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Abstract The finite-difference time-domain (FDTD) method is proposed for analyzing the
surface acoustic wave (SAW) propagation in two-dimensional (2D) piezoelectric phononic crys-
tals (PCs) at radio frequency (RF), and also experiments are established to demonstrate its
analysis result of the PCs’ band gaps. The FDTD method takes the piezoelectric effect of
PCs into account, in which periodic boundary conditions are used to decrease memory/time
consumption and the perfectly matched layer boundary conditions are adopted as the SAW
absorbers to attenuate artificial reflections. Two SAW delay lines are established with/without
piezoelectric PCs located between interdigital transducers. By removing several echoes with
window gating function in time domain, delay lines transmission function is achieved. The
PCs’ transmission functions and band gaps are obtained by comparing them in these two delay
lines. When Aluminum/128°YX-LiNbOj is adopted as scatter and substrate material, the PCs’
band gap is calculated by this FDTD method and COMSOL respectively. Results show that
computational results of FDTD agree well with experimental results and are better than that
of COMSOL.

PACS numbers: 43.35, 43.60
DOI:10. 15949/ j. cnki. 0217-9776. 2015. 03. 006

1 Introduction

Similar to light in photonic crystals, phononic crystals (PCs)[l] are periodic elastic struc-
tures with arrays of scattering inclusions located in a homogeneous host material, which has
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band gaps with acoustic waves completely reflected in these certain frequencies. As the acous-
tic waves in PCs have a low velocity of ten millionth of the speed of light, PCs are fabricated
in micro-nanometer size and widely used in radio frequency (RF, MHz-GHz) devices, such
as surface acoustic wave (SAW) filter and bulk acoustic wave (BAW) filter, which are called
one-dimensional PCs. Recently, two-dimensional (2D) piezoelectric PCs have more attractive
features such as multi-forbidden bandsi®, high reflection and localized state control B~4, ultra
broadband®, negative refraction®!, low loss!” and acoustic focus®, which show good prospect

in application of 2D acoustic functional devices®—11.

Plane wave expansion!'2~16] (PWE), finite element method!!”~2? (FEM), finite-difference-
time domain23—28] (FDTD) are used for analysis of SAW propagation in 2D piezoelectric PCs.
PWE was used by Vincent Laude!'? to calculate the complete band gaps of SAW in air/128°
YX-LiNbO3 PCsl!'®l, which is simple but is with little decreaced accuracy due to its slow con-
vergence. FEM was used by S.Benchaba 7 and Rupp.C.J['8 to analyze the same structure,
which is high accuracy but has large consuming time and memory.

Compared with PWE and FEM, FDTD method have been demonstrated to be both simple
and efficiency for analyzing PCs in Hz and kHz frequency range by Jia-Hong Sun/®? and Li
24 who had successfully used FDTD to analyze the band gaps in steel/epoxy PCs
and barium titanate/polymer PCs. However, FDTD analysis of PCs in MHz-GHz frequency

Jingiang

range is still in the exploratory stage.

In this paper, the FDTD theoretical model of considering piezoelectric effect of PCs was
firstly presented to analyze SAW propagation in the 2D piezoelectric PCs at RF range. The
periodic boundary conditions and the perfect matching layer (PML) absorbing boundary con-
ditions were adopted by the FDTD model. Then experiments were established to verify the
FDTD theory. Through measuring the responses of two structures of delay line (one with
PCs in the transmission path, another without), the transmission coefficients of SAW in the
2D piezoelectric PCs was obtained. Furthermore, to verify the efficiency and accuracy of the
FDTD, the FEM model with commercial software COMSOL was also used to calculate the
band gaps of 2D piezoelectric PCs.

2 FDTD model of 2D piezoelectric PCs

Figure 1 illustrates the FDTD model of 2D piezoelectric PCs to analyze band gaps in the
z direction. In the model, piezoelectric effect was taken into account in the FDTD differential
equations. To reduce the memory and time cost, periodic boundary condition was used to
simulate infinite periodic structure of piezoelectric PCs in the y direction. While in the z
direction, the PCs are finite, and excitation signal source and signal receiver are placed on the
two sides respectively. To attenuate the artificial reflection of both sides in the z direction, PML
boundary conditions were used to achieve the complete absorption of SAW. By comparing the
excited and received signal spectral, the transmission coefficients of the piezoelectric PCs in the
z direction was achieved, and then the band gaps were obtained. Using the same method, the
transmission coeflicients of the piezoelectric PCs in the y direction was also obtained.
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Fig. 1 The FDTD model of the 2D piezoelectric PCs.

2.1 FDTD differential equations for piezoelectric PCs

The SAW propagating in piezoelectric PCs satisfies piezoelectric constitutive equations and
Newton’s motion equation?”]. From these equations, FDTD differential equations are deduced
as formula (1), here assuming that SAW is located in the z-y plane and propagates along the

z direction.
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where T is the stress; V is the velocity; ¢ is the elastic tensor; £° is the dielectric constant; e is

the piezoelectric constant and p is the density. For isotropic media, piezoelectric constant e is
D _ E _ .E D _ .E 2 D _ E 2

0. Here, ¢} = c& + e23/ea3, ¢} = cf} + essers/ess, ¢ = cf) + €% /eas, ¢y = ¢} + e¥s/e11,

these equivalent elastic constants takes the piezoelectric effect into account.

2.2 PML absorbing boundary condition

The virtual reflection at either side of the PCs can destroy the simulation results. In order
to attenuate this reflection, PML absorbing boundary conditions are adopted. PML is composed
by a high lossy media in which the wave transmitting decays quickly. With appropriate finite
thickness of PML, the transmission waves can be well absorbed. In PML area, the decay of the
wave is determined by the attenuation factor which is commonly used as formula (2)[?8l:

0(2) = Omax (g)2 : )



260 CHINESE JOURNAL OF ACOUSTICS Vol.34

where d is the thickness of the PML layer; z denotes the distance between the inner boundaries
of PML area and oqax is the maximum attenuation value in the outer boundary of the PML
area.

FDTD differential equations in PML area have deduced from FDTD differential equation
in PCs by introducing the attenuation factor of formula (2). In this paper, V; of velocity vectors
in the PML area was deduced as formula (3).

;
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where 4, j represents the coordinate in the z and y direction respectively, n represents the time
coordinate and p is the mass density. Similarly, FDTD differential equations of V;, and three
stress components in PML area can also be obtained.

2.3 Periodic boundary conditions

In the y direction, the periodic boundary conditions were utilized to restrict the sound
waves on both sides, which are illustrated as formula (4)?9:
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where a; and j represents the lattice constant and the coordinate in the y direction respectively.

3 Experimental verification of FDTD analysis

In order to confirm the validity of FDTD method, experiments were designed with two de-
lay line structures as shown in Fig. 2. Figure 2(a) is one delay line structure without PCs.
Figure 2(b) is another delay line structure with PCs constructed by aluminum/128° YX-
LiNbOj3. By measuring the responses of these two structures, transmission coefficients of 2D
piezoelectric PCs can be obtained.
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Fig. 2 The structures of the experiments.

3.1 Parameters in experiments

In experiments, 128° YX-LiNbOj was used as piezoelectric substrate. Through calculating
the effective permittivity of the substrate, the electromechanical coupling coefficients is 5.4%
in the z direction and 1.1% in the y direction, indicating that SAW can be efficiently excited
in both directions.

In the structure of 2D piezoelectric PCs constructed by aluminum/128° YX-LiNbOsg, the
lattice period is 10 pm and the diameter of aluminum cylinders is 7 um. The period of the
interdigital transducers (IDT) is 12 um and metallization ratio is 0.5. The thickness of the IDT
film and aluminum cylinders is 6000 Angstroms. In experiments, responses of the delay line
structures (with/without PCs) were measured by network analyzer. To remove several echoes
(multiple reflection signals etc.), window gating function in time domain was used to retain the
first transmitting signal. Subtracting transmission coefficients of these two structures, the band
gaps of the piezoelectric PCs were derived.

3.2 Comparison of experimental and theoretical results

Figure 3 illustrates the transmission coefficients measured by experiments in the z di-
rection. It can be clearly found that the transmission coefficient of the structure with PCs is
significantly small in the vicinity of 197 MHz and 300 MHz, which are band gaps of piezoelectric
PCs.

To farther verify the accuracy of FDTD method, finite element software COMSOL was
used to calculate the transmission coefficients of the PCs. Figure 4 illustrates the transmission
coefficients of the piezoelectric PCs in the z direction by COMSOL and FDTD method re-
spectively. A larger deviation appeared in the low frequency range, which may result from the
rough mesh in COMSOL limited by the computing time and memory capacity[3®/. The band
gap calculated by COMSOL in this range will be ignored.
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Fig. 4 Transmission coefficients calculated by FDTD and COMSOL.

Figure 5 denotes the transmission coefficients of the piezoelectric PCs in the z direction
obtained by experiments and FDTD calculation respectively. Table 1 shows the derived band
gaps of the experiments and the FDTD calculation from Fig. 5. Three close band gaps obtained
by FDTD are similar to the experiment, which indicates the FDTD calculation is efficient.
However, the deviations in the first band gap and the third band gap exist, and the second
band gap of experiments is not obvious compared with calculation, which are caused by that the
mass-loading effect of the metal cylinders is not be considered in the two-dimensional FDTD
calculation model

Similarly Fig. 6 illustrates the transmission coefficients of the two experimental delay line
structures in the y direction. Figure 7 displays the transmission coefficients of piezoelectric PCs
in the y direction calculated by FDTD and COMSOL method respectively. Figure 8 shows the
transmission coefficients of piezoelectric PCs in the y direction obtained by experiments and
FDTD calculation respectively. Table 1 lists the band gaps obtained from Fig. 8. Four band
gaps are obtained by FDTD calculation in which the last three ones is close to the experimental

results, while the first band gap was not found in experiments, which is because of large noise
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in experiments and the ignoring of the thickness of the metal cylinders.
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gap is obtained by FDTD while not by COMSOL . The second band gap obtained by FDTD is
more close to experiments than that of COMSOL. The third band gap calculated by COMSOL
is in low frequency range while it’s in high frequency range by FDTD calculation, compared
to experiments. Secondly the band gaps in the y direction is analyzed. The first band gap
is still not obtained by COMSOL calculation. The second band gap, the third band gap and
the fourth band gap calculated by FDTD are also more close to experiments than that of
COMSOL calculation. As a consequence, the precision of FDTD calculation is superior to
COMSOL calculation.
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Fig. 8 Transmission coefficients in the y direction of piezoelectric PCs.

Table 1 The comparison of band gaps from experiments, FDTD calculation and COMSOL calculation

First band gap | Second band gap | Third band gap | Fourth band gap
Experiments | 196~199 MHz 275~370 MHz 380~440 MHz
z direction FDTD 190~200 MHz 270~375 MHz 400~440 MHz
COMSOL 270~355 MHz 385~410 MHz
Experiments 240~310 MHz 352~360 MHz 380~420 MHz
y direction FDTD 175~200 MHz 250~320 MHz 335~.365 MHz 380~420 MHz
COMSOL 295~360 MHz 390~415 MHz

The deviations between experiments and FDTD calculation are mainly due to two reasons:
Firstly, the model used by FDTD calculation was assumed that the thickness of the aluminum
cylinders was infinite, while the actual thickness in experiments was limited with less than one
wavelength. Secondly, the spectrum bandwidth of the delay line in experiments is too small
to cover the whole analyzing spectrum, resulting in the inaccurate measurements outside the
passband. These reasons will be further studied in the future works.

4 Conclusions

In this paper, band gaps of SAW in the 2D piezoelectric PCs in RF range was studied. In
theory, FDTD method was established by introducing PML and periodic boundary conditions.
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In experiments, the transmission cofficients of PCs were obtained by the method of subtraction
of two delay line structures (with/without PCs) and window gating function in time domain. In
addition, by comparing the results of FDTD, COMSOL and experiments, it showd that FDTD
is the more advantageous method for 2D piezoelectric PCs. Due to 2D FDTD model didn’t
consider the finite thickness of cylinders, three-dimensional FDTD model is needed.
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