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Abstract  -  A formulation for calculating the 
effective permittivity of a piezoelectric layered 
SAW structure is given and the exact frequency 
response of ZnO/Diamond/Si layered SAW 
calculated. The frequency response of an 
unapodised SAW transducer is calculated and the 
center frequency shift due to the velocity 
dispersion explained. In addition, the 
electromechanical coupling coefficients of the 
ZnO/Diamond/Si layered half space based on two 
different formulae are calculated and discussed. 
Finally, based on the results of the study, we 
propose a method for modeling the layered SAW 
device. The advantage of using the effective 
permittivity method is that not only the null 
frequency bandwidth but also the center frequency 
shift and insertion loss can be evaluated. 

I. Introduction 

Propagation of surface waves in layered 
structures has been of interest in the development 
of dispersive surface acoustic wave (SAW) 
devices. By including a high velocity diamond 
layer between a piezoelectric layer and a Si 
substrate, the surface wave velocity can be 
increased significantly [1,2]. This results in an 
increase of the SAW frequency without decreasing 
the electrode spacing into the sub-micron region.  

In the last decade, there are experimental as 
well as theoretical investigations on the layered 
SAW. In the theoretical calculation, based on the 
matrix method, Adler and Solie [3] calculated the 
electromechanical coupling of layered SAW with 
ZnO on Diamond. In the calculations, different 
boundary conditions were considered. By using 
the conventional approach for calculating surface 
wave dispersion, Nakahata et al. [4] reported 
analyses of phase velocity and electromechanical 
coupling coefficient for three different layered 
SAWs with diamond as the middle layer. As to the 
modeling of SAW transducer, Hachigo and 
Malocha [5] used the delta function model to 

calculate the null frequency bandwidth of 
ZnO/Diamond/Si layered SAW and found the 
reduction of the bandwidth due to velocity 
dispersion. In addition, they presented the 
dispersive equivalent circuit model for layered 
structures.  

In this paper, the effective permittivity 
and phase velocity dispersion of a 
ZnO/Diamond/Si layered half space (shown in 
Figure 1) was calculated based on the matrix 
method [6-9]. The frequency response of an 
unapodised SAW transducer was then 
calculated based on the effective permittivity 
method and discussions were given on the 
shifting of the center frequency. The 
electromechanical coupling coefficients of the 
ZnO/Diamond/Si layered half space based on 
two different formulae are compared and 
discussed. Finally, based on the results of the 
study, we propose an exact analysis for 
modeling the layered SAW device. 
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Fig. 1. ZnO/Diamond/Si layered half space 

II. Effective permittivity of a layered 
piezoelectric medium 

In the following calculations, we employed a 
formulation, which is based on the propagator 
matrix and the surface impedance approach, to 
calculate the effective permittivity of a layered 
piezoelectric medium. The detailed derivation of 
the formulation can be found in reference [10]. 

  



Along with the formulation, the effective 
permittivity at the interface between the vacuum 
and the ZnO can be expressed as [10] 

The frequency response of an unapodised 
transducer using the effective permittivity method 
can be expressed as [11] 
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where zD  and φ  are the amplitudes of the 
normal component of the electric displacement 
and the electric potential, respectively.  is the 
wave number along the x-direction of the plane 
harmonic wave.  
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where W is the overlap length of the IDT 
electrodes and L is the length of the unapodised 
transducer. The Fourier transform of the 
electrostatic charge density ( )eρ β  for IDT 
transducers with regular electrodes can be found in 
[12]. The transducer here is the conventional 
single-electrode type. The wavenumber ( )β ω  is 

taken to be 
( )0v

ω
ω

, where  is the free surface 

velocity (open circuit velocity). We note that for 
this layered system,  is a function of frequency 

 and can be obtained from the dispersion 
relation.  The function Γ  is defined as [11] 
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Since the zeros of the effective permittivity 
function correspond to the surface wave solution 
for a free surface, and the poles indicate the 
surface wave solution for a metallised surface, the 
phase velocity dispersion can be calculated based 
on the aforementioned effective permittivity 
approach. Shown in Figure 2 is the calculated 
phase velocity dispersion of the first two SAW 
modes (first mode: thicker solid line; second mode: 
thinner solid line) of the ZnO/Diamond/Si layered 
half space with free surface boundary condition 
while the thickness of the diamond layer was 
22 µ m and that of the ZnO layer was 0.9µ m. In 
Figure 2, the thicker dashed line represents the 
phase velocity dispersion of the first mode of a 
ZnO/Diamond layered half space and the thinner 
dashed line is the second mode. The results show 
that the diamond layer can be treated as a half 
space so far as ZnOfh  value is high enough (In 
this case, for the first mode the separation ZnOfh  
value is around 350 m/s). It is worth noting that 
the dispersion curves of the first two SAW modes 
come very close to each other, but do not cross as 
mentioned in [3]. 
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Figure 3 shows the frequency responses of an 
unapodized transducer on a ZnO/Diamond/Si 
layered structure based on the delta function 
(dotted line), dispersive delta function (dashed line) 
[5] and the effective permittivity (solid line) 
models. The thickness of the diamond layer is 
22 m and that of the ZnO layer is 0.9µ m. The 
center frequency was chosen at 900MHz, and the 
number of electrode pairs was 20. The results 
showed that both the dispersive delta function 
model and the effective permittivity model could 
show the reduction of the null frequency 
bandwidth. A close examine of the frequency 
response calculated by the effective permittivity 
model, reveals that there is a center frequency shift 
from 900 MHz to 901.92 MHz. Calculations show 
that the function

µ

sΓ  is asymmetrical with 
respect to the center frequency and monotonically 
increasing. Results reveal that the slightly increase 
of the center frequency is mainly due to the 
monotonically increase of sΓ  on the frequency. 

 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

4

8

12

16

20

Ph
as

e 
ve

lo
ci

ty
  (

 k
m

/s
 )

ZnO/diamond

ZnO/diamond/Si

 

2nd 

1st 

IV. The electromechanical coupling coefficient 

 f hZnO ( km/s ) The electromechanical coupling coefficient 
2
sK  can be defined as [13] Fig. 2. Phase velocity dispersion 

  (4) 2 2s s sK ε ∞= Γ ( )

III. Frequency responses of a ZnO/Diamond/Si 
SAW device 

where  is the effective permittivity at infinite 
slowness and 

( )
sε ∞

sΓ  can be calculated exactly from 

  



Eq. (3). On using the Ingebrigtsen approximation 
[14], the electromechanical coupling coefficient 

2
sK  of a piezoelectric medium can be 

approximated as  
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where  is the surface wave velocity with 
metallized surface. 
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Fig. 3. Frequency responses of an unapodized 

transducer on a ZnO/Diamond/Si layered structure 

The solid lines shown in Figure 4 are 
portions of the dispersion curves of the 
ZnO/Diamond/Si layered half space mentioned in 
Section II. The thicker solid line is the first and the 
thinner solid line is the second SAW mode. Based 
on Eq. (4), the electromechanical coupling 
coefficients for the first two SAW modes are 
calculated, the thicker dashed line represents that 
of the first SAW mode, while the thinner dashed 
line the second SAW mode. The results show that 
for both modes at ZnOfh =1247 m/s (1386 MHz) 
where the phase velocity changes sharply is in 
accordance with the frequency where the 
electromechanical coupling coefficient changing 
dramatically. At this sharp change frequency, 2

sK  
of the first mode goes to almost zero, while that of 
the second mode goes to a maximum. 

In reference [3], Adler and Solie pointed out 
that the coupling coefficient calculated at constant 
frequency is about four times larger than that 
calculated at constant wavelength. The calculation 
of the electromechanical coupling coefficient 2

sK  
reported is based on the Eq. (5). According to our 
calculated results, if 2

sK  is calculated using Eq. (4), 
the difference induced by calculations at constant 
frequency and constant wavelength disappear. The 
main difference of Eqs. (4) and (5) is that in Eq. 

(5), sΓ  is approximated by the Ingebrigtsen’s 
approximation, while in Eq. (4), sΓ  is calculated 
exactly. 
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VIII. References coefficient plot shown in Figure 4. For values of 
the electromechanical coupling coefficient 2

sK  
around points A and B are symmetrical with 
respect to the frequencies of points A and B. 
Therefore, from Eq. (4), the values of the 
function sΓ are also symmetrical. It is worth 
noting that from Figure 4, the velocity dispersion 
around the first 2

sK  maximum (point A) is less 
dispersive as compared with that of the second 
maximum (point B). So, it is better to choose point 
A in practice. For example, on choosing the 
thickness frequency ZnOfh =1179 m/s (point A), 
the thickness of the ZnO layer is 1.31 µ m for a 
900 MHz IDT transducer. Figure 5 shows the 
frequency response of such a layered SAW with 
20 and 40 electrode pairs. Results demonstrated 
that the center frequency is not shifted and is equal 
to 900 MHz as designed.  
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