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Characterization of the thermal dependence of SAW stress sensitivity
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Surface Acoustic Waves (SAW) sensors have received an increasing interest as they reveal capable to
be interrogated wirelessly without on-board power supply. Their used as stress sensor allows for re-
markable linearity and repeatability. SAW devices can particularly be implemented for in-plane-stress
measurement, yielding temperature compensated highly sensitive and linear sensors specially when built
on AT-cut quartz wafers. However, their stress sensitivity is affected by temperature and an accurate
account of the thermal impact on their mechanical properties is required for designing and calibrating
the sensors properly. In this paper, we propose an experimental set-up enabling one to reliably apply
controlled stress conditions to quartz substrate on which SAW resonators have been built. Finally, ex-
perimental evidence of the cross relation between temperature and stress sensitivity of the resonance
frequency is reported.

1 Introduction

Surface acoustic wave (SAW) devices are analogic pas-
sive components used for signal processing. Excitation
and detection of SAW are massively based on piezoelec-
tric effects and developed on single-crystal substrates.
Although a lot of SAW applications concerns filter and
resonators, their use as sensors is now well developed,
particularly because they can be wirelessly interrogate
without any on-board power-supply. SAW devices can
particularly be implemented for in-plane-stress measure-
ment, yielding temperature compensated highly sensi-
tive and linear sensors specially when built on AT-cut
quartz wafers. As thermo-elastic properties of this ma-
terial are well known, a high level of stress measurement
accuracy can be achieved and predictability of the ob-
served effects yields reliable design conditions. Model-
ing tools allowing for such predictions mainly are based
on a so-called perturbation theory [1] which associates
a description of the unperturbed elastic wave propaga-
tion parameters together with the simulation of stress
perturbations applied to the substrate (which requires
numerical simulation based on finite element analysis for
complicated device architectures) via equations of non
linear elasticity. The validation of such models imposes
a reliable experimental basis involving numerous crys-
tal orientation for a given material, and particularly for
an anisotropic material such as quartz. In this work,
we have developed an experimental set-up enabling one
to reliably apply controlled stress conditions to quartz
substrate on which SAW resonators have been built op-
erating near 434 MHz (ISM band). The test bench ap-
plies flexural efforts on AT quartz cuts plates using a
3-point bending approach, yielding in-plane stress prin-
cipally lying along the propagation direction. The first
part of the paper presents the analysis basis of the prob-

lem. The mechanical set-up then is presented as well as
the two SAW test devices. Finally, first experimental
evidence of the cross relation between temperature and
stress sensitivity of the resonance frequency is reported.
We conclude on future systematic experiment campaign
to fully characterize and calibrate the thermal evolution
of SAW sensor stress sensitivity.

2 Fundamental background

The influence of temperature on the surface wave
stability principally is governed by the thermo-elastic
effective properties [2] and hence by the substrate
crystal orientation when free to expand in all space di-
rections. Assuming now that the substrate is clamped,
glued or more generally cannot freely expand, stress are
generated in its bulk when thermal expansion occurs.
The wave sensitivity to stress then can notably change
from the one predicted by the standard isothermal
model. Exploiting SAW resonators for temperature
or stress sensing purposes requires a comprehensive
understanding of the way the respective sensitivity are
linked together. From a theoretical point of view, one
can resume the frequency evolution versus stress and
temperature as follows:
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where the upper-script 0 denotes unperturbed harmonic
fields (displacement ui with time dependence implicitly
equal to ejωt and values (angular frequency ω, mass den-
sity ρ), i.e. without any static deformation. This for-
mulation can be used even for complex fields (* holds
for complex conjugation). The Hijkl tensor represents



the perturbation of the medium elastic properties via its
linear and non linear coefficients, as detailed below
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where Cijkluv are the third order (non linear) elastic
constants, ui, Sijand T ij are the space-dependent quasi-
static displacements, linear deformations and stresses
respectively. These terms also can depend on the tem-
perature θ (θ0 is the reference temperature), which then
must be known at each point of the medium. The de-
pendence of the fundamental elastic constants versus
temperature must be taken into account carefully, ac-
cording to Tiersten et Sinha’s developments [3] via its
first order derivatives versus temperature. The expres-
sion (2) of the perturbation tensor must be consider in
the case where differential thermal stresses arise (for in-
stance a compound substrate with at least two mate-
rial exhibiting different thermal expansion coefficient or
a substrate impeached to freely expand). It then ob-
viously appear that simpler expressions of this tensor
derived when considering structures composed of only
one material and submitted to slowly varying perturba-
tion phenomena yielding the so-called SAW temperature
and stress sensitivity coefficient are not valid any more.
These basic equation explain the fundamental reason of
the proposed work.

3 Experimental bench

We then have designed a setup allowing for applying
stress on SAW substrates to characterize the above men-
tioned phenomenon and the cross relation between SAW
stress and temperature sensitivity. To try and separate
intricate effects arising when heating clamped devices,
we have simplified the experimental bench to apply a
well-controlled stress state (i.e. mainly in-plane stress
along the propagation direction) applied using a 3-point
setup to reduce at maximum differential thermoelastic
stresses. The plate is 3 cm long and the tested device is
the one located near the center. Figure 2 shows a scheme
of the test bench and figure 1 shows an example of the
test vehicle on which bending stress is applied.The most
critical parts of the setup are the robustness of the slide
to temperature (we are presently limited to 100oC max)
and the fragility of the electrical bonding.

The device is designed to limit as much as possible
any rotation that could occur when applying stress on
the SAW device. The weighting was limited to max-
imum 650 g to remain far from the quartz elasticity
limit (experimentally found near 250 MPa). Preliminary
tests have shown the capability of the device to provide
stress sensitivity measurements repeatably. The bench
then can be tested in an climatic oven to demonstrate
its functionality. Figure3 a photo of the implemented
set-up. It consists of a sliding track on which calibrated
weights are deposited to bend the quartz plate. The
force is applied on the back side of the substrate to pre-
vent any problem related to connection. The location

Figure 1: Quartz plate test vehicle for characterizing
cross relation between SAW stress and thermal

sensitivities.

Figure 2: Scheme of the experimental bench.

of the plate can be accurately adjusted (4µm precision)
to ensure reproducible experimental conditions.

Figure 3: The temperature-stress characterization
bench equipped with a SAW test vehicle.



4 Characterization results

Figure 4 shows a typical S-parameter response of the
SAW resonator, centered near 434 MHz with a coupling
coefficient of about 0.05% and a quality factor Q near
10000. This device was typically designed for wireless in-
plane stress measurements. In-air interrogation distance
typically ranges from 1 to 3 meters depending on the RF
environment of the device.

Figure 4: Typical S11 response of the SAW resonator
of figure1 (coupling coefficient in the vicinity of 0.05%,

quality factor near 10000).

The bench then has been placed in an oven allow-
ing for programmed long term operation. The test
consisted in loading the slide with different weights
(from 260 g to 560g) and in recording the frequency
shift versus temperature in the range 0-100oC. Figure
5 presents the absolute frequency shift of the device
measured with temperature for different mass loading.
It shows a diminution of the resonance frequency of the
resonator with mass loading.
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Figure 5: Absolute frequency shift with temperature
for different mass loading.

In order to extract thermal dependance for each mass
applied to the device, the measured frequency is fitted
with a 2nd order polynomial f(T ) = aT 2 + bT + c where
c represents the frequency at 0oC.
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Figure 6: Relative frequency shift with temperature for
different mass loading with the fitted polynomial.

When analysing the relative frequency shifts f − c, as
shown on figure 6, we observe a slight change of the
thermal drift slope from one mass to the other. The
0 g curve presents a different curvature but this can be
explained by the different boundary condition of the res-
onator comparing to the mass loading condition. When
no mass is applied, the device is in contact with 2 points
whereas when a charge is applied, it is in contact at 3
points.
The main variation of thermal behaviour with stress
comes from the uncertainty of the measure of frequency
with temperature. Figure 7 shows the error on the tem-
perature calculted from frequency measured with the
polynomial coefficient from the fit. The error is about
+/- 5oC. This can explain the variation of the relative
frequency shift with mass loading observed on figure 6.
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Figure 7: Error between calculated and measured
temperature

If we pay attention of the effect of stress on the vari-
ation of frequency at 0oC, i.e. eliminating the temper-
ature effect on the frequency, we observe a quiet good
linearity of the frequency with mass loading (cf. figure
8). This shows that the experimental set-up proposes a
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Figure 8: Evolution of frequency with mass loading at
0oC

good reliability of the stress apllied on the quartz plate.

5 Conclusion

The characterization of cross relation between stress
and temperature sensitivities of SAW devices must be
achieved when developing temperature or stress sensors
working on extended operational ranges (stress and tem-
perature as well). We have proposed an experimental
procedure to characterize such relation, consisting in
applying well-controlled in plane stress in the propa-
gation direction using a test bench based on bending
effects and capable to operate in a climatic oven from
room conditions up to 100oC. Experimental results show
that for the uncertainty obtained on frequency measure-
ments, differences induced by various stress conditions
do not dramatically modify the thermal sensitivity of
SAW resonators. The linear variation of the frequency
shift induced by mass loading at 0oC allows to validate
the proposed mechanical bench.
Future work will be achieved to first check the reci-
procity between stress influence of temperature sensitiv-
ity and temperature influence of stress sensitivity. More
experiments will be achieved to statistically confirm the
first reported results. The setup will be used to charac-
terize other materials and crystal cuts to find out SAW
orientation minimizing the cross relation between stress
and temperature sensitivities. Then different bound-
ary conditions will be applied to the device to empha-
size their effect to cross correlation between thermal and
stress sensitivities.
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