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ABSTRACT

In ABO3 perovskite oxide ferroelectrics, electrical conductivity ranges from insulator- to superconductor-type and is virtually critical for all
applications of these materials. Compared to bulk ceramics and crystals, ferroelectric thin films can enable advanced control of the conduc-
tivity. Here, small-polaron hopping conductivity was evidenced and examined in various pulsed-laser-deposited films of ferroelectric BaTiO3

and reference films of SrTiO3. For this, AC conductivity was studied in a broad range of temperatures and frequencies for films sandwiched
between the bottom and top electrodes. In the BaTiO3 films, with increasing temperature, a significant increase in activation energy for
small-polaron hopping was found and ascribed to strong electron–phonon coupling and complex lattice oscillations therein. Plain relations
of the activation energy to microstructure, composition, or phase transitions were lacking, which corroborated the critical role of phonons.
Additionally, a phonon-less transport was detected. It was anticipated that owing to strong electron–phonon coupling, rich phonon ensem-
bles, and coexistence of phonon-stimulated and phonon-less processes, the small-polaron conductivity can heavily vary in ferroelectric films
that necessitates further studies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0129831

Barium titanate (BaTiO3 or BTO) is an archetypal representative
of ABO3 perovskite oxide ferroelectrics (FEs). Very large dielectric per-
mittivity and strong electromechanical and electro-optical effects in
FEs enable important FE applications in the diverse fields of electron-
ics and photonics. FEs are fundamentally wide-bandgap insulators
and normally display negligibly small electrical conductivity, which is
beneficial for mainstream FE devices. In addition, FEs hold good
potential for photovoltaics, catalysis, resistive switching, and other
innovations, where increased conductivity is desirable. Such enhanced
conductivity is usually achieved using appropriate cationic doping
and/or removal, or replacement, of oxygen. Furthermore, very large
low-temperature conductivity [including superconductivity as demon-
strated in doped SrTiO3 (STO)] can arise from strong electron–
phonon coupling and related formation of large (Fr€ohlich-type) polar-
ons in FEs. Thus, FEs can host a variety of electronic states ranging
from insulators to superconductors. Controlling these states and the
electrical conductivity is pivotal for virtually all modern, emerging,
and viable future FE devices.

As compared to bulk ceramics and crystals, FE thin films enable
not only advanced applications but also unusual, film-specific possibil-
ities to tailor the properties. In particular, the nonequilibrium process

of pulsed laser deposition (PLD) ensures growth of perovskite-
structure films, where remarkably large amounts of oxygen are
removed and/or replaced in situ during deposition. Recently, we dem-
onstrated several such PLD-grown films with up to 10% of oxygen
atoms being removed/replaced.1–5 We also showed that contrary to
large semiconductor- or metal-like conductivity in reduced bulk FEs,
the PLD-grown anion-modified films exhibited an excellent insulating
behavior in a broad temperature range of up to 500K.6–8 Detailed
studies of AC conductivity revealed the hopping mechanism of charge
transport therein. The main charge carriers were suggested to be small
(Holstein-like) polarons.

In FEs, formation of small self-trapped electron polarons, mostly
localized on the B-type ions, was theoretically justified.9–13 The elec-
tron (hole) localization may be enhanced in the presence of oxygen
vacancies/substitutions as well as promoted by FE polarization or lat-
tice strain. Because of strong charge carrier localization, small-polaron
transport is realized by hopping, and DC conductivity increases with
temperature due to the temperature-dependent mobility lH,

lH / T�1exp � EH
kBT

� �
: (1)
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Here, kB is the Boltzmann constant, and the hopping activation energy
EH is often roughly estimated as half binding energy of small polar-
ons.14,15 As seen from (1), large enough EH can determine colossal
changes of conductivity with temperature and/or electric field. Thus,
mastering EH may facilitate desired conductivity and, furthermore,
enable unprecedented effects and applications based thereon.

In this work, we focused on closer inspection of the small-
polaron transport in the PLD-grown BTO films. We acquired and
analyzed AC conductivity datasets, which are sufficient to accurately
determine the energy EH. First, we scrutinized conductivity in oxygen-
deficient BTO films, including epitaxial and polycrystalline ones. We
observed a significant increase in EH with temperature. We considered
theoretical polaron mobility and showed that such a behavior of EH(T)
can arise from strong electron–phonon coupling and complex
temperature-dependent phonon ensemble in BTO. By comparing
EH(T) in different BTO and reference SrTiO3 (STO) films, we dis-
carded the direct effects of phase transitions, microstructure, or com-
position on EH. Additionally, by inspecting the frequency dispersion
of the AC conductivity, we detected the presence of phonon-less
transport in the films. Our observations suggest that peculiar electron–
phonon coupling, ample phonons, and coexistence of phonon-
mediated and phonon-less processes can lead to massive variations in
the small-polaron conductivity in FE films. Thorough investigations
are needed to comprehend such variations and bring them to fruition.

We primarily investigated the conductivity in thin (80nm) epitax-
ial and polycrystalline BTO films, which were grown within a single
PLD process, thus ensuring similar chemical composition for both films.
With an oxygen pressure of 5Pa, we achieved a perfect epitaxial c-type

BTO film on the (001) STO substrate with a SrRuO3 (SRO) bottom
electrode,16 whereas randomly oriented polycrystalline BTO grew on
Pt-coated Si substrates (supplementary material Fig. S1). For compari-
son, we used 180-nm-thick epitaxial BTO films on SRO/(001)STO:16,17

one was stoichiometric of a-type and another was oxygen-deficient and
contained both the c-phase at the bottom and the a-phase on the top.
As a reference, we selected a stoichiometric epitaxial cubic (c¼ a) STO
film on SRO/(001)STO and oxygen-deficient epitaxial c-type STO films
on a LaNiO3-coated (001) (LaAlO3)0.3(Sr2AlTaO6)0.7 substrate.

3,6

For electrical characterization, Pt top electrodes were formed by
PLD using a shadow mask. The impedance was measured by a
Novocontrol Alpha-AN High Performance Frequency Analyzer, and the
control of temperature was realized using Linkam cold/hot stages. The
AC conductivity was investigated as a function of temperature
T¼ 80–500K and frequency f ¼ 1–106Hz and using the amplitude of
the AC probing signal VAC ¼ 10�3 V. The measurements were per-
formed on heating/cooling with the maximum temperature of 500K.
This regime ensured the lack of thermal hysteresis in comparison with
the measurements for the maximum temperature of 700K.8 We stress
that the conductivity was determined in the out-of-plane direction (nor-
mal to the substrate surface, i.e., along the longer unit-cell axis in the c-
film and the shorter axis in the a-film), which contrasts with commonly
studied in-plane sheet resistance. We also emphasize that the out-of-plane
small-signal AC measurements eradicated (or minimized) the effects of
charge injection, electric field, and surface (interface) conductivity.

The out-of-plane AC conductivity r, measured in the 80-nm
thick oxygen deficient BTO films, is presented as a function of
frequency f for different temperatures T in Figs. 1(a) and 1(e). Both

FIG. 1. (a) and (e) Log –log plots of conductivity as a function of frequency at T¼ 80–500 K (arrows show directions of temperature increase); (b) and (f) semi-log plots of con-
ductivity as a function of temperature at f¼ 1 Hz; (c) and (g) plots of ln(rT) as a function of the inverse temperature (linear fits are also shown); and (d) and (h) hopping activa-
tion energy EH as a function of temperature in the (a)–(d) c-type epitaxial and (e)–(h) polycrystalline BTO films.
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BTO films, epitaxial and polycrystalline ones, exhibit a very small r
�10�11–10�8 S/cm at low T and f, implying good insulating proper-
ties. The conductivity r(f, T) increases strongly with frequency and/or
temperature, which is consistent with the hopping mechanism18

r f ;Tð Þ ¼ ro Tð Þ þ a Tð Þf s Tð Þ þ e00f : (2)

Here, r0 is the DC conductivity, the coefficient a(T) and the
exponent s(T) describe frequency dispersion of AC conductivity, and
e00 is the imaginary part of the dielectric permittivity. The measured
conductivity is frequency-independent and, thus, dominated by the
DC component at low frequencies (f< 10Hz in epitaxial BTO and
f< 1 kHz in polycrystalline BTO) [Figs. 1(a) and 1(e)]. Therefore, the
data at f¼ 1Hz are relevant for examining the hopping DC conductiv-
ity [Figs. 1(b) and 1(f)], which is generally proportional to
[T�mexp(�T�m)] with the parameter m� 1 being specific for a cer-
tain type of localization and transport. The obtained plots of [ln(rTm)]
as a function of (T�m) are not linear for any m, although several linear
fractions may be retrieved by reducing temperature intervals for fits
[Figs. 1(c) and 1(g) and supplementary material Fig. S2]. Such a
behavior can indicate small-polaron transport (m¼ 1) with the
temperature-dependent EH(T).

14,15 Then one can write

ln rTð Þ / � EH
kB

� �
� 1

T

� �
; (3)

EH Tð Þ ¼ �kB �
@ ln rTð Þ½ �

@
1
T

� �� � : (4)

In accordance with (4), the energy EH was extracted from the
experimental data by differentiating the plots of ln(rT) vs 1/T [in
Figs. 1(c) and 1(g)] and presented as a function of temperature [Figs.
1(d) and 1(h)]. The energy EH significantly increases with increasing
temperature. Furthermore, there are two temperature regions with dis-
tinct paces of the energy increase and inflection between them at
�350–400K. Interestingly, the energies EH(T) are nearly similar in
both BTO films, although inflection is better expressed in the polycrys-
talline BTO.

To analyze the behavior EH(T), the theoretical (Holstein) small-
polaron mobility lSP was calculated using the expression

14

lSP ¼
ea2J2

kBT�h2xOP

p

c cosh
�hxOP

4kBT

� �2
4

3
5

1
2
exp �2c tanh �hxOP

4kBT

� �� �
; (5)

where e is the elementary charge, a is the lattice constant, J is the over-
lap integral, xOP is the frequency of optical phonons, and c is the elec-
tron–phonon coupling constant. The calculations of lSP for ea

2J2 ¼ 1
and varying xOP (from 67 to 670 cm�1) and c (from 5 to 20) show
that the magnitude and the temperature dependence of lSP dramati-
cally change with xOP and/or c [Fig. 2(a)]. The curves [ln(lSPT) vs
1/T] can be linear for the smallest parameters xOP and c only [Fig.
2(b)]. Correspondingly, the energy EH, extracted by differentiating
[ln(lSPT) vs 1/T], is small and nearly constant for the smallest parame-
ters xOP and c but is significantly larger and increases with tempera-
ture for larger xOP and/or c [Figs. 2(c) and 2(d)].

Based on the results in Fig. 2, the behavior EH(T) in BTO [Figs.
1(d) and 1(h)] can be ascribed to the high frequency of optical pho-
nons involved in hopping, strong electron–phonon coupling, and
increase in xOP and/or c on heating above �350–400K. Because of
complex lattice oscillations in BTO,19–23 it is difficult to explicitly
assign xOP as well as to follow changes in xOP and c with temperature.
We note that the crystal structure, spontaneous polarization, phonon
frequencies, and electron–phonon coupling change concurrently at
the para (PE)-to-FE (and FE-to-FE) phase transitions. In the polycrys-
talline BTO film, the PE–FE transition may, indeed, lead to the inflec-
tion in EH(T), whose temperature of �400K coincides with the
temperature of the PE–FE transition, confirmed by the peak in the
dielectric permittivity (supplementary material Fig. S3). However, this
is not valid for the epitaxial c-BTO film, where the PE–FE transition
occurs at T>500K and dielectric anomalies are absent at �350K
(supplementary material Fig. S4).8 In search of an explanation, we
inspected EH(T) in different epitaxial BTO films and detected an
apparent microstructural effect [Fig. 3(a)]. Compared to the pro-
nounced inflection of EH(T) in the c-BTO film, the inflection is
smeared in the a-BTO film, whereas an intermediate behavior is
observed in the c–a BTO film. Again, this microstructural effect does
not stand for epitaxial STO films [Fig. 3(b)]: in the studied tempera-
ture range, the energies EH are practically similar in the stoichiometric
cubic film (c¼ a) and the oxygen-deficient c-tetragonal film [Fig.
3(b)]. The observed absence of direct relations of the energy EH to
microstructure, composition, or phase transitions is coherent with the
critical role of phonons, whose parameters (xOP, c) are unknown and
may alter in a complex manner. Despite the lack of clear correlations
and understanding, the obtained results, nevertheless, imply that the
energy EH can immensely vary in FE films.

We note that whereas phonons are involved in small-polaron
barrier hopping, phonon-less transport is also possible. Such transport

FIG. 2. Calculated (a) mobility lSP as a function of temperature and (b) ln(lSPT) as a function of the inverse temperature. In (a) and (b), the parameters are xOP ¼ 67 cm�1

and c ¼ 10. (c) and (d) Activation energy EH extracted from the calculations as a function of temperature. In (c), the parameters are xOP ¼ 67–670 cm�1 and c ¼ 10. In (d),
the parameters are xOP ¼ 670 cm�1 and c ¼ 5, 10, and 20.
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cannot be identified from the temperature dependence of the DC con-
ductivity. However, it can be manifested in the frequency-dependent
AC conductivity [see expression (2)].14,15,18,24 Roughly, the exponent
s(T) is s< 1 and decreases with temperature for thermally activated
hopping. The exponent is temperature-independent and can take values
of s� 1 for tunneling or s� 2 for resonance transport.18 For an epitaxial
c-BTO film, each plot of ln(r) as a function of ln(f) comprises two dis-
tinct linear regions for any temperature [Fig. 4(a)]. The two correspond-
ing fitted exponents are displayed in Fig. 4(b). One exponent is
temperature-independent �1 for T< 300K, which is difficult to unam-
biguously ascribe to tunneling because of possible concurrent contribu-
tions from the dielectric relaxation and barrier hopping at these
temperatures. At T> 300K, this exponent is <1 and decreases with
increasing temperature, which is consistent with the temperature-
activated hopping as seen in the DC behavior. Importantly, there is
another exponent, which is large �1.7 and temperature-independent,
and thus, evidence the presence of a phonon-less resonant transport. In
the polycrystalline BTO film, the curves [ln(r) vs ln(f)] are parabolic
(supplementary material Fig. S5), showing the presence of s� 2 and,
hence, phonon-less processes as well. Thus, the phonon-stimulated and
phonon-less processes of small-polaron transport coexist in the BTO
films. Importantly, for many FE devices operating at relatively high fre-
quencies or speeds, it is essential to control not only thermally activated
but also phonon-less transport, which requires careful studies.

In summary, the electrical AC conductivity was examined in a
broad range of temperatures (80–500K) and frequencies (1Hz–1MHz)
in various thin PLD-grown BTO and reference STO films sandwiched

between the bottom and top electrodes. The small-polaron hopping
conductivity was evidenced and analyzed. The hopping activation
energy significantly increased with temperature in the BTO films, which
was ascribed to strong electron–phonon coupling and complex lattice
oscillations in BTO. Due to the critical role of phonons, direct correla-
tions of the activation energy with microstructure, composition, or
phase transitions were absent. Additionally, the presence of phonon-less
transport was detected. It was suggested that owing to peculiar
electron–phonon coupling, manifold ensemble of phonons, and coexis-
tence of phonon-mediated and phonon-less processes, the small-
polaron conductivity can heavily vary in FE films and requires thorough
further investigations.

See the supplementary material for (I) crystal orientation, (II)
details of DC of conductivity, (III) dielectric permittivity, and (IV) fre-
quency dispersion of AC conductivity.
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