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FERROELECTRIC POLARON IN LAYERED PEROVSKITE
FERROELECTRIC THIN FILMS
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(1. College of Information Science and Technology, East China Normal University, Shanghai 200062, China;
2. National Laboratory for Infrared Physics, Shanghai Institute of Technical Physics, CAS, Shanghai 200083, China)

Abstract ; High quality SrBi,Ta,0, ( SBT) ferroelectric thin films were fabricated on platinized silicon substrate by PLD. E-
lectronic transport properties of SrBi, Ta, 0y ferroelectric thin films in temperature range of 10 to 300K were studied. The
conduction mechanisms in the thin films were analyzed. The results indieate the existence of two conduction mechanisms in
SBT ferroelectric thin films, Due to the SBT layered structure, the carrier transport can be divided intu two parts . internal
transport, which is between the ( Bi,0,)"" layers, and external transport, which is across the (Bi, 0, Y * layers. Especial-
ly, behavior of electric transport of the polaron as an internal transport carrier is first observed in the SrBi, Ta, 0, ferroelec-
tric thin films. Activation energy of the internal transport carriers is E, ~ 0.0556 eV. The results can be helpful in under-
standing the low DC leakage in SBT films at room temperature.
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Introduction

Ferroelectric thin films have tremendous potential
application for data storage, sensors, uncooling infra-
red detectors, various tunable microwave devices, and
microelectromechanical system technologies. Carrier
transport plays an essential role in determining some

characteristics of ferroelectric thin films such as fatigue
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and leakage to meet commercial requirements. In re-
cent years, different transport mechanisms in ferroelec-
tric materials, such as space charge limited conduction

( SCL),

(TEL), and Poole-Frenkel emission limited conduc-

thermionic emission limited conduction

tion ( PFL) have been reported R Further, current-
voltage (IV) characteristics may contain contributions

from SCL and PFL conductions, and even TEL conduc-
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tion at high direct current (DC). The latter TEL part
can usually be distinguished by its dependence on the
selection of electrode material. To date, most of the
studies on the transport properties of ferroelectric films
are based on DC measurements, such as DC IV mea-
surements. In direct current conductivity measure-
ments , all types of carrier contributions to conductance
are superposed. Thus, various transport mechanisms
can’t be easily distinguished. It is well known, how-
ever, that each type of carrier (or mechanism) posses-
ses an independent relaxation time. Based on this fea-
ture, it is easy to distinguish the contributions of vari-
ous mechanisms of electrical transport from frequency
dependent conductivity measurements. However, there
has been little experimental work on alternating current
(AC) transport properties of the thin films below room
temperature , although data collected at a broader tem-
perature range would be helpful in understanding the
conduction mechanisms of these films.

The electrical properties of ferroelectrics are
known to be closely associated with its crystallographic
structure. An important example is StBi,Ta, O, ( SBT) ,
a representative of a new class of ferroelectrics in which
the structure is based on perovskite octahedron layers
(StTa,0,)?" sandwiched between (Bi,0,)°* layers.
SBT exhibits almost no fatigue and low DC leakage on
Pt electrodes at room temperature (up to 10" cycles at
saturation ) , accompanied by other supenor proper-

[3

ties'>*). These unusual properties have generated tre-

mendous interests in the fundamental conduction mech-
anisms of SBT.

In this work, we report the AC transport proper-
ties from 100 Hz to 15 MHz of SBT ferroelectric thin
films in temperature range of 10 to 300 K. The domi-
nant conduction mechanisms at different frequency ran-
ges were analyzed. Most importantly, our results indi-
cate the existence of conduction through the perovskite

octahedron layers of the SBT structure.
1 Experiment

The samples were fabricated on platinized silicon
(PvTi/Si0,/S1) by using pulsed laser deposition
(PLD). The laser used for SBT thin film deposition
was an XeCl ( Lambda Physik LPX220icc, wavelength

308 nm) excimer laser with 5Hz repetition frequency,
17ns pulse duration and an energy of 160 mJ/pulse.
The output laser beam was focused onto a rotating tar-
get at an angle of 45° by UV lens with a focal length of
50 cm. The stability of the incoming beam was moni-
tored with an energy meter.

The SBT target was processed by mixing SrCO,,
Bi,0, and Ta,0; powders in a stoichiometric ratio by
ball milling, followed by calcination of the mixed pow-
ders at 940 C. The calcined powders were then
pressed at 800 kg/cm” in a circular die and the pressed
pellets were sintered at 1200 °C for 2h in a regular box
furnace. The target was freshly polished to produce u-
niform plasma cloud and mounted on a motor-driven ro-
tary shaft.

The platinized silicon ( P/Ti/Si0,/Si) substrates
were prepared from wafers of (111) oriented Si with a
layer of thermally grown Si0,, then coated with 10 nm
Ti and 800 nm Pt using UHV electron beam evaporator
( Balzers UMS500p) and Ti and Pt targets, respective-
ly. The substrates, whose temperature was at 400 °C
during deposition,” were mounted onto a heated sub-
strate holder and placed parallel to the target at a dis-
tance of 4 ~5 cm.

Before deposition, the chamber was initially
pumped down to 5 Pa by a mechanical pump, and high
purity oxygen was then introduced with a mass flow
controller at a flow rate of 20 cm’/min, until an ap-
proximate pressure of 20 Pa was obtained. The films
were deposited on the platinized silicon substrates at
400 C, and annealed at 750 °C for 90 min in oxygen.

The crystallographic structure of the SBT films was
characterized by x-ray diffraction ( XRD) with CuK,
radiation. The microstructure of the films was observed
by atomic force microscopy ( AFM). The ferroelectric
behavior and fatigue endurance were investigated by u-
sing RT66A ( Radiant Technologies). Electrical con-
ductivity of SBT thin films was measured by HP4194A
Impedance/Gain-Phase Analyzer in the temperature
range of 10 to 300 K. These measured values of con-
ductivity between 100 Hz and 15 MHz were simulated
by an equivalent circuit with an ideal capacitor shunted

by an ideal resistor.
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2 Results and discussion

2.1 Microstructure

The crvstallographic structure of SBT films is
characterized by x-ray diffraction ( XRD) with CuK,
radiation and the results are shown in Fig. 1. The XRD
pattern shows that the dominant orientations of the films
on platinized silicon are (008) and (115).

The AFM images of the films's surface morpholo-
gy are displayed in Fig. 2. The surface of films is
smooth, and the morphology displays a homogeneous
crack-free appearance in all scanned areas of the sam-
ple in Fig.2 (a). The observed microstructure is very
dense. This may be the result of modifving the growth
kinetics by the discharge plasma. The large average ki-
netic energy of the depositing species inherent in
pulsed laser deposition and high density target also
likely contribute to the dense microstructure. The sur-
face shows a mean grain size of about 300 nm. Moreo-
ver, the SBT film exhibits a columnar structure in Fig.
2 (b} of three-dimensional topography, indicating that
the grain growth process is dictated by nucleation at the
substrate surface, as observed previously for SBT films
by transmission electron microscopy ‘I This is an ex-
pected result for [ilms prepared by physical vapor depo-
sition processes,

In order to examine the quality of the thin films
further, the ferroelectric characteristics were meas-
ured. The samples for ferroelectric property investiga-

tion were typical sandwich structure PL/SBT/Pt capaci-

= = T
5
> R
: 3] s
B g 8 =
- 8 S -
_ JUJUE
20 30 40 50 60 70
28

Fig. 1 Xeray diffraction pattern of SBT films on platinized
silicon { PL/Ti/Si02/81) substrates with pulsed laser deposi-
tion of de glow discharge plasma,
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Fig. 2 The AFM images of SBT films"s (a) surface mor-
phology (b)) three-dimensional topography
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tor devices and a representative hysteresis loop is
shown in Fig. 3. The remanent polarization ( P.) and
coercive voltage ( V. )} are approximately 10. 46 uC/
em’ and 1.2 V, respectively. These values are typical
of SBT films that have been prepared previously by
PLD. A 1kHz bipolar square wave with a magnitude of
3 V was used to fatigue the films. Excellent fatigue re-
sislance was observed ; the P, during 10" switching cy-
cles did not show significant reduction.
2.2 Electrical conductivity

The frequency dependence of the electrical con-
ductivity is illustrated in Fig. 4 with temperature as a
parameter {10 to 300 K ). The hehavior of the curves

can be divided into three regions,

Region [ is from 100 Hz to 1.5 MHz, where the
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Fig. 3 Polarization - electnic field hysteresis loop of a SBT
thin film.
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Fig.4 The frequency dependence of conductivity in SBT
films as a function of temperature (from 10 to 300 K)
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electrical conductivity rises rapidly, and the electrical
conductivity in the region increases linearly with tem-
perature. This is the typical feature of space charge
(electrons or holes) conduction in ferroelectric thin
films. This transport mechanism in ferroelectric thin
films has been studied by other authors, and some
models have been proposed .

Region Il is from 1.5 to 8.3 MHz, in which a
flat platean is found from 1.5 to 5.6 MHz, and the
curves drop steeply above 5.6 MHz. In this frequency
range, the relationship of temperature dependent con-
ductivity of SBT films is nonlinear. This indicates a re-
laxation conduction mechanism in the thin films.

Region Il includes data above 8.3 MHz. Over
the frequency of 8.3 MHz, the conductivity changes

slowly with measured frequency. However, the temper-
ature dependence of the conductivity shows an unusual
behavior in this frequency range. As shown in Fig. 5,
the conductivity decreases with temperature at first,
reaching its lowest value at about 85 K, then it begins
to rise. At last almost no dependance on temperature is
observed near room temperature. It should not be from
impurities and defects due to no volatile component in
SBT, which is one of reason for SBT fatigue-free, not
like Pb-based ferroelectric materials. *’ This indicates
the existence of a new conduction mechanism in SBT
thin films.

SBT has the bismuth-containing layered perovskite
structure where double layers of Ta-O octahedra are
sandwiched between (Bi,0,)"" layers. It is widely ac-
cepted that the (Bi,0,)>" layers prohibit carriers from
coming into the perovskite layers because their position-
ing in the lattice is self-regulated to compensate for the
charge, which should make SBT fatigue-free'*’. When
carriers are in the perovskite layers, in contrast, they
are also prevented from escaping, thus they would be
captured between the (Bi,0.)°" layers. For carriers
moving, the (Bi,0,)"" layers are like high transport
barriers. Due to the SBT structure abové, we can di-
vide carrier transport into two parts; internal transport
which is between the (Bi,0,)"" layers, and external
transport, which is across the (Bi,0, )i layers. Evi-
dently, the internal transport can not be seen in DC
measurements because of the low activation energy of

internal transport carriers, but it may exhibit its behav-
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Fig.5 The conductivity of SBT films versus temperature a-
bove 8.3 MHz frequency
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ior in AC measurement. The interaction of free carrier
with spontaneous polarization ( P), or a V P effect has
been discussed *°. In the ferroelectric materials, it is
found that the transfer of static charge, defined as an
intuitive concept in the usual way based on partitioning
the ground-state electronic density into contributions at-
tributed to different atoms, is incomplete. Due to a
narrow Ta d band in SBT, we can consider the cou-
pling of the spontaneous polarization fields of perovskite
lattice between the ( Bi,0,)°" layers and electrons
from incomplete static charge transfer as a quasi-parti-
cle, or ferroelectric polaron, which may be the origin
of the internal transport carries. In fact, the quasi-par-
ticle in layered perovskite ferromagnetic thin films has
been reported.

Based on these arguments. we believe that the ob-
served unusual behavior of the conductivity over 8. 3
MHz in the films may result from the internal transport,
ferroelectric polaron in SBT thin films. In Fig, 1, it is
clear that the frequency dependence of the conductivity
is divided into two branches in the high frequency
range (over 8.3 MHz). For both of them, the conduc-
tivity decreases with frequency at low temperature and
increases with frequency at high temperature. This is
believed to be caused by two transport modes, i. e.
tunneling and hopping, of the ferroelectric polarons in
SBT. Tunneling is analogous to a wave-like motion,
which decreases when frequency increases, while
hopping is a phonon-activated process which is pre-
dominant at high temperature, and the conductivity in-
creases with frequency, which have been observed in
Fig. 4.

The conductivity »s temperature curve (Fig.5) fur-
ther demonstrates the two transport modes of ferroelec-
tric polarons in the films. The temperature dependence
of the conductivity, including both tunneling and
hopping transport mechanisms, consists of a T™"° tem-
perature dependence and an exp ( -~ E,/kT) thermally
activated process. At low temperatures the bandwidth
becomes narrow and band-type transport is possible; the
change of the conductivity with temperature has a pre-
dominant of 7°"* temperature dependence. With tem-
perature increasing, a large number of highly excited vi-

brational levels are conducted so that the polaron motion

which is greatly affected by interactions with vibrations
becomes random and non-wave like, and hopping mode
is mainly conductance; the temperature dependence of
the conductivity is mainly exp( - E,/kT), or the con-
ductivity increases with temperature increasing. From
fitting the experimental data by exp( - E /kT) , the ac-
tivation energy E, ~ 0.0556 eV of the polaron in SBT
thin films is estimated. Indeed, the activation energy of
internal transport carriers is so small that it is not shown
by DC measurement, as shown in Fig. 6.

Between the two transport modes, there is a criti-
cal temperature T,. According to Holstein’ s estima-
tion, at T=0. 4%w,/k a band-type conduction may be
assumed, and at T=0. 5%w, /k a hopping-type conduc-
tion may be assumed. In our previous work, w, of SBT
film was 2.4 x 10" Hz ©*', Temperature regions of T<
73K band-type and 7=91K hopping-type conduction
are estimated, respectively. From the experimental re-
sult in Fig. 5, the critical temperature of the two trans-
port modes in SBT films is obtained about 85 K. This
agrees very well with Holstein’ s estimation value.

It is also noted that the conductivity depends
weakly on temperature 300 K in Fig. 5. This indicates
that the carrier lies in the intermediate between the co-
herent and hopping transport at near room temperature. -
The conduction behavior has been observed at room

temperature in other materials before'®!.

3 Conclusions

High quality SrBi,Ta,0, (SBT) ferroelectric thin
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Fig.6 Temperature dependence of the DC (leakage) cur-
rent of a PLD-derived Pt/SBT/Pt sample at 3 V
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films have been fabricated on platinized silicon by u-
sing PLD. The crystallographic structure of SBT films
was characterized by x-ray diffraction and the most pro-
nounced diffraction peaks were associated with the
(008), and (115) reflections. The microstructure of
the films was characterized by atomic force microscopy,
indicating that the grain growth process is dictated by
nucleation at the substrate surface. AC transport prop-
erties of StBi,Ta, 0, ferroelectric thin films in tempera-
ture range of 10 to 300K were studied. The conduction
mechanisms in the thin films were analyzed. The re-
sults indicate the existence of three conduction mecha-
nisms in SBT ferroelectric thin films. Specially, behav-
“ior of electric transport of the polaron is firstly observed
in the SrBi,Ta,0, ferroelectric thin films. Activation
energy of the internal transport carriers is so small that
it is not shown by DC measurement, which can be
helpful in understanding the fundamental origins of low

DC leakage in SBT films at room temperature.
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