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Abstract:

Sensing applications at temperatures above 500 °C have motivated research on a number of
innovative single-crystalline piezoelectric materials that are compositionally and structurally stable at
these temperatures. These materials include ordered and disordered crystals in the langasite family,
gallium orthophosphate, rare-earth calcium oxyborates, and crystals with the structure of melilite. In
this review, measurements and analysis of the properties of these materials relevant to the operation
of piezoelectric acoustic sensors at elevated temperatures are summarized, with a primary focus on
acoustic loss arising from temperature-dependent electrical conductivity.

Key words: Acoustic sensors, calcium aluminate silicate, CTGS, gallium orthophosphate, gallium
phosphate, high temperatures, langasite, langatate, piezoelectric materials, rare-earth oxyborates.

Introduction

A variety of sensing applications in the
temperature range above 500 °C are driving
research on the growth and characterization of
innovative piezoelectric single crystals for
resonant  bulk-acoustic-wave (BAW) and
surface-acoustic-wave (SAW) devices that can
operate in this temperature range. Proposed
applications include monitoring of temperature,
pressure, acceleration, and vibration in internal
combustion engines, aerospace propulsion
systems, power plants, and solid oxide fuel
cells [1-6]. The objectives of such monitoring
include optimization of performance and
efficiency and monitoring of structural health.
High-temperature piezoelectric crystals also
offer extended capabilities for monitoring small
mass changes for thin-flm deposition systems
[7-9], space applications [10], and thermo-
gravimetric analysis [11,12].

Piezoelectric crystals that maintain nominal
compositional and structural stability above 500
°C include ordered and disordered crystals with
the structure of langasite (La;GasSiOq4, “LGS”),
gallium orthophosphate (GaPQ,), rare-earth
calcium oxyborates (ReCa,O(BO3);, where “Re”
denotes a rare-earth element), and crystals with
the structure of melilite.

T This manuscript is a contribution of the National
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subject to copyright in the United States.

AMA Conferences 2015 — SENSOR 2015 and IRS? 2015

Since the first synthesis of langasite in 1980,
materials in this family, primarily langasite and
langatate (LazGassTags044, “LGT”), have been
a dominant focus of research and
commercialization of innovative piezoelectric
materials for high-temperature applications [1,
13—-15]. These crystals in the trigonal P321
crystal class (similar to the P3;21 class of
quartz) [16] can be grown from the melt by the
Czochralski technique. LGS and LGT have
partially disordered crystal structures, with more
than one atomic species randomly occupying
equivalent lattice sites, and this disorder limits
the electrical resistivity and associated acoustic
quality factor Q at elevated temperatures [14].
Numerous fully ordered crystals in the langasite
family have also been identified [17-20], and
two such materials, CazTaGa;S;,044 (CTGS)
and Ca3;NbGasSi,0O44 (CNGS), are now
commercially available.

The ability to grow LGS-type crystals with the
Czochralski method is a great advantage
relative to the slow hydrothermal process
required for synthetic quartz. On the other
hand, the cost of gallium in these crystals is a
limiting factor with respect to the ultimate
minimal cost of crystals and the associated
marketable range of applications at low or
moderate temperatures (where quartz is
competitive). This situation has provided part of
the motivation for research on innovative
piezoelectrics with other crystal structures. It
has also led to exploration of the substitution of
other elements for some or all of the gallium in
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LGS-type crystals. This research recently has
included the growth and characterization of
Ca3TaA|3Si2014 and CaTa(AlolgGaol'])e,SizOM
(CTAS and CTAGS) [20]. CTAS crystal growth
is reported to involve substantial challenges
that are overcome by the partial substitution of
Ga for Al in CTAGS. However, this partial
substitution makes CTAGS disordered and may
result in some degradation of high-temperature
resistivity.

GaPQ,, which belongs to the trigonal P3,21
crystal class, has also been a focus of
substantial research and commercialization for
high-temperature applications. It has the
attractive characteristics of relatively low
electrical conductivity and low temperature
dependence of resonant frequencies over
broad temperature ranges [14, 21-23].
However, commonly cited obstacles to wide-
spread application of GaPQO, resonators include
relatively high cost and limited availability,
which are partly associated with the difficult and
time-intensive hydrothermal growth process.

Research on rare-earth calcium oxyborates for
high-temperature  applications has been
recently reviewed by Yu et al. [24]. This
research includes crystals with rare-earth
elements Er, Y, Gd, La, Nd, Pr, and Sm. The
crystals have monoclinic symmetry and are
grown by the Czochralski technique. Of the
samples studied thus far, YCa,;O(BO3); (YCOB)
and ErCa,O(BO;); (ErCOB) stand out as
having exceptionally high resistivities at
elevated temperatures [24].

Research on crystals with melilite structure for
high-temperature acoustic applications has
been published only within the last couple of
years [25-28], although some of these crystals,
such as calcium aluminate silicate (Ca,Al,SiO-),
have been a focus of research for other
applications over a longer period of time [29].
These crystals have tetragonal (P42/m)
symmetry and are grown by the Czochralski
technique. Relative advantages for sensing
applications include the low cost of starting
materials for some of these compounds.

The upper temperature limits of piezoelectricity
of LGS-type crystals are determined by their
melting points, which are in the range of 1350
°C to 1470 °C [30]. The temperature limit of
piezoelectricity of GaPO, is determined by a
structural phase transition at 970 °C [31].
Melting temperatures of the rare-earth
oxyborates are in the range of 1400 °C to 1520
°C [24], and those of the melilite-structure
crystals are 1550 °C to 1650 °C [25]. Practical
operation of acoustic sensors is limited to
temperatures somewhat below these ultimate
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limits because of increasing conductivity and
atmosphere-dependent compositional instability
at elevated temperatures.

The remainder of this report is focused on
comparisons of published electrical and
acoustic characteristics of LGS, LGT, CTGS,
GaPO4, YC340(BC)3)3, GdCa4O(BOg)3, and
Ca,AlLSiO; at high temperatures. These
materials are representative of the types of
crystals described above for which high-
temperature data are available.

Electromechanical Coupling Efficiency

The efficiency of coupling of applied electric
fields and mechanical displacements in a
piezoelectric crystal can be expressed in terms

of the dimensionless electromechanical
coupling factor k;;, which is a function of the
effective  piezoelectric  constant, elastic

constant, and dielectric permittivity for a
specified electric field direction and strain
symmetry [32]. The subscripts i and j on k
indicate, respectively, the direction of the
electric field and the strain component (in
reduced-index notation).

For Y-cut quartz and the other trigonal crystals
LGS, LGT, GaPO,, and CTGS, the thickness-
shear electromechanical coupling factor k,, is
given by [32]

2

k2 _ 6226 _ €% (1 )
26 — ~E _ S — E _S
Ce6€22 césedr’

where e,, €5,, and CE are, respectively, the
corresponding piezoelectric constant, dielectric
permittivity at constant strain, and elastic
constant at constant electric field. Typical
values of k,, reported for LGS, GaPO,, and
CTGS at ambient temperatures are 0.13 [33],
0.19 [34], and 0.15, respectively [35]. The
coupling factors k,, for thickness-shear
resonators of YCa,O(BO3); and GdCa,O(BOs3);
are reported to be 0.19 and 0.25, respectively
[24,36]. All of these coupling factors are
substantially greater than the value of 0.06 for
Y-cut quartz [34]. Coupling factors for
thickness-shear resonators of Ca,Al,SiO; have
apparently not been published. However,
values of k3, for transverse excitation of
extensional modes of this material are reported
to be 0.17 [27].

Limited information has been published on the
temperature dependence of coupling factors of
these various crystals. Yu et al. [35] reported
an approximate 10 % drop in k,, of CTGS on
heating from ambient temperature to 700 °C.
For GdCa;O(B0Os)s, Zhang et al. [36] found that
k,e dropped less than 5 % on heating to 1000
°C, and Yu et al. [24] found a greater drop of
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approximately 15 % over the same range.
YCa,O(BO;) is reported to have a slight
increase in k,, upon heating to 1000 °C [24].

Electrical Conductivity

Increased electrical conductivity of piezoelectric
materials at elevated temperatures reduces the
signal strength and resolution of piezoelectric
sensors. As described in the next section,
electrical conductivity is directly linked, through
piezoelectric coupling, to acoustic loss and
associated frequency resolution.

Figure 1 shows a sampling of published
measurements of electrical conductivity o of Y-
cut LGS [37], LGT [38], CTGS [37], GaPOQO, [14],
CayAl,SiO; [26], and YCa,O(BO3); [39].
Measurements on (YXt) -33° cut GdCa;O(BO3);3
[36] are also included in this figure. LGS and
LGT have the highest conductivities of those
plotted in Fig. 1, and this is consistent with the
fact that these crystals are partially disordered.
The conductivities of CTGS, GaPO,, and
Ca,Al,SiO; are comparable in magnitude over
the measured ranges. The values reported for
YCa,0O(BO3); and GdCa,O(BO3); are the lowest
of those in Fig. 1, although their greater slopes
(and corresponding activation energies) lead to
the conductivities of these crystals approaching
those of GaPO,, CTGS, and CayAl,SiO; at the
highest temperatures.

Considering the early stage of research on
these crystals and potential variations in crystal
composition and defects, the data shown in Fig.
1 provide only a tentative indication of the
conductivities that can eventually be achieved.
One should note, for example, that other
reported values of o of Y-cut CTGS at a given
temperature differ from each other by more
than an order of magnitude [38,39].
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[26], and (YXt) -33° cut GdCasO(BOs)s [36].
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The effects of point defects and doping on the
conductivity of LGS have been extensively
studied theoretically and experimentally [14,40
— 44]. LGS without intentional doping but with
typical levels of acceptor impurities, is found to
have mixed ionic-electronic conductivity, with
ionic transport being dominant at high
temperatures in atmospheres with medium-to-
high levels of oxygen. These characteristics
have been explained by a defect model
involving the formation of positively charged
oxygen vacancies (the primary ionic charge
carriers) in response to negatively charged
acceptor impurities [40,41]. The balance
between ionic, n-type electronic, and p-type
electronic conduction has been explored
through the introduction of acceptor and donor
dopants, with the aim of establishing
procedures for optimizing crystal growth. For
example, Nb doping (0.5 %) has been found to
substantially reduce conductivity up to at least
900 °C [14]. However, in this case, the
conductivity was not reduced to the levels of the
conductivity of CTGS or the other fully ordered
crystals shown in Fig. 1.

Acoustic loss

Stress and strain of an acoustic wave in
piezoelectric materials have slightly different
phases because of out-of-phase piezoelectric
terms in the equation of motion, in addition to
any anelastic contributions from defects. Since
real materials have finite conductivity, the
piezoelectric coupling between mechanical and
electrical effects is not instantaneous because
of the non-zero dielectric relaxation time t.
This significantly influences the propagation of
an acoustic wave when 7z, is not substantially
greater than the period of the wave, which
occurs in piezoelectric crystals at high
temperatures [45,46].

The dielectric relaxation time is inversely
proportional to o :

S
Eii
oc = 7r (2)

where ¢; is a diagonal element of the dielectric
permittivity tensor at constant strain [45]. For
Y-cut and singly-rotated (YX/) trigonal crystals
excited in the thickness-shear mode, the
appropriate dielectric permittivity constant is
denoted by €3, (= €35,).

The acoustic phase lag arising from the
piezoelectric/conductive effect leads to a
contribution Q! to the total damping Q! that is
approximately given by [45,46]

Qc—l(T, a)) = klzj 1+:J;CTCZ , (3)

386



where w is the acoustic angular frequency and
T is the absolute temperature. Equation (3) has
the form of a Debye relaxation function [47].
Temperature dependence in this equation
arises through 7. and, to a much lesser extent,
kl]'

If electrical transport is dominated by ionic
conduction or electron hopping, ¢ is given by

oT) = Lexp(—%),  (4)

where ¢, and U, are constants [41] [48]. |If
transport is dominated by electron migration,
this equation is modified to not include T in the
factor multiplying the exponential [14].

At temperatures well below the peak
temperature of the Debye function (Eq. (3)), oz,
is much greater than 1 and Q! is approxi-
mately given by

2
kija

K%
0@ ~2k=12  (5)

WEG;

This is the anticipated situation at 5 MHz for the
materials considered in this review at
temperatures up to at least 900 °C, with the
exceptions of LGS and LGT [1,46]. Therefore,
the piezoelectric/conductive contribution to the
loss leads to either In(Q;1T) or In(Q;') being
approximately linearly dependent on 1/T,
neglecting the much weaker temperature
dependence of k;; and €.

Figure 2 shows a sampling of published
measurements of Q7! of Y-cut LGS [37,46], Y-
cut LGT [46], Y-cut GaPQO, [14], Y-cut CTGS
[37], (YXI) -35° cut CTGS, [37] (YXt) -30° cut
YCa,O(BO;3);3 [49], (YXt) -33° cut
GdCa,0O(BOs)s [36], and Z-cut quartz [50] at
elevated temperatures. These measurements
were performed at frequencies between 5 MHz
and 6 MHz. In none of these measurements
does the temperature dependence of Q! over
the measured range come close to matching
that expected from the data in Fig. 1 and Egs.
(4) and (5) for the piezoelectric/conductive
contribution. Therefore, contributions other than
piezoelectric/conductive damping dominate the
total Q7! over a large fraction of the
temperature ranges of the measurements.
Note, in particular, that the exceptionally low
conductivities of YCa,0O(BO3); and
GdCa,O(BO3); shown in Fig. 1 have not
translated into Q~! being lower than reported
values for GaPQ,, CTGS, or Ca,Al,SiO; in Fig.
2. This indicates that, over most (or all) of the
temperature ranges of the measurements, other
sources of acoustic loss are dominant in the
particular samples of YCa,O(BOj3); and
GdCa,O(BO;); that were studied. The two sets
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of measurements shown in Fig. 2 on different
LGS crystals (from different crystal growers)
also illustrate variations in the contributions to
Q7! that are not related to piezoelectric/con-
ductive damping. The values of Q7! in these
two data sets differ by approximately an order
of magnitude below 150 °C but converge
towards each other at the highest overlapping
temperatures (near 450 °C).
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Fig. 2. Temperature dependence of acoustic Q! of
Y-cut LGS [37,46], Y-cut LGT [46], Y-cut GaPOq
[14], Y-cut CTGS [37], (YXI) -35° cut CTGS [37],
(YXt) -30° cut YCasO(BOs)s [49], (YXt) -33° cut
GdCasO(BO3)s [36], and Z-cut quartz [50] at
frequencies in the range of 5 MHz to 6 MHz.

Acoustic loss at intermediate temperatures has
been reported to include contributions from
several physical mechanisms. In LGS-type
materials, these contributions are found to
include point defect relaxations, in addition to
intrinsic phonon-phonon loss and damping
associated with the mechanical support of
crystals [37,46]. There is also evidence for a
broadly temperature dependent contribution
that is hypothesized to be a distributed
relaxation associated with dislocations [46].

The data on LGT and quartz shown in Fig. 2
provide benchmarks for the order of magnitude
of Q= that can be achieved in piezoelectric
crystals at intermediate and ambient
temperatures if anelastic defect concentrations
are substantially reduced. The plotted values
for LGT near ambient temperature have been
shown to be dominated by intrinsic phonon-
phonon loss [46], and those for quartz are also
close to the classical limit of perfect quartz
crystals [51]. Evidence that the achievable Q!
of LGS at low and intermediate temperatures is
substantially less than values shown in Fig. 2 is
also provided by measurements of Smythe et
al. [15]. In that study, the Q= of some LGS
crystals was found to be equal to ~ 2.0x10™ @
at ambient temperature, corresponding to a
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value of Q7! at 5 MHz that is more than an
order of magnitude smaller than the lower of the
two LGS data sets plotted in Fig. 2.

Temperature Dependence of Frequencies

For many potential applications, including mass
sensing, the temperature dependence of
resonant frequencies will degrade resolution,
because of uncertainties in temperature
measurements. Therefore, substantial research
has been devoted to identifying crystal
orientations that provide temperature
compensation at elevated temperatures.

Singly-rotated thickness-shear cuts of LGT
have been found to have turnover temperatures
(where the derivative of frequency versus
temperature is zero) as high as 180 °C [38].
GaPO, is commercially available with
orientations that provide turnover temperatures
of 240 °C or 500 °C. CTGS crystals with singly
rotated cuts, similar to the orientation of AT-cut
quartz, have been found to have turnover
temperatures as high as 330 °C [35]. On the
other hand, thickness-shear modes of
YCa,0O(BO3); and GdCa,O(BO3); are reported
to not have turnover temperatures above
ambient temperatures [36,49].

Conclusion

Research on piezoelectric  single-crystal
materials for high-temperature applications has
become increasingly active during the past
decade. This research has primarily been
driven by sensing applications at temperatures
that exceed the limits of quartz. In addition to
ordered and partially disordered crystals in the
langasite family, GaPO, and rare-earth
oxyborates have been a substantial focus of
research. More recent entries in this research
area are crystals with the structure of melilite.

The resolution and signal strength of acoustic
sensors incorporating these piezoelectrics at
high temperatures will be determined largely by
electrical conductivity, associated acoustic loss,
and compositional stability. The partial
crystalline disorder of LGS and LGT presents a
fundamental obstacle to lowering their acoustic
loss at temperatures above ~ 800 °C.

GaPO,, CTGS, and Ca,Al,SiO; are reported to
have similar magnitudes and temperature
dependences of conductivities up to ~ 900 °C.
Rare-earth  oxyborate crystals, such as
YCa,O(BO3); and GdCa,O(BO3);, are reported
to have generally lower conductivities but
higher activation energies, such that their
conductivities approach those of GaPO,,
CTGS, and Ca,Al,SiO; at the highest measured
temperatures.
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Success in growing and characterizing crystals
with lower conductivities has not, thus far, led to
consistent lowering of the acoustic loss of
resonators at elevated temperatures. This
indicates that other sources of damping,
including anelastic defect contributions and
contact loss, are dominant over much (or all) of
the measured temperature ranges. Therefore,
progress in the development of innovative
piezoelectric crystals for high-temperature
sensors is anticipated to require integrated
research on crystal growth, crystal
electrochemistry, and physical acoustics, with a
focus on minimization of anelastic defects.
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