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a b s t r a c t

In this paper, we examine the significance of the various higher-order effects regarding calculating
temperature behavior from a set of material constants and their temperature coefficients.
Temperature-induced velocity shifts have been calculated for quartz surface acoustic wave (SAW)
resonators and the contributions of different groups of nonlinear material constants (third-order elastic
constants (TOE), third-order piezoelectric constants (TOP), third-order dielectric constants (TOD) and
electrostrictive constants (EL)) to the temperature-induced velocity shifts have been analyzed. The
analytical methodology has been verified through the comparison of experimental and analytical results
for quartz resonators. In general, the third-order elastic constants were found to contribute most
significantly to the temperature-induced shifts in the SAW velocity. The contributions from the third-
order dielectric constants and electrostrictive constants were found to be negligible. For some specific
cases, the third-order piezoelectric constants were found to make a significant contribution to the
temperature-induced shifts. The significance of each third-order elastic constant as a contributor to
the temperature-velocity effect was analyzed by applying a 10% variation to each of the third-order
elastic constants separately. Additionally, we have considered the issues arising from the commonly used
thermoelastic expansions that provide a good but not exact description of the temperature effects on
frequency in piezoelectric resonators as these commonly used expansions do not include the effects of
higher-order material constants.

� 2016 Published by Elsevier B.V.

1. Introduction

The temperature-frequency effect of SAW resonators describes
the resonant frequency shift that occurs when the resonator is sub-
jected to a temperature field. This phenomenon is critical for two
aspects: (1) for SAW resonator applications, frequency should not
be affected by temperature change and therefore, the
temperature-frequency effect should be minimized; (2) for SAW
temperature sensor applications, the temperature-frequency effect
should be maximized to achieve the best sensitivity.

The optimal design of SAW resonators/temperature sensors
relies on three major factors: the optimal selection of a substrate
material, the optimal selection of the substrate cut angles, and
the optimal selection of the surface wave propagation direction.
These three major factors cannot easily be optimized without

accurate modeling techniques. Models of the temperature-
velocity effect for quartz SAW resonators has been reported by sev-
eral investigators [1–4]. Schulz et al. have calculated the SAW
temperature-velocity effect for a variety of crystal cuts and the
calculations exhibited a satisfactory match to then-available
experimental results [1]. Sinha and Tiersten have improved
Schulz’s model and presented improved temperature-velocity
calculations [2]. Zhang and Wang have performed calculations to
select optimal substrate and crystal cuts angles for both quartz
and LiTaO3 [3]. Notably, Their model included all nonlinear mate-
rial constants. As an alternative, Ma and Shi [4] have reported a
simplified model for the calculation of the temperature-velocity
effect for SAW quartz resonators.

Formally, the calculation of the temperature-velocity effect
requires the inclusion of all linear (elastic, piezoelectric, and
dielectric constants) and nonlinear material constants (the third-
order elastic constants (TOE), third-order piezoelectric constants
(TOP), third-order dielectric constants (TOD) and electrostrictive
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constants (EL)). However, the calculations published in [1–4]
included only the TOE and/or did not analyze the potential contri-
butions of the TOP, TOD, and EL. Therefore, the influence of TOP,
TOD, and EL on the temperature-velocity effect is unknown at this
point. In addition, even though it is known that the TOE dominates
the temperature-velocity effect, the specific contributions of each
third-order elastic constant to the temperature frequency/velocity
effect is unknown as well.

In this work, we have applied the perturbation integral theory
developed by Tiersten [5] to calculate the temperature-velocity
effect for a quartz SAW resonator with X-cut, Y-cut, and AC-cut
orientation. We have included all linear and nonlinear material
constants of quartz and temperature derivatives for the second-
order elastic, piezoelectric and dielectric constants in the calcula-
tions. The new calculations match well with previous experiment
results [1]. In addition, we have analyzed the contributions of each
group of nonlinear material constants to the temperature-velocity
effect, and have also analyzed the contributions from each of the
TOE to the temperature-velocity effect for the X-cut quartz SAW
resonator. The results quantify the contributions of each group of
nonlinear material constants to the temperature-velocity effect.
Based on the insights gained in performing the calculations, we
also offer a suggestion for future calculations of the temperature-
velocity effect of quartz SAW resonators.

This paper is organized as follows. In the next section, the
temperature-velocity/frequency effect is introduced and the per-
turbation integral approach is described in Section 3. The descrip-
tion of the unperturbed surface acoustic wave and the temperature
effect are presented in Section 4, and the results are shown in
Section 5. Section 6 summarizes the conclusions.

2. Temperature-velocity/frequency effect of quartz saw
resonators

The temperature-frequency effect is caused by intrinsic nonlin-
ear material properties of a single crystal. The nonlinear material
properties are characterized by the third-order material constants
including the third-order elastic, piezoelectric, dielectric, and elec-
trostrictive constants. A detailed description of this phenomenon
requires the theory of infinitesimal fields superposed on finite bias-
ing fields [6], which describes the influence of a biasing effect (such
as mechanical stress, electrical field, and temperature) on the nat-
ural frequency of piezoelectric resonators. For most (but not all)
cases of interest, the shifted value of the natural frequency can
be estimated by the first-order perturbation integral [5], which is
described in the next section.

3. Perturbation integral

The resonant frequency of a resonator depends on its geometry,
material constants, and boundary conditions. The geometry
changes slightly when a crystal resonator is subjected to a temper-
ature field. In this case, the material constants may be character-
ized as effective constants, which will change with the
temperature field. Thus, a resonant frequency will shift with the
temperature. The shifted value may be estimated accurately by
the perturbation theory. The equations used to estimate the first-
order perturbation of a specific mode can be found from [5] and
are shown below:
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with

bAKLc ¼ bABCD þ e0dABdCD � e0ðdACdBD þ dADdBCÞ:
In Eqs. (1)–(4), VM is the unperturbed surface wave velocity, V is

the perturbed surface wave velocity, and DVM is the surface wave
velocity shift. Here, ĉKaLc, êKLc, and êKL are the effective elastic,
piezoelectric, and dielectric constants respectively uM

c is a specific

wave mode in the unperturbed condition, and /M is the electrical
potential for this specific mode. uM�

c and /M�
are their conjugate

counterparts. T0
KL, S

0
AB, and E0

A are the initial stress, strain and elec-
trical field respectively with xc;N defining the displacement gradi-
ent. cKaLN; eKLM , and eKL are the second-order elastic, piezoelectric,
and dielectric constants. cKaLcAB; kAKaLc, and vKLA are the third-
order elastic, piezoelectric, and dielectric constants respectively,
and bKLAB are the electrostrictive constants. e0 is the permittivity
of free space.

4. Unperturbed surface wave and temperature effect

Consider a quartz SAW resonator as shown in Fig. 1. A rectangu-
lar coordinate system is chosen with the x3 axis normal to the crys-
tal surface and the x1 axis in the direction of the surface wave
propagation. The general solution for a surface wave propagating
along a crystal surface with an arbitrary cut angle (Euler angle)
can be found in [7]. The solution may be written as follows:
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Fig. 1. The model of the temperature-velocity effect of a SAW quartz resonator.
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