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Lithium niobate is a promising candidate for use in high temperature piezoelectric devices due to its high Curie temper-
ature (=~1483 K) and strong piezoelectric properties. However, the piezoelectric behavior has in practice been found to
degrade at various temperatures as low as 573 K, with no satisfactory explanation available in the literature. We there-
fore studied the electrical conductivity of congruent lithium niobate single crystals in the temperature range of 293 K to
1273 K with an 500 mV excitation at frequencies between 20 Hz and 20 MHz. An analytical model that generalizes the
universal dielectric relaxation law with the Arrhenius equation was found to describe the experimental temperature and
frequency dependence, and helped discriminate between conduction mechanisms. Electronic conduction was found to
dominate at low temperatures, leading to low overall electrical conductivity. However, at high temperatures the overall
electrical conductivity increases significantly due to ionic conduction, primarily with lithium ions (Li*) as charge carri-
ers. This increase in electrical conductivity can therefore cause an internal short in the lithium niobate crystal, thereby
reducing observable piezoelectricity. Interestingly, the temperature above which ionic conductivity dominates depends
greatly on the excitation frequency: at a sufficiently high frequency, lithium niobate does not exhibit appreciable ionic
conductivity at high temperature, helping explain the conflicting observations reported in the literature. These findings
enable an appropriate implementation of lithium niobate to realize previously elusive high temperature piezoelectric

applications.
I. INTRODUCTION

Piezoelectricity is the reversible behavior of certain mate-
rials to create an internal electric field when mechanically
strained. Although engineers exploit this property in a myr-
iad of daily room temperature applications, ranging from mi-
crophones to telescopes, there is an increasing need to oper-
ate at high temperatures, often approaching 1273 K. For ex-
ample, the failure of critical high-temperature components in
nuclear power plants, petroleum refineries, airplane jet tur-
bines, or electrochemical fuel cells, can lead to disastrous
consequences; such failures could be avoided if real-time
structural health monitoring (SHM) using piezoelectric ultra-
sound devices were possible. Lead zirconium titanate (PZT or
Pb[Zr«Ti;x]O3) is one of the most commonly used piezoelec-
tric materials due to its high piezoelectric coefficients, but it
suffers from a low Curie temperature (=638 K)!'2: this tem-
perature represents the theoretical limit, above which piezo-
electricity is no longer possible. On the other hand, ma-
terials like gallium phosphate (GaPO,4) have a high Curie
temperature (21243 K)?, but their piezoelectric coefficients
are orders of magnitude lower than those of PZT crystals.
Lithium niobate (LiNbO3) is a promising high temperature
candidate, as it combines relatively high piezoelectric coef-
ficients with a high piezoelectric Curie temperature (/<1483
K)?, in contrast to most piezoelectric materials that may pos-
sess one but not the other. Although LiNbOj3 has for years
attracted considerable scientific and industrial interest due to
its excellent electro-optic and acoustic properties*, this ma-
terial’s promising high temperature piezoelectric behavior is
less commonly exploited by industry. Indeed, practical ap-
plications of lithium niobate have found that the experimen-
tally observable piezoelectric behavior can degrade well be-

low the Curie temperature. The literature reports practical
piezoelectric limits as low as 573 K, although there is sig-
nificant Variabilityé‘lz. In contrast, other researchers®!3-15
have demonstrated that lithium niobate keeps its piezoelec-
tric properties for several hours and even days in high tem-
perature environments. This inconsistency and uncertainty
is largely a result of the unknown mechanisms by which the
piezoelectric properties of lithium niobate degrade. Why is
piezoelectricity experimentally observable in some cases but
not in others, even when well below the Curie temperature?
Chemical or physical decomposition is often cited, but no sat-
isfactory explanation has yet been accepted. For example, ox-
idation or lithium evaporation have been studied but shown
to not be significant at ambient pressures”!®!7. Other authors
have hypothesized that the degradation of piezoelectric behav-
ior observed in some experiments may be due to the gradual
apparition of electrical conductivity with increasing tempera-
ture; such electrical conductivity would short-circuit any in-
ternal piezoelectric polarization, but the conduction mecha-
nisms are poorly understood'®!8-2! The present study there-
fore endeavors to clarify this confusion reported in the liter-
ature by helping to understand possible electrical conduction
mechanisms of lithium niobate that may cause piezoelectric
degradation at high temperatures.

1. EXPERIMENTAL METHODS

Congruent lithium niobate single crystals (10 x 10 x 0.495
mm) with a Y-cut orientation in the thickness direction were
grown by the Czochralski method. Symmetrical 100 nm thick
platinum electrodes (10 x 8.2 mm) on 20 nm thick titanium
adhesion layers were deposited onto both sides of the square
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crystal using physical vapor deposition. Electrical contact to
the electrodes was made using platinum wire to prevent asym-
metrical chemical potential gradients. The sample was heated
in a furnace at ambient atmosphere to 1273 K in 50 K steps
at a rate of 5 K/min. At each step, the temperature was held
for 30 minutes before taking electrical measurements using an
E4990A Impedance Analyzer (Keysight Technologies).

I1l. RESULTS AND DISCUSSION
A. Temperature dependence of conductivity

The electrical conductivity of lithium niobate was measured
in 50 K intervals from room temperature to 1273 K with a 500
mV excitation over a frequency sweep between 20 Hz and 20
MHz. The measured conductivity as a function of tempera-
ture at three representative excitation frequencies is shown in
Fig. 1. For clarity, only three representative frequencies are
shown in Fig. 1, but the trends apply to all measured frequen-
cies between 20 Hz and 20 MHz.
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FIG. 1. Electrical conductivity of lithium niobate single crystal for
representative 500 mV excitation frequencies. Straight lines repre-
sent activation energies from Eq. 1.

Lithium niobate is known to exhibit increased electrical
conductivity at higher temperatures?, consistent with our ob-
servations. However, we find is that this conductivity depends
on both temperature and excitation frequency. As shown in
Fig. 1, high temperature behavior follows the red slope (for
all frequencies) while low temperature behavior follows the
green slope (for all frequencies). For any given frequency, the
slopes are the same, with the only difference being the transi-
tion temperature at which the behavior changes. This implies
that the electrical conductivity follows an Arrhenius law with
two different mechanisms: one regime for high temperatures
and one regime for low temperatures. Eq. 1 below expresses
the conductivity, (T'), as an Arrhenius law function of tem-
perature :

—Eg
o(T)=Be kT (1)
where kp is the Boltzmann constant, T is the absolute temper-

ature, E, is the activation energy, and B is a proportionality
factor.

The presence of distinct activation energies implies the ex-
istence of different conduction mechanisms. By fitting Eq. 1
to the measured conductivity data, the activation energy E,
was found to be ~ 1.3 eV at high temperatures, regardless of
excitation frequency. This contrasts with the activation energy
at low temperatures of 0.1 ~ 0.5 eV.

Table T summarizes the activation energies of selected
charge carriers in lithium niobate, as found in the literature.

e Li* Nb5* OF

0273 1377 275% 395
0.8420:26 1 7520 3.45°
1.16%7

E; (eV)

Average (eV) 0.64 1.26 275 3.52

TABLE I. Activation energies reported in the literature for the mo-
bility of various charge carrying species in lithium niobate

The measured activation energies are therefore most con-
sistent with the motion of electrons (e”) at low temperatures
and lithium ions (Li*) at high temperatures.

Fig. 1 also shows that the transition between the low tem-
perature electronic regime and the high temperature ionic
regime depends on the excitation frequency. Since elec-
trons have a significantly smaller effective mass compared
to lithium ions, we would expect electrons to be better able
to follow a high frequency alternating electric field excita-
tion. Therefore a higher excitation frequency should be cor-
related with a wider temperature range for which electronic
conduction dominates. This is consistent with our experimen-
tal observations, where electrons are found to be the dominant
charge carrier over a wide temperature range when the excita-
tion frequency is high.

B. Excitation frequency dependence of conductivity

The effect of excitation frequency on the conductivity of
lithium niobate is shown in Fig. 2. For clarity, only four rep-
resentative temperatures are shown, but the trend is consistent
for all measured temperatures between 293 K and 1273 K.

Analogous to the temperature dependence, two distinct
regimes are apparent: a low frequency regime and a high fre-
quency regime. The low frequency regime exhibits a conduc-
tivity that is largely frequency independent (i.e. DC conduc-
tivity), while the conductivity in the high frequency regime
increases with excitation frequency. This frequency response
of the conductivity o(®) can be described by the Curie-von
Schweidler universal dielectric relaxation law, as described by
Jonscher?® :

o(®w) = opc +AQ" (2)

where opc is the DC conductivity, ® (= 2xf) is the angu-
lar excitation frequency, f is the excitation frequency in Hz,
and A and n are constants. This expression is suitable for de-
scribing both electronic and ionic conductivity phenomena,
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FIG. 2. Conductivity as a function of the excitation frequency for
representative temperatures. Solid lines represent fit to Eq. 2

although possible frequency resonances are not taken into ac-
count and therefore omitted in our analysis. Using the experi-
mentally measured conductivity, the coefficients A and n were
determined for all temperature steps from 293 K to 1273 K
using non-linear regression. The coefficient A was found to
increase with temperature. According to Jonscher?, the coef-
ficient n is not much affected by the temperature; this is con-
sistent with our observation that n remains at a constant value
of 1.9. The modeled conductivity, using eq. 2, is represented
in fig. 2 by a solid line for each temperature. This model is in
close agreement with the experimental observations.

C. Modeling temperature and frequency dependence of
conductivity

Having established that Eq. 1 adequately describes the tem-
perature dependence of conductivity o(7) and Eq. 2 ade-
quately describes the excitation frequency dependence of con-
ductivity o(w), it becomes natural to explore a combination
of models. In particular, a generalized model for the conduc-
tivity o(w, T) that includes both temperature and frequency
effects is needed.

In principle, any of a number of charge carriers could con-
tribute to the DC conductivity. If the concentration of charge
carriers is low enough such that any interaction between them
is negligible, the temperature dependence for each charge car-
rying species can be described by a relation of the form Eq. 1.
As a result, the temperature dependence of the DC conduc-
tivity, opc(T'), can be obtained by summing the contributions
for each charge carrying species :

4 Ea,-
opc(T) =) Bie BT 3)
i=1

where the index i corresponds to one of the following charge
carriers : E,, for electrons (¢7), E,, for lithium ions (Li*), E,,
for niobium ions (Nb>*), and E,, for oxygen ions (0%).
However, the effect of the excitation frequency on the elec-
trical conductivity may also vary with temperature, i.e. A(T).
Eq. 2 must therefore be generalized and combined with Eq. 3

to yield the temperature and frequency dependent conductiv-
ity, (@, T) :

o(®,T)= ZB,- e BT +A(T)o" 4)

It is worth noting that we have limited our analysis to these
four charge carrying species: electrons (e°), lithium ions (Li*),
niobium ions (Nb>*), and oxygen ions (O%). However, a wide
range of other defects, including alternate oxidation states of
these four species, impurities, etc. could have also have been
taken into consideration by expanding the summation index i
used in Eq. 4. Nevertheless, we find that limiting our analysis
to these four most important species is sufficient to adequately
describe the experimental observations; other defects there-
fore only play a subordinate role in the electrical conductivity
of our single crystal samples.

D. Experimental frequency and temperature dependence of
conductivity

The experimentally measured electrical conductivity is pro-
vided in Fig. 3 as a function of both temperature and excitation
frequency.
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FIG. 3. Temperature and frequency dependence of electrical conduc-
tivity in lithium niobate

The model described by Eq. 4 was subsequently fit to the
full experimental conductivity data by non-linear regression.
As shown in Fig. 3, the model was found to closely follow
the observed experimental conductivity across the entire tem-
perature and frequency domain. The root mean square error
(RMSE) of the model is around 1.27 x 1073 and the R is 0.863
over the full temperature and frequency domain studied.

Table II summarizes the activation energies and pre-
exponential factors B; extracted from the entire experimental
measurement data by fitting Eq. 4. These activation energies
are consistent with the literature values listed in Table I and
the activation energies found using the simpler model previ-
ously discussed in Section A and illustrated in Fig. 1.
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e Li*  Nb** o*
E, (eV) 048 137 275 3.7
B; (S/m) 2.46 x 1073 672 1.35x10% —4.13 x 10'!

TABLE II. Activation energies and coefficients B; extracted by fitting
Eq. 4 to the experimental data using non-linear regression.

E. Electrical conduction mechanisms in lithium niobate

The model described by Eq. 4 is a linear sum of indepen-
dent terms; it can therefore be used to deconvolute the relative
contributions of each charge carrier to the overall conductiv-
ity. For example, Fig. 4 is a 2D cross-section through the
3D surface of Fig. 3 taken at a representative frequency of 12
kHz. The overall model (dashed line) fitting to the experimen-
tal data (x) is composed of the sum of four contributions (solid
colored lines). Each contribution corresponds to one particu-
lar charge carrying species. Similar plots can be obtained for
any desired frequency to identify the relative contribution of
these four charge carriers at that frequency.
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FIG. 4. Relative contribution of each charge carrier to the overall
electrical conductivity at 12 kHz

For example, for an excitation frequency of 12 kHz at lower
temperatures below 770 K, the electronic contribution is dom-
inant and the overall conductivity is less than 107> S/m. How-
ever, at temperatures above 770 K, the ionic charge carrier
contributions begin to dominate (by multiple orders of mag-
nitude) over the electronic contribution, and the overall con-
ductivity rapidly increases. In particular, lithium ions (Li")
become the dominant charge carrier. This is consistent with
the literature, in which several authors have found that lithium
ions are the smallest and most mobile ions present in lithium
niobate'®1%-3%, Tonic conduction in lithium niobate therefore
occurs primarily by the charge carrier Li™ moving through the
LiNbOs lattice. This movement would be expected to be very
sensitive to the concentration of lithium lattice site vacancies
(V’ ')17—19,27,31 .

Li

Niobium ions (Nb°*) may also potentially diffuse with
the help of lithium vacancies, as the ionic radii of niobium
ions (ry,s+ = 64pm) and lithium ions (rp;+ = 76pm) are
similar'>?*,  For the electronic conductivity, polarons and
bipolarons may be involved??, which would also increase with

an increasing number of vacancies in the crystal. On the other
hand, oxygen ions (O*>~) are known to diffuse via interstitial
sites rather than oxygen vacancies>, and would therefore be
relatively unaffected by lithium vacancies.

Nevertheless, the contributions of niobium ions and oxygen
ions only become significant at high temperatures above 1100
K. However, even at these high temperatures, their collective
contribution to the electrical conductivity is overwhelmed by
the dominance of lithium ions. This is consistent with Fig. 1,
in which only two primary charge carriers are identifiable:
electrons (at low temperatures) and lithium ions (at high tem-
peratures).

The transition temperature T;,qsirion @bove which the ionic
conductivity (regardless of the ionic species) dominates over
the electronic conductivity depends on the excitation fre-
quency. As shown in Fig. 4, an excitation frequency of 12
kHz has a transition temperature of 770 K. Fig. 5 shows how
Tiransition Varies over the excitation frequency domain studied.

As expected, the higher the excitation frequency, the higher
the T} ansition at which ionic conductivity becomes dominant.
We find that T;,4,sirion remains <800 K for frequencies <100
kHz but then gradually increases to >1200 K for higher fre-
quencies. With increasing temperature, the number of intrin-
sic defects, including vacancies, in the crystal grows and ions
become more mobile. This increased mobility results in in-
creasing ionic conductivity, dominated by lithium ion charge
carriers.
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FIG. 5. Transition temperature 7;,4ysirion at Which the ionic conduc-
tivity dominates over the electronic conductivity as a function of ex-
citation frequency.

Once the temperature and excitation frequencies are such
that ionic conduction dominates, the overall conductivity be-
gins to increase rapidly. This increasing conductivity would
internally short a crystal, explaining why the piezoelectric be-
havior of lithium niobate may be experimentally unobserv-
able under certain conditions for temperatures well below the
Curie temperature.

Given this result, piezoelectric behavior would also be
expected to be more readily observable at higher temper-
atures for stoichiometric lithium niobate (which is strictly
LiNbO3) than for congruent lithium niobate (which is closer
to Lip485Nbgs1503). Congruent lithium niobate is slightly
lithium deficient (due to growing the crystal by the Czochral-
ski method from a congruent melt); in other words, it has
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a higher concentration of lithium lattice site vacancies and
would therefore increase the mobility of lithium ion charge
carriers, resulting in a lower Tj,gusirion fOr a given excita-
tion frequency. Unfortunately authors are rarely explicit as
to whether their measurements were conducted on congruent
(more readily available, less expensive) or stoichiometric (less
common, more expensive) lithium niobate single crystals.

This complex nature of the electrical conductivity in lithium
niobate helps explain why the literature reports such contra-
dictory results on the piezoelectric behavior. Whether or not
piezoelectricity is practically observed in lithium niobate de-
pends on temperature, excitation frequency, and composition.
When the conditions are such that the electrical conductiv-
ity increases (due to predominantly lithium ion (Li*) con-
duction), internal shorting of the crystal can cancel out any
piezoelectric polarization. This situation can occur below the
theoretical Curie temperature, thereby suppressing the exper-
imental observation of piezoelectricity.

CONCLUSIONS

We report on the electrical conductivity in congruent
lithium niobate from ambient temperature (293 K) to elevated
temperature (1273 K) over a wide excitation frequency do-
main (20 Hz to 20 MHz). The analysis of the temperature
response at different excitation frequencies revealed two dif-
ferent conductive processes that follow an Arrhenius relation-
ship: electronic and ionic conductivity.

The transition temperature 7;4sirion @bove which ionic con-
ductivity dominates over electronic conductivity is excitation
frequency dependent. By generalizing the universal dielec-
tric relaxation law with the Arrhenius equation, an analyt-
ical model that simultaneously describes the dependence of
electrical conductivity on both temperature and excitation fre-
quency was developed. This strategy helped deconvolute the
relative contributions of charge carrying species. This ap-
proach is consistent with the physics of an ionized gas and
can therefore also be applied to a wide range of similar mate-
rials. For lithium niobate, the ionic conductivity that appears
at higher temperatures was thereby confirmed to be dominated
by lithium ion charge carriers (Li™) with an activation energy
of 1.37 eV.

This improved understanding of electrical conductivity in
lithium niobate helps explain the wide range of conflicting
reports in the literature involving the degradation of piezo-
electric behavior at temperatures significantly below the Curie
temperature of 1483 K. This highlights the importance for re-
searchers to explicitly state the measurement conditions and
precise chemical composition of samples used in experiments.

The present results confirm the undeniable potential for
lithium niobate as a high temperature piezoelectric material.
From a applied physics standpoint, if a high temperature
(> 573 K) application of piezoelectricity is envisioned, our re-
sults show the importance of selecting a stoichiometric com-
position and device design that uses as high an excitation fre-
quency as is compatible with the implementation. In addition,
methods that reduce the concentration or mobility of lithium

ions should also be explored. Although we limited our experi-
mental studies to single crystal lithium niobate, we expect that
polycrystalline samples should be more susceptible to high
temperature degradation, as the increased ionic mobility along
the grain boundaries would increase the susceptibility to an
"internal short". A piezoelectric application envisioning high
temperatures should therefore ideally employ a single crys-
tal. These conditions will effectively prevent the appearance
of significant electrical conductivity that could cause an inter-
nal short in the lithium niobate crystal, thereby degrading the
piezoelectric behavior.
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