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ABSTRACT 
In this paper, we present the resonance frequency spectra 

features of a composite resonator consisting of a piezoelectric film 
and a substrate plate. Based on those features, a direct method to 
characterize the piezoelectric film with two electrodes is presented. 
By directly using the parallel and series resonant frequency 
spectra of the HBAR, the electromechanical coupling factor, the 
density and the elastic constant of the piezoelectric film can be 
obtained directly. Some problems related to the accuracy of the 
method, especially the effect of the electrodes, are discussed. 

I. INTRODUCTION 
The most accurate measurement to characterize the 

acoustic properties of a piezoelectric film is the resonance 
frequency. A successful example is the IEEE standard on 
piezoelectricity [I] ,  where the electromechanical coupling 
coefficient of a piezoelectric plate is determined solely by its 
fundamental resonant and anti-resonant frequencies. Piezoelectric 
films used at very high frequencies are too thin to be self- 
supported, so they have to be deposited on a solid substrate and 
the film properties depend on the properties of the substrates. 
Thus, characterizations of the films have to be camed out on the 
composite resonators as shown in Fig. I ,  and so a new 
measurement method is necessary. For the case where a 
piezoelectric ceramic film is deposited on an isotropic substrate to 
form a thickness extension mode resonator, some inversion 
methods [2], [3] had been developed to extract the 
electromechanical coupling coefficient of the film from the input 
impedance data. It is well known that the inversion procedures 
are not only time consuming but also not always reliable. 

A direct method to characterize a piezoelectric film coated 
on an isotropic substrate to form a two-layer thickness expander 
composite resonator [4] was reported. By knowing the resonant 
spectrum of a composite resonator, three parameters of the 
piezoelectric film, i.e., the electro-mechanical coupling coefficient, 
the elastic constant, and the density could be determined. The 
validity of this method was demonstrated with simulations when 
electrodes were ignored. Recently, this method was developed to 
characterize the piezoelectric film operating in thickness shear 
mode by using the resonance frequency spectra of such a 
composite resonator [5]. Furthermore, the so called Resonance 
Specfra Method was extended to the case that the electrodes were 
taken into account [6] [7]. It can be identified, however, that the 
method is not complete up to now. Some factors affecting the 
accuracy have not been clarified, for example, the effects of  the 
electrodes. 

In this paper, the features of the resonance frequency of 
the HBAR will be analyzed firstly. Two sets of explicit formulae, 
which are the principles of this method, will be presented on 

assuming the materials loss-less and ignoring the mechanical 
effects of the electrodes. Validity of the method is identified by 
numerical simulation and some experimental results on ZnO/fused 
quartz HBAR. Explicit formulae to evaluate the electro- 
mechanical coupling coefficient, when the electrodes are taken 
into account, are obtained and -comprehensive numerical 
simulations are carried out to show the effectiveness of the 
modified formula. 

11. THE FEATURES OF THE RESONANCE FREQUENCY 
SPECTRA OF A HBAR 

Fig. 2 shows the input electric impedance of a two-layer 
HBAR as shown in Fig1 by ignoring the electrodes. This figure is 
calculated by using the following equation [4] 

k: 2 tank  12) + zb tan yb 
1 + zb tan y, I tan y 

w h e r e , y = 2 M * 1 I ’ c ,  y b  =2$-b I ’Vb;  
c, = 4; * A / I is the clamped capacitance of the resonator; 

k,  = h,, * E,, I’ ci is the thickness expander mode coupling 
factor of the piezoelectric film; Zb = z,, I’ z,,, Zb and 2, are 
the acoustic impedance of  the substra4e plate and the film layer, 

respectively, and zb = pb . v, . A , z, = 5 *q * A , A is the 

surface area of the resonator. p6, b, V, , ? are the densities and 
the extensional wave velocities in the X3 direction of the substrate 
and the film, respectively; I and b are the thickness of the film 
and plate, respectively. The HBAR is consisting of a PZT film 
deposited on a stainless steel substrate. In the calculation, a small 
imaginary part is added to the velocities of both the film and 
substrate to avoid singularities. 

It is shown in the input electric impedance of the HBAR 
that there are multiple sharp peaks and each corresponds a 
resonance “mode”. More important features are the distributions 
of the resonance frequency spacing and they are analyzed as 
follows. 

Based on the definition of the IEEE standard [ 1 J, the 
parallel resonant frequency of a single piezoelectric plate 
corresponds to the maximum resistance, which is the real part of 
the impedance of the resonator. By the same definition the parallel 
resonant frequencies can be calculated for all the modes. When 
the materials are loss-less, it is easy to find that the parallel 
resonant frequency equation is given by 
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The series resonant frequencies correspond to the 
maximums of the conductance, which is the real part of 

y,, = 1/z, . They are the roots of the following equation for 
loss-less materials 

After obtaining the resonance frequency data, by 
experiment or simulation, it is easy to calculate the spacing of the 
parallel resonant frequencies (SPRF) by defining 

Where, fp (m + I), f, (m) are the parallel resonance frequencies 

of (m+l)-th and m-th orders of the HBAR. 

By plotting Afp (m) versus the frequency or the order M ,  

a periodic distribution can be found and it is shown in Fig. 3. 
There are four unique values in the figure: (1) the periodicity, 
Afc;  (2 )  the SPRF value at the center of the regular regions, 
AfN ; (3) the SPRF value at the center of the transition regions, 
AfT ; (4) the modal frequency spacing of the bare plate, Afo.  
Later, we will derive the formulae which relate these unique 

SPRF values and the associated parameters b and ? or e:. 
coefficient ke> (m) 

In other hand, from the definition of effective coupling 

( 5 )  

where f p ( m )  , f,(m) are the m-order parallel and series 

resonant frequencies, we can obtain the effective electro-mechanical 

coupling factors of each mode. Plotting k ,  (m) versus the order 

m or the frequency, we can obtain a distribution as shown in Fig. 4. 
Simulation results showed that the acoustic impedance ratio of the 

two layers significantly affects the distribution of the keff versus 
the mode order (or frequency). For the porous PZT on stainless 

steel plate sample, where Z b  = 2, / 2, >> 1 , as shown in Fig.4, 

there is a peak value of the kea located at the center of the 

transition region, which corresponds to a frequency f = v / 41 . 
I t  seems that the piezofilm is working as a “quarter wavelength 
resonator”. Contrarily, for the case of ZnO film on a fused quartz 

plate resonator, where zb << 1,  the peak k ,  value is located at 

the frequency f = v / 21 , and the film acts as a “half wavelength 
resonator”. In next section, we will derive the explicit formulae, 
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which are the principles of the method, to determine the k: of the 

piezoelectric film based on the k;(m) distribution. 

Briefly, the SPRF, i.e., Afp  (m) and the ke> (m) of a 

composite resonator are determined by the acoustic properties and 
geometric parameters of the piezoelectric film and the substrate of 
the HBAR. Both have their maximum magnitude at a certain 
frequency, which is determined mainly by the piezoelectric film 
and also by the acoustic impedance ratio of the piezoelectric film 
and the substrate. When the acoustic impedance of the 
piezoelectric layer is smaller than that of the substrate, referred to 
as a “hard substrate”, such as PZT on stainless steel, the maximum 
magnitude is located in the first transition region. When the 
acoustic impedance of the piezoelectric layer is greater than that 
of the substrate, referred to as a “soft substrate”, such as ZnO on 
quartz, the maximum magnitude is located in the first normal 
region. In the following sections, we will present the relations 
between the resonant frequencies of the modes and the 
piezoelectric film parameters on the approximations of ignoring 
the effects of the electrodes and material loss. Since the film 
parameters can be determined by the distribution of the resonant 
frequencies merely, we name this method as Resonant Spectrum 
Method. 

nI. PRINCIPLES OF THE RESONANT SPECTRUM METHOD 
The principles of the Resonant Spectrum Method are 

based on two groups of explicit approximate formulae- (a) The 

relationship of three SPRF unique values and the density, b ,  and 

the elastic constant, e: , of the piezoelectric film; (b) The 

relationship of the effective coupling factor, k,(m) of a 

specific mode, and k, of the piezoelectric film. 
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(1) Principles of the Resonance Spectrum Method to 
* D  determine and c,, 

It was found that the distribution of the SPRF is the same 
as the modified modal frequency spacing (MMFS) method [9, IO], 
and has definite relations with the two parameters of the 
piezoelectric film [6,7]. The results can be summarized as follows. 

FZ nn , 
(n=O, 1 ,  2, ...), the SPRF value can be derived from ( 2 )  and is 
given approximately by 

(a). At the center of the regular regions, where 

Where: 

Afo =Vb12b (7) 
is the mechanical resonance frequency of the fundamental mode, 
or the spacing of its modes of the bare plate. It is assumed that all 
the parameters of the substrate are known, and so Eq. (6) 
indicated that Af.,, only depends on’ 61 . By evaluating the 

value of AfN from the SPRF data, the value , 6 I  can be 
determined. 
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(b). At the center of the transition regions, where 
the SPRF value can be derived from ( 2 )  and given 

by 

A 

It is indicated that A f only depends on ( 1 / c,, ). By 

evaluating AfT from the SPRF data, the value (1 / c,, ) can be 
determined. 

(c). The period of the SPRF distribution is obtained from 
( 2 )  and given by 

A 

(9) 

A 

The value of the period of SPRF depends only on v . By 

evaluating Afc , v can be obtained directly. Either ( 1  / c,, ) ,. A 

or bl is known, the other one can be calculated from this 
formula. 

The three formulae, (6), (8) and (9), give an 
approximate relation between the material and geometrical 

parameters of the two layers and the three unique values, AfN, 
A f T  and Afc . The three unique values can be evaluated from 
the SPRF distribution, which are acquired from experimental data. 
The parameters involved in the three formulae are the densities, 

p and p ,  bulk modulus, (4 + 2,U, = pb v:) and q, (or 

longitudinal wave velocities, vb and v ), and thickness, b and 

1 ,  of the two layers, respectively. In some cases, three unknown 
parameters can be evaluated from those formulae. But for the 
case discussed here (the three parameters of the substrate plate are 
known and the three parameters of the ceramic film are unknown), 
only two of the three unknown parameters can be evaluated from 
those formulae, because they are always in the combined forms of 

( [/e3, ) and b/  . So in the following simulations, the 

thickness of the film is given and only two parameters q3 and 
p will be determined. 

n 

(2) Principles of the Resonance Spectrum Method to 

determine k: 
Using the definition of the “effective coupling factor” 

given in Eq.(4) and the resonance frequency equations (2)  and (3), 

we derived two explicit formulae which relate k: to the 
“effective coupling factor” for a special mode at the center of the 

2 first normal region, kef (m,) , and at the first transition region, 

k& (m, ) , respectively. 

At the Jirst normal region where tan(y) 0, we can 

= n + & and yb = m,n + 6 ,  and ignore the term write 

containing & 6 to obtain the formula 

where mN = rOund(b/ v,l)+ 1 ,  and it is the mode order 
at the center of the region. 

At the firsrtransition reZion where tan()’) + a, we 

can express y =(1 /2 )*n+&;  and 

Y b  = (m, + 1 / 2)n + 6 . After some algebraic manipulation, 
we obtain the formula 

1 (1 1 )  k: = [1+ (b/Z) .  (c: / p b  . v;)]. r. (k;(m,)) 

where m , = round [Qb /( 2 Vb I) + 1 / 23 and it is the mode 
order at the center of the region. 

is a correction factor which is not necessarily near unity when 
mT is not very large (SO, for example). 

Formulae ( I O )  and (1 1 )  express the principles of the 

measurement method--the k, value of the film can be 

determined from the kef (mN)  and the mass ratio of the two 

layers, or from the k e f ( m , ) ,  and the thickness and elasticity of 

the two layers. It is interesting to note that in ( I O )  the relation 

between k: and kef is engaged by the distribution of the 
vibration kinetic energy and in ( 1  1) the relation is engaged by the 
elastic potential energy distribution. The effective coupling 

factors k;(m,) and k e f ( m T )  are measured by using the 

resonance frequency spectra while the mass ratio, elastic and 
geometry parameters of the two layers are previously known. 

It should be kept in mind that the two groups of explicit 
formulae were derived under two assumptions -- (a) The materials 
are loss-less and so the parallel and series resonance frequency 
equations are given by ( 2 )  and (3) and (b) the effects of the 
electrodes are ignored. Actually, there are some losses in materials 
always, and the resonance frequencies are determined by Eq.( 1) 
directly. The validity of the method has to be identified. In the 
following two sections, we will present numerical simulation 
results and some experimental results to show the validity of the 
method and the effects of the electrode on the accuracy of the 
method. 
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Iv. VALIDITY OF THE METHOD 
It is understood that the two formulae were derived by 

using Eqs.(2) and (3) which pertain only to loss-less materials. 
Any piezoelectric material, however, has mechanical, dielectric 
and piezoelectric losses. As such, the resonance frequencies have 
to be calculated directly from Eq.( 1) rather than from (2) and (3). 
For checking the validity of the method to determine the k: , we 
carried out a numerical simulation by taking the mechanical losses 
into account to show its effects on the k: accuracy. Another part 
of the method, i.e., determining the density and elastic constant by 
the SPRF distribution, had been analyzed elsewhere [lo]. 

so data fitting is un-necessary. The jump in Fig.6, which always 
appears for all the HBAR devices, is caused by measurement 
system. Because only the maximum value and corresponding 
position are concerned in the method, the jump as shown in Fig.6 
will not affect the result. The experimental results of the three 
parameters obtained by this method are: fi  = 5.29 g / c m 3 ,  

k: = 7.6 %. These values are 
reasonable by comparing with the data of bulk ZnO crystal 

( l j = 5 . 6 7 5 g / c m 3 ,  e: =20.4(10” N / m 2 ) ,  and 
k: = 8.0 %. ) and it indicated that the method is practical. 

However, it has to be kept in mind that the position on 

= 19.9(10”’ N l m ’ ) ,  

tbsfissa, where the maximum k 2  (m)is, is not necessarily being 
eff (1). On samples of a kind of special PZT film on stainless steel subs ra e. 

Taking the velocity in PZT film by adding an imaginary 

part to represent its loss, i.e., v = c, + j ci , we carried out the 

simulations. We took 6, = 2.4 k m / S  and 

ci /c, = 0.0, 0.1%, 1.0 %, 2.O%,5.O%, and 10.0 % 
in our calculations. Based on the IEEE Standard the parallel 
resonance frequencies are calculated when the real part of the 
impedance goes to a maximum and the series resonance 
frequencies are calculated when the real part of the admittance 
goes to a maximum. These definitions are independent of the 
lumped-parameter equivalent circuit. By using Eq.( I), the first 
few tens of pairs of resonant frequencies are calculated, then from 

(5 ) ,  (10) and (1 I ) ,  the electromechanical coupling coefficient, k,! , 
of the film was obtained. It was found that if the imaginary part 
of the elastic constant is less than 5.0 %, which corresponds to the 
phase angle of the elastic constant of 3.0 degrees, the resonant 

frequencies and so the k, values do not change significantly 
(less than 1.0 %). This means that the proposed method is 
available for real piezoelectric films if the phase angle of the 
elastic constant is not more than 3 degrees, which is a reasonable 
criterion for the common piezoelectric films. The sample used in 
the simulation is a thick film, since the relative thickness in 
wavelength ofthe film to the substrate is about 1/20. 

2 

(2). On samples of ZnO/Si02 HBAR 
I t  was shown [7] that when the mechanical loss changes up 

to 20 times, the results of the SPRF and the effective electro- 
mechanical coupling factors have no significant changes, and the 
errors of the simulated results are within 2 %. It means the method 
is validid for practical materials. 

Experimental results of a few ZnO/fused quartz [7] 
showed the results are reasonable. Fig. 5 and 6 are the SPRF 
distribution and kef (m) distribution versus frequency. The 

thickness of the ZnO film is around 4 . 8 p  and of the quartz 
substrate 62 mil. There is a circular ground electrode of aluminum 
approximately 400 nm thick underlying the ZnO film, and there 
are 4 small circular electrodes of 400 nm aluminum on the top of 
ZnO film, forming 4 HBAR devices. It was shown in Fig.5 that 
the distribution of SPFW is regular but the data are dispersive and 
so a kind of data fitting is necessary. It is interesting to note Fig.6 

that the distribution of k; (m) is regular and very smooth and 

2 

the order mN or mT as given in Eq.(lO) and (1 I) .  There is no 
analytical identification and it is necessary to identify their 
coincidence (or not) by numerical simulation. 

2 (3). Deviation of the maximum value position of k e f ( m )  
f romorder  mN 

It is the most easy way to find the position and value of 
the maximum k2 (m)  both in experiment and simulation. But in 

formula the value k;(m,)  is at the center of regular region, Le., 

for the order of mN , as given in (IO), for the case of ZnO film 
on fused quartz substrate, Contrarily, for the case of PZT on steel, 
the maximum value k 2  ( m )  is at the center of the transition 

region, Le., at the order of m, . But this relation can’t be 
analyzed and hasn’t numerically confirmed up to now. In this 
section we identify the relation of them by numerical simulations. 

Two kinds of piezoelectric films and three kinds of 
substrates are chosen to cover different acoustic impedance ratios, 
p b v b / ; f L ,  as shown in Table I. For the cases pbvb/$?L>l, it is 

the “hard substrate’’ case, while the case pbVb / c p L  < I  is the 
“soft substrate”. The data of the material parameters are listed in 
Table 11. Thickness of the piezoelectric films are fixed-for ZnO 
Film, I = 4.808pm and for PZT film, 1=2.50 pm. The thickness of 
the substrates is chosen to ~ = 4 ~ / 4 ~  = ( Q / v b ) . ( b / i )  being an 
integer. For fused quartz, b=1.5125 mm (N=312 and 240), for 
silicon, b=1.4912 mm (N=208 and 160) and for steel, b=1.1377 
(N=260 and 200). 

For a given combination, one can use Eq.(l) to calculate 
the resonance frequencies of the first 2N modes, and then use 
Eq.(5) to calculate k 2  (m) for all the modes. Plotting k2 ( m )  

versus mode order, one can identify if the maximum of k$(m)  is 

coincident with the order mN for the “soft substrate” cases, and 

with the order m, for the “hard substrate” cases. 
The simulation results for the six different combinations 

are shown in table 4. It is cle?rly indicated that when 
pbvb / # <<I ,  i.e., for very soft substrates, the maximum 
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k 2  (m)  position is coincident with m,,, . The smaller the 

pbvb / j j i  value, the closer the position of the maximum 

k 2  m to m, is. Contrarily, when pbvb 1 # > > I ,  i.e., for 

very hard substrates, the maximum kefl(m) position is 

coincident with mT . The larger the p,v,i ;Q value, the closer the 

position of the maximum k2 (m) to m ,  is. For the case 
ell' 

p , v b / ; t = l ,  the maximum k;(m) is at the mid between m ,  
and m T .  

information. For the samples of soft PZT film on steel [4], the 

maximum k ,  ( m )  position is very close to mT (2 % error), 
and it won't cause visible error. For the samples of ZnO on fused 

quartz, the maximum k ,  ( m )  position is close to m ,  ( 5  % 

deviation). If we check Fig.6 and the related data carefully, the 5 
% deviation will cause the mode-order difference of about 10 and 

which corresponds to around 6 % decrease of k ,  ( m )  value. 

This means the evaluated value of k,  =7.6 % should be modified 
to 7.2 %. 
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The simulation results give us a few pieces of important 
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v. EFFECTS OF THE ELECTRODE 
Obviously, for the high frequency case the piezoelectric 

film is very thin and the effects of the electrodes can't be ignored. 
The effects were discussed primarily by Zhang et a1 [7,8]. In this 
section, we present a comprehensive simulation for the electrode 
effects on the accuracy of the method and the modified formula. 

The input electrical impedance of a four layer HBAR is 
given by 

Using similar procedure as the two-layer case, we obtained 
a formula based on the formula developed by Zhang [8]. In 
Zhang's model, the effect of the mid electrode is divided into two 
parts: half into film, and another half into the substrate. We 

consider the complete mid-layer engaged into the thin film and so 
the formula is modified to be 

We carried out a comprehensive simulation to verify the validity 
of the model. The data of the parameters used in simulation are 
listed in Table 2. The samples cover a wide range of pbvbi;pL as 
shown in Table 1. Eq.( 18) clearly showed that the effects of the 
electrodes are mass loading only, but this conclusion has to be 
verified. So we choose gold and tungsten as the electrode because 
they have similar density but very different acoustic impedance. 
The maximum mass ratio of the electrode to the film covers from 
7.9 % to 85.5 %, as shown in Table 3, on the condition of keeping 
the thickness of the electrode less thgn 5 % of wavelength (to 
guarantee 

Taking a set of data of a specified combination, the 
resonance frequencies of the modes within the first period are 
calculated by using the impedance equation ( 1  3). From those 

resonant frequencies of the modes, one can obtain the k ,  ( m )  
by (5), and further the values of the electro-mechanical coupling 

coefficient, k: , of the film can be evaluated by Eq. (18) and 

Eq.(lO). Comparing the evaluated values of k: with the input 
data, the errors can be evaluated. The trend of the errors versus the 
thickness of electrode is indicated by two curves obtained by Eq. 
(10) and (1 8), respectively. In Fig.7, the effects of three kinds of 
electrodes for a combination of a film on a substrate are shown by 
a figure. The bold lines are the results from the non-corrected 
formula ( IO)  and the fine lines are the results from the modified 
formula (18). It is clearly shown that the effectiveness of the 
modified formula (1 8) is satisfactory. The formula is still valid 
even for the mass loading as large as 85 % of the film's mass. 
Besides, it is identified that the effect of the electrode is merely a 
kind of mass loading. The effects are the same for gold and 
tungsten at the same mass ratio. There is a little over correction 
for the ZnO film on the three substrates but there is no this 
phenomenon for PZT film. There is an error of no more than 3 % 
even at the case of ignoring the electrode's effect. Those 
inaccuracies, however, are allowable for determining the electro- 
mechanical coupling coefficients. 

a ,  i.e., merely a mass loading). 

2 

VI. CONCLUSIONS AND DISCUSSIONS 
The principles of the Resonant Spectrum Method were 

presented briefly. In this method three major parameters of 
piezoelectric films, i.e., the electromechanical coupling coefficient, 
the elastic constant and density, can be obtained by using a set of 
explicit formulae. Numerical simulation and experimental results 
on ZnOlfused quartz HBAR confirmed the validity. 

Two problems relating with the validity and accuracy of 
the method are investigated in detail. The first problem is the 
relation of the mode order, where the effective coupling is in 

maximum, and the specific order e,.,, and m, . Simulation 
results for the six different combinations showed that when 
P b ~ b  j p ?  <<I,  i.e., for very soft substrates, the maximum 
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k;(m) position is coincident with mN . The smaller the 

pbvb / $  value, the closer the position of the maximum 

k$ ( m )  to m,v is. Contrarily, when PJ, / jjq >>I, i.e., for 

very hard substrates, the maximum kefl(m) position is 

coincident with m, . The larger the pbvb value, the closer 

the position of the maximum k, ( m )  to m, is. For the case 

pbvb / f ie  = I ,  the maximum k ,  (m)  is at the mid between 

mN and m, 
The second problem is the effects of the electrodes and 

how to correct the effects. We introduced a modified formula 
based on [8], and the simulation results indicated that the 
modified formula gave satisfactory correction. 

An obvious advantage of the Resonant Spectrum Method 
is its “directness”. Usually, the parameters of the piezoelectric 
films are determined from their electric features measurements, 
for example, from the input impedance by an inversion method. 
Besides, it is very important in the developed method that 
resonant frequency is the only measurant and the distributions of 
resonant frequencies are of interest merely. Therefore, the 
accuracy of the measurant is guaranteed and the calibration of the 
measurement system is not critical, while the accuracy of the 
calibration makes a great difference in the measurement of the 
impedance. This is not trivial because usually accurate calibration 
is very difficult. 

There are some limits on this method. The thickness of the 
film has to be known and actually, the error in determining the 
thickness of the film is the major source to evaluate the three 
parameters of the piezoelectric films. 

The formulae, (6), (8), (10) and (1 I), are useful for 
designing HBAR. Those formulae give the spacing of the modes, 
the effective coupling factor, and the related parameters explicitly. 
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PVS 

16.24 

12.60 

10.846 

12.447 

31.200 

8.394 

24.148 
__. 

53.51 1 
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Table 1 : Impedance ratio pbVb / i3CL : 

Density 

5.675 

7.0 

2.65 

2.33 

7.80 

2.70 

19.49 

18.71 

Silicon Steel Fused 

1.24 2.54 

c44 

46.5 

22.68 

44.4 

66.5 

124.8 

26.1 

29.9 

153.0 

Table 2 : Material parameters: 

VL vs PVL 

6.00 2,862 34.05 

2,400 1,800 16.80 

6,050 4,093 16.033 

8,947 5,342 20.846 

5.231 4.00 42.596 

6,422 3,109 17.339 

3,361 1,239 65.506 

5,231 2,860 97.820 

204.3 

40.32 

97.0 
- 
186.5 
- 
232.6 
- 
111.3 
- 
220.2 
- 
512.0 
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Piezoelectric film: 
ZnO Film: 1 = 4.808pm; 
k,' = 0.080; kf, = 0.029. 
High-temperature PZT--thin film: 1=2.50 

ccm; k,' = 0.04; k,!, = 0.02. 

0.47 ZnO/ 
Fused quartz 

Substrate: 
Fused quartz: b = l S  125 mm; 
Silicon: b= 1.49 12 mm; 
Steel: b=l. 1377 mm; 

1.90 m~ 0.95 m~ 

Electrode thickness: 
le = 0.01, 0.02, 0.05, 0.10, 0.20, 0.30 and 0.40 

pm; 

0.95 
PZT/ 

Fused quartz 

Table 3: The Maximum values of ' P E ~ E  / 9 : 

1.52 W T  0.76 m~ 

Table 4 : 

PZTISi 

ZnO/steel 

PZT/steel 

1.24 1.21 W T  0.61 m~ 

1.25 1.18 m~ 0.60 m~ 

2.54 1.02 m~ 0.51 m~ 

Fig 1. Configuration of a HBAR. 

L 
10 20 30 40 50 

frequency (MHz) 

Fig 2. The impedance magnitude of a HBAR. 

0 5 I O  15 20 

Fig 3. SPRF distribution versus mode order. 
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Fig 4. kei  (m) distribution versus mode order. 
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Fig 5. SPRF distribution on ZnO/fused quartz. 
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Fig 7. 

ZnO I Silicon 
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Fig 8. 

ZnO I Steel 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

Elechwkthickness (E g~ 

Fig 9. 
Fig 6. k& (m) distribution of ZnO / fused quartz. 
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EleclroQ*lamss (E 8 

Fig 7-12. Comparison of the errors caused by 

electrode effects when using the non-corrected 

formula (bold-lines) and the corrected values by 

modified formula (fine lines). For the six 

different combinations, each has three different 

kinds of electrodes. 

*the legend of fig7-figl2 is: 

Fig 10. 
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Fig 11. 
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Fig 12. 
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