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Abstract: A high-quality Ba;TiSi;Og (BTS) single crystal was grown using the Czochralski (Cz)
pulling method. The thermal expansion and electro-elastic properties of BTS crystal were studied
for high temperature sensor applications. The relative dielectric permittivities ], /eo and el; /&g
were determined to be 16.3 and 11.8, while the piezoelectric coefficients d5 d3; d33 were found
tobe 17.8, 2.9, and 4.0 pC/N, respectively. Temperature dependence of electro-elastic properties
were investigated, where the variation of elastic compliance s§5 (= 554) was found to be <6% over
temperature range of 20-700 °C. Taking advantage of the anisotropic thermal expansion, linear
thermal expansion comparable to insulating alumina ceramic was achieved over temperature range
up to 650 °C. The optimum crystal cut with large effective piezoelectric coefficient (>8.5 pC/N)
and linear thermal expansion coefficient (8.03 ppm/°C) achieved for BTS crystal along the (47°,
@) direction (¢ is arbitrary in 0-360°), together with its good temperature stability up to 650 °C,
make BTS crystal a promising candidate for high temperature piezoelectric sensors.

Keywords: crystal growth; piezoelectricity; thermal expansion

1. Introduction

High temperature piezoelectric sensors operational above 600 °C are in great demand for
industries, such as automotive, aerospace and power plants, etc. [1-5]. As the heart of piezoelectric
sensors, the piezoelectric materials are usually required to possess the merits of high sensitivity and
electrical resistivity, broad temperature usage range and stable piezoelectric sensitivity [6-8].

Among the actively studied high-temperature piezoelectric crystals [9-13], Ba,TiSi,Og (BTS)
was found to exhibit no structural phase transition prior to its melting point of 1445 °C and large
thickness shear piezoelectric coefficient d;5 of 18 pC/N [14,15]. The electrical resistivities p1; and p33
were found to be 1.9 x 107 and 3.6 x 10° Q-cm at 600 °C, respectively [15,16], higher than the values
of disordered langasite type crystals [17,18], while comparable to the ordered langasite type crystal
Al doped CazgNbGazSipO14 [8]. Of particular interest is that the BTS crystal belongs to the tetragonal
phase with point group of 4mm, thus possessing three independent piezoelectric coefficients [19],
which will benefit the design of optimum piezoelectric crystal cut without piezoelectric cross-talks.
All these features indicate the potentials of BTS crystal for high temperature piezoelectric applications.

In addition to the electrical resistivity and piezoelectric properties, the thermal parameter is
another important factor for sensor applications. The thermal effect could affect the accuracy and
stability of sensors, for example the quartz crystal microbalance devices, the microelectromechanical
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systems and the piezo-resistance sensors etc. [20-22]. For high temperature piezoelectric sensor
fabrication, the thermal expansion nonlinearity plays a negative impact on the stability of piezoelectric
performance over a broad temperature range, while the mismatch of thermal expansion for different
components in a sensor would cause the packaged device failure under thermal cyclic loading [23].
The thermal expansion anomaly of BTS crystal around 180 °C [15,24] will restrict its further
implementation at elevated temperatures.

In order to explore the optimum piezoelectric crystal cut for high temperature sensor applications,
in this work, high quality BTS single crystals are grown and the electro-elastic properties, together
with the thermal expansion behavior, are studied as a function of temperature and crystallographic
orientation. The optimum crystal cut with large piezoelectric coefficient and suitable thermal expansion
over a broad temperature range is explored.

2. Materials and Methods

2.1. Single Crystal Growth

High-purity raw materials BaCO3; (4N, Alfa Aesar), TiO, (4N, Alfa Aesar), SiO; (4N,
HWRK CHEM) were used to grow Ba,TiSi;Og single crystals. An excess of TiO, (2%) was added to
the starting components [16]. The weighted raw materials were put in a plastic jar (no more than 2/3
of the volume) then fix the plastic jar into a mixer (YGJ-5KG, no use of ZrO, balls) and run for 10 h.
The mixed raw materials were then pressed into tablets. The tablets were first calcined at 1000 °C
for 12 h and then sintered at 1300 °C for 15 h to achieve the compound following the solid-state
reaction process:

2BaC03 + TIOZ + 25102 = BaZTiSizog + ZCOZT

The sintered compound was charged into iridium crucible for crystal growth by Czochralski
(Cz) pulling method. The pulling and rotation rates were set to be 0.3-0.6 mm/h and 10-14 rpm,
respectively. In order to avoid the crystal crack after growth, the as-grown crystal was cooled down to
room temperature at a slow rate of 10-30 °C/h and then annealed at 1300 °C for 24 h.

2.2. Crystal Quality Evaluation

Due to the relatively high content of SiO, (40 mol% in BTS), the melt solid solution was prone to
form amorphous phase during the growth process, thus hard to obtain the high-quality single crystal.
For evaluating the crystalline quality, the as-grown BTS crystal was sliced into three square plates
with the thickness of 1 mm along the growth direction (Z-axis). The high resolution X-ray diffraction
(HRXRD, Bruker-axs D5005, Bruker-axs, Karlsruhe, Germany) tests were performed on the square
plates at room temperature.

2.3. Property Characterizations

For the thermal expansion measurement, the rectangular samples with dimension ratio of
3:4:5 (thickness: width: length) were prepared and tested using a thermal dilatometer (Netzsch,
model DIL402C Netzsch, Selb, Germany). The heating rate was 5 °C/min over temperature range of
25 °C to 500 °C.

BTS crystal belongs to 4 mm point group, the physical X-, Y- and Z- axes are parallel to the
crystallographic directions of [100], [010] and [001], respectively. The BTS crystal has eleven nonzero
independent electro-elastic constants, including two relative dielectric permittivities (e], /e and
£3T’3 /€0), six elastic constants (lel, sfz, sz, s§3, sff4 and 556) and three piezoelectric coefficients (dz;, ds3,
and dy5).For evaluating the dielectric, elastic and piezoelectric properties of BTS crystal, the crystal
cuts with different piezoelectric vibration modes were prepared. Table 1 lists the crystal cuts used
for measurements by impedance method and the corresponding material constants. The equations
used for parameter evaluation are referred to the IEEE standard on piezoelectricity [25]. In this work,
the dielectric permittivities were determined using a multi-frequency LCR meter (HP4263B) (Agilent,
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Santa Clara, CA, USA), the resonance and anti-resonance frequencies for different vibration modes
were measured by using an impedance network analyzer (E4990A) (Keysight, Santa Rosa, CA, USA).
All the samples were sputtered with platinum films (200 nm in thickness).

The elastic stiffness constants could be extracted from the ultrasonic phase velocity by pulse-echo
ultrasonic method, which was performed on two different kinds of rectangular BTS samples.
The dimension ratio (t:w:l) of the samples was ranged from 3:4:5 to 4:5:6. For the first crystal cube,
the orientations of the thickness, width and length were parallel to the physical X-, Y- and Z-axes,
respectively. For another crystal cube, the orientation of the thickness was parallel to the Z-axis,
while the orientations of the width and length were 45° deviating from the Y- and X- axes. Based on
the measured acoustic velocities along different directions of the samples, the elastic constants were
calculated using Equations (1)—(5).

Table 1. Crystal cuts and corresponding electro-elastic constants for BTS crystal.

Material

Crystal Cuts  Vibration Modes Constants Related Equations
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In this study, the electric pulses used to excite the transducer were generated by a Panametrics
200 MHz pulser/receiver (Panametrics, Waltham, MA, USA), and the time of flight between echoes
were measured using the Tektronix 460A digital oscilloscope (Tektronix, Beaverton, OH, USA).
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3. Results and Discussion

3.1. Crystal Quality and Thermal Expansion Evaluation

The as-grown BTS crystal is transparent and colorless, as shown in the small inset of Figure 1.
The crystal quality is characterized using HRXRD, based on the recorded rocking curves of the (200)
facet, the full-width half maximum (FWHM) is obtained and found to be 40”-79”, indicating the
good structure integrity and crystal quality of the grown BTS crystal. The different FWHM values for
different parts in BTS crystal might arise from the segregation of components during the crystal growth
process, which affects the crystal quality to an extent, as described in Ref [16]. In addition, the possible
glass phase formation [26] in local bulk crystal is deemed another factor affects the crystal quality.

12
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Figure 1. Rocking curves of the samples prepared from the top, middle and bottom parts of the
as-grown Ba,TiSi,Og crystal.

The thermal expansion behavior of BTS crystal is studied along the physical X- and Z-axes, and the
results are presented in Figure 2. It is found that the linear thermal expansion coefficients along the X-
and Z- axes are very close (7.96-7.98 ppm/°C) over the temperature range of 25-180 °C. However,
a turning point is found at round ~185 °C, above which, the thermal expansion coefficients o;1 and
a3z show a large discrepancy up to 500 °C, being on the order of 2.3 ppm/°C and 15.0 ppm/ °C,
respectively. This phenomenon is attributed to the fact that the bond strength of the Ba-O bonds
along the Z-axis is much weaker than those of Si-O and Ti-O bonds lying inside the X-Y plane.
In addition, the thermal expansion anomaly around 185 °C is associated with the incommensurate
phase transition [24].
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Figure 2. The thermal expansion behavior of BTS crystal.
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3.2. The Electro-Elastic Properties

Table 2 lists the measured bulk acoustic wave velocities along different orientations of BTS
crystal. The acoustic velocities have taken the average value of the twice tests (written as pulse-echo
I and pulse-echo II). The longitudinal velocity along the X -axis (V) is found to be the highest,
while the transverse velocity propagating along the Z-axis (oscillating along the X-axis) is the lowest,
being on the order of 2828 m/s. Based on the measured acoustic velocities, the elastic stiffness
constants are calculated. The elastic compliance constants are evaluated based on the resonance
and/or anti-resonance frequencies measured by impedance method. Table 3 summarizes the elastic
constants obtained by the combination of impedance and pulse-echo methods. It needs to mention
that the cf; cannot be obtained directly, which can be indirectly extracted from the effective elastic
stiffness constants by solving a coupled Christoffel equation, leading to a relatively large error in the
numerical procedure [27]. According to the self-consistency of the elastic constants, the supported
values are also listed. It is noticed that the elastic stiffness cF; is higher than the cL;, this may arise from
the fact that the Ba-O bonds (parallel to Z-axis) are weaker than the Si-O and Ti-O bonds (inside the
flat sheets) [14,15].

Table 2. The bulk acoustic wave velocities of BTS crystals.

Velocity (m/s) DV/x Uyl Uxiy v Va/z

Pulse-echo I 6161 2828 3952 6228 4714
Pulse-echo II 6182 2993 3960 6268 4802

Table 3. Summary of the elastic constants of BTS.

Constants Pulse-Echo Method  Impendence Method Supported Values Ref [15] Ref [28]

sk 75 75 75

sh -15 -13 -1.2

sk -32 -35 -3.0

sh 13 13 13

sk 255 255 322

sk 143 143 142

cE 17.0 16.9 17.0 15.9 16.55
b 39 5.7 56 44 5.77
C1Es / 56 5.8 47 436
cky 9.7 104 10.4 9.9 9.99
cky 3.8 3.9 39 3.1 3.17
ck 7.0 7.0 7.0 7.0 6.49

Table 4 summarizes the relative dielectric permittivity, electromechanical coupling factor and
piezoelectric coefficients of BTS crystals. The relative dielectric permittivities e1, /ey, and ek, /¢g
are determined at 100 kHz and found to be on the order of 16.3 and 11.8, respectively. Figure 3
illustrates the impedance spectra of the crystal cuts of the BTS crystal measured at room temperature
(t is sample thickness and [ is sample length). From the measured resonance and antiresonance
frequencies, the piezoelectric coefficients d;5, d3; and d3; are calculated to be on the order of 17.8,
2.9, and 4.0 pC/N, respectively, in good agreement with the reported values [14,15]. The clear
resonance and anti-resonance peaks and high phase angle indicate the low dielectric loss of BTS
crystals. The dielectric loss at room temperature in air was measured to be ~0.5% at 100 kHz.
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Table 4. Summary of the electro-elastic constants of BTS crystals.

T o .
g5 leg k (%) d;; (pC/N)
T T
epfleg  e33le0 kas kis k31 k¢ ds ds3 dis
BTS 16.3 11.8 114 29.3 10.2 20 2.9 4.0 17.8
Ref [14] 15 11 11 28 10 2.7 3.8 18
Ref [15] 16.5 10.8 114 25.5 10.1 16.2 2.7 4.0 17.5
Ref [28] 34 23
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Figure 3. Impedance spectra and phase angles of BTS crystal cuts. (a) X-plate; (b) Z-bar; (c) ZX-cut;
(d) ZXtw30°; (e) ZXtw45°; (f) ZYw45°.

3.3. Temperature Dependence of Electro-Elastic Constants

Figure 4 presents the dielectric behaviors along the X- and Z-directions as a function of
temperature up to 900 °C. The relative dielectric permittivity &1, /& is found to maintain the similar
values of 16.3-16.0 up to 600 °C, above which, the permittivity is increased rapidly with increasing
temperature to 900 °C. On the contrary, the relative dielectric permittivity e1,/¢o is found to descend
slightly from 11.8 to 11.2, showing minimal variation over the whole temperature range, with the
exception of a small anomaly at 150 °C, corresponding to the incommensurate phase transition.
The dielectric losses tandi; and tands3 (shown in the small inset of Figure 4) are found to maintain
low values up to 600 °C, being around 18% and 6%, respectively. Above 600 °C, the dielectric loss
increases quickly, due to the increase of ionic conduction in BTS crystal. The relatively low dielectric
loss tan d33 at elevated temperatures is associated with the relatively high electric resistivity along the
Z direction [16].

The temperature dependence of the elastic constants for BTS crystal is investigated over
temperature range of 20-700 °C. Results are presented in the Figure 5. The elastic constants s,
sy, sk, and sk, are observed to show anomaly near the temperature of 150 °C, which is associated with
the incommensurate phase transition [15,24]. The overall variations of the elastic compliance constants
(sfl, s§3, sff4 and sgé) are below 6% over the tested temperature range.

Based on the temperature dependent dielectric permittivity and elastic constants, the piezoelectric
coefficients for BTS crystal as a function of temperature are also investigated. Results are presented in
Figure 6. As can be observed, all the piezoelectric coefficients dys, d3; and ds3 show anomaly in the
temperature range of 100-150 °C. The d;5 and d3; are found to decrease slightly over the temperature
range of 20-700 °C, from 17.8 pC/N and 2.9 pC/N at room temperature to 14.9 pC/N and 0.82 pC/N
at 700 °C. The piezoelectric coefficient d33 exhibits a decrease near the incommensurate phase transition
temperature, where the overall variation is minimal.
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Figure 4. Dielectric behavior of BTS crystal as a function of temperature.
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3.4. Design of The Optimum Piezoelectric Crystal Cut

The figures of merit of piezoelectric crystal for high temperature piezoelectric sensors include,
but not limited to, sensitivity, resistivity, temperature stability and usage temperature range.
In addition, the crystal cut without piezoelectric cross-talk is also very important to avoid the electric
charge interference, while the thermal expansion matching with package component is critical for
the robust and reliability of the sensors. Based on the thermal expansion behaviors of BTS crystal
discussed in Section 3.1, the thermal expansion anomaly over the entire temperature range could be
eliminated by thermal expansion compensation. The anisotropy of thermal expansion over different
temperature ranges (a: 25-185 °C; b: 185-500 °C) are studied and results are given in Figure 7a,b,
respectively, from which we can find the optimum crystal cuts with the same thermal expansion
coefficient. Figure 7c shows the variation of thermal expansion coefficients as a function of spatial
orientation. As expected, the linear thermal expansion coefficient is achieved along the direction of 47°
deviated from Z-axis, which we can label as direction k and write as (6, ¢), 6 is the angle between k
and the Z-axis (here 6 = 47°), and ¢ is the angle between the X-axis and projection of k in XY-plane
(here ¢ is arbitrary in the range of 0-360°).

(a) 25~185°C (b) 185~500°C (c) 25~500°C

«)O 0 8 (&
T ] §° E o0
g 5 & s
10 v 10y
10 200
10 5 il 10
0 > 5 ~.
) 0 )
— 0 0 , 0
ppm/'C 1010 m/’C & . ° 10 -10 X
PP ppm/'C 5 5 ppm/'C ppm/'C ppm/ C

Figure 7. Thermal expansion ellipsoid for BTS crystal. (a) 25-185 °C; (b) 185-500 °C; (c) 25-500 °C.

For confirmation, the variation of thermal expansion coefficients a3, (in the ranges of 25-185 °C
and 185-500 °C) for BTS crystal cut rotated around X-axis in the Z-Y plane were studied. The effective
thermal expansion coefficient a3, for crystal cut rotated around X-axis in the Z-Y plane can be expressed
by the following equations:

N33 = K11 sin’ 0 + w33 cos? 0 (6)

Figure 8 gives the a3; as a function of rotation angle around X-axis, where we can see that the
expansion coefficients below and above the incommensurate phase transition temperature of 185 °C
merges at ~47°. This result is further experimentally verified by measuring the thermal expansion
of (ZX1)-47° crystal cut, of which the thermal expansion coefficient is found to be on the order of
8.03 ppm/°C, very close to the calculated result of 7.98 ppm/°C (small inset of Figure 8). Of particular
significance is that the effective thermal expansion coefficient of the (ZXI)-47° crystal cut can match with
the alumina ceramic (« = 8.0 ppm/°C) [29], which is generally used for the insulating component in
sensor devices, thus guarantee the robust and reliability of the device under thermal cycling condition.
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Figure 8. The relationship between the rotation angle and thermal expansion coefficient.

In addition to the thermal expansion, crystal cut with optimum piezoelectric coefficient is also
studied in this work. Figure 9a shows the orientation dependence of the effective piezoelectric
coefficient d3; as a function rotation angle around X-axis. After rotation around X-axis for 6 angle,
the effective piezoelectric coefficient d3; and elastic constant s3; can be calculated according to the
following equations:

d%3 = cos 0(d5sin® 8 + d3; sin® 0 + d33 cos® 9) (7)

1
S33 = sin? 6 (su sin? 0 + sq3 cos? 6) + cos? 0 (513 sin? @ + s33 cos? 6) + 2544 sin? 26 8)

Results show that the highest longitudinal piezoelectric coefficient d3, (8.7 pC/N) could be
achieved in (ZXI)£50°, similar results are also obtained for (ZYI) £50° crystal cuts. Of particular
interest is that high effective piezoelectric coefficient above 8.5 pC/N can be achieved for crystal cut
with rotation angle in the range of 45°-55° (Figure 9a). Moreover, it is observed from Figure 9b that
the (ZXI)-47° crystal cut not only possess a high piezoelectric coefficient d3, (>8.5 pC/N), but also
low shear piezoelectric coefficients dz4, d35, and d3s, with values approximate to zero, which could
significantly reduce the interference from different vibration modes for piezoelectric sensors. It worth
to point out that the highest piezoelectric coefficient d3; for BTS crystal can be obtained along the
direction of k (6, ¢) (6 = 45°-55°, and ¢ is an arbitrary angle in the range of 0-360°).

55°
d>8.5pC/N 16k

(@)

= 8
o
180 0 S 4
=
0 -
-4
-8 S
0 30 60 90 120 150 180
270 Ratation angle around X-axis (theta)

Figure 9. Orientation dependence of the piezoelectric coefficient d3, for BTS crystals.
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Based on the above anisotropy analysis for the thermal expansion and piezoelectric properties,
the elastic and piezoelectric properties of the selected (ZXI)-47° crystal cut, which possesses the
linear thermal expansion, are studied. Figure 10 gives the temperature dependent behaviors of the
effective piezoelectric coefficient d,, elastic compliance s}; and relative permittivity 1} /e for the
(ZXI)-47° crystal cut, together with the original d3; and s33 for comparison. It is interesting to find
that the anomalies in elastic compliance and piezoelectric coefficient at ~180 °C are eliminated for the
(ZX1)-47° crystal cut, whereas the anomaly in €1} /¢ is still distinct, with the maximum variation is
around 4%. The total variation of effective elastic compliance s3; is < 3% over the tested temperature
range. Comparing to the piezoelectric coefficient d33 (the maximum variation is ~28% from room
temperature to 650 °C), the effective piezoelectric coefficient d3, for (ZXI)-47° crystal cut (upper inset
in Figure 10) exhibits much improved temperature stability, which decreases monotonously from 8.8
at room temperature to 7.7 pC/N at 650 °C.
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Figure 10. Electro-elastic properties as a function of temperature.
4. Conclusions

High quality BTS single crystals were grown by using the Cz method. The thermal expansion and
electro-elastic properties were studied as functions of temperature and orientation. Combining the
thermal expansion and piezoelectric anisotropic characteristics in BTS crystal, the crystal cuts along the
direction of (47°, ¢) (¢ is arbitrary in 0-360°) was designed and determined to possess linear thermal
expansion coefficient « 33 and large piezoelectric coefficient d3;, being on the order of 8.03 ppm/°C
and 8.8 pC/N, respectively. Of particular importance is that the linear thermal expansion coefficient
of these crystal cuts is matchable with the alumina ceramic, which is insulating component of the
sensor device, together with good temperature stability of the effective piezoelectric coefficient d3,
up to 650 °C, make BTS crystal a promising candidate for high temperature sensor devices with high
reliability and thermal stability.
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