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We study both theoretically and experimentally the interaction of surface elastic waves with 2D

surface phononic crystal (PnC) on a piezoelectric substrate. A rigorous analysis based on 3D

finite element method is conducted to calculate the band structure of the PnC and to analyze the

transmission spectrum (module and phase). Interdigital transducers (IDTs) are considered for

electrical excitation and detection, and absorbing boundary conditions are used to suppress

wave’s reflection from the edges. The PnCs are composed of an array of 20 Nickel cylindrical

pillars arranged in a square lattice symmetry, and deposited on a LiNbO3 substrate (128�Y cut-X

propagating) between two dispersive IDTs. We investigate by means of band diagrams and

transmission spectrum the opening band-gaps originating from pillars resonant modes and from

Bragg band-gap. The physical parameters that influence and determine their appearance are

also discussed. Experimental validation is achieved through electrical measurement of the

transmission characteristics, including amplitude and phase. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4885460]

I. INTRODUCTION

Phononic crystals (PnCs) are created by periodic arrays

(1D, 2D, 3D) of elastic structures displaying a strong con-

trast in their elastic properties and densities. The ability to

control the propagation of elastic waves with such composite

materials has attracted a considerable attention during the

last two decades from science and technology points of

view.1,2 The interest in PnCs is linked to their unique proper-

ties, such as the formation of band-gaps,3,4 near zero group

velocity,5 and anomalous dispersion (negative refraction),6

similar to the ones of photonic crystals.7 The targeted appli-

cations depend on the PnC operation frequency. For exam-

ple, sonic PnCs are important for sound manipulation,8 and

ultrasonic PnCs play a role in imaging, non destructive

testing, and communication.2 Finally hypersonic PnCs

may lead to new applications, including microwaves and

multi-physics signal processing (optic, magnetic, thermo-

electric).9,10 In the microwave domain, such PnCs unique

properties can be investigated and exploited in the best way,

in designing practical devices like high quality factor resona-

tors,11 novel transducers1,2,12 and in implementation of such

electronic functions as filtering, guiding, focusing, or

demultiplexing.13–16

Various research groups have focused their interest on

different configurations of PnCs constituted from solid, liq-

uid, or air scattering inclusions in a solid background, and

vertical pillars or line trench on top of a substrate2 or

plate.17–19 The 2D surface PnC is gaining more and more

research interest because of compatibility with standard

micro-machining process and because of the ability to pro-

vide complex elastic waves processing. This will enable to

open new perspectives1 in designing high performance

acoustoelectronic devices, e.g., resonators, pass-band, and

low-band filters.

During last few years, numerous publications related to

the usage of piezoelectric materials for excitation and detec-

tion of surface acoustic wave (SAW) or Lamb wave propa-

gation through PnCs appeared. Among them there are

various theoretical and experimental reports on the existence

of band-gaps in a square lattice of air holes in LiNbO3
20,21

and in lattice of pillars deposited on the surface of a LiNbO3

substrate.22–24 Other studies have been devoted to the physi-

cal principles underlying the forbidden zones creation in

ZnO and AlN plates using different topologies of PnC.25–28

Nowadays, one of the main aspects in the theoretical stud-

ies of PnC is the analysis of the dispersion characteristics of

ideal infinite PnC lattices to calculate the frequency depend-

ence of the acoustic modes from the wave vector within

the first Brillouin zone, and to determine bandwidths and

stop-bands of various PnC topologies. In the case of two-

dimensional phononic crystals in the form of cylindrical

pillars on a piezoelectric substrate, calculations using the finite

element (FE) method show the existence of various opening

band-gaps for surface acoustic waves created by local resonant

state of PnC elements and Bragg scattering.22 Furthermore,

the analysis used in this reference provides information about

the elastic wave modes localized in the PnC but situated above

the branch corresponding to the lower bulk transverse modes

with different longitudinal or transverse polarization.a)Electronic mail: sergey.farsenal@gmail.com.
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Another proposed approach is to calculate the transmis-

sion through realistic structure using either analytical29 or

FE methods22 that can give not only qualitative but also

quantitative characteristics of the wave transmission. In all

mentioned works, the SAW excitation was performed using

harmonic force source with specified polarization direction

excluding the impact of interdigital transducers (IDTs) on

the amplitude-phase characteristics. This point is of a great

interest and taking it into account can improve the design of

microwave acoustoelectronic devices.

The main objective of this study is the analysis of SAW

transmission characteristics through PnC considering the pie-

zoelectric properties of the substrate and the influence of

IDTs. In this paper, we numerically investigate SAW band

gap formation in a periodic array of cylindrical nickel pillars

on a 128�Y cut-X propagating LiNbO3 piezoelectric wafer,

and compare calculation results with experimental data.

This paper is organized as follows. In Sec. II, we present

the model and methods for computing the SAW band

diagrams and electrical transmission spectra, i.e., SAW

generation and detection. In Sec. III, the numerical results

are presented and discussed. In Sec. IV, we present an exper-

imental validation of the obtained theoretical results. Finally,

in Sec. V, we summarize the main results.

II. MODEL DESCRIPTION

To model PnC structures made of cylindrical pillars de-

posited on a piezoelectric substrate, we use the commercial

FE software COMSOL Multiphysics.30 This software allows

us to simulate the propagation of acoustic waves in complex

structures, including piezoelectric effects in the substrate.

The band diagram of the perfect 2D surface PnC is cal-

culated using the eigenfrequency solver of the general partial

differential equations (PDE) module. We consider the unit

cell of the 2D PnC, as shown in Fig. 1(a). It is composed of a

cylindrical nickel pillar deposited on the piezoelectric sub-

strate’s surface. A commonly used 128�Y cut-X propagating

LiNbO3 is chosen as piezoelectric substrate. All typical ge-

ometry sizes are displayed on the schematic drawing (Fig.

1(a)): a, h, and r refer to the lattice constant, pillar thickness,

and pillar radius, respectively. Periodic boundary conditions

of Bloch-Floquet type are applied along the X and Y

directions, i.e., the lateral sides of the unit cell, to represent

an infinite PnC structure. In this way, eigenfrequency prob-

lem of such system was solved during parametric sweep of

the wave vector in the first Brillouin zone (Fig. 2). Obtained

values of eigenfrequencies, corresponding to different acous-

tic modes excited in such periodic array, are then analyzed

and represented as function of the reduced wave vector in

the form of a band diagram.

It should be noted that in this study, we principally focus

on the surface modes. For that aim, absorbing boundary

layers are applied to the bottom, instead of using high bulk

velocity substrate like silicon, as used in most of the previous

works.22,23 Such method also helps to suppress wave reflec-

tions from the bottom.

For transmission spectra calculations, we consider a

SAW device composed of two dispersive IDTs, and a PnC

placed between them. The model is depicted on Fig. 1(b). It

assumes PnC with finite size (here an array of 20 pillars)

along the wave propagation direction (X). At the same time,

width of the model in the Y direction is equal to the PnC

period a. On the sidewalls, in this direction, periodic bound-

ary conditions are applied. They allow us to consider a PnC

of infinite size in the Y direction. The dispersive aluminum

IDTs are designed to cover a wide frequency range, provid-

ing the observation of all potential band gaps. The piezoelec-

tric substrate is surrounded by layers with absorption chosen

in order to suppress undesired reflections from boundaries.

The incident waves are excited by applying a harmonic volt-

age (amplitude close to 1 V) to the input IDT used as emitter.

The transmitted waves are detected by measuring the voltage

(amplitude and phase) on a similar output IDT, used as a

receiver. This allows evaluating the transmission spectrum

of the electric signal that passed through PnC in a similar

manner as the one used to measure the S21 element of the

scattering matrix. Comparing this data with reference delay

line characteristics without PnC, S21ref , one can calculate the

relative transmission dependence DS21, and the accumulation

of phase difference Du

DS21 ¼ jS21ref j � jS21j; (1)

Du ¼ ArgðS21Þ � ArgðS21ref Þ: (2)

FIG. 1. (a) Model of unit cell of the square periodic pillar based structure;

the lattice parameter is denoted as a, the height of the stub is denoted as h,

and the radius is denoted as r and (b) model of device used for the calcula-

tion of SAW transmission through PnC. FIG. 2. The first Brillouin zone for the reduced wave vector.
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III. SIMULATION RESULTS

The interaction of acoustic waves with PnC made of pil-

lar deposited on a substrate, as shown in Ref. 22, leads for

certain parameters of the crystal to the appearance of two

stopbands in the frequency spectrum, the first of which is

caused by the combined resonances of scattering inclusions

(in this case pillars) of the PnC, and the second is related to

Bragg scattering. Bragg scattering occurs when the wave

vector k of the incident wave tends to the edge of a Brillouin

zone. The central frequency of Bragg gap can only be tuned

by the period of the structure or by the wave velocity in the

material under PnCs. On the other hand, the first band-gap

exists only if the scattering objects have strong resonances in

the frequency range of interest. The underlying physical

principle is based on the excitation of pillars discrete reso-

nant modes, including bending, compressive, and shear

modes. Therefore, these band gaps will depend on the pillars

geometrical parameters, including shape, thickness, and ra-

dius. So, in order to limit the range of different geometrical

parameters, the structures investigated in this study are cho-

sen with a fixed lattice constant (a¼ 10 lm) and a fixed fill-

ing factor (r¼ 3.8 lm). We only consider the effect of pillars

thickness on the band structure. Two different values are

assumed: (a) h¼ 2.3 lm and (b) h¼ 3.4 lm.

Let us consider the dispersion characteristics for the two

parameter sets. The corresponding band diagrams are dis-

played in Fig. 3. Note that the gray color on the graphs

denotes the radiation zone, i.e., zone of bulk mode excita-

tion,1,2 for the crystal LiNbO3. Surface modes interesting for

this study lie outside the radiation zone, below the sound

cone curve (bold solid line) corresponding to the Rayleigh

SAW in the absence of a periodic structure.

For h¼ 2.3 lm, as we can notice from Fig. 3(a), consid-

ering PnC symmetry and anisotropy of LiNbO3 crystal an

opening full band-gap appears around 153 MHz with a width

close to 5%. As can be seen from Fig. 4, which shows the

shape of the acoustic modes corresponding to wave vectors

at the point X, the first and third modes are polarized in the

XZ plane, and modes 2 and 4 in the YZ plane. In the case of

a 128�YX cut LiNbO3 substrate, surface acoustic waves pos-

sess a pure sagittal polarization. So, if only SAWs are taken

in account, then the local band gap emerges after 134 MHz.

The second band gap, appearing near 176 MHz, corresponds

to Bragg scattering. Furthermore, interaction of wave and

PnC in the frequency range above 198 MHz would lead to

bulk scattering.

In the case of h¼ 3.4 lm, displayed in Fig. 3(b), we

observe the existence of two complete band gaps. The first

band gap appears around 135 MHz with width close to 33%.

The second one appears around 195 MHz. If we take into

consideration only the SAW propagating in the direction of

X, then the first band gap begins above 108 MHz, and the

second above 165 MHz.

From the two band diagrams, one can notice that the

growth of the pillar’s thickness leads to a decrease in the fre-

quency at which the surface modes are excited in the system.

This is due to the well-known effect of reduction of the ve-

locity of SAW under a metal layer in a piezoelectric wafer.31

With regard to the propagation of acoustic waves polarized

in the sagittal plane, this leads to a significant decrease in the

first band center frequency. Furthermore, the increase in the

pillar’s thickness induces the apparition of the second gap,22

with a center frequency practically not shifted, but with an

increasing width.

Let us now consider the quantitative characteristics of

the SAW interaction with PnC structure. We collect during

the calculation of the transmission spectra the relative trans-

mission dependence and the accumulation of phase differ-

ence for the abovementioned two sets of parameters, as

shown in Fig. 5.

As it is seen from the DS21 graph, for the first set of pa-

rameters, the local gap begins at 133 MHz and leads to about

40 dB of losses. It is important to note that the local maxi-

mum and minimum at 133 MHz and 135 MHz, respectively,

correspond to resonance and antiresonance of the pillar’s

array. The Bragg gap appears after 175 MHz and the losses

in that case are around 50 dB. It is interesting to compare the

amplitude and phase characteristics of the transmission.

Large growth of the phase difference is clearly visible near

133 MHz that corresponds to the start of the first forbidden

zone. Local maximums around 134 and 175 MHz indicate

that the group velocity of SAW shifts to zero, which is also

evident from the band diagrams in Fig. 3. Furthermore,

inside the bandgaps the phase difference stops to rise and

remains almost constant. Elastic displacement distribution in

the delay line, displayed in Fig. 6, illustrates the interaction

FIG. 3. Band diagrams for infinite PnC

with lattice parameter a¼ 10 lm, ra-

dius r¼ 3.8 lm, and height (a)

h¼ 2.3 lm; (b) h¼ 3.4 lm. Digits 1–4

indicate the number of the acoustic

modes displayed in Fig. 4.
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of SAW on characteristic frequencies: f¼ 100 MHz,

133 MHz, 137 MHz, and 179 MHz. Fig. 6(a) corresponds to

the f¼ 100 MHz inside the transmission frequency range and

illustrates that SAW converts into Mode 1 (Fig. 4(a)) during

propagation in the PnC. Fig. 6(b) demonstrates the pattern of

elastic displacement that formed in the pillar’s array at the

local resonance frequency. Figs. 6(c) and 6(d) show the dif-

ference between first and second bandgap: for f¼ 179 MHz,

in the Bragg band gap, we see that SAW is almost totally

reflected from the PnC which acts like Bragg mirror

(displacements after the fifth row of pillars are almost negli-

gible), while for the case of f¼ 133 MHz, it is visible that the

wave is gradually decrease along the pillar array.

Transmission spectrum (Fig. 5(b)) for the second param-

eter set shows that the band gaps are located where they are

predicted by the dispersion characteristics (Fig. 3(b)). First

band gap is observed at frequencies between 108 and 140

MHz, and Bragg band gap starts around 161 MHz. Clearly,

for a given set of parameters, the two stop bands are well

separated, i.e., at least 20 MHz of separation. The behavior

of the phase difference becomes more complex than for the

first case. It increases in the frequency range between

the two observed gaps. This is in perfect agreement with the

band diagram displayed in Fig. 3(b), where one can clearly

observe that the third mode is not flat in the first Brillouin

zone, contrary to the case where the pillar’s thickness is

small.

IV. EXPERIMENTAL RESULTS

For the experimental investigation, several samples with

delay lines and PnC were fabricated. A LiNbO3 Y-128�-cut

wafer was used to favorize the generation of sagittal

Rayleigh wave mode. To fabricate the IDTs, we start by the

deposition of a 200 nm aluminum thin film by sputtering, fol-

lowed by a standard lithography process to form the trans-

ducers. The IDTs exhibit a linear variation of the period

along their length, from 4 lm to 40 lm. This design permits

to cover the entire frequency range of interest, i.e., from

90 MHz to 250 MHz, so enabling an easy observation of

band-gaps for the designed PnC. Nickel thin films with vari-

ous thicknesses (2.3 lm and 3.4 lm) are electroplated inside

a photoresist mould (AZ 15nXT) to obtain the desired square

lattice of pillars. Scanning Electron Microscopy (SEM)

images of one of the fabricated device are displayed in Fig.

7. The PnC is composed of 20 periods of a square lattice of

pillars with a period of 10 lm. Two devices were fabricated

with PnCs geometrical parameters as close as possible to the

ones assumed in the numerical simulations.

The obtained PnCs are then characterized by measuring

the scattering matrix (Sij) with an Agilent Network analyzer

8753ES. After a standard short-open-load-through

FIG. 5. Calculated frequency dependence of relative transmission DS21 (solid line) and accumulation of phase difference Du (dashed line) for PnC made from

N¼ 20 nickel pillars with lattice parameter a¼ 10 lm, radius r¼ 3.8 lm and height (a) h¼ 2.3 lm; (b) h¼ 3.4 lm.

FIG. 4. Shapes of elastic deformations for the first four acoustic modes of

the PnC described in Fig. 3. Gray gradient denotes the amplitude of defor-

mation, where white color corresponds to its minimum, and black to the

maximum.
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calibration, we eliminate the effect of electromagnetic cross-

talk and fast bulk acoustic waves by using the time gating

capability of the network analyzer. Treated results in form of

DS21 exp and Du exp are shown on Fig. 8. For comparison, the

theoretical results obtained by numerical simulation are also

depicted on the same figure (dashed line). The normalized

transmission responses are shown in Figs. 8(a) and 8(c) for

two configurations corresponding to pillars thickness close to

2.3 and to 3.4 lm, respectively. We observed that the meas-

ured first stop-band, corresponding to the local resonance

mode in pillars, agrees quite well with the frequency range

band gap obtained by FE calculations. However, the second

band gap is shifted by about 10–15 MHz for the two configu-

rations. A possible explanation of this shift is the difference

between the elastic properties of the pillar material used in

the calculations and the actual values of the density and elas-

tic constants of deposited nickel. Some additional frequency

shift for the second set of parameters is due to the fact that

the radius of fabricated pillars was slightly smaller than

3.8 lm. Nevertheless, the remaining part of the experimental

curves accurately coincides with the theoretical ones.

It should be noted that the phase clearly indicates the

location of the band-gaps which are mainly characterized by

flat band.

V. CONCLUSIONS

In this paper, interaction of surface acoustic wave with

2D PnC on a piezoelectric substrate was explored both theo-

retically and experimentally. Both analyses were success-

fully conducted for PnCs with various thicknesses. It was

demonstrated that pillar’s height increase leads to a reduction

of the center frequency for the first local resonance band gap

and to formation of the second Bragg gap and the propaga-

tion zone between them. Quantitative characteristics of

SAW attenuation inside observed bandgaps were obtained

FIG. 6. Elastic displacement distribu-

tion in the delay line for characteristic

frequencies: (a) f¼ 100 MHz—in the

transmission frequency range, (b)

f¼ 133 MHz—the 1st resonance of the

pillars, (c) f¼ 137 MHz—in the first

band gap, and (d) f¼ 179 MHz—in the

Bragg band gap. Gray gradient denotes

the amplitude of deformation, where

white color corresponds to its mini-

mum, and black to the maximum.

FIG. 7. Scanning electron microscopy image of one of the fabricated PnC

structure with a¼ 10 lm, r¼ 3.8 lm, and h¼ 3.4 lm: (a) complete device

(IDTs and PnC); (b) zoom on the PnC; and (c) zoom on the pillars.
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via suggested model for transmission calculation.

Furthermore, it was shown that slope change on the phase

difference frequency dependence defines the beginning of

local resonance, and constant phase difference corresponds

to forbidden zone for SAW. Moreover, the similar slope

change exists for Bragg bandgap. Fairly good experimental

confirmation of SAW propagation characteristics was

achieved through direct scattering matrix measurements of

fabricated test dispersive delay lines with observed phononic

crystal arrays.

The described model is applicable to different PnC

structures on piezoelectric substrates. Owing to the ferro-

magnetic properties of Nickel, further investigations can also

be performed incorporating magneto-elastic coupling in

PnCs10 to develop a sensitive magnetic sensor.
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