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1. Introduction    

In this couple of decades, applications of piezoelectrics to resonators, sensors and actuators 
have been dramatically accelerated, in addition to the discovery of new materials and 
devices. Some of the highlights include electrostrictive materials for positioners, ferroelectric 
single crystals with very high electromechanical couplings for medical transducers, 
thin/thick films for Micro-Electro-Mechanical Systems starting from a sophisticated 
chemical technology, and multilayer type actuators fabricated by cofiring technique. All will 
provide a remarkable industrial impact in the 21st century. 
Piezoelectric materials exhibit electromechanical coupling, which is useful for the design of 
devices for oscillating, sensing and actuation. The coupling is exhibited in the fact that 
piezoelectric materials produce an electrical displacement when a mechanical stress is 
applied and can produce mechanical strain under the application of an electric field. Due to 
the fact that the mechanical-to-electrical coupling was discovered first, this property is 
termed the direct effect, while the electrical-to-mechanical coupling is termed the converse 
piezoelectric effect. 
The representative converse piezoelectric effect-applied example is a ceramic resonator. 
Frequency sources are a key component of much of today’s electronics. Frequency sources 
are used as sensor, clocks and filters, and the ability to control the accuracy and stability of 
these devices is vital to their performance characteristics and ability to bring forth 
advancements in technology.  Ceramic resonators stand between quartz crystals and LC/RC 
oscillators in regard to accuracy. They offer low cost and high reliability timing devices with 
improved start-up time to quartz crystals. The oscillation of ceramic resonators is dependent 
upon mechanical resonance associated with their piezoelectric crystal structure. The ceramic 
resonator oscillates in thickness-shear vibration mode for fundamental frequencies (typical 
less or equal than 8MHz) and thickness-longitudinal vibration mode for third-overtone 
mode (above 8MHz to 50MHz). Ceramic resonators have superior resonant impedance than 
quartz crystal, which offer much better start-up time. They have low cost because of high 
mass production rate, small size, no need for adjustment.  
Recently, narrow frequency tolerance characteristics of piezoelectric ceramic resonators have 
been required for fabricating highly accurate electronic devices. Because of this trend, a low 
electromechanical coupling coefficient and a high mechanical quality factor have been 
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required in piezoelectric materials. Widely used piezoelectric materials such as lead 
zirconate titanate (PZT) type materials have electromechanical coupling coefficient of over 
30% for the fundamental thickness extensional and thickness shear vibration modes. The 
third harmonic thickness extensional vibration mode has also been used for resonator 
applications and their electromechanical coupling coefficients are low; however spurious 
vibration from the fundamental mode resonance is inevitable in this type of resonator.  
Spurious modes occurrence is one of the significant problems for various applications 
because those spurious vibrations worked as the cause of occurring the malfunction of 
devices. Therefore, it is an important issue to implement the configuration which spurious 
vibration doesn’t affect the fundamental vibration as designing the resonator.  

2. Basic Theory of Piezoelectricity 

To simulate the piezoelectric properties, it is important to evaluate the material constants of 
piezoelectric ceramics exactly. The piezoelectric effect can be seen as a transfer of electrical 
to mechanical energy and vice-versa. It is observed in many crystalline materials. The direct 
piezoelectric effect consists of an electric polarization in a fixed direction when the 
piezoelectric crystal is deformed. The polarization is proportional to the deformation and 
causes an electric potential difference over the crystal. The inverse piezoelectric effect, on the 
other hand, constitutes the opposite of the direct effect. This means that an applied electric 
field induces a deformation of the crystal. The piezoelectric effects are written as the set of 
linear equations. The expressions for the piezoelectric effect can be combined into one 
matrix expression by writing the relationship between strain (S, m/m) and electric 
displacement (D, C/m2) as a function of applied stress (T, N/m2) and applied field  
(E, V/m): 
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Where s is the mechanical compliance (m2/N), d is the piezoelectric strain coefficient (C/N), 

and ε is the dielectric permittivity (F/m). 
It can be inverted to write the expressions with stress and field as the dependent variables 
and strain electric displacement as the independent variables. 

 T

E
=

S

D

⎧
⎨
⎩

⎫
⎬
⎭ − −

− ⎤

⎦
⎥

⎡

⎣
⎢

⎧
⎨
⎩

⎫
⎬
⎭

1
2

s d d

d

sε

ε  (2) 

It is possible to generalize this result to the case of an arbitrary volume of piezoelectric 
materials. Consider a cube of piezoelectric material, although there is no assumptions 
regarding the direction in which the electric field is applied or the directions in which the 
material is producing stress or strain. It is used as the common convention that the 3 
direction is aligned along the poling axis of the material (Figure 1). 
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Figure 1.  Piezoelectric cube indicating the coordinate axes of the 3D analysis 

For a linear elastic material, the electric field and the electric displacement are expressed in 
terms of the vectors: 
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Similarly, the stress and the strain can be expressed in terms of the vectors. The components 
of stress and strain that are normal to the surface of the cube are donated T11(T1), T22(T2), 
T33(T3) and S11(S1), S22(S2), S33(S3), respectively. There are six shear components, T12(T6), 
T13(T5), T23(T4), T21(T6), T32(T4), T31(T5) and S12(S6), S13(S5), S23(S4), S21(S6), S32(S4), S31(S5). The 
parentheses are the compact notation for piezoelectric constitutive equations. With the 
compact notation form, the full constitutive relationships are represented by equations (5) 
and (6). 
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As shown on equation (5) and (6), the elastic compliance matrix (s), the piezoelectric strain 

coefficient (d), and the dielectric permittivity (ε) have a different value depending on the 
crystal structure or symmetry of material. For example, in the equation (7), (8) and (9) it 
indicates respectively the elastic stiffness constant (c) to tetragonal, rhombohedral, and 
orthorhombic symmetry. The inverse matrix of the elastic compliance matrix (s) is the elastic 
stiffness constant (c).  
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Most materials that has good piezoelectric properties in room temperature like BaTiO3 and 
PbTiO3 have a tetragonal symmetry of space group P4mm, however, Pb(Zr,Ti)O3-based 
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material mainly used in commercial products  uses a morphotropic phase boundary 
composition where a tetragonal phase and a rhombohedral phase coexist. Another   
piezoelectric materials such as NaNbO3, KNbO3, PbZrO3, and etc. show orthorhombic  
symmetry at room temperature. Therefore, to make an accurate simulation for devices  
using piezoelectric material, exact information on the space group of the crystal structure 
and the elastic stiffness constant or the elastic compliance constant is necessary. 

3. Modelling 

The resonant frequency of the ceramic resonator is directly influenced by the vibration 
mode in accordance with the configuration of ceramic. According to the trend of the recent 
electronic parts, the utilized-oscillation frequency of resonator is getting to a high frequency. 
The ceramic resonator which is mainly used in the MHz band mostly uses thickness shear 
vibration or thickness trapped vibration. Thickness shear vibration is used in the frequency 
range of 2 MHz ~ 8 MHz and the above frequency range uses thickness trapped vibration. 
The 2nd or 3rd overtone vibration is mostly used in the case of thickness trapped vibration 
rather than the 1st fundamental vibration. In the Fig. 2, it shows configuration, vibration 
direction and dipole array direction of the thickness shear vibration and thickness trapped 
vibration. 

P
P

(a) (b)
P : poling direction

P
P

(a) (b)
P : poling direction

 

Figure 2. Configuration and vibration direction of thickness shear vibration and thickness 
trapped vibration   (a) thickness shear mode;  (b) thickness trapped mode 

Commercial ceramic resonators over 8MHz have used mainly (Pb,La)TiO3(PLT). However, 
manufacturers have been trying to apply layer structure compounds to resonator, these 
products are distributed to market recently.  
The lattice of PbTiO3 exhibits a strong tetragonal distortion at 20oC. The lattice constant of a-
axis (a) increases smoothly as a result of heating, while the lattice of c-axis (c) and c/a 
decrease. At 490-500oC the lattice constants c and a change sharply and the lattice becomes 
cubic.  
PLT has a perovskite structure which the part of Pb is substituted by La and it shows a 
similar behavior to PbTiO3. Layer-structure compounds such as SrBi2Nb2O9 are good 
alternatives to PLT. Its great anisotropy is one of the characteristics and over 60 kinds of 
compounds have been reported so far.  Newnham et al. reported that the spontaneous 
polarization of layer structure compound is almost parallel in the plane of a, b axis and 
located 2-dimensionally. Because these materials specifically have great anisotropy and their 
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poisson’s ratio is less than 0.25, they show different characteristics of frequency dependence 
from the material based on Pb(Zr,Ti)O3. As explained above, PLT has tetragonal structure 
with P4mm of space group at room temperature. The layer structure compounds have 
Fmm2 of orthorhombic symmetry at room temperature, although it has tetragonal 
symmetry of I4/mmm below a curie temperature. Therefore, the elastic stiffness constant 
matrix of equation 7 and 8 should be used respectively. However, because a very 
complicated process is needed to find all constants, layer structure compounds are also 
assumed as a tetragonal symmetry to simplify the simulation. In this case, the piezoelectric 
strain coefficient is formed like following equation.  
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The elastic compliance constants and the piezoelectric strain coefficients can be found 
referring IEEE standard or Japan’s EMAS. And in case of that EMAS was referred, they can 
be found by measuring electric properties with a material sample manufactured like shown 
in table 3. The configuration, dimension, and the representative constants of the standard 
material found here is shown in table 3.  
Although several kinds of software can be used in a simulation of ceramic resonator, we 
used COMSOL Multiphysics. COMSOL Multiphysics is a good interactive environment for 
modeling and solving scientific and engineering problems based on partial differential 
equations. Thanks to the  built-in physics modes it is possible to build models by defining 
the relevant physical quantities – such as material properties, loads, and constraints – rather 
than by defining the equations. 
Fig. 3 is the comparison of the simulation result of disk shape sample with the actually 
measured result, using COMSOL Multiphysics. In Fig. 3, (a) represents the dimension of 
disk sample and (b) represents measured frequency dependence of impedance. (c) 
represents the impedance waveform by simulation. It conformed to the measured result 
even though there was little shift of resonant frequency. 

4. Resonator and Vibration Mode 

4.1 Thickness shear vibration (TS mode vibration) 

The thickness shear vibration occurs when poling direction and voltage direction are 
perpendicular. This vibration mode is mostly used in 2 ~ 8 MHz band because it is less 
influenced by a spurious vibration when used as a resonator. Boundary condition is set to 
make displacement to be 0 on both sides of resonator. Poling is along the length direction, 
while voltage was supplied on both top and bottom sides setting poling direction and 
voltage direction perpendicular to make the thickness shear mode occur. The structure of 
resonator using thickness shear mode is shown in Fig. 4. It is 2 mm long and 0.15 mm thick.  
Fig. 5 and 6 show general deformed shape in thickness shear mode and displacement 
distribution within the material in the same condition. In case of thickness shear vibration, 
most displacements are concentrated in the part where the electrode is present, and the 
maximum displacement occurs at the end of the electrode. 
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Table 1.  Dimension of the sample recommended by EMAS and typical material properties 
of PLT 
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2.2mm

4.27mm

2.2mm

 

(a) 

   

 (b) (c) 
Figure 3.  (a) Sample configuration;  (b) Measured-impedance response;  (c) Simulation 
result 

 

 

 

Poling O/L

Piezoelectrics

Electrode

  

 (a)  (b) 
Figure 4.  Simulation model for resonator using thickness shear vibration  
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(a) 

 

(b) 
Figure 5.  Vibration configuration of thickness shear mode 
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Figure 6.  Displacement distribution in the thickness shear mode 

The overlapped length (O/L) where top and bottom electrodes are overlapped has decisive 
effect on resonator property. Fig. 7 is showing frequency dependence of impedance 
according to the overlapping length (O/L). If O/L is small, the spurious vibration was is big 
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as the thickness shear vibration, and when O/L is not optimum, thickness shear vibration 
and other vibration is seen overlapped in the resonant frequency area.  

 

 (a)   (b) 

 

 (c)   (d) 
Figure 7.  Frequency dependence of impedance (a) O/L = 0.2 mm;  (b) O/L = 0.4 mm;  (c) 
O/L = 0.6 mm;  (d) O/L = 0.8 mm 

4.2.2  Thickness Extensional Vibration (TE2 mode vibration) 

Recently the use of the TE2-mode vibration has been studied to minimize the resonator and 
elevate its functional features, in addition it was reported that the TE2-mode could promote 
the temperature feature and give a higher Qm. 
Fig. 8 shows the basic model for the simulation of TE2 mode and it is 1.5 mm wide, 0.5 mm 
long. The height was set based on 0.2 mm. Two sheets of ceramic were layered in TE2  
resonator, the internal electrode is located between 2 sheets. Fixed point is set to make 
displacement 0 at the end of the resonator in length direction. Poling is in thickness 
direction. Round electrodes were attached to both top and bottom sides of resonator to 
supply the voltage here. Poling direction and voltage direction were set to be same in order 
to make the thickness extending mode occur. Generally, both sides of outside electrode are 
to be same pole, and the opposite pole is to be connected in the internal electrode to operate. 
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Fig. 8(c) shows poling direction and voltage direction. A vibration shape of TE2 mode 
occurring in this condition is shown in Fig. 9. 

   

 (a)   (b) 

 

(c) 
Figure 8.  Simulation model for resonator using TE2 mode vibration 

 

  

 (a)   (b) 
Figure 9.  Vibration shape of TE2 mode vibration 

In case of a resonator using TE2 mode, the electrode diameter has the most effect on 
impedance. The simulation result of the frequency dependence of displacement in 
piezoelectric ceramics with the electrode diameter is shown in Fig. 10. When electrode 
diameter becomes smaller, the amplitude of spurious vibration becomes very high to 
influence on TE2 mode vibration. On the other hand, when electrode diameter becomes 
larger, the resonant frequencies of TE2 mode vibration and a spurious vibration become 
closer. In case of that the electrode is 0.6 mm, it is expected that two vibrations become very 
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close to lead an interaction. Therefore, to keep main vibration out of the influence of 
spurious vibration, the optimum dimension of electrode should be formed.  
 
 

 

 (a)   (b) 

 

  

 (c)   (d) 
 
Figure 10. Frequency displacement of resonator using TE2 mode (a) electrode diameter = 0.3 
mm; (b) electrode diameter = 0.4 mm;  (c) electrode diameter = 0.5 mm;  (d) electrode 
diameter = 0.6 mm 

Fig. 11 shows the displacement distribution of the resonator when a TE2 mode vibration 
occurs. The rectangular part in this figure represents the area of the electrode. We can see 
that most displacements occurred concentratedly in the electrode.  

4.3.3 Thickness Extensional Vibration (TE3 mode vibration) 

This is because ceramic resonators that exhibit the energy trapping phenomenon of the TE3 
mode vibration have better temperature characteristics and higher Qm than those of the 
fundamental thickness vibration. However, resonators that use the TE3 mode vibration 
exhibit spurious responses of the TE1 mode vibration, the 5th-harmonic thickness 
extensional vibration etc. 
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Figure 11.  Distribution of inside displacement of resonator using TE2 mode vibration 

There is the basic model of TE3 mode resonator in Fig. 12. It is 1.2 mm wide and 1.0 mm 
long. The height is set based on 0.068 mm. In case of the fixed point, boundary condition 
was set to have 0 displacement at the end of the resonator’s 4 exterior faces. Poling is in 
thickness direction. Round electrodes were attached to both top and bottom sides of 
resonator to supply the voltage here. Poling direction and voltage direction were set to be 
same in order to make the TE3 mode vibration occur. Fig. 13 and Fig. 14 show typical 
deformation and the displacement distribution of deformation. As shown in the figure, it is 
expected that other spurious vibration can affect more likely, because the displacement 
occurs at the whole resonator.  
 
 
 

 

 (a)  (b) 
Figure 12.  Simulation model for resonator using TE3 mode vibration 
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 (a)  (b) 
Figure 13.  Vibration shape of TE3 mode vibration 

  

Figure 14.  Distribution of inside displacement of resonator using TE3 mode vibration 

TE3 mode resonator requires more precise control in manufacturing because it is more likely 
affected by spurious vibration compared to resonators using thickness shear vibration or 
TE2 vibration. The most influential variable on impedance waveform in TE3 mode resonator 
is of course the ratio of a electrode diameter and a resonator thickness. The influence of the 
ratio can be found by observing the influence of electrode diameter maintaining constant 
thickness of resonator. It is found that when electrode diameter becomes larger, the resonant 
frequency of a fundamental vibration and a spurious vibration become closer, and the 
amplitude of spurious vibration becomes also bigger. When the diameter of electrode is 
larger than 0.25 mm, the resonant frequency of spurious vibration and the anti-resonant 
frequency becomes very close to lead a break in the waveform of anti-resonant impedance of 
the fundamental vibration. Then anti-resonant impedance of the spurious vibration became 
higher than that of the fundamental vibration. On the other hand, when the diameter of 
electrode becomes less than 0.15, it was found that although the influence of the spurious 
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vibration occurring on high frequency becomes insignificant, other vibrations have influence 
near the resonant frequency. This reflects the possibility of the assumption that the spurious 
vibration of high frequency range moved close to the resonant frequency as the electrode 
diameter decreases, or the possibility of influence from other vibration. However, the certain 
cause has not been found yet. The thickness of the resonator is fixed to certain dimension 
corresponding to the frequency when the desired frequency is determined. Therefore, the 
optimal configuration can be designed by carefully controlling the ratio of the electrode 
diameter and the resonator thickness.  
 

 

 (a)  (b) 

 

 (c)  (d) 
Figure 15.  Impedance by the frequency of resonator using TE3 mode. (a) electrode diameter 
= 0.15 mm; (b) electrode diameter = 0. 25 mm;  (c) electrode diameter = 0. 35 mm;  (d) 
electrode diameter = 0. 4 mm 

In TE3 mode resonator, spurious vibration is always accompanied on slightly higher 
frequency along with the 3rd overtone vibration. Therefore, through the simulation study, 
we can find out the cause of spurious vibration and which variable affect on spurious 
vibration. Fig. 16 shows the form of the 3rd thickness vibration and of the following spurious 
vibration. Various examples of the influence of the strength and location of the spurious 
vibration on the impedance of 3rd vibration are shown. These are waveforms of impedance 
which is found in actual commercial products. 
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Figure 16.  The effect of the interaction of TE3 mode vibration and spurious vibration on the 
impedance configuration  

Therefore, the most important factor in designing a TE3 mode resonator shape is to make 
the spurious vibration, shown in the Fig. 16, occur as farther as possible from the 3rd 
overtone vibration, or to design a shape that can minimize the amplitude. 
Fig. 17(a) and (b) show the resonant frequency of the 3rd overtone vibration and the spurious 
vibration with the resonator thickness and the electrode diameter respectively. In case of the 
3rd overtone vibration, the frequency constant was 1421, and the frequency constant of the 
spurious vibration was expected to be 1409. Also, we found out that while the resonant 
frequency of the 3rd vibration just slightly decreased as the diameter of electrode increased, 
the resonant frequency of the spurious vibration rapidly decreased. That is, we could expect 
that the 3rd vibration would be less influenced by the spurious vibration as the resonant 
frequency of the 3rd vibration and that of the spurious vibration become distant. 

 

 (a)  (b) 
Figure 17.  The effect of resonator thickness and electrode diameter on resonant frequency 
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5. Conclusion & Discussion 

The ceramic manufacturing process is so complicated and process-dependent, that 
achieving reproducibility is very hard in many cases. Especially, ceramic resonator is 
smaller than other piezoelectric ceramics applications and more precise process control is 
needed. Therefore, understanding configuration design and tendency through simulation is 
very useful to avoid unnecessary effort. In recent trend, as piezoelectric ceramics is used in 
the various actuators and sensors, the use of simulation in this field is also increasing. Some 
of  actuator, sensor or acoustic applications may have a complicated shape depending on the 
purposes, however, basic simulation process was regarded as same as resonator. Therefore, 
the accuracy of simulation depends on the accuracy of the knowledge on the material 
constants of piezoelectrics.  
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