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Abstract: Electrical conductivity and acoustic loss Q1of single crystalline Li(Nb,Ta)Oj3 solid so-
lutions (LNT) are studied as a function of temperature by means of impedance spectroscopy and
resonant piezoelectric spectroscopy, respectively. For this purpose, bulk acoustic wave resonators
with two different Nb/Ta ratios are investigated. The obtained results are compared to those previ-
ously reported for congruent LiNbOj3. The temperature dependent electrical conductivity of LNT
and LiNbOj3 show similar behavior in air at high temperatures from 400 to 700 °C. Therefore, it is
concluded that the dominant transport mechanism in LNT is the same as in LN, which is the Li
transport via Li vacancies. Further, it is shown that losses in LNT strongly increase above about
500 °C, which is interpreted to originate from conductivity-related relaxation mechanism. Finally,
it is shown that LNT bulk acoustic resonators exhibit significantly lower loss, comparing to that
of LiNbOs.

Keywords: lithium niobate-tantalate; piezoelectric; acoustic; high-temperature; sensor; Q-factor;
BAW resonator

1. Introduction

Piezoelectric resonant sensors are attracting considerable interest since they offer
numerous advantages for multiparameter in-situ monitoring and control of industrial pro-
cesses. In particular, there is an increasing need in sensitive, robust and cost-effective sen-
sors for gas composition, temperature and pressure for the application at high-temperatures
or generally in harsh environments [1-3]. The working principles of such sensors are based
on frequency shifts that arise from external factors such as temperature or mass load.
Therefore, it is important to maximize their resonance quality factor (Q-factor), which
allows, e.g., improved accuracy and better stability in frequency-control applications [3].

Further, piezoelectric actuators, which can generate movements in the micrometer
range upon application of voltage, are demanded in automotive, aerospace and related
industrial applications. For example, automotive applications such as fuel injection nozzles
require operation at elevated temperatures [3,4].

However, the application temperature of common piezoelectric materials is lim-
ited. For example, usage of lead zirconium titanate (PZT) ceramics actuators at high-
temperatures is limited by thermal instability at around 200-250 °C for most PZT compo-
sitions [3-5]. On the other hand, crystals from the langasite (LazGas5iO14) family show
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relatively high stability at high temperatures, however their piezoelectric coefficients are
too small to use them as actuating devices [2,6,7].

Lithium niobate (LiNbO3, LN) and lithium tantalate (LiTaOj3, LT) attracted substan-
tial scientific and industrial interest in the last decades because of its excellent electro-
optical, piezoelectric and acoustic properties [8-10]. Both compounds are isostructural
(point symmetry group 3m, space group R3c) with only slight differences in the lattice
parameters [8,10,11]. Both LN and LT have a congruently melting composition with an
approximate lithium content of about 48.4 mol.% LiyO. These materials possess high piezo-
electric coefficients (10 times higher comparing to langasite), which allows generating
appreciable and useful strain under an applied electric field, enabling their usage not
only as surface or bulk acoustic wave sensors, but also as actuators [12,13]. LiTaO3 shows
good thermal stability of sensing-relevant parameters (e.g., resonance frequency or quality
factor), however, its application is limited by a relatively low Curie temperature of about
630 °C [14]. The Curie temperature of LN is about 1200 °C, but its thermal stability at
elevated temperatures is relatively poor. Li,O out-diffusion and evaporation and, finally,
chemical decomposition [15] impact the performance of LN bulk acoustic resonators, such
as quality-factor or resonance frequency [15,16]. Moreover, an increasing material depen-
dent loss for different bulk vibration modes is observed above 700 °C [16]. In this respect,
single crystalline lithium niobate-tantalate solid solutions (Li(Nb,Ta)O3, LNT) are expected
to combine the best properties, i.e., good thermal stability and high Curie temperature, of
both end components of the system.

Several defect models have been proposed in the literature to describe Li-deficiency in
congruent LiNbOs3, which is commonly formed during the crystal growth. These models
consider formation of Li-, Nb- and O-vacancies [17-19]:

LiNbO3 — 3LirO + 4V{; + Nb{} )
LiNbO3 — 3Li,O + 4V3), + 5Nb{} )
LiNbO; — LipO +2V/{. +VZ& ©)

However, the structural studies and the calculations performed in [17,18] show a low
probability for the formation of oxygen vacancies and higher charged Vap? vacancies
during crystal growth. Thus, mechanism (1) is considered to be energetically the most
favorable. Here, compensation of Nb antisites occurs by Li-vacancies. In an analogy to
the defect model for nonstoichiometric LiNbOj3, the congruent LiTaOj3 single crystals also
contain a large amount of the tantalum antisites and cation vacancies [20-22]. The defect
models for LNT are still to be established. However basing on LN and LT studies it is
plausible to assume, that the Li-vacancy model could also be considered for congruent
LNT crystals.

The high-temperature properties of LN and LT crystals are in general relatively well
studied. In particular, the temperature-dependent electrical properties of LT were investi-
gated in [23-26] and of LN in [16,27-32]. For both end components of the LNT system it
is established that at elevated temperatures the conductivity is predominantly ionic and
attributed to the motion of lithium ions via Li-vacancies [23,24,26-32]. Further, the elastic,
dielectric and piezoelectric constants were determined for both end components of the
Li(Nb,Ta)O3 system as a function of temperature in [33-35]. In contrast, the electrical,
structural and optical properties of LNT are scarcely studied so far [36-39]. Beyond these
publications, to the best of our knowledge, no systematic studies on LNT were published.
The piezoelectric properties of LN resonators were studied up to 500 °C in [40] and up to
900 °C in [16,41]. Finally, the temperature stability of LN-based piezoelectric transducers
was examined in [42,43].

The synthesis of single crystalline LNT solid solutions is challenging, largely be-
cause of great difference in melting temperatures Tr, of both end components of the system
(Tm(LiNbO3) = 1240 °C; Try (LiTaO3) = 1650 °C) [44,45]. The growth of high-quality LNT sin-
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gle crystals appears to have been achieved only recently in the United Kingdom [39,46,47],
China [36] and by the groups, involved in this study. Therefore, the high-temperature
properties of LNT compounds remain practically unstudied. In particular, the material
constants of LNT-solid solutions are not available. To the best of our knowledge, only the
electrical conductivity is investigated up to 850 °C. The results are published in [48,49].

Based on the previous studies of acoustic loss in LiNbO3 [16,41] and in other piezo-
electric materials [50-52], the following dissipation mechanisms can potentially contribute
to the losses:

(1) Intrinsic phonon-phonon interactions,

(2) Anelastic point defect relaxations,

(3) Piezoelectric/carrier relaxation (conductivity-related losses),
(4) Non-material contribution (cables, mounting, etc.).

Phonon-phonon scattering can be the dominant loss mechanism at low temperatures
(near and below room temperature) in the case of high-quality piezoelectric crystals [53,54].
This contribution exhibits, however, only weak temperature dependence above room tem-
perature [50,53]. Therefore its contribution is minor at elevated temperatures. Consequently,
it is neglected in the current study.

Anelastic relaxations can arise from point defects, which produce local anisotropic
distortions in the crystal lattice [55]. The application of acoustic stress leads to time-delayed
thermally activated reorientation of these defects. This process depends on frequency and
temperature and can be described by a Debye function:

A wT

-1
T~ ————
Q (@, T) T1+ w?t?

@)
where A is a temperature-independent constant proportional to the concentration of the
defect species, T is the absolute temperature, w is the angular acoustic frequency (equal
to 27tf), and T is the reorientation relaxation time of the defect. As will be shown in the
subsequent sections, no evidence of dominating anelastic point defect relaxation was
observed on Q~(T) dependencies of the samples studied here so far.

Of particular relevance for Li(Nb,Ta)O3 resonators is the dissipation that arises from
piezoelectric/ carrier relaxation. These conductivity-related losses are caused by the motion
of charge carriers in an oscillating piezoelectric field. According to the theory of Hutson and
White [56], this contribution has a Debye form, is frequency and temperature dependent
and can be approximated by the following equation:

wT,

-1 2
Q- (w,T)~ K'———
o ) 1+ w?t?

©)

where w is the angular frequency (equal to 27tf); T and K? are the absolute temperature and

the electromechanical coupling coefficient, respectively and 7. is the relaxation time, with
_ &

T = o (6)

Here, 0 and ¢;; denote the electrical conductivity and the dielectric permittivity, re-
spectively. For the thickness—shear mode of Y-cut crystals from point group 3m, the elec-
tromechanical coupling coefficient is equal to 6%5 /(Cyqe11) in the reduced-index notation,
where 15, C44 and €17 are the piezoelectric coefficient, the elastic stiffness and the dielectric
permittivity, respectively [57]. For the thickness mode of Z-cut Li(Nb,Ta)Oj3 crystals the
electromechanical coupling factor is defined as e§3 /(Cszess) [57]

In the current paper the high-temperature electrical and electromechanical properties
of single crystalline LNT with different Nb/Ta ratios, grown by the Czochralski tech-
nique [58] are studied and compared to the data, reported previously for LN [16,41]. The
work presented here is the first step towards systematic studies of high-temperature elec-
trical and acoustic properties of LNT crystals. It seeks to provide a better understanding
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of physical mechanisms that govern loss in Li(Nb,Ta)Os by combining determination of
electrical conductivity and loss-related Q! with the aim to obtain high-temperature stable
material with large piezoelectric coefficients for possible actuating applications.

2. Materials and Methods
2.1. Crystals

LiNbg ggTag 1203 and LiNbg5Tag 503 crystals, grown by the Czochralski technique
were used in this study. LiNbg ggsTag 1203 was grown at the Institute of Microelectronics
Technology and High Purity Materials, Russian Academy of Sciences, Chernogolovka,
Russia (IMT). This crystal was grown along the polar axis Z in a Pt crucible (diameter
of 60 mm and height of 60 mm). Congruent LiNbO3; and LiTaOj3 crystals were used as
initial charges. The pulling rate of crystals from the melt was about 0.5 mm per hour. The
obtained crystal boules have a diameter and a length of about 20 mm each as shown in
Figure 1. The composition of the grown crystals was determined using mass spectrometry
with inductively coupled plasma (XSeries II Thermo Scientific spectrometer, Waltham, MA,
USA). The full report about the growth process and structural parameters of the obtained
crystal is given in [58]. Additionally, the composition of LiNbgggTag 1203 was studied
by energy-dispersive X-ray (EDX) spectroscopy (CamScan 44, Waterbeach, UK). These
investigations were performed on two specimens, used for electrical and electromechanical
measurements, which are described in Section 2.2. The Nb/Ta ratio was determined along
the diameter of the specimens as a line scan with 0.8 mm step. In total 10 measurements
per specimen were performed and the uncertainty of the measurements did not exceed 5%.
The results are summarized in Table 1. Most important, an insignificant inhomogeneity
and small differences in Nb/Ta distribution between two specimens are observed.

Figure 1. LiNbj ggTag 1,O3 boules, grown by the Czochralski technique.

Table 1. Nb/Ta ratio in LiNbg ggTag 1,03 samples determined by an energy-dispersive X-ray (EDX).

LNT88-01 LNT88-02
Measurement
Nb at.% Ta at.% Nb/(Nb + Ta) Nb at.% Ta at.% Nb/(NDb + Ta)
1 19.73 2.12 0.90 21.26 2.49 0.90
2 19.75 2.61 0.88 21.45 2.44 0.90
3 20.53 2.52 0.89 21.51 2.54 0.90
4 20.72 242 0.90 21.30 2.49 0.90
5 20.91 2.87 0.88 21.85 211 0.91
6 21.00 2.73 0.88 21.59 2.06 0.91
7 21.56 2.89 0.88 21.89 211 0.91
8 21.38 2.32 0.90 22.36 2.07 0.91
9 21.40 2.8 0.88 21.88 2.00 0.92
10 21.31 2.86 0.88 22.46 1.76 0.93




Crystals 2021, 11, 398

50f16

A single crystal of nominal composition LiNbg 5Tag 503 was grown at the Leibniz-
Institut fiir Kristallztichtung, Berlin, Germany (IKZ). Initial melt was a mixture of the
congruently melting compositions of LiNbO3 and LiTaO3. Considering the strong segrega-
tion upon crystallization [46], the melt contained a LiTaO3 mole fraction of only 0.18. The
starting materials, previously dried and thoroughly mixed LiCOj3 (99.999%, Alfa Aesar,
Karlsruhe, Germany), NbyOs (99.995%, H.C. Starck, Goslar, Germany) and TayOs (99.99%,
Fox Chemicals, Pfinztal, Germany), were pressed isostatically and sintered at 1100 °C. The
obtained blank was melted in an inductively heated 40 mL iridium crucible covered by
an active afterheater [59] and thermally isolated by a set of alumina ceramics. Growth
atmosphere was high purity Ar with an admixture of approximately 1.3 vol% O,. The
crystal was grown at a rate of 0.5 mm/h on a [00.1]-oriented LiTaO3 seed, provided by
CrysTec GmbH, Berlin. To minimize the impact of segregation, only 6% of the melt was
crystallized. After growth the crystal was withdrawn from the melt and cooled down
to room temperature within 15 h. The obtained crystal was largely transparent of slight
yellowish coloration, with a cylindrical part slightly more than 10 mm in both diameter
and length. The crystal was not intentionally poled during or after the growth process,
i.e., the domain structure after the growth was not defined. However, the existence of
piezoelectrically exited resonances confirms that there are obviously sufficiently large areas
with identical orientation of the polarization in the sample (see the Results section). Chem-
ical homogeneity was tested on a lengthwise cut (nearly parallel to the [00.1] direction)
through the whole crystal using an X-ray fluorescence (XRF) spectrometer with highly
focused beam (Tornado M4, by Bruker Nano, Berlin, Germany). Distribution of niobium
and tantalum was mapped over the entire sample with a spatial sampling distance of
approximately 20 pm. The fluorescence maps were quantified using standard fundamental
parameter analysis.

Figure 2a shows the distribution of tantalum (atom fraction = [Ta]/([Ta] + [Nb])) over
the whole measured sample area. Although integral compositional variation along the
growth direction is small, there exist longitudinal structures with drastically reduced tanta-
lum contents. These structures were the result of cellular growth owing to constitutional
supercooling and occur mainly in regions of higher local growth velocity, i.e., the conical
part with increasing crystal diameter and in regions with poor solute exchange in the
melt, i.e., near the rotation axes. Figure 2b shows the distribution over a (0001) sample cut
perpendicular to the growth direction from the approximate axial position indicated by
the arrow in Figure 2a. The mean LiTaOj fraction measured over the full diameter of this
sample was 48% with an RMS of 1.4%. Figure 3 presents the distribution of LT fraction
along the diameter of the sample, presented in Figure 2b. The measurement was performed
along the vertical right edge.
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Figure 2. Element concentration mappings of a longitudinal (a) and transversal cut (b) through the
LNT-50 crystal obtained by the XRF analysis. Axial position of the sample in (b) is indicated by the
arrow in (a).
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Figure 3. LT distribution in LiNbg 5Tag 503 specimen along the full crystal diameter (right edge) of
the sample in Figure 2b.

Additionally, nominally undoped LiNbOj3 and LiTaOj crystals of congruent composi-
tion, grown by the Czochralski technique at IMT were used in the current study for the
electrical measurement.

2.2. Specimens

Two LiNby gsTag 1203 specimens, denoted as LNT88-01 and LNT88-02, were used in
this study. They were prepared from a Y-cut plate with the approximate dimensions of
18 x 18 x 1 mm? that was cut from the middle region of the related crystal boule, described
above. Subsequently, the specimens were milled from the plate using a high-precision
ultrasonic milling machine (UST-300, Dama Technologies, Haggenschwil, Switzerland) in
the form of Y-cut plano-plano discs of 1 mm thickness and 8 mm diameter. Afterwards,
they were polished (roughness 1 um) and coated with keyhole-shaped Pt/Rh electrodes
with 300 nm thickness and 4 mm diameter by pulsed laser deposition (PLD). Further, the
LiNbg 5Tag 503 sample was prepared as Z-cut half-disc with 10 mm diameter and 0.5 mm
thickness, cut from the middle part of the crystal boule, see the right part of Figure 2.
This sample was designated as LNT50. Here, the electrodes were prepared by screen
printing (print ink: Ferro Corporation, No. 6412 0410, Mayfield Heights, OH, USA) and
subsequently annealed at 800 °C for about 30 min. This short thermal treatment was
expected not to cause a significant change of the sample properties. Such screen-printed
Pt electrodes were excellent for the cases when robust temperature-stable electrodes were
required. When annealed in the presence of oxygen platinum demonstrates high thermal
and chemical stability, without any transition layers formed on its surface, which provides
excellent electrical contact with other materials [60,61]. According to our experience,
application of Pt screen-printed electrodes does not impact the high-temperature Q-factor
of piezoelectric crystals of the langasite family, which show low losses even at elevated
temperatures. Consequently, such electrodes are expected to have virtually no influence on
the Q-factor of LNT at elevated temperatures where materials-related losses dominate.

Additionally Y-cut LiNbO3 and LiTaOj3 plates of congruent composition with the
dimensions of 10 x 18 x 2 mm? and screen-printed electrodes were used in this work for
conductivity studies with the aim to compare the electrical properties of LN, LNT and LT.

2.3. Measurements and Analysis
2.3.1. Electrical Conductivity

The studies of electrical conductivity as a function of temperature were performed by
means of impedance spectroscopy using an impedance/gain-phase analyzer (Solartron
1260, Ametek Scientific Instruments, Hampshire, UK) in the frequency range from 1 Hz to
1 MHz and in the temperature range from 400 to 700 °C. The excitation voltage was 50 mV.
The duration of sweep in in the frequency range that determines the data evaluation from



Crystals 2021, 11, 398

7 of 16

500 Hz to 1 MHz was about 60 s. The measurements were performed in air at atmospheric
pressure while heating at a rate of 1 K/min. Below 400 °C the impedance of the studied
specimens was too high to acquire reliable data. For both types of the applied electrodes
(PLD and screen-printed) we varied the excitation voltage up to 0.3 V for the comparison
purposes. In all the cases the obtained results were the same.

The obtained impedance spectra were visualized in the complex plane, which in-
volves plotting the imaginary part of the impedance against its real part (Nyquist plot).
Subsequently, an electrical equivalent-circuit model consisting of a constant phase element
(CPE) connected in parallel with a bulk resistance R was fitted to the measured data.
The low frequency intercepts of Rg-CPE semicircles in such a complex impedance plane
were interpreted as bulk resistance and subsequently converted in the bulk conductivity,
using the relation o = t(A x Rg)~!, where t and A are the thickness of the sample and the
electrode area, respectively.

A Nyquist plot is exemplary given in Figure 4 for the studied specimens at 600 °C. The
representation of the resistivity is chosen to eliminate the geometrical factors of the samples
(thickness and area). As seen from the figure, slightly depressed semicircles with almost
similar resistance were obtained for LN and LT specimens. Such depression results from
non-ideal capacitances and corresponds to exponents of the constant phase elements of
0.98 and 0.87 for LiNbO3 and LiTaOj3 respectively. The corresponding exponents for LNT50
and LNT88-01 and LNT88-02 samples were equal to 0.98, 0.99 and 1.00 respectively. Further,
as seen from Figure 4, the LNT88-01 and LNT88-02 specimens, which were manufactured
from the same crystal boule are exhibiting different resistivity. This peculiarity will be
discussed in the subsequent section.

_4 -
€ _34 LNT88-01
G
X
-2
S
£-17

O | ! | ! I ! |

0 2 4 6
Re (p) (k@ m)

Figure 4. Complex resistivity of different Li(Nb,Ta)O3 samples at 600 °C, presented as the Nyquist plot.

2.3.2. Acoustic Loss

The investigations of acoustic losses were carried out by means of resonant piezoelec-
tric spectroscopy (RPS) on LNT resonators, operated in the thickness—shear mode (TSM)
and in the thickness mode (TM). Similarly to conductivity studies, these measurements
were performed in air during heating with a rate of 1 K per min from RT to 700 °C. The
samples were electrically contacted using platinum foils on each side of the sample. With
the objective to minimize damping from mechanical contact, only small areas near the
edges of the samples were electrically contacted and mechanically clamped (Figure 5). The
electrodes overlapped only in areas that were not mechanically clamped.
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Figure 5. Arrangement of the studied sample for the high-temperature electrical and acoustic
measurements. The pictures show the ring-type sample support without (left) and with (right) the
upper Al,O3 ring and the rod that mechanically clamps the samples and the Pt foil together.

The real and imaginary parts of the impedance spectra were measured in the vicinity
of the resonance frequency using a high-speed network analyzer (Agilent E5100A, Hewlett-
Packard, Santa Clara, CA, USA). Subsequently, the impedance was transformed into
admittance Y = Z~! and a Lorenz function was fitted to its real part (conductance G). This
enabled determination of the resonance frequencies of the fundamental mode and of the
subsequent harmonics and of the Q-factor for a given mode. Detailed description of data
acquisition is given in [2]. Figure 6 exemplarily shows the real part of admittance, acquired
for the LNT88-01 specimen at different temperatures. The frequency corresponds to the
1st harmonic of the TSM resonator. As seen from the figure, the resonance frequency
(i.e., the conductance maximum) shifts with the temperature towards lower frequencies.
Further, a broadening of the peak is observed at elevated temperatures. This implies an
increase of the losses, which will be discussed in detail in Section 3. At 550 °C on the right
shoulder of the conductance peak another small peak is observed at about 1.935 MHz,
which is interpreted as a spurious mode and understood to originate from the “activity
dips” phenomenon [60] (see discussion in Section 3).

0.04 |LNT88-01, TSM

0.03 - RT
® 0.02 500°C
5 _

0.01 -

{4 550°C
0.00 -
— T ' T r 1T ' T

1.90 192 194 196 1.98 2.00
f(MHz)

Figure 6. The real part of admittance as a function of frequency of LNT88-01 specimen, operated in
the thickness—shear mode (TSM), acquired at different temperatures.

3. Results
3.1. Electrical Conductivity

The temperature dependent electrical conductivity of all studied specimens is shown
in Figure 7 in the form of an Arrhenius plot. The measurements were performed in air in
the temperature range from about 400 to 700 °C. As seen from the figure, both materials
exhibited similar electrical conductivities, reaching at 700 °C values of 1.52 x 1072 S/m
and 1.56 x 1073 S/m for LN and LT, respectively. Further, the LNT88-01 and LNT88-
02 samples are showing different conductivity values in the whole measured tempera-
ture range. At 700 °C the ¢ of LNT88-01 and LNT88-02 equaled 0.9 x 1073 S/m and
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1.9 x 1073 S/m, respectively. Such differences could not be solely attributed to the un-
certainties in conductivity measurements (about 6% at 700 °C). We assumed, that these
divergences could be caused by the varying properties within a crystal boule such as an
inhomogeneous distribution of Nb and Ta in grown LNT crystals (see also Table 1). We
also note that the conductivity of both LN and LT is sensitive to even slight deviations
in lithium stoichiometry [16,23,41], which could also be the case of LNT specimens. The
conductivity of sample LNT50 equaled 1.2 x 1073 S/m at 700 °C. The value was 1.3 times
lower than that of LN and about 1.3 higher than that of LNT88-01.

T (°C)
700 600 500 400
Lo 1 . 1 N 1
10-3_é ‘:‘gj?% ——LN EA =1.30 eV
E 10 E \?\\\\iii:‘f‘:w
B 10° 4 SR
- J——LNT50 E, =1.33 eV
6 _ N
10°® {——LNT88-01 E, =1.32 eV
- 1—— LNT88-02 EA =1.29 eV
10 e IS E B e

10 11 12 13 14 15
10YT (1/K)

Figure 7. Conductivity of different Li(Nb,Ta)O3 samples as a function of inverse temperature.

The conductivity of all the studied specimens increased linearly in the Arrhenius
presentation (see Figure 7), indicating that it was governed by a single thermally activated
process. Previously, the electrical conductivity of LT was investigated up to 800 °C in [23]
and the authors assumed that the ionic conduction mechanism with lithium vacancies as a
main charge carrier determines the conductivity at elevated temperatures as applied here.
Similar conclusions were drawn in [24,26]. Further, the studies, performed in [16,29-32,41]
show that the lithium ion migration via lithium vacancies was also the dominating transport
mechanism in LiNbOj3 at high temperatures. Therefore, it is plausible to assume that in LNT
the conduction of Li-ions via Li-vacancies played a major role in the studied temperature
range, similarly to both end components of Li(Nb,Ta)Os-system. Considering that at 700 °C
the conductivity is ionic, we claimed that it remains predominantly ionic down to 400 °C
since we did not observe here a deviating slope with respect to 700 °C. Consequently, the
conductivity o is written as [23]:

o= %exp(EA/kT) (7)
where 0, T, E4 and k represent a pre-exponential constant, the absolute temperature, an

activation energy and the Boltzmann constant, respectively. Following Equations (6) and (7),
the relaxation time could be written as:

Sl‘jT
T. = —exp(EA/kT) (8)
0o
Activation energies and pre-exponential factors, obtained by fitting of Equation (7) to

the measured conductivity data are summarized in Table 2. Previously, close values of Ep
were obtained in [16,30,31,41] for congruent LN and in [23,26] for congruent LT.
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Table 2. Parameters from fits of conductivity of Li(Nb,Ta)O3 specimens.

Pre-Exponential Factor

Sample Activation Energy (eV) (SK/m)
LN 1.30 =+ 0.06 7.31 x 10°
LNT88-01 1.32 £ 0.05 6.72 x 10°
LNT88-02 1.29 + 0.04 6.20 x 10°
LNT50 1.33 + 0.07 7.07 x 10°
LT 1.35 + 0.05 1.49 x 107

3.2. Acoustic Loss

The measured loss Q! of the specimen LNT88-01 is shown in Figure 8 as a function
of inverse temperature. The frequencies of the measurements correspond to the first, and
fiftth harmonics of the resonator that is operated in the TSM mode.

T (°C)
600 400 200
PR : | L |
-2 _| CongruentLN,2 MHz TSM
10 E A Ref. [41]
5 ] N
o 10 3 LNT88-01: 2 MHz
] . e
107 - LNT88-02: 2 MHz
10° —————7—— 17—
12 15 ) 18 21 24
10%/T (1/K)

Figure 8. Q! of LNT88 as a function of inverse temperature, compared to congruent LN, studied
in [41].

A substantial number of sharp peaks were observed in the raw data for the first
harmonic of LNT88-01 between 250 and 350 °C. These peaks are understood to originate
from the “activity dips” phenomenon, caused by the coupling of the main mode with other
spurious (parasitic) modes [62]. Such coupling does not allow for correct determination of
the Q-factor. Therefore, the Q~! data in temperature ranges where activity dips occurred
were removed from the results presented in Figure 8 to provide a more reliable and clear
presentation of the measured data.

Further, the loss of higher harmonics was lower than that of the fundamental mode.
This peculiarity could be attributed to the non-ideal diameter-to-thickness ratio of the
studied resonator. As evaluated in [63] for resonators with a diameter-to-thickness ratio
lower than 30, the non-material losses that arise from mounting increase with the frequency
decrease must be considered. As it is widely known, the thickness—shear oscillations in any
given partially electroded TSM resonator are confined to the area under and close to the
electrodes. This phenomenon is known as energy trapping [64] and ensures high Q-factors.
Strong energy trapping could be achieved by optimization of the electrode thickness
and by choosing the optimal geometry of the resonator and of the electrodes [64,65].
Further, increasing the operational frequencies to higher harmonics could also increase the
energy trapping, provided that the confinement of vibration energy is insufficient on the
fundamental mode [64-66]. In our study, the geometry of LNT88 specimens was not ideal,
which potentially explains relatively high losses at the fundamental mode.
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Additionally, the measured loss Q! of the sample LNT88-02, determined for the
first harmonic of a TSM resonator, is also shown in Figure 8 for validation of the results.
As seen from the figure, the behavior of both resonators is nearly similar when operated
in the fundamental mode. For LNT88-02 the losses between 250 and 350 °C could also
be determined, as for this particular resonator no spurious modes were observed in this
temperature range.

Figure 8 also compares the Q! of LNT88 resonators to that of congruent LN specimen,
studied previously in [41]. The LN resonator in [41] was prepared as X-cut, operated in
TSM and the frequency corresponds to the fundamental mode. In the current study the
LNT-88 resonators were prepared as Y-cut discs, however due to the crystal symmetry
in both X- and Y-cuts the resonances could be excited in TSM and the material constants,
which determine the resonance frequency and electromechanical coupling factor of TSM
in X- and Y-cuts are equal (Cy4 = Cs5; e15 = €24 and €17 = €22) [8,34,35,67]. Remarkably, the
losses in LNT88 resonators were substantially lower. We note however, that the results
overlapped only partially, since the measurements of the LNT88 fundamental mode did
not extend to the range of LN in [41].

As also seen from Figure 8, Q! remained nearly constant below about 450 °C. Above
that temperature, a rapid increase is observed for all measured frequencies. In the case
of some other materials systems the high-temperature loss is attributed to the piezoelec-
tric/carrier relaxation mechanism [50-52]. The same conclusion follows for LNT if the loss
contribution is estimated using the materials constants for LN, which is only doable this
way due to missing data for LNT. Inserting materials constants for 600 °C (e15 = 4.32 C/ m?;
Ca4 = 53.5 GPa; €17 = 6.02 x 10719 F/m [34]), and the conductivity values (Table 2) into
Equation (5), the calculated contribution of piezoelectric/carrier relaxation matched the
experimentally determined loss for the resonance frequencies of resonator LNT88-01, see
Figure 9. The differences in absolute values of Q! could be attributed to the material
constants used for these calculations. Again, it has to be emphasized that we used e;s, €11
and Cyq for LN [34], while these values are different for LT and, obviously, also somewhat
different for LNT.

T (°C)
600 400 200
5 N\ ‘ NT8801
10° 1 2.6 MHz
‘70, 10° 1 /constant
10° E Piezoelectric/carrier
. relaxation (Eq. 1)
I L] L]

| ! | ! | |
12 15 18 21 24
10%T (1/K)

Figure 9. Calculated contribution of piezoelectric/carrier relaxation, compared to the measured Q!
of the LNT88-01 resonator.

Further, in order to minimize the influence of piezoelectric/ carrier relaxation at a given
anticipated application temperature, the operating frequencies of LNT resonators can be
chosen accordingly. For example, a 2 MHz resonator could be operated up to about 450 °C
without significant loss increase (Figure 9). Equation (5) enables one to estimate favorable
frequencies for the high-temperature applications of LNT TSM resonators. Figure 10 shows
the resulting piezoelectric/carrier relaxation losses for different operating frequencies.
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As seen from Figure 10, a decrease of the operating frequency to 100 kHz prevented the
application of such resonators between about 450 and 1000 °C but enabled its use above that
temperature provided that the material was thermally stable. Increase of the frequency to
30 MHz allowed application temperature up to about 750 °C. For both cases it was assumed
that Q! =2 x 102 was the maximum Q~!, required for accurate frequency determination.

T (°C)
10_11200 800 600 400
10‘2~;
"010‘31;
10“‘1;
10‘5: ————

|
9 10,11 12 13 14 15
10%T (1/K)

| |

7 8
Figure 10. Estimated contribution of the piezoelectric/carrier relaxation to the overall loss of LN
TSM resonators, calculated for different operation frequencies.

Figure 11 presents the measured loss Q! of LNT50 specimen as a function of inverse
temperature, compared to that of congruent LN presented in [16]. Both samples are
operated in TM. Further, resonator LNT50 is operated at its third harmonic. Reliable
measurements for sample LNT50 were obtained only above 400 °C. Below that temperature
a substantial number of spurious modes in the vicinity of the resonant mode was observed
in the spectra and did not allow for determination of the Q-factor.

T (°C)
800 700 600 500 400
10-1 ’ [ IR ] . ] . ]
E oO——o—
107 3 Congruent LN - 7 MHz,TM
3 Ref. [16]
o107 3 LNT50-13 MHz, TM
-1 : <
10 1 Piezoelectric/carrie
_5 qrelaxation (Eq. 1)
10 ! | ! | T T T T T T

|
9 10 11 12 13 14 15
1/T (10%/K)

Figure 11. Measured Q1 of LNT50 compared to that of LN, determined in [16].

Similarly to TSM LNT resonators, the piezoelectric/carrier contribution to Q! could
be calculated for LNT50 using Equation (5) and the data, obtained from conductivity
measurements (Table 2). For the same reasons as for samples LNT88, these calculations
are done using the material constants for LiNbO3 (e33 = 1.72 C/ m?; Cz3 = 227.9 GPa;
e33 = 4.32 x 10719 F/m [35,67]). The result of the calculation is plotted in Figure 11. As
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seen from figure, the piezoelectric/carrier relaxation might significantly contribute to
the overall loss of the 13 MHz TM resonator above about 700 °C, only. Therefore, the
exponential increase of Q! in the range 400-700 °C has presumably a different nature.
One possible explanation of this increase is the undefined domain structure of the LNT50.
As briefly mentioned in Section 2.1, the crystal was not poled intentionally. The existence
of resonances during electrical excitation shows however, that the sample has sufficiently
large areas with identical orientation of the polarization. On the other side, some regions
of the sample could have a different polarization, which would influence the overall losses.
As a consequence, the loss determined here represents the upper limit and would reach
lower values for a single-domain structure if not yet present. This issue must be studied in
more detail and will be a subject of subsequent investigations.

As seen from Figure 11, the overall loss of LNT50 was substantially lower, comparing
to congruent LN in the entire measured temperature range, which enabled improved
accuracy in frequency determination of such resonators. It is however worth noting that the
operating frequency of the LN resonator, studied in [16] is lower, therefore the maximum
of piezoelectric/carrier relaxation contribution is shifted towards lower temperatures in
this specimen. This shift could be calculated with the help of Equation (5) and equals only
about 50 K, comparing to the LNT50. In other words, the difference of overall Q! in LN
and LNT50 could not be attributed to the different operation frequencies and is rather
explained by the intrinsic properties of both materials.

It should be emphasized that the loss occurring at high temperatures is determined
by intrinsic materials properties and, therefore, reflected in a correct manner. At lower
temperatures, however, the shape and size of the samples impacts the resonator quality
factor. In this respect, the dimensions sample LNT50 was not optimal, which primarily
results from the relatively small crystal boules of grown LNT (see Section 3). Preparing
the specimen with favorable geometry and diameter-to-thickness ratio should result in
improved piezoelectric response and, consequently, lower Q! in the lower part of the
measured temperature range. This issue will be the subject of subsequent studies if
larger samples are available. Further work is intended to uncover the interplay between
microscopic and macroscopic features by regarding a larger temperature range and by
extending studies about charge carrier/defect relaxation as given, e.g., in [68] within the
framework of collaborative research.

4. Conclusions

In summary, the electrical and electromechanical properties of lithium niobate-tantalate
solid solutions with different Nb/Ta ratios were studied at elevated temperatures and
compared to those of LiNbO3 and LiTaO3. The measured temperature dependence of
electrical conductivity in air up to 700 °C shows similar behavior for all studied samples.
Consequently, the dominating transport mechanism in LNT in the range 400-700 °C was
attributed to the lithium ion migration via lithium vacancies as found in LN.

Further, the study of the acoustic loss in LNT resonators, operated in the thickness-
shear mode, revealed rapid, frequency dependent loss increase at elevated temperatures.
This loss increase was correlated with conductivity measurements and attributed to the
piezoelectric/carrier relaxation mechanism. Further, it is shown that minimization of the
influence of conductivity-related losses at a given anticipated application temperature
could be achieved by an appropriate choice of operating frequencies.

Finally, the study revealed that the temperature-dependent loss in LNT specimens
was generally lower than that of congruent LN for both thickness and thickness—shear
mode resonators. The domain structure of the LNT50 specimen, operated in the thickness
mode, was unknown. However, clear resonances were observed, which indicates largely
uniform polarization of the domains or even a single domain. Since different orientations
of polarization cannot be excluded, the loss was potentially affected. As a consequence, the
Q™! presented here for the LNT50 specimen is the upper limit and would reach lower for a
single-domain structure if not yet present.
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