conductivity modulation can be
achieved by contactless UV illumination, as schematically
illustrated in Fig. 1. We ignore acoustoelectric interaction
in the substrate, due to the centrosymmetric structure of
the Si lattice. The inset schematically shows the frequency
red shift of the filter’s transmission peak because of the
increased conductivity.

III. THEORY AND IMPLEMENTATION OF
SIMULATION

A. Elastic wave propagation in a linear elastic media

Elastic wave propagation inside an elastic material cre-
ates atomic displacements, and thus strain and stress fields
in different directions. SAWs are also considered to be a
type of elastic wave confined to the surface of the material
and its vicinity. Hence, to evaluate SAW propagation in a
linear elastic media, such as Si, one should solve coupled
Eqs. (1) and (2) [52]:

Sij = 1
2
(∂j ui + ∂iuj ), i, j = x, y, z , (1)

Tij = cij Sij , i, j = x, y, z (2)

wherein S, u, T, and c are the strain, the atomic displace-
ment, the stress, and the elastic matrix of the media.

B. Elastic wave propagation in piezoelectric media

Whenever an elastic wave travels through a piezoelec-
tric medium, a strain-induced electric field is generated due
to the piezoelectric coupling, as shown in coupled Eqs. (3)
and (4) [52]:

[T]6×1 = [C]6×6[S]6×1 − [e]T
6×3[E]3×1, (3)

[D]3×1 = [e]3×6[S]6×1 − [ε]3×3[E]3×1 , (4)

wherein e,ε, D, and E are the piezoelectric coupling matrix,
dielectric matrix, electric displacement, and electric field,
respectively. A set of Eqs. (1)–(4) can be utilized to
study the behavior of the presented PNC in response to
incident SAWs, and to calculate band structures and trans-
mission spectra. The discussed wave equations are solved
numerically by the finite element method in this report.

C. Three-dimensional acoustoelectric formalism in
elastic wave propagation for piezoelectric media

In a semiconducting piezoelectric media such as ZnO,
whenever excess carriers are added to the material by
any means, for example, with illuminating UV, the excess
carriers can screen the electric field associated with the
traveling elastic wave. This phenomenon can effectively
change the elasticity of the piezoelectric material, resulting
in variations of the wave’s velocity and attenuation. In the
low-signal regime, when the excess carrier concentration is
well below the number of intrinsic charge carriers, Eq. (5)
reveals the relation between the electric displacement and
the electric field, wherein σ is the total conductivity of the
material [47]:

[D]3×1 = −j
ω

σ [E]3×1 . (5)

By replacing Eq. (5) by Eq. (4), a new set of equations will
be derived for elastic wave propagation in the presence of
acoustoelectric interaction. After simplification, Eq. (6) is
achieved from simultaneous solution of the obtained set
of wave equations, wherein stress will be directly related
to the strain by an acoustoelectric-induced effective elastic
matrix (C′):

[T]6×1 = [C′]6×6[S]6×1 . (6)

The C′ matrix elements depend on σ , ε, frequency (ω), and
the piezoelectric parameters of the material. The C′ matrix
elements for ZnO are described below, where eij are the
piezoelectric coupling matrix elements of ZnO and Yij are
the elements of a matrix defined as in Eq. (8). It can be
observed that Yij depends on σ , ε, and ω:

[C′] =

⎡
⎢⎢⎢⎢⎢⎢⎣

c11 + e2
31Y33 c12 + e2

31Y33 c13 + e2
31Y33 0 0 0

c12 + e2
31Y33 c11 + e2

31Y33 c23 + e31e33Y33 0 0 0
c13 + e31e33Y33 c23 + e31e33Y33 c33 + e2

33Y33 0 0 0
0 0 0 c44 + e2

15Y22 0 0
0 0 0 0 c44 + e2

15Y11 0
0 0 0 0 0 c66

⎤
⎥⎥⎥⎥⎥⎥⎦

, (7)
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[Y] =

⎡
⎢⎢⎣

1
j
ω σ+ε11

0 0

0 1
j
ω σ+ε22

0

0 0 1
j
ω σ+ε33

⎤
⎥⎥⎦ . (8)

The derived effective elastic matrix as a function of the
conductivity is used for the proposed ZnO-based PNC to
investigate the acoustoelectric-induced tunability of the
filter. A three-dimensional (3D) model and mesh are con-
sidered in the finite element method to solve the wave
equations and calculate the transmission spectra.

D. Implementation of simulations

Figure 2 shows the investigated geometries used to
calculate the dispersion and transmission spectra of the
proposed perfect and defective PNCs. Figure 2(a) dis-
plays a single unit cell of the perfect PNC where the
pillars are parallel to the z axis. The unit cell is consid-
ered to be infinite in both the x and y directions in order
to calculate the dispersion of the PNC. The lattice con-
stant (a), the height (h), and radius of the pillars (r) are
200, 100, and 65 nm, respectively. The filling factor of
the pillars is defined as f = πr2/a2. The thickness of the
substrate is chosen to be five times the lattice constant of

(a)

(c)

(e) (f)

(d)

(b)

FIG. 2. (a) A unit cell of the PNC and (b) the first Brillouin zone of the crystal. (c) The supercell of the perfect PNC for calculating
the transmission spectrum. The supercell of the PNC with: (d) linear pillar defect, and (e) linear hollow cylinder defect, used for band
structure calculation. (f) An 11 × 11 PNC with a linear hollow cylinder defect for calculation of the transmission spectra of the filter.
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the unit cell, since the simulation results do not change
for larger values of substrate thickness [40]. The sub-
strate material is considered to be Si with elastic constants
of C11 = 165.7 GPa, C12 = 63.9 GPa, C44 = 79.9 GPa, and
a mass density of ρ = 2331 kg/m3. The elastic con-
stants of ZnO as an anisotropic material are consid-
ered to be C11 = C22 = 209.71 GPa, C12 = 121.14 GPa,
C13 = 105.39 GPa, C33 = 211.19 GPa, C44 = C55 = 42.37
GPa, and C66 = 44.24 GPa, while the mass density is
assumed to be ρ = 5680 kg/m3. Bloch-Floquet periodic
boundary conditions (PBC) are applied to the lateral sides
of the unit cell, and the wave vector in the x and y direc-
tions is swept between the high symmetry points of the
first Brillouin zone (	-X -M -	), as shown in Fig. 2(b). in
Fig. 2(b). A rigid domain boundary condition is applied
to the bottom surface of the substrate in order to create
surface-coupled modes.

In order to calculate the transmission spectrum for SAW,
a supercell with 11 pillars is assumed, which is consid-
ered to be finite along the x direction and infinite in the
y direction [Fig. 2(c)]. A line source in front of the PNC
is utilized to trigger SAWs in the x, y, and z directions
and Bloch-Floquet PBCs are applied to the lateral sides of
the supercell in the y direction. Layers with high mechan-
ical damping are used around the supercell to minimize
the reflections, and low-reflection boundary conditions are
applied to the bottom and lateral sides as well to reduce
unwanted reflections from the terminating boundaries. We
evaluate the transmission spectra of the perfect PNC for the
	X direction by summing the average absolute values of
displacements in the x, y, and z directions over the output
cutline and dividing it by the similar average displace-
ment along the input cutline, as highlighted in Fig. 2(c)
by red lines. Transmissions for two types of Rayleigh and
shear-horizontal waves are calculated accordingly, and the
observed band gaps are confirmed by comparing the results
with the related calculated band structure.

After investigating the perfect PNC, a line defect con-
sisting of pillars with different radii is added to the struc-
ture. Figure 2(d) demonstrates a supercell of 11 pillars with
a defect in the middle utilized to calculate the dispersion
curve of the PNC. The Bloch-Floquet boundary condi-
tion is applied to the lateral sides in the x direction and
the wave vector is swept between the 	 and X points of
the first Brillouin zone. As the next stage, an alternative
defect structure consisting of a line of hollow cylinders
is introduced according to Fig. 2(e), which benefits from
a higher degree of freedom in structural parameters. For
designing narrow-band guiding modes, we use this linear
defect in a 11 × 11 PNC structure and calculate the needed
transmission spectra to study the waveguiding transmis-
sion peak of the defect inside the band gap [Fig. 2(f)].
A source in front of the PNC creates the desired SAW,
while layers with high mechanical damping and low reflec-
tion boundaries are used to reduce the reflections from

boundaries. The SAW transmission for the defected PNC
is calculated by dividing the sum of the average abso-
lute values of displacement components in the x, y, and z
directions collected from the output cutline by the same
value collected from the input cutline, as shown by the
red lines in Fig. 2(f). It should be noted that in all simu-
lations, we assume intrinsic ZnO for the PNC pillars with
negligible conductivity (σ < 0.01 S/m), except in Fig. 10.
However, the conductivity modulation of the ZnO pillars
results in tuning the defect frequency of the PNC and the
guiding frequency of the filter because of the acoustoelec-
tric interaction. This tuning behavior is achieved because
conductivity modulation in piezoelectric semiconductors
can induce effective perturbations in elastic constants and
the elastic waveguiding. Thus, we have changed σ from
0.001 S/m to 1000 S/m in Fig. 10 to prove the consequent
acoustoelectric-induced tunability of the designed SAW
filter and confirm the realization of reconfigurable SAW
devices.

IV. NUMERICAL RESULTS AND DISCUSSION

A. Perfect PNC

In the very first step, we investigate the effect of the
crystal’s structural parameters on the behavior of the per-
fect PNC. It is well established that photonic crystal slabs
contain guided modes localized to the slab in addition to
radiation states, which radiate outside of the slab [53].
These guided modes in the band diagram of a photonic
crystal exist outside the light cone, which defines the
boundary between the guided modes and radiation modes.
It has been proven in previous reports that the investigated
PNC resembles the photonic crystal slabs where the pillar
array over the substrate corresponds to the slab region [36].
Moreover, the guided surface modes (bands) also exist out-
side the sound cone in the band diagram, and the related
band gaps are assumed as the frequency range where no
guided modes exist.

Figure 2(a) indicates the unit cell of the investigated
perfect PNC and part (b) displays the related Brillouin
zone of the lattice. Figures 3(a)–3(d) display the band
structures of the perfect PNCs with different pillar radius
(r) values of 45, 65, 80, and 95 nm, while a = 200 nm
and h/a = 0.5. This figure presents the high dependency
of local-resonance band gaps on the filling factor of the
PNC. The gray region in the dispersions highlights the
sound cone, which represents the radiative zone to the
Si substrate, which distinguishes the bulk modes from
the surface-coupled modes of the elastic waves. The cone
boundaries are achieved by calculating the smallest elastic
bulk wave phase velocity in Si along different propaga-
tion directions. The sound line along the 	X direction is
calculated by the smallest elastic wave velocity in Si in
the 	X direction, which is a shear horizontal wave veloc-
ity of

√
(c44/ρ), and for the 	M direction, the quasishear
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(a) (b)

(c) (d)

FIG. 3. Band structures of perfect PNCs consisting of ZnO pillars with h/a = 0.5 and different r values of: (a) 45 nm, (b) 65 nm, (c)
85 nm, and (d) 95 nm.

horizontal wave velocity defined by
√

(c11 − c12/ρ) is
utilized to calculate the sound cone boundary [36]. The
observed band gaps are highlighted by blue ribbons in
the band structures. The high-frequency band gap of
around 12 GHz (green gap) is the Bragg gap that is nearly
present for all four r values and does not vary signifi-
cantly with the structural parameters of the pillars, since
the PNC lattice constant is kept constant and the Bragg
band-gap frequency depends on it. The other lower fre-
quency gaps (blue gaps) are the local-resonance gaps,
which occur at wavelengths higher than the distances
between the pillars. These band gaps are created by the
local resonance of the pillars coupled with the SAWs. The
observed local-resonance gaps in Fig. 3 are emerging from
r = 45 nm, then increasing and widening to r = 80 nm and
fading for r = 95 nm. For r = 45 nm, the first gap occurs
between f = 3.48 to 3.75 GHz with a relative bandwidth
of 7.1% and the Bragg band gap (green gap) occurs from
f = 11.24 to 11.4 GHz with a relative bandwidth of 5.2%.

For r = 65 nm, the first band gap (blue gap) occurs from
f = 4.14 to 4.48 GHz with a relative bandwidth of 7.9%,
the second band gap (blue gap) occurs from f = 8.35 to
8.8 GHz with a relative bandwidth of 5.24%, and the Bragg
band gap (green gap) occurs from f = 11 to 11.58 GHz
with a relative bandwidth of 5.13%. For r = 80 nm, the
first band gap (blue gap) occurs from f = 4.31 to 5.16 GHz
with a relative bandwidth of 17%, the second band gap
(blue gap) occurs from f = 8.25 to 8.875 GHz with a rel-
ative bandwidth of 8.8%, and the Bragg band gap (green
gap) occurs from f = 10.87 to 11.87 GHz with a relative
bandwidth of 8.8%. Finally, for r = 95 nm, only the Bragg
band gap (green gap) occurs from f = 11 to 11.375 GHz
with a relative bandwidth of 3.3% and no local-resonance
gaps exist.

The observed band-gap widening from r = 45 to
r = 80 nm is attributed to the improved surface coupling
between the pillars [36]. It should be noted here that
the resonance frequencies of the pillars depend on the
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(a) (b) (c)

FIG. 4. Band structure of a perfect PNC consisting of ZnO pillars with r = 65 nm for different h/a values of: (a) 0.25, (b) 0.45, and
(c) 0.5. Bragg and local resonance band gaps are highlighted by green and blue ribbons, respectively.

mechanical parameters of the resonators. These resonators
can be simplified by a spring-mass model, so that the
spring stiffness and mass of the resonators affect their res-
onance frequency (f ∝ √

k/m), and thus the frequency of
the local resonance-coupled modes. Whenever the radii of
the pillars start to increase, the mass and spring stiffness
start to increase as well, leading to a competing effect on
the local resonance frequencies. The overall behavior of
these two effects can lead to a dominant effect of increas-
ing mass, a downshift of resonance frequencies, and the
appearance of surface-coupled modes in lower frequency
ranges, such that band gaps show up vs increasing r for
r ≤ 80 nm. But for r values higher than 80 nm, it seems that
the effect of spring stiffness dominates, the resonance fre-
quencies upshift, and the low-frequency band gaps close.
Furthermore, the upper limit of the increasing radii can
be assumed as a ZnO continuum layer on the substrate in
which multiple surface bands replace the local resonance-
coupled bands in the low-frequency range, and as a result,
neither local-resonance gaps nor a Bragg gap will exist.

Figure 4(a)–4(c) indicate the effect of the pillar’s aspect
ratio (h/a) on the band structure of the investigated per-
fect PNCs for h/a = 0.25, 0.45, and 0.5, respectively, while
r = 65 nm and a = 200 nm. For h/a = 0.25, the first band
gap (blue gap) occurs from f = 8.125 to 8.96 GHz with
a relative bandwidth of 9.8% and the Bragg band gap
occurs from f = 12 to 12.83 GHz with a relative band-
width of 6.7%. For h/a = 0.45, the first band gap (blue
gap) occurs from f = 4.6 to 6.32 GHz with a relative band-
width of 31.5%, the second band gap (blue gap) occurs
from f = 8.87 to 9.7 GHz with a relative bandwidth of 9%,
and the Bragg band gap (green gap) occurs from f = 12 to
12.83 GHz with a relative bandwidth of 6.6%. The band-
gap frequencies and relative bandwidth for h/a = 0.5 in
Fig. 4(c) are the same as in Fig. 3(b). It can be observed
that the higher frequency band gap is not influenced by
the h/a value, which confirms its Bragg gap characteristic
(green gap). However, the lower frequency gaps down-
shift and widen for the higher h/a value, so that they can

be attributed to local-resonance gaps (blue gaps). Again,
the pillars can be assumed to act as springs attached to
the substrate, thus the spring resonance frequency and the
resulting local-resonance gap downshifts for longer pillars.
It should be noted here that increasing h and keeping a
constant is equal to increasing the mass while decreasing
the spring stiffness of the spring-mass system, where both
affect the resonance frequencies. Hence, a higher h value
results in lower resonance frequencies and downshifted
local resonance-coupled bands and local-resonance gaps.
Moreover, the emerged additional local resonance gap for
h/a = 0.45 can be related to the higher-order resonance
modes of longer pillars.

It should be noted that structural parameters of
r = 65 nm and h/a = 0.5 correspond to a feasible ZnO
thickness of around 100 nm, which is well below the UV
penetration depth, and these show an acceptable low-
frequency local-resonance gap width for shear-horizontal
SAWs. Regarding this, we choose these structural param-
eters for the proposed PNC-based SAW device. Figure 5
illustrates the related band structure [part (a)], the magni-
fied band structure in the 	X direction [left pane of part
(b)], and the transmission spectra for Rayleigh and shear-
horizontal incident waves. The utilized super cell with 11
pillars for calculating the transmission spectra is presented
in Fig. 2(c). Figure 5(b) reveals that the transmission gaps
are in good agreement with the gaps in the band structure.

To clarify the correspondence of the observed Rayleigh
and shear-horizontal transmissions to the band structure,
we consider the displacement components of the modes
at the X point (not shown), which reveal that the first
six bands (numbered from the bottom to top of the dis-
persion) respond to either sagittal or transverse excitation.
In other words, the first, third, and fifth bands respond
mostly to the incident transversely polarized wave, while
the second, fourth, and sixth bands respond mostly to the
incidently sagittal-polarized wave. For instance, the third
band (mode A) in the dispersion shows considerable x
and y displacement components, while the x component
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(a) (b)

(c) (d)

FIG. 5. (a) The band structure of a perfect PNC consisting of ZnO pillars with r = 65 nm and h/a = 0.5. Bragg and local resonance
band gaps are highlighted by green and blue ribbons, respectively. (b) Band structure in the 	X direction beside the transmission
spectra of Rayleigh and shear-horizontal waves. The total displacement as well as the deformation shapes for: (c) the selected A, B, C,
and D surface coupled modes and (d) for the selected bulk modes (mode no. 1 and mode no. 2) in the band structure.

is antisymmetric with respect to the sagittal mid plane
(x, z), but the y component is symmetric. Thus, the sagit-
tal source cannot transfer energy to the third band, while
shear-horizontal excitation transfers energy to this band. In
other words, the third band is absent in the sagittal trans-
mission spectrum and results in a transmission dip; but it
leads to a transmission relative peak in the shear-horizontal
spectrum. Moreover, the fourth band (B mode) shows dom-
inant sagittal polarization and is absent (corresponding to
the transmission dip) in the shear-horizontal transmission
spectrum, while it corresponds to the observed relative
peak in the Rayleigh transmission. Thus, the second dips
for the Rayleigh and shear-horizontal transmissions start
at around 7 and 6 GHz, corresponding to the upper edge of
the fourth and the third bands, respectively. Moreover, the
fifth band (C mode) shows dominant y and z components,
which are symmetric and antisymmetric with respect to the
sagittal mid plane, respectively. Hence, a sagittal source
cannot transfer energy to this band, but this band can
be excited by a shear-horizontal source, thus showing
high transmission in the shear-horizontal spectrum. The
sixth band (D mode) shows high z and x components
of displacement, which is a sign of dominant sagittal
polarization, but is absent in shear-horizontal transmission.
Considering the near frequency behavior of the latter two

bands (fifth and sixth bands), the corresponding dips are
near in the sagittal and shear horizontal transmission spec-
tra, as is observed in Fig. 5(b). Total displacements and
the deformation shapes of the four selected surface modes
(A, B, C, and D) are depicted in Fig. 5(c) to illustrate the
interaction of surface wave modes and resonance modes
of the pillars as well as the dominant polarization of the
bands. Moreover, Fig. 5(d) manifests the total displace-
ment and the deformation shape in a single unit cell for the
selected bulk modes (mode no.1 and no.2) labeled in part
(a). This shows that displacement is confined to the pillars
and the pillar/Si interface for surface modes, however, it
completely radiates into the bulk for bulk modes.

B. Linear pillar defect in PNC

Now, we study the waveguiding behavior of a PNC with
a linear defect of the pillars. Here, we introduce a line
defect consisting of pillars with different radii from the rest
of PNC, so that elastic energy can be confined inside the
defect, leading to the creation of defect modes with slow
group velocities. Figure 2(d) displays the related super-
cell consisting of 11 pillars with a middle defect pillar.
Figure 6 exhibits the band structures relating to r = 65 nm,
a = 200 nm, and h/a = 0.5, while a line defect of pillars
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(a)

(c)

(b)

(d)

(f)(e)

FIG. 6. The band structures of
PNCs with linear pillar defects
of rd values equal to: (a) 25 nm,
(b) 45 nm, (c) 85 nm, and (d)
95 nm. The local-resonance band
gap is highlighted by a blue
ribbon and defect bands are
shown by red bands. Total dis-
placement and the deformation
shapes corresponding to the X
point of defect bands in part (c)
for (e) fd1 = 4.19 GHz and (f)
fd2 = 5.8 GHz.

with different defect radii (rd = 25, 45, 85, and 95 nm) is
introduced to the PNC. For rd = 25 nm, the defect band is
out of the presented band structure frequency range and is
obviously placed well outside the band gap (blue ribbon)
in Fig. 6(a). Defect bands (red bands) are shown out of the
local-resonance band gap for rd = 45 nm. Then, a highly
dispersive defect band enters the gap for rd = 85 nm, and
partially exits the gap for rd = 95 nm. Figures 6(e) and 6(f)
present the total displacement and deformation shape of
the defect bands of part (c) (fd1 and fd2) near the X point
of the first Brillouin zone, which confirms the localiza-
tion of the elastic wave to the defect pillars. The worthy
point here is that introducing a linear defect based on pil-
lars to the PNC allows the creation of SAW modes in the
local resonance gap by engineering the rd value. However,
the bandwidth of the created defect modes is achieved to

be comparable to the local-resonance gap width [54,55].
In other words, the created defect bands inside the band
gap are so dispersive that they can even close the local-
resonance gap. The observed behavior of the defect bands
prevents designing high-quality-factor SAW devices, such
as band-pass filters. In other words, it is observed in this
figure that lower rd values, such as rd = 45 nm, lead to
a nearly flat and narrow defect band [part (b)], because
reducing the radius of a pillar defect as a resonating spring
can reduce the allowed resonance frequency bandwidth.

In order to conduct the defect bands into the local-
resonance gap, increasing rd is inevitable, as shown in
Fig. 6. However, as a result of higher resonance frequency
bandwidth, a defect pillar with a high rd value leads to the
formation of dispersive defect bands. Hence, there is a con-
tradictory behavior between the in-gap defect frequency
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(a) (b)

(c) (d)

FIG. 7. The band structure of a PNC with linear hollow cylinder defects with ro = 85 nm and ri/ro values equal to: (a) 0.25, (b) 0.5,
(c) 0.75, and (d) 0.85. The local-resonance band gap is highlighted by a blue ribbon and defect bands are shown by red bands.

position and the narrow bandwidth of the guiding mode
for the linear pillar defect in the proposed PNC.

C. Linear hollow cylinder defect in the PNC

To achieve a higher degree of freedom in tailoring defect
behavior and gain defect modes inside the gap with a band-
width lower than the gap width, we introduce a linear
defect consisting of hollow cylinders. In hollow cylinders,
the effective radii of the pillar defects are reduced so that
flat defect bands can be achieved, while defect bands can
be conducted into the gap by benefiting from the additional
structural degrees of freedom. We show that the proposed
defect structure allows the realization of near-flat defect
bands around the middle of the local-resonance band gaps
by controlling the inner radius (ri) and outer radius (ro) of
the hollow cylinders. Moreover, it is notable that replacing
the pillar defects with hollow cylinders does not involve
any additional fabrication process step and complication
to the system.

To elaborate on the defect band behavior of the hollow
cylinder defects, first, we study the effect of varying ri/ro

from 0.25 to 0.85 on the band structure of the defected
PNC in Fig. 7, when ro = 85 nm. Similar to the previous
subsection, the band gaps are highlighted by blue ribbons
and the defect bands are shown by red bands in the band
structures. As expected, a low ri/ro value (ri/ro = 0.25)
shows a similar band structure as the pillar defect results
with rd = 85 nm [Fig. 6(c)]. In addition, it is observable
in Fig. 7 that a higher ri/ro leads to discretization of the
resonance frequencies and creation of a higher number of
flat defect bands. This observation is attributed to the spa-
tial confinement of elastic waves in the hollow cylinders
with higher ri/ro values in comparison with that of the pil-
lars. A pillar can be assumed to be a summation of hollow
cylinders with sequential ro values and the same center
point. As a consequence, the pillar defect bands can be
assumed as a superposition of the hollow cylinder defect
bands. This description explains the higher width of a pil-
lar defect’s band than that of a hollow cylinder. However,
it should be noted that the higher number of defect bands
compromises the flattening of each defect band for higher
ri/ro values in order to achieve a transmission bandwidth
lower than the local-resonance gap width for the designed
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SAW filter. Hence, we choose ri/ro = 0.85 [Fig. 7(d)] to
investigate the effect of ro on the defect bands in the next
part. Our main goal is to achieve a fewer number of flat
defect bands near the mid gap. In other words, we opti-
mize the structural parameters of the hollow cylinders

to achieve an acceptable narrow-band waveguiding (or
filtering) operation inside the local resonance gap.

Now, we present the effect of varying ro (45, 65, 85 and
95 nm) of the hollow cylinder defects on the band structure
in Figs. 8(a)–8(d), while ri/ro = 0.85. It is observable here

(a) (b) (c)

(d) (e) (f)

(g) (h)

(j) (k)

(i)

FIG. 8. The band structure of a PNC with linear hollow cylinder defects of ri/ro = 0.85 and ro values equal to: (a) 45 nm, (b) 65 nm,
(c) 85 nm, and (d) 95 nm. The local-resonance band gap is highlighted by a blue ribbon and defect bands are shown by red bands.
Total displacement and the deformation shapes corresponding to the X point of defect bands highlighted in part (b). Defect modes
inside the band gap: (e) fd1 = 4.06 GHz, (f) fd2 = 4.1 GHz. Whispering gallery modes outside the bandgap: (g) fw1 = 3.03 GHz, (h)
fw2 = 3.07 GHz, (i) fw3 = 5.05 GHz, and (j) fw4 = 5.053 GHz. (k) Shear-horizontal transmission spectrum for a hollow cylinder defect
corresponding to the dispersion of part (b).
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that increasing ro leads to a greater number of defect bands
and a wider defect bandwidth as a consequence, which
is related to the increase of allowed resonance modes
in cylinders with higher volumes. Therefore, we discard
ro ≥ 65 nm and select ro = 65 nm to design the desired
waveguide with a narrow bandwidth defect-induced trans-
mission. In Figs. 8(e) and 8(f), we demonstrate the total
displacement as well as the deformation shape of two
defect guiding frequencies in the band gap, fd1 and fd2 , in
the vicinity of the X point of part (b). It can be observed
that the hollow cylinders keep their round shapes in these
guiding modes. However, the hollow cylinders also cre-
ate a set of whispering gallery modes in which the round
forms of the cylinders are changed to elliptical and higher-
order deformation shapes. In these modes, the acoustic
wave travels around the hollow cylinder side walls and
perturbs its shape and form. Whenever ro and ri/ro values
increase, a higher number of whispering gallery modes will
be present due to the increased acoustic path for the trav-
elling wave around the cylinder walls. Whispering gallery
modes with defect frequencies of fw1 , fw2 , fw3 , and fw4 are
present outside the band gap in the dispersion of our struc-
ture as labeled in Fig. 8(b). The deformation shape and
total displacement of these whispering gallery modes are
presented in parts (g–j) of Fig. 8. These results confirm the
localization of an incident elastic wave to the hollow cylin-
ders for the waveguiding defect frequencies. Moreover,
it is observable that the deformation shapes correspond-
ing to the defect frequencies inside the band gap, fd1 and
fd2 , show almost transverse polarization. Additionally, the
shear-horizontal wave transmission shows a significant dip
around the lower frequency local-resonance gap (around
4 GHz), as seen in Fig. 5(b). Hence, we present the shear-
horizontal transmission spectrum for this line defect, made
of intrinsic ZnO structures, in Fig. 8(k). Hereafter, we
focus on the shear-horizontal wave for the proposed SAW
filter, which also benefits from a high effective electrome-
chanical coupling factor and high energy concentration
near the metallized surface of the shear-horizontal SAW
devices. This design currently has wide applications in
wireless communications systems such as mobile phone
networks [45].

In order to confirm the effect of the structural parameters
(ri/ro and ro) of hollow cylinders on the resulting filtering
behavior, transmission spectra of the corresponding PNCs
are calculated and investigated. Figure 9 summarizes the
effects of varying ri/ro on the output transmission of the
filter, including the defect transmission frequency (fd) and
full width at half maximum (FWHM) of the related defect
transmission peaks, for different ro values. In this figure,
FWHM values are shown as error bars around defect peak
frequencies. The green dotted level represents the mid-gap
level (Ei), and the gray bottom and top regions display
the transmission zones where the band gap lies between
them.

FIG. 9. Variation of fd with respect to ri/ro for different ro val-
ues (65, 75, and 85 nm). FWHM values of the corresponding
transmission peaks are presented by error bars. The mid-gap level
is shown by a dashed green line and the band gap is restricted by
the gray zones (pass bands).

It is evident that increasing ri/ro results in upshifting
fd from the bottom gap edge to the mid-gap frequency.
This upshifting is in agreement with higher resonance fre-
quencies for resonating springs with lower mass at higher
ri/ro. The other noteworthy point in this figure is the vari-
ation of FWHM vs ri/ro and ro, which is in accordance
with the discussed trade off between the number of defect
bands and transmission peak broadening. It can be seen
that for ri/ro ≤ 0.5, there exist FWHM values comparable
with the band gap (Eg), so that transmission peaks merge
with the transmission edge and are evidently not favor-
able for filtering behavior. Thus, we select ri/ro = 0.85 and
ro = 65 nm as the optimum structural parameters for the
designed SAW filter, where fd is located at the vicinity of
the mid gap and the FWHM is lower than the Eg/2.

D. Tunable defect modes by acoustoelectric interaction

First, we clarify the applied assumptions and approxi-
mations for simulating acoustoelectric-induced behavior of
the defect modes in the designed waveguide (filter) based
on a linear defect of the hollow cylinders. The required
conductivity modulation for the presented tunable filter is
realized by exposing the ZnO-based PNC to UV illumi-
nation. It can be estimated that UV illumination with a
power density of about 80 mW/mm2 and an incident wave-
length of 365 nm can raise the conductivity of the intrinsic
ZnO layer to 100 S/m. Therefore, the required conductivity
modulation can be realized by means of a feasible illu-
mination power density of an UV source. On the other
hand, we assume the height of the pillars and cylinders to
be equal to 100 nm, which is well below the penetration
depth of UV in ZnO. Hence, we approximate a uniform
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(a) (b)

FIG. 10. (a) Transmission spectra of the PNC with a linear hollow cylinder defect of ro = 65 nm and ri/ro = 0.85 for two different σ

values of 0.01 S/m (black spectrum) and 100 S/m (red spectrum). (b) Modulation of fd with variation of σ in the ZnO structures.

conductivity modulation along the height of the pillars and
cylinders in the designed PNC-based filter.

We numerically investigate the impact of conductivity
variation in the operation of a designed filter by mod-
ulating the elastic parameters of ZnO structures through
Eqs. (7) and (8). Figure 10(a) presents the transmission
spectra for a shear-horizontal wave of the designed fil-
ter based on hollow cylinder defects with ri/ro = 0.85 and
ro = 65 nm for two different σ values. It is evident that the
transmission spectrum for low conductivity (black spec-
trum) is similar to the spectrum corresponding to that of
intrinsic ZnO, as shown in Fig. 8(k). Increasing σ from
0.01 to 100 S/m in the ZnO structures results in a red
shift (
fd) of about 100 MHz for fd = 4.18 GHz due to
the acoustoelectric interaction in ZnO-based PNC. It is
obvious that the bandwidth of the designed filter in the
GHz range is about 100 MHz, and the frequency shift is
comparable with the bandwidth, revealing a high tunabil-
ity for the designed SAW filter, which can be suitable
for wireless communication applications such as duplex-
ers [27,45]. To elaborate the observed tunable behavior,
it should be noted that generation of excess carriers in
ZnO can screen the electric field associated with the trav-
eling elastic wave, or equivalently, can lead to some kind
of electrostatically induced modulation of the interatomic
springs and modulation of elastic constants of the ZnO-
based hollow cylinder resonators. This modulation of the
elastic parameters in defect structures leads to a modula-
tion of the resonance frequency of hollow cylinders and
to the surface modes coupled with the defect resonances.
This modulation of elastic parameters is applied to all the
ZnO structures, including PNC pillars and the line of hol-
low cylinders. However, Fig. 10(a) reveals that the guiding
frequency is modulated by conductivity modulation, while
the whole spectrum and the observed transmission dip do

not change significantly. Part (b) in this figure presents
the calculated variation of fd vs varying σ , revealing the
maximum tunability of 
fd/
σ = 66 MHz/(S/m) around
fd = 4.13 GHz, as shown by the dashed line. The achieved
tunability is valid for a specific range of conductivity and
out of this range, the tunability shows a saturation behav-
ior that is in good agreement with the previously reported
SAW velocity modulation as a consequence of the acous-
toelectric effect [47,51]. The proposed tunable SAW filter
shows promising potential for a new generation of recon-
figurable SAW devices with wide application fields, such
as rf filters and duplexers.

V. CONCLUSION

A PNC of ZnO pillars over a Si substrate in a square
lattice structure is introduced and investigated. The local-
resonance band gaps and surface coupled modes are
probed for different structural parameters of PNC. More-
over, in order to introduce a narrow-band waveguiding, a
linear defect of hollow cylinders is tailored inside the PNC.
Through numerical investigations, the structural parame-
ters of hollow cylinders are optimized to achieve improved
performance, consisting of narrow-band guiding modes
near the mid gap of the PNC with transmission band-
width below the gap width. Taking advantage of the
acoustoelectric effect in modulating the optimized guiding
frequency, we prove a maximum tunability of the guid-
ing transmission peak of about 
fd/
σ = 66 MHz/(S/m).
The proposed acoustoelectric interaction can be practi-
cally implemented by contactless UV illumination. The
designed tunable rf filter is a shear-horizontal band-pass
SAW filter at fd = 4.13 GHz and a bandwidth of about
100 MHz. The resulting frequency shift can be compara-
ble with the bandwidth, which can be suitable for wireless
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communication applications such as reconfigurable rf fil-
ters or duplexers, benefiting from simple and CMOS-
compatible fabrication processes.
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