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Abstract:

Promising new single crystals for piezoelectric sensors with high-temperature capability were precisely
characterized by a powerful combination of bulk acoustic wave (BAW) and surface acoustic wave
(SAW) measurements. Crystals from the langasite (Cas3TaGasSi2014) and the oxoborate
(GdCasO(BO3)s and LaCasO(BOs)s) family have been investigated in detail and material data were
derived with high accuracy at room temperature. Additionally, their behavior was investigated up to
high temperatures of about 1000°C demonstrating the capability for high-temperature piezoelectric
sensors.
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Introduction

Piezoelectric single crystals are widely used as
transducers, bulk acoustic wave (BAW) and
surface acoustic wave (SAW) filters and
resonators, actuators and especially as sensors
for various physical quantities. Such devices
require single crystals with sufficiently high
electromechanical coupling efficiencies and low
dielectric as well as acoustic loss in a wide
temperature range, e.g. from room temperature
up to very high temperatures of about 1000°C.
Besides, the precise knowledge of the acoustic
material constants, comprising the elastic,
piezoelectric, and dielectric tensor elements
and their temperature dependencies is an
indispensable pre-condition for the successful
device design and an appropriate selection of
applications. Over the last years, many efforts
have been done to develop new piezoelectric
crystals with improved physical parameters and
high thermal stability in a wide temperature
range. Among them are the members of the
langasite family [1-6] which belong to the same
trigonal crystal class 32 like the well-known
quartz and the oxoborate family [6-10]
(monoclinic crystal class m). The crystals from
both families demonstrate a combination of
relatively high values of piezoelectric coupling
coefficients, small acoustic loss and high
operating temperature limits due to the absence
of a phase transition below their melting point.
The other important feature of langasites and
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oxoborates is the availability of large size
boules of good quality grown by the well-
developed and relatively inexpensive
Czochralski technique.

For a comprehensive microacoustic
characterization, one needs a special strategy
for the precise determination of complete sets
of material parameters. To our mind, the best
way to overcome the emerging problem of
different accuracy of certain parameters seems
to be the combination of different methods of
specific appropriateness for each type of
material constant. In the case of elastic
coefficients, we used the pulse-echo ultrasonic
technique for the determination of BAW phase
velocities in a wide temperature range, partially
supplemented by laser-acoustic measurements
of SAW phase velocity at room temperature.
Both methods were performed for crystal cuts
of different crystallographic orientations and
propagation directions as well as with different
wave polarizations allowing to extract almost all
material constants.

Crystal growth and samples preparation

CasTaGasSi2014 (CTGS) single crystals were
grown by the Czochralski technique in an
inductively heated iridium crucible by FOMOS
Materials, Moscow, Russia [11]. Gadolinium
oxoborate GdCOB (GdCasO(BOs)s) and
Lanthanum oxoborate LaCOB (LaCasO(BQOs3)3)
single crystals were grown at TU Bergakademie
Freiberg, Germany using the Czochralski
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technique as well. For the ultrasonic wave
velocity measurements of CTGS cube-like
samples of approximately 7 x 7 x 7 mm? were
cut from the boule in three different orientations:
(a) with the faces perpendicular to the main X,
Y, Z axes ([100], [010] and [001] directions,
respectively), (b) rotated by +45° around the X
axis and (c) rotated by -45° around the X axis.
For the determination of the dielectric constants
thin plates of X-cut and Z-cut with averaged
dimensions of 10 x 10 x 0.5 mm?® were used.
Laser-acoustic SAW phase velocity
measurements were carried out on wafer
samples of different sizes (diameter: 1.5” and
3”) with a thickness of ca. 0.53 mm. Here, also
cuts of different orientation were investigated:
X- and Y-cut as well as the rotated cuts: Y-
21.3°, Y+45° and Y-45° which means a rotation
by the specified angle around the main X-axis
(i.e. with respect to Y-cut). In the case of
oxoborates ultrasonic wave velocity
measurements were done using crystal cubes
of about 8 x 8 x 8 mm?3 and bars of about 8 x 5 x
5 mm?3 in size cut from the as grown boule such
they have faces normal to the [100], [010],
[001], and [101] directions. Thin plates of about
8 x 8 x 1 mm® were used for dielectric and
electromechanical coupling coefficient
measurements. Orientation accuracy was within
0.1° for all samples. Surfaces of wafers used for
SAW velocity measurements were finally
coated with a 20 nm thin Al layer to enhance
the laser-acoustic SAW excitation.

Experimental procedure

Measurements of the bulk acoustic wave
velocities propagating along certain
crystallographic directions were carried out by
means of a RITEC Advanced Ultrasonic
Measurement System RAM-5000. Our setup
realizes the pulse-echo method of time
propagation measurements and supports
operation at 5, 10 and 30 MHz in the sample
temperature range 25°C - 995°C with an
accuracy of about 10%. All temperature
dependent measurements were performed
using a Carbolite tube furnace with a working
temperature range up to 1200°C at a proven
temperatur accuracy and stability of 0.5°C.

The SAW phase velocity measurements were
carried out using laser-based thermo-elastic
SAW generation and piezoelectric probing
without use of interdigital transducers. In
general the system allows to operate samples
in the restricted temperature range -20°C...70°C
for frequencies up to > 300 MHz and exhibits an
accuracy of 10 depending on sample size and
quality. At room temperature even a better
accuracy may be obtained. The experimental
setup is shown schematically in Fig. 1.
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Broadband SAW pulses are excited by a
nitrogen pulse laser (A = 337.1 nm, 7= 0.5 ns)
which is focused onto the sample surface by a
cylindrical lens. The fast expansion-
compression-pulse of the heated focus area
yields elastic SAW bursts propagating along the
surface. These pulses are finally transformed
into electric signal by a broadband transducer
comprising a piezoelectric PVDF foil pressed
onto the sample surface by a steel wedge. The
pulses are then amplified and processed by a
digital oscilloscope. For the SAW phase velocity
measurement the sample is moved by a high
precision translation stage (accuracy: 25nm)
with respect to the laser beam position and
SAW pulses are received at different well
defined distances from the origin.
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Fig. 1. Laser-pulse setup for SAW phase velocity
measurements.

Beside BAW and SAW experiments usual
resonance technique and dielectric
measurements have been used for determining
electromechanical coupling and dielectric
constants. The Archimedes method was used
to measure the mass densities. The room
temperature values were found to be 4.62
g/cm?®, 3.70 g/cm® and 3.49 g/cm?® for CTGS,
GdCOB and LaCOB, respectively, what is in a
good accordance with the published data.

Results and discussion

The elastic coefficients Cj and piezoelectric
constants ej for CTGS can be derived using a
system of relations between bulk sound
velocities measured at different directions for
different propagation modes assuming the
mass density p and components of the
dielectric constant tensor ¢ are known (see for
example [3]). Using material parameters
obtained from BAW [12] and from laser-pulse
SAW measurements [15] in a variety of
propagation directions on wafers of different
crystallographic orientations (i.e. cuts) an
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improved set of CTGS material parameters at
room temperature has been derived (see
Tab. 1). Calculated results of related angular
dispersions of SAW phase velocity are shown
in Fig. 2. For comparison, curves based on
BAW data from [13] and [14] are also included.
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Fig. 2. Calculated angular SAW velocity dispersion
curves for Y-cut CTGS (Euler angles (0°,-90° v)
based on different material data sets compared to
laser-acoustic SAW measurements.

SAW velocities as a function of propagation
angle for X- and rotated Y+45°-cuts using the
improved set of material constants are shown in
Figs. 3-5.
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Fig. 3. Calculated angular SAW velocity dispersion
as a function of propagation angle for X-cut CTGS
(Euler angles (90°,90°,w) based on different data
sets compared to measured SAW velocity data.
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Fig. 4. Calculated angular SAW velocity dispersion

as a function of propagation angle for Y+45°-cut

CTGS (Euler angles (0°,-45°,y) based on different
data sets compared to measured SAW velocity data.
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Fig. 5. Calculated angular SAW velocity dispersion
as a function of propagation angle for Y-45°-cut
CTGS (Euler angles (0°,+45°,y) based on different
data sets compared to measured SAW velocity data.

Notice the excellent coincidence of laser-
acoustic measurement results and simulations
based on the improved data set [15] for all cuts
and the whole range of propagation directions.

Tab.1 summarizes the sets of material
parameters obtained using BAW only and
simultaneous  SAW  measurements  and
calculations. Comparing the set of constants
finally extracted from SAW measurements with
those obtained from BAW measurements only
we can conclude a good general agreement for
almost all constants with the exception of
elastic constant C13 and piezoelectric coefficient
e14.

Tab. 1: Material parameters of CTGS single crystal

(rounded values after [12] (based on BAW) and after
[15] (BAW, refined by SAW), resp.)

Material BAW data BAW & SAW
constant data
Ci1/GPa 157.4 154.8
Ci2/ GPa 75.8 73.0
Cis/ GPa 64.2 70.5
Ci4/ GPa 0.537 0.635
Css / GPa 210.6 211.3
Ca4/ GPa 41.8 42.0
Ces / GPa 40.8 40.9
e11/ C/m? -0.405 -0.378
e14/ C/m? 0.283 0.631
€11/€0 18.2 18.2
€13/€0 23.9 23.9
p / kg/m3 4620 4620

For the oxoborate crystals several material data
have been derived so far from measurements
on bulk samples only. Temperature
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dependences of the dielectric constant €11 for
GdCOB and LaCOB are shown in Fig. 6. Notice
that the most important temperature behavior is
that of €11 and €22 since [100] and [010] crystal
cuts show reasonably high electromechanical
coupling coefficients for shear ultrasonic
modes. It is seen that dielectric constants
slightly increase with increasing temperature.
Such a behavior is typical for ordinary linear
dielectrics. As mentioned above, low dielectric
loss at high temperature is an important
mandatory feature for piezoelectric crystal
candidates to be selected for high temperature
sensor applications.
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Fig. 6. Dielectric constant c11/eo as a function of
temperature for oxoborates (GdCOB, LaCOB).

Dielectric loss curves versus temperature are
depicted in Fig. 7. It can be seen, that a
relatively low loss at high temperatures is found
for GACOB while LaCOB exhibits relatively high
loss at T>700°C. In Fig. 7 also included for
comparison are our results for the well-known
langasite (LGS) single crystal. It is obvious that
at high temperatures both oxoborates crystals
show lower dielectric loss as compared to the
commonly used langasite.
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Fig. 7. Dielectric loss as a function of temperature for
oxoborates (GdCOB, LaCOB) and langasite (LGS).

Also, electromechanical coupling is a very
important characteristic for the application of
piezoelectric crystals in sensors. As it follows
from our results, the most interesting directions
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in GdCOB and LaCOB are with [010] and [100]
cuts for exciting shear waves using the internal
piezoelectric effect of the crystal. Here the
resonant frequencies of the fundamental and
first two odd harmonic overtones of the
thickness modes of thin plates (bulk resonators)
were measured. The ratio of the fundamental
and odd overtone frequencies vyields the
corresponding coefficient of electromechanical
coupling by the overtone ratio method [16]. As
an example the electromechanical coupling
coefficients versus temperature for [010] plates
are shown in Fig. 8.
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Fig. 8. Electromechanical coupling coefficients as a
function of temperature for oxoborate crystals.

As to be seen the electromechanical coupling
coefficients were found to decrease a little with
increasing temperature, nevertheless they
remain large enough at the highest temperature
during the experiments.

To demonstrate the strong piezoelectric activity
in the oxoborate samples even at very high
temperatures we used the direct excitation of
the acoustic waves by the internal piezoelectric
effect of the crystal. Fig. 9 shows as an
example the ultrasonic pulse-echo signal
pattern at 10 MHz for the piezoelectrically
active shear mode propagating along [010]
direction in GACOB at 995°C.
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Fig. 9. Pulse-echo pattern (frequency 10 MHz) for the

shear mode propagating along [010] direction in
GdCOB single crystal at 995°C.
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Worth mentioning that for a monoclinic crystal,
the extraction of material constants from
ultrasonic  velocity data is generally a
challenging task. Here, to our mind precise
measurement of the sound velocities of bulk
samples using ultrasonic pulse-echo technique
provides the most reliable results as compared
to other experimental methods. To obtain all
elastic constants, ultrasonic velocities for 18
different modes propagating along six directions
are  essential.  Therefore, = cumbersome
experimental and computational procedures are
required. In course of the present work,
longitudinal and shear velocities propagating
along 6 directions have been measured. As a
result, 10 from 13 elastic constants have been
obtained. The results are presented in Tab. 2.

Tab. 2: Elastic constants of GdCOB and LaCOB
crystals at room temperature

constant GdCOB LaCOB
| GPa

Cut 160.5 169.1
Cis 85.3 73.02
Cis 2.8 3.07
C2 163.5 165.5
Css 154.0 149.3
Css 5.0 7.9
Cas 24.8 26.6
Cas -9.07 -1.2
Css 39.5 42.7
Ces 54.37 53.3

To demonstrate the temperature capabilities of
the oxoborates under investigation figs. 10-11
show as an example the temperature
dependences of elastic constants important for
possible applications of GdACOB and LaCOB
crystals.
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Fig. 10. Elastic constant Ces as a function of
temperature for GdACOB and LaCOB single crystal.
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Fig. 11. Elastic constant C22 as a function of
temperature for GACOB and LaCOB single crystal.

As expected the elastic constants
corresponding to both shear and longitudinal
modes show the usual temperature change: a
monotonic decrease with increasing
temperature.

Conclusion
Using the pulse-echo ultrasonic method (BAW)

and the laser-acoustic SAW technique
supplemented by appropriate  parameter
extraction  calculations  promising high

temperature capable piezoelectric crystals from
langasite (CTGS) and oxoborate (GdCOB and
LaCOB) families have been investigated. A
optimized set of CTGS material parameters has
been derived. Elastic constants important for
acoustic applications were investigated for
GdCOB and LaCOB oxoborates from room
temperature up to the high temperature region
around  900°C-950°C. Additionally the
electromechanical coupling coefficients as well
as dielectric properties were measured in a
wide temperature range. A strong piezoelectric
excitation of shear waves propagating along
[100] and [010] directions was maintained by
the investigated oxoborates up to 995°C.
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