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On the basis of the electroelastic perturbation model, which includes electrical pertur-
bation items, a doubly rotated cut area of langasite (LGS) defined by the Euler angles φ,
from 137° to 160°, and ψ, from 18° to 25°, is proposed as a design for pressure sensors
because it has good temperature stability (TCD < 10 ppm), high electromechanical
coupling coefficients (k2 > 0.4%) and relatively high pressure sensitivity (6–8 × 10–12/(Pa ·
(R/h)2).  Differential surface acoustic wave resonators made of LGS (0°, 150° and 22°)
have been fabricated and tested.  The measured fractional frequency changes among the
differential resonators vs pressure from 0 to 0.6 MPa verify that the experimental relative
sensitivity is 3.7 × 10–10 fractional frequency change per Pa, which is in agreement with the
calculated prediction.  The temperature dependence is within 2.5 kHz/°C in the range from
20°C to 100°C.

1. Introduction

Surface acoustic wave (SAW) pressure sensors are passive (no power required),
wireless and well suited for measuring pressure in moving objects (e.g., rotating cars and
truck tires, hermetically sealed chambers).  Quartz is commonly used as a SAW pressure
diaphragm.(1–3) It is found that an ST-cut quartz membrane with a SAW propagation
direction of 50° with respect to the X-axis has simultaneously both high pressure sensitiv-
ity and temperature stability.(1)

Recently, some crystals belonging to the trigonal symmetry group 32, such as GaPO4

and La3Ga5SiO14 (langasite, LGS), have been utilized as sensors, especially for high
temperature applications, because they possess temperature-compensated orientations and
strong electromechanical coupling coefficients k2.(4,5) Without experimental verification,
the LGS substrate with Euler angles (0, 30°–50° and 20°–40°) was reported to be useful
simultaneously as both SAW pressure and temperature sensors.(6) However, the tempera-
ture sensitivity is at least 10 times higher than the pressure sensitivity; thus, substrates with
these Euler angles are not suitable for accurate pressure measurement over a wide range of
temperatures.  In § 3 and 4 of this paper, using both numerical and experimental techniques,
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we propose temperature-stable piezoelectric substrates with both high electromechanical
coupling coefficients and high pressure sensitivity.

Generally, the first-order perturbation integral by Tiersten and Sinha(7,8) is used as a
model of pressure sensitive cuts for SAW in queartz where only the nonlinear elastic
constants induced by pressure biasing are not taken into consideration.(1,3,6,9)  However,
because the k2 of LGS is 2–3 times higher than quartz, the effective piezoelectric and
dielectric constants dependent on the pressure biasing deserve attention.  Therefore, we
first summarize the electroelastic perturbation model, which includes the electrical pertur-
bation items in § 2.

2. The Piezoelectric Perturbation Model

For the sake of simplification and comparison, we use the symbol convention in
Tiersten’s paper.(8)  The piezoeletric equations for small fields superposed on a pressure
bias take the form

˜ ˙̇ , ˜K uL ,L L,Lγ γρ= =0 0Δ , (1)

in which ρ0 is the mass density and üγ  is the second-order differentiation with respect to
time of the mechanical displacement from the intermediate coordinate.  The relationship
between the Piola-Kirchhoff stress tensor K̃Lγ , the electric displacement vector Δ̃L , the
mechanical displacement uα and the electrical potential ϕ̃  are given by the following
constitutive equation

˜ ( ˆ ) ( ˆ ) ˜K c c u e eL L M L M ,M ML ML M,γ γ α γ α α γ γ ϕ= + + +

˜ ( ˆ ) ( ˆ ) ˜,Δ = + + +e e uML ML M ML ML M,γ γ α γ γε ε ϕ . (2)

In (2), cLγMα, eMLα and εLM denote the second-order elastic, piezoelectric and dielectric
constants, respectively.  The terms ĉL Mγ α  , êMLα  and  ε̂LM  are the effective elastic,
piezoelectric, and dielectric constants dependent on pressure biasing which may be ex-
pressed as follows:

ˆ ,c T c E c w c w e WL M LM L M AB AB LKM k L KM ,k AL M Aγ α γα γ α α γ γ α γ αδ= + + + −

ˆ ,e e E e w b WM ML BC BC MLK K AML Aα α α α= + +

ε̂ ε εLM LMCD CD LMC C LM= + − ⋅b E W J E2 0 , (3)



175Sensors and Materials, Vol. 18, No. 4 (2006)

where cKLMPQ, εKLM and bKLM denote the third-order elastic, piezoelectric, dielectric and
electrostrictive constants, respectively, and TLM, ELM , WL  and wγ,k denote the compo-
nents of free space and δγα is a Kronecker delta.

According to perturbation theory, the time dependent change in the resonant frequency
of SAW devices has the form

Δf
f

H

0 2
= m

m
2ω . (4)

In eq. (4), ωm is the mth eigenfrequency.  Considering the traction-free and zero normal
component of the electric displacement boundary conditions in the presence of the biasing,
Hm takes the form
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where * represents a conjugation operator.  The terms gγ  and  f̃  denote the mth orthonormal

eigensolutions of uγ
m  and ϕ̃m in the presence of biasing, respectively.

(6)

As shown in Fig.1, a circular piezoelectric membrane of radius R and thickness h with a
rigidly fixed periphery is subject to uniform pressure P on one of its surfaces.  The static
strain tensor components on the membrane can be obtained by using the finite element
method (FEM).(9)

The normalized pressure sensitivity (NPS) of SAW resonators is defined as:

NPS
m

=
⋅

u
P R h

f
f

γ

( / )2
0

Δ
, (7)

where Δf /f0 represents the relative frequency changes resulting from the uniform pressure
P.  To suppress the temperature dependence of the SAW resonators, the differential
configuration between the maximum and the minimum of NPS is defined as DNPS.

3. Predicted Results

We first calculate the theoretical pressure sensitivity of quartz, which is listed in Table
1.  Comparing these values with ref. (1), our results are more consistent with the experi-
mental data.
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Fig. 1.   Contours of DNPS of SAW resonators, TCD and k2 .
DNPS
TCD
k2

Table 1
Comparison of results in ref. (1) with numerical results in this paper.

Substrate and orientation Y-cut quartz ST-X quartz ST-X quartz

2 2 1.1

9 9 12

4 4 4.8

310 310 360

60 20.2 90

75.4 24 100

62.9 20.3 96.6

Thickness, mm

Diameter, mm

Distance between
resonator centers, nm

Resonator center
frequency, MHz

Experimental sensitivity
(1/Pa)  × 10–12

Theoretical sensitivity in
ref. (1) (1/Pa) × 10–12

Calculated theoretical
sensitivity in this paper

                            



177Sensors and Materials, Vol. 18, No. 4 (2006)

With the material constants for LGS given in ref. (4), the contours of NPS, the
temperature coefficient of delay (TCF), and k2 as a function of Euler cut angles φ of LGS
and SAW propagation direction angles ψ are shown in Fig. 1.  The optimal doubly rotated
cuts for pressure membranes at room temperature are defined by the following intervals of
Euler angles: φ from 137° to 160° and ψ from 18° to 25°, which exhibit good temperature
stability (TCD<10 ppm), high electromechanical coupling coefficients (k2>0.4%) and
relatively high DNPS (about 6–8 × 10–12/(Pa·(R/h)2).

4. Device Fabrication and Measurement Results

To verify the above theoretical results, LGS (0°,150° and 22°) is chosen as the pressure
membrane.  The TCF, k2 and DNPS of this substrate are 2.5 ppm at 20°C (0 ppm at 56°C ),
0.41% and 7.8 × 10-12/(Pa·(R/h)2), respectively.

According to the pressure sensitivity (Hz/KPa) distribution (Fig. 2) of the substrate
under maximum pressure (1 MPa), we determine the radius (R = 7.5 mm) and thickness (h
= 1 mm) of circular membranes and the location of dual configuration SAW resonators.
One of the two-port SAW resonators (SAWR1) is optimally placed in the center of the LGS
circular membrane, where the pressure sensitivity reaches a maximum value of NPS.  The
other resonator (SAWR2) is placed directly above SAWR1 at a distance of 0.78 R (see Fig.
3) to obtain the minimum possible NPS and to reduce temperature influences.  Each
resonator includes interdigital transducers (IDT) having 56.5 pairs of fingers, a 1200
microns aperture, a 3 microns finger width, and a 50% metallization ratio.  The dimensions
of each resonator are 7.2 ×1.5 mm2.  A thin film of Au of 1000 Å thickness is utilized as
electrode material because of additional applications at high temperature.

With the package shown in Fig. 4, the sensor is subjected to external pressure using a
standard piston oil pressure meter.  The S-parameter measurements were taken using the
Agilent E5070B vector network analyzer.  The frequency response of the SAWR1 resona-

Fig. 2.    Map of pressure sensitivity distribution on substrate (0°, 150° and 22°).
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Fig. 3. Cross section of SAW membrane under pressure and location of dual SAW resonators.

Fig. 4.   Diagram of SAW pressure sensor package.
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Fig. 5.   Frequency response of the center resonator.

tor is given in Fig. 5.  The quality factor is reduced from 2060 to 1620 when the applied
pressure ranges from 0 MPa to 0.6 MPa.

Figure 6 displays the dependence on applied pressure of the predicted and measured
fractional frequency changes between SAWR1 and SAWR2.  The experimental relative
sensitivity is 3.7 × 10–10 fractional frequency change per Pa and is in excellent agreement
with the theoretical value.

At a pressure of 0.3 MPa, the environmental temperature is varied from 20°C to 100°C
using ESPEC test chambers.  In Fig. 7, the measured fractional frequency change of
SAWR1 is higher than the theoretical value because of the nonlinear coupling between the
external applied pressure and temperature.  The differential frequency change between
SAWR1 and SAWR2 shows temperature dependence because the turnover temperature of
LGS is a function of the applied pressure.  However, the temperature dependence is within
2.5 kHz/°C in the range from 20°C to 100°C and is almost negligible.
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Fig. 6. Predicted and measured fractional frequency change between center resonator and edge
resonator when applied pressure is changed from 0 to 0.6 MPa.
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Fig. 7. Predicted and measured fractional frequency change between center resonator and edge
resonator
• Measured fractional frequency change of center resonator in range from 20°C to 100°C.

Predicted fractional frequency change of center resonator in range from 20°C to 100°C.
�¡ Measured results of differential frequency output between center resonator and edge resonator

in range from 20°C to 100°C.
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5. Conclusions

We have experimentally established that a doubly rotated cut area of langasite (LGS)
defined by the Euler angles φ, from 137° to 160°, and ψ, from 18° to 25°, is suitable for
pressure sensors with high electromechanical coupling coefficients and low temperature
dependence.
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