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Abstract

Polycrystalline BaTiO3 thin films were processed hydrothermally by reacting TiO2 films at 90
�C in alkaline solutions containing

Ba2+. Films grown on (100) SrTiO3 suggested that BaTiO3 nucleation occurred at the film-substrate interface as well as the film-
solution interface. As-reacted BaTiO3 films grown on Pt-coated glass substrates had a dielectric constant and tand of 80 and 0.20
respectively. Current–voltage (I–V) measurements suggested that the leakage mechanism combined aspects of Poole–Frenkel and
Schottky-barrier controlled processes, and had an associated metal/ceramic barrier height of 0.46 eV. Annealing the BaTiO3 films at

200–500 �C in air resulted in lower values for dielectric constant, tan�, and leakage current, and a larger barrier height.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A high dielectric constant, low leakage current, and
high dielectric breakdown strength are characteristic of
perovskite materials such as BaTiO3. These properties
make BaTiO3 thin films attractive for a variety of
applications, including microwave devices, dynamic
random access memories (DRAMs), and multilayer
capacitors.1�5 For example, using a high dielectric con-
stant material like BaTiO3 as a capacitor material
allows more charge storage per unit area, facilitating
fabrication of smaller devices. Furthermore, the large
polarizability and low leakage current typical of BaTiO3

films make them suitable for thin film capacitors in
applications such as high-density DRAM.
Processing routes to BaTiO3, including sputtering,

MOCVD, laser ablation, and sol-gel processing generally
require deposition temperatures or heat treatments in
excess of 500 �C.5�9 At these temperatures, undesirable
interdiffusion between thin films, contact electrodes, and
substrates may occur. Furthermore, thermal stresses
developed during cooling may cause cracking and/or
affect the long-term reliability of the device.10,11 To help
alleviate these concerns, hydrothermal processing, a
low-temperature route (<100 �C) to synthesize crystal-
line ceramics in an aqueous medium, may be used. The
hydrothermal medium is attractive for thin film synth-
esis because the desirable product can be stabilized by
manipulation of chemical process variables such as
solution pH, temperature, and pressure, while inhibiting
undesirable compound formation.12 Furthermore,
hydrothermal synthesis is a simple and low-cost method
for preparing BaTiO3 films from a variety of precursor
materials. The product is generally highly pure,
stoichiometric, homogenous, and composed of fine-
grain crystals with a narrow size distribution.13

This paper examines the microstructure evolution and
dielectric properties of hydrothermally derived BaTiO3

thin films. Microstructure evolution is examined by
growing films on (100) SrTiO3 single crystal substrates,
while dielectric properties are evaluated by growing
films on Pt-coated glass substrates. Dielectric properties
including the dielectric constant, tan�, and leakage cur-
rent are characterized in both as-reacted and annealed
films. Finally, leakage current measurements as a func-
tion of applied field, temperature, and electrode mate-
rial are used to assess the conduction mechanisms active
in the thin films.
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2. Experimental

BaTiO3 thin films were processed by spin-casting.
Titanium dimethoxy dineodecanoate (TDD), synthe-
sized by the method of Xu et al., was used as the Ti
source.14 TDD was chosen for the precursor film
because of a high resistance to cracking during drying
relative to other Ti metal–organic precursors.15�17 TDD
was diluted with p-xylene to a viscosity of approxi-
mately 5.10�3 Pa s resulting in films 0.4–0.5 mm thick
after spin-casting onto Pt-coated glass substrates at
8000 rpm for 20 s. Pt was chosen for the electrode
material for its large work function, which creates a
large potential barrier between the film and the elec-
trode, thereby minimizing capacitor leakage during
electrical property measurements.18 The TDD was pyr-
olyzed in air at 400 �C to form a dense layer of TiO2, a
requirement to process dense BaTiO3 films.

19 A second
TDD layer 0.4–0.5 mm thick was applied and pyrolyzed.
Layering prevented precursor cracking during firing,
while providing sufficient Ti for conversion to a con-
tinuous BaTiO3 film. The final thickness of the bi-layer
precursor film was approximately 0.2 mm, as determined
by surface profilometry and cross-section scanning elec-
tron microscopy (SEM) (JSM-3 5CF, Jeol Ltd.). Aqu-
eous solutions of Ba(OH)2 were prepared by boiling
deionized water to remove dissolved CO2, and adding
the appropriate amount of Ba(OH)2.8H2O to produce
solutions within the concentration range of 0.5–1.0 M.
The water of hydration of the Ba2+ source was taken
into account when calculating the volume of water and
mass of hydroxide required for the desired molarity.
The precursor films were placed into a 35 ml poly-
ethylene bottle containing aqueous Ba(OH)2, sealed,
and placed into a preheated forced-air oven to react at
90 �C for up to 24 h. After reaction, films were removed
from the Ba(OH)2 solution in a nitrogen atmosphere to
avoid formation of BaCO3 on the BaTiO3 film surface,
rinsed with a warm aqueous ammonium hydroxide
solution (pH>12), and then rinsed again in warm etha-
nol to facilitate drying. BaTiO3 films were fabricated on
(100) oriented SrTiO3 substrates using a similar proce-
dure, except that a Pt coating was not deposited on the
substrate, and the films were reacted in 2.0 M Ba(OH)2
at 90 �C for 4 h.
Wavelength dispersive spectroscopy (WDS) (SX-50,

Cameca Instruments Co.) was used to confirm complete
conversion of TiO2 to BaTiO3. Film crystallinity was
examined using X-ray diffraction (XRD) (D500, Sie-
mens Analytical X-Ray Instruments Inc.), scanning
over 20–35� 2� at 1.2�/min, using Cu Ka radiation
(l=1.54 Å). Lattice parameters were determined from
the (110) peak, fitting the data using a split Pearson VII
function.20 To ensure the accuracy of peak positions
extracted from the XRD data, a film of Ag was depos-
ited by evaporation onto a small portion of the BaTiO3
film surface for use as an internal standard. The change
in the BaTiO3 lattice parameter was examined as a
function of post-deposition annealing for temperatures
up to 500 �C. Atomic force microscopy (AFM) was
used to measure thin film roughness, and film grain size
was measured using the line intercept method.
Planar capacitors were assembled using photo-

lithography to sputter circular Pt electrodes 110 mm in
diameter onto the film surface. Capacitance and dielec-
tric loss (tan�) measurements were performed at room
temperature using a LCR meter (HP 4275A) at 10 kHz–
10 MHz with an applied potential of 0.10 V. After
recording the dielectric properties for the as-formed
films, they were heated to 150 �C for 30 min in air, and
the DC leakage current as a function of applied voltage
(I–V) was measured as a function of temperature over
the range 25–150 �C to determine the conduction bar-
rier height. The I–V measurement was performed using
a Keithley 238 Source-Measurement Unit to apply a
staircase series of voltage steps as described by Dietz
and Waser, and to measure the resulting current across
the capacitor.21 DC voltages over the range �15 to +15
V (corresponding to fields of approximately �315 kV/
cm), with a step size of 1.0 V, were used. The leakage
current was measured 1.0 s after applying the voltage to
account for polarization currents. Films were annealed
in either flowing O2 or Ar–5% H2 (i.e. oxidizing or
reducing atmospheres) at 500 �C, and the I–V properties
were re-evaluated to examine the effect of annealing on
the leakage behavior and barrier height. Varying com-
binations of materials for the top and bottom electrodes
(Pt, Au, Ag) were used to help determine the conduction
mechanism.
3. Results and discussion

3.1. Reaction kinetics and microstructural development

The time required for complete conversion of TiO2

precursor films to BaTiO3 was determined using WDS
to examine the Ba:Ti ratio, where a 1:1 Ba:Ti ratio
indicated complete conversion. Films reacted at 90 �C in
0.5 M Ba(OH)2 required approximately 24 h to form a
film with a 1:1 ratio of Ba:Ti (Fig. 1). The error bars in
Fig. 1 represent the scatter in data from five points on
the film sampled at random. Peaks corresponding to
TiO2 were absent from the XRD patterns from films
processed for more than 4 h, suggesting that films with a
1:1 Ba:Ti ratio were phase-pure BaTiO3. The reaction
rate increased dramatically in 1.0 M Ba(OH)2, requiring
1–2 h for complete conversion from TiO2 to BaTiO3.
Thin film deposition directly onto single crystal (100)

SrTiO3 substrates (with no Pt layer) was used to exam-
ine film nucleation and growth behavior. In a randomly
oriented BaTiO3 sample, the (110) reflection has the
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greatest intensity, while the (100) and (111) reflections
have intensities 14% and 30% of the (110) reflection
respectively.22 XRD data suggests that the BaTiO3 films
grown on (100) SrTiO3 substrates were textured
(Fig. 2a), with preferential orientation corresponding to
the substrate orientation. The degree of texture was
quantified by comparing the relative integrated peak
intensities of the (100), (110), and (111) reflections to a
random sample, based on the JCPDS peak intensity
values for cubic BaTiO3.
22 The multiples of a random

distribution (MRD) for each of these reflections was
calculated using:

MRD ¼

Ihkl oð Þ

I100 oð Þ þ I110 oð Þ þ I111 oð Þ

� �

Ihkl rð Þ

I100 rð Þ þ I110 rð Þ þ I111 rð Þ

� � ð1Þ

where IhklðoÞ is the integrated peak intensity of the (hkl)
peak for the oriented thin film, and IhklðrÞ is the relative
peak intensity for the JCPDS standard. This calculation
was also performed for a nominally random BaTiO3

film deposited on a Pt-coated glass substrate (Fig. 2b).
The results are summarized in Table 1. A MRD value of
1.7 was obtained for the (100) reflection in the nomin-
ally random BaTiO3 film, while the BaTiO3 film grown
on (100) SrTiO3 had a MRD value of 4.4 indicating a
strong (100) preferred orientation.
Fig. 1. WDS data of the Ba:Ti ratio for BaTiO3 thin films processed at

90 �C in 1.0 M (^) and 0.5 M (*) Ba(OH)2.
Fig. 2. XRD spectra for BaTiO3 thin films deposited (a) directly on single crystal <100> SrTiO3 and (b) on a Pt-coated glass substrate. Both films

were reacted at 90 �C in 2.0 M Ba(OH)2 for 4 h.
Table 1

MRD values for BaTiO3 thin films
Peak index
 BaTiO3 on

SrTiO3 MRD
BaTiO3/Pt/glass

MRD
(100)
 4.4
 1.7
(110)
 0.6
 1.0
(111)
 0.7
 0.6
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At least two possible scenarios for BaTiO3 film
growth may be visualized. First, the exposed TiO2 sur-
face dissolves, and heterogeneous nucleation of BaTiO3

occurs at the film/solution interface (Fig. 3a). Second,
diffusion of Ba2+ through the TiO2 film results in
heterogeneous nucleation of BaTiO3 at the film/sub-
strate interface (Fig. 3b). The first scenario favors the
formation of a layered structure as the conversion reac-
tion proceeds to completion, while the second scenario
favors a mixture of phases in which isolated islands of
TiO2 remain between growing BaTiO3 particles.
Textured BaTiO3 film growth indicates that particle

nucleation occurred at least in part at the film/substrate
interface (Fig. 3b). Examining the dielectric constant of
the BaTiO3/TiO2 composite films from Fig. 1 processed
in 0.5MBa(OH)2 provides further evidence of a structure
with isolated TiO2 islands prior to complete conversion
to BaTiO3. The dielectric properties of these films
exhibited little dependence on the amount of residual
TiO2 after approximately 70% conversion to BaTiO3

(Fig. 4). The simplest case for mixtures of ideal dielec-
trics can be considered on the basis of two layers of
material with different dielectric constants either normal
or parallel to the capacitor plates. When the layers are
normal to the plates, the capacitance is additive; when
they are parallel, the inverse capacitance is additive (i.e.
1/C=v1/C1+v2/C2, where vi=volume fraction). Thus,
for normal layers, the effective dielectric constant of the
composite increases linearly as a high �0 phase is added
to a low �0 phase. For parallel layers, the dielectric con-
stant remains relatively low until the low �0 layers are
very thin (i.e. 410 vol%).23 The small variation in the
dielectric constant for BaTiO3/TiO2 composite films in
this study provides evidence against a layered structure
formed by a reaction front (Fig. 3a). The isolated TiO2

island structure would minimize the effect of residual
TiO2 on the dielectric constant, reflecting the behavior
shown in Fig. 4.
The remainder of this manuscript will focus on
BaTiO3 films processed on Pt-coated glass substrates in
1.0 M Ba(OH)2 for 4 h at 90 �C. These processing con-
ditions resulted in films with a typical average grain size
of approximately 75 nm and a RMS surface roughness
of approximately 8 nm as measured by the line intercept
method, and AFM respectively. XRD patterns of these
films were similar to the pattern shown in Fig. 2b indi-
cating that the films had a cubic crystal structure. While
the tetragonal polymorph is the stable form of BaTiO3

at room temperature, it is common to observe the
metastable cubic polymorph in BaTiO3 films and
powders processed hydrothermally.24�26 Further, the
Fig. 3. Schematic illustration BaTiO3 film growth from the TiO2 precursor layer. (a) growth occurring exclusively at the film–solution interface, and

(b) growth occurring at both film–solution and film–substrate interfaces.
Fig. 4. Dielectric constant as a function of reaction time for BaTiO3

thin films processed at 90 �C in 0.5 M Ba(OH)2. The error bars

represent the scatter in data collected from five capacitors sampled at

random across the film surface.
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JCPDS standard for cubic BaTiO3 is prepared by the
hydrolysis of a titanium alkoxide in an aqueous solution
of barium hydroxide. In the JCPDS standard, the
tetragonal polymorph is observed after heating to 800 �C
and cooling to room temperature.22

3.2. BaTiO3 lattice parameter

As processed, BaTiO3 films reacted in 1.0 M Ba(OH)2
for 4 h at 90 �C had a lattice parameter of 4.04 Å,
somewhat larger than the JCPDS value of 4.03 Å for
cubic BaTiO3, and significantly larger than the 3.99 Å
value cited for the a-axis in tetragonal BaTiO3.

25,27

Annealing the films for 30 min in air resulted in a
marked decrease in the film lattice parameter at 200 �C,
and a decrease in the unit cell volume of over 1% from
the as-formed film after annealing at 500 �C (Fig. 5).
Several studies suggest that chemically bound

hydroxyl (OH�) groups are incorporated directly into
the perovskite lattice, presumably on oxygen sites.25,28�31

Infrared spectroscopy (IR) indicated that heat treat-
ments up to 600 �C resulted in a marked decrease in lat-
tice hydroxyl group incorporation, accompanied by a
decrease in the unit cell volume.25,28�31 Wada et al. con-
cluded that lattice expansion in hydrothermally derived
BaTiO3 films is due a reduction in ionic bonding
strength resulting from lattice defects such as hydroxyl
groups and charge-compensating vacancies.30 Further-
more, they suggested that there are two kinds of
hydroxyl groups in hydrothermal BaTiO3 particles: sur-
face-adsorbed OH- and lattice OH-. They stated that
surface-adsorbed groups have a range of bonding ener-
gies, because their adsorption may vary in coordination
number, while lattice hydroxyl groups have only a spe-
cific bonding energy in the BaTiO3 lattice. They used a
combination of IR data and differential thermal analy-
sis with thermogravimetry to quantify hydroxyl group
desorption as a function of temperature.28,30 Their
results suggest that surface hydroxyl desorption occurs
from room temperature to 600 �C, and lattice hydroxyl
groups are released over the narrow temperature range
of 300–400 �C.
Since it seems unlikely that desorption of surface

hydroxyl groups would significantly effect the lattice
parameter, the decrease in lattice parameter docu-
mented in Fig. 5 suggests that lattice hydroxyl desorp-
tion occurs at temperatures below 200 �C, and continues
until at least 500 �C.

3.3. Dielectric properties

3.3.1. Dielectric constant and dielectric loss
Typical values of the dielectric constant and dielectric

loss (tan�) for BaTiO3 films reacted in 1.0 M Ba(OH)2 at
90 �C for 4 h were 82 and 0.25 respectively. Annealing
hydrothermal BaTiO3 films at 300

�C for 30 min in air
resulted in decreases in both the dielectric constant, to
38, and tan�, to 0.045 (Fig. 6). The largest change in the
dielectric constant and tan� occurred during annealing
between 100 and 200 �C, and slowed considerably with
increasing temperature. Chien et al. reported similar
results for epitaxial hydrothermal BaTiO3 thin films,
where the dielectric constant and tand of the as-synthe-
sized films decreased from 450 to 200 and 1.0 to 0.08,
respectively, following heating to 300 �C.29 Fig. 7 shows
the dielectric constant and dielectric loss as a function of
frequency over the range of 10 kHz–10 MHz for a film
reacted in 1.0 M Ba(OH)2 at 90

�C for 4 h, and follow-
ing annealing at 300 �C in air for 30 min. In the as-
formed condition, where hydroxyl defects were abun-
dant, the polarizability and loss were both strongly fre-
quency dependent. However, annealing at 300 �C
resulted in a dielectric constant that was independent of
frequency over the measured range.
Fig. 5. Change in BaTiO3 lattice parameter following a 30 min anneal

in air for a BaTiO3 thin film processed in 1.0 M Ba(OH)2 at 90
�C for

4 h.
Fig. 6. Dielectric constant (^) and dielectric loss (*) at 10 kHz as a

function of annealing temperature for a BaTiO3 thin film processed in

1.0 M Ba(OH)2 at 90
�C for 4 h.
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At first glance, the larger dielectric constant in the as-
formed films could be attributed to an increased polar-
izability associated with an expanded unit cell due to
adsorbed hydroxyl groups. However, the magnitude of
the decrease in the dielectric constant and tand, along
with the change in frequency dependence of these prop-
erties, suggests that the hydroxyl groups provide their
own contribution to BaTiO3 polarizability. For exam-
ple, the higher dielectric constant and tan� of the as-
formed films could be attributed to the reconfiguration
of lattice and surface adsorbed hydroxyl groups in
response to the alternating electric field. When an ac
field is applied at sufficiently low frequencies (e.g. 10
kHz), the hydrogen and oxygen ions can exchange
positions. This switchable dipole contributes to the net
polarization (or capacitance), and the time lag with the
applied ac field contributes to dielectric loss. Annealing
of hydrothermal films in air leads to hydroxyl group
desorption in the form of water, where two hydroxyl
defects are replaced by a single oxygen vacancy.25 The
same mechanism is a plausible explanation for the
observed change in frequency dependence of the dielec-
tric constant and tan�. Low-frequency polarization
effects are typically due to dipole rotations between
equivalent positions within the lattice. In this case, the
motion of hydroxyl defects may provide this type of
polarization. Elimination of hydroxyl defects upon
annealing eliminates this low-frequency dipole con-
tribution to the polarizability. Furthermore, the gradual
reduction in polarization for the as-formed films over
the frequency range 10 kHz–10 MHz, as opposed to a
sharp drop-off at a specific frequency, indicates that not
all hydroxyl defects in BaTiO3 are equivalent, and
therefore resonate at different frequencies. For example,
surface-adsorbed hydroxyl groups would likely resonate
at different frequencies than lattice-bound hydroxyl
ions, or hydroxyl ions residing at grain boundaries.
The dielectric constant and dielectric loss of a BaTiO3

film processed in 1.0 M Ba(OH)2 at 90
�C for 4 h was

also examined following annealing at 500 �C in either
pure oxygen or a Ar–5% H2 atmosphere. The results,
summarized in Table 2, show that the dielectric constant
and tand exhibited little dependence on the pO2 of the
annealing atmosphere. This indicates that the higher
dielectric constant and dielectric loss in the as-formed
films was primarily due to the presence of hydroxyl
defects, and that variations in the concentration of
oxygen vacancies due to different annealing atmo-
spheres was at most a second order effect.

3.4. Current–voltage characterization

Interpretation of the relationship between leakage
current density and applied electric field (I–V curves) for
BaTiO3 thin films must be done with care, since slow
polarization currents can prevent observation of the
true leakage behavior. Therefore, a voltage step
measurement approach described by Dietz et al.21 was
used to separate the polarization and leakage currents.
Fig. 8 shows I–V data for a BaTiO3 thin film processed
at 90 �C for 4 h in 1.0 M Ba(OH)2, and following
annealing at 500 �C in either flowing O2 or Ar–5% H2.
The data shown is for a single film, but it represents the
behavior observed in several films processed using the
same conditions. The data is plotted on a log scale to
amplify the transition in conduction from ohmic, below
approximately 100 kV/cm, to conduction limited by
Fig. 7. (a) Dielectric constant and (b) dielectric loss as a function of

frequency for BaTiO3 films processed in 1.0 M Ba(OH)2 at 90
�C for 4

h, and following annealing at 300 �C in air for 30 min.
Table 2

Dielectric constant and dielectric loss for a BaTiO3 thin film
Dielectic

constant
Dielectic

loss
As-formed
 100
 0.24
O2 anneal
 45
 0.026
Ar–5% H2 anneal
 42
 0.015
2148 M.A. McCormick, E.B. Slamovich / Journal of the European Ceramic Society 23 (2003) 2143–2152



thermionic emission of electrons at higher fields.21,32

The leakage current for both annealed films was more
than an order of magnitude lower than that of the as-
formed films, and the effects of the O2 and Ar–5% H2

anneals differed only slightly. This suggests that the
reduction in leakage was due principally to the elimina-
tion of hydroxyl defects and/or interface states, which
occurred regardless of annealing atmosphere. However,
oxygen vacancies may also play a role in the conduction
behavior, perhaps by the introduction of trapping cen-
ters into the band gap that tend to increase leakage.
The leakage current mechanisms commonly reported

in dielectric thin films include ohmic conduction
(usually at low fields), space-charge-limited conduction
(SCLC), Poole–Frenkel conduction, and Schottky con-
duction.33 Space-charge-limited conduction occurs
when electrons are easily injected from the contact into
the conduction band of the insulator, and the injected
electrons form a space charge layer that limits current
flow. For systems in which SCLC is the dominant con-
duction mechanism, ohmic contacts or contacts with a
similar low resistance (i.e. low barrier height for easy
thermionic emission) are required for appreciable cur-
rent flow. Therefore, SCLC is unlikely for the Pt/
BaTiO3 system at moderate to high electric fields.34

Poole–Frenkel conduction occurs when carriers are
emitted from trapping centers in the bulk of the film.
Conduction is associated with the field-enhanced ther-
mal excitation of charge carriers from these traps, and is
sometimes referred to as the ‘internal Schottky effect.’
Schottky conduction occurs via field-dependent thermal
emission from the electrode into the conduction band of
the dielectric over a potential barrier. Similar to Poole–
Frenkel conduction, the effective barrier height is
dependent on the magnitude of the applied electric field.
Experimental results reported by McCormick et al.32

suggested that Schottky-barrier limited conduction was
the dominant leakage mechanism in hydrothermally-
derived BaxSr1�xTiO3 thin films for applied fields >100
kV/cm. A barrier height of 0.56 eV was reported, which
is significantly lower than the ideal value of 2.9 eV,
based on the difference between the Pt work function
(
B=5.4 eV) and the electron affinity of BaTiO3

(w=2.5 eV).35,36 It was suggested that this discrepancy
may be due to a high density of interface states, and
annealing may increase the barrier height. However, the
role of trapping centers may have been overlooked in
this study. Hydrothermally-derived BaTiO3 thin films
are known to have a very high concentration of inherent
defects.37 Jonscher and Hill point out that conduction
mechanisms in insulating films are intrinsically related
to the density of charged defects.38 If a film contains a
high density of positively charged traps, a Poole–Frenkel
mechanism should dominate; otherwise a Schottky-barrier
limited conduction mechanism is possible. Considering
this, if annealing changes the defect and electron con-
centrations, trapping centers in the bulk of the film may
play a role in the conduction behavior. For this reason,
both Schottky conduction and Poole–Frenkel conduc-
tion were investigated as potential leakage mechanisms.
Leakage current was measured as a function of

applied field at room temperature, and as a function of
temperature up to 150 �C for Eapp=315 kV/cm. Films
were heated to 150 �C in air for 30 min and cooled to
room temperature prior to taking measurements. A lin-
ear fit was obtained for the relation ln(J) vs.

ffiffiffiffi
E

p
for a

BaTiO3 film reacted in 1.0 M Ba(OH)2 at 90
�C for 4 h,

shown in Fig. 9 in the as-formed condition, and follow-
ing O2 or Ar–5% H2 anneals at 500

�C for 30 min. This
indicates that conduction is controlled by either a
Schottky process or a Poole–Frenkel process, where
Fig. 8. Leakage current as function of applied electric field for a

BaTiO3 film processed in 1.0 M Ba(OH)2 at 90
�C for 4 h, and fol-

lowing annealing for 30 min at 500 �C in flowing Ar–5% H2 or O2.
Fig. 9. Schottky plot for a BaTiO3 film processed in 1.0 M Ba(OH)2 at

90 �C for 4 h, following heating to 150 �C in air, and after annealing

for 30 min at 500 �C in flowing Ar–5% H2 or O2.
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field-dependent lowering of the energy barrier causes an
increase in conduction with the applied field. The tem-
perature and field dependence of Schottky-controlled
leakage current is given by:33,39

J ¼ A




T2exp aE1=2 � WB=kbT
� �

ð2Þ

where A** is the effective Richardson constant (which
incorporates carrier mobility), a another constant, E is
the applied electric field, WB is the zero-field barrier
height, kb is the Boltzmann constant, and T is tempera-
ture. By comparison, the leakage current according to
the Poole–Frenkel conduction mechanism is given
by:33,39

J ¼ AoEexp �E1=2 � Q=kbT
� �

ð3Þ

where Ao and � are constants, and Q is the depth of the
trap potential well. These mechanisms exhibit a quali-
tatively similar dependence on the applied field. One
method of discerning the dominant leakage current
mechanism is through the temperature dependence of the
leakage, as shown in Fig. 10. If conduction is dominated
by thermionic emission at the electrode-ceramic inter-
face, a plot of ln(J/T2) vs. 1/T yields a straight line
(Fig. 10a); if Poole–Frenkel conduction dominates, a
plot of ln(J/E) vs. 1/T provides a linear fit (Fig. 10b).
The barrier height (WB), or trap depth (Q) is then
extracted from either the slopes or intercepts of the
temperature and field dependent plots.21,40 The
Schottky plot for the films in this study under positive
applied fields yielded a linear response. However, an
equally good linear fit was obtained for the same data
when plotted as ln(J/E) vs. 1/T. The barrier heights and
trap depths, calculated using Eqs. (2) and (3) and the
data in Fig. 10, are summarized in Table 3. While
annealing raised the barrier height, these values still
deviate significantly from ideal.
Another method to differentiate between Schottky-

barrier and Poole–Frenkel conduction is to examine the
leakage behavior when the top and bottom electrodes
are composed of materials with different work func-
tions.41 Ag (
B=3.6 eV), Au (
B=5.1 eV), and Pt
(
B=5.4 eV) electrodes were deposited on the surface
of BaTiO3 films and leakage was measured as a function
of the top electrode material and the polarity of the
applied voltage. The value of leakage current density for
the different electrode arrangements was measured
under an applied field of 300 kV/cm, where conduction
was limited by thermionic emission of electrons. The
results of this experiment are summarized in Table 4.
The leakage current strongly depended on the injection
electrode material. For example, when both electrodes
were Pt (the Pt/Pt electrode configuration), the leakage
current was 1.64.10�3 A/cm2. When the injection elec-
trode was changed to either Au or Ag (Au/Pt or Ag/Pt
Table 3

Barrier height and trap depth values for BaTiO3 thin films
Barrier

height (eV)
Trap

depth (eV)
As-formed (anneal 150 �C)
 0.45
 0.53
Ar–5% H2 (anneal 500
�C)
 0.63
 0.72
O2 (anneal 500
�C)
 0.64
 0.72
Table 4

Leakage current for BaTiO3 thin film capacitors under a 300 kV/cm

applied electric field
Electrode

configuration
Injection

electrode
Leakage

(A/cm2)
Pt/Pt
 Pt
 1.64.10�3
Pt/Au
 Pt
 1.73.10�3
Pt/Ag
 Pt
 1.80.10�3
Au/Pt
 Au
 15.5.10�3
Ag/Pt
 Ag
 146.10�3
Fig. 10. (a) Schottky plot and (b) Poole–Frenkel plot for a BaTiO3

film processed in 1.0 M Ba(OH)2 at 90 �C for 4 h, and following

annealing for 30 min at 500 �C in flowing Ar–5% H2 or O2.
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configurations), the leakage increased to 15.5.10�3 A/
cm2 and 146.10�3 A/cm2 respectively. In each case,
reversing the voltage polarity (to make Pt the injection
electrode) resulted in values similar to the Pt/Pt con-
figuration.
Based on the experimental results discussed above,

the leakage current of the hydrothermal BaTiO3 films in
this study depended on two factors. First, conductivity
decreased by over an order of magnitude following
annealing in either oxidizing or reducing atmospheres,
and in each case the barrier height increased. This sug-
gests that annealing reduces the overall defect concen-
tration and/or interface state density, and some portion of
the leakage current may be due to a Poole–Frenkel-type
mechanism. Second, leakage depended on the electrode
material and therefore the electrode work function. This
indicates that leakage is controlled at least partially by
Schottky-barrier-limited conduction. Thus, it appears
likely that conduction is dependent on some combi-
nation of Poole–Frenkel and Schottky-barrier con-
trolled processes.
4. Summary
� TiO2 films processed at 90 �C in 1.0M Ba(OH)2
reacted to form BaTiO3 in as little as 1 h. Films
grown on (100) SrTiO3 suggested that BaTiO3

nucleation occurred at the film-substrate inter-
face as well as the film-solution interface.

� Annealing in air caused the lattice parameter to
contract beginning at temperatures below
200 �C.

� Annealing BaTiO3 films in air at temperatures
ranging from 200 to 500 �C resulted in decreases
in the dielectric constant, tan�, and leakage cur-
rent, and an increase in the zero-field barrier
height.

� Annealing reduced the dependence of the
dielectric constant on the frequency of the
applied field.

� Themechanismof electronic conduction in the thin
films occurred by a combination of Poole–Frenkel
and Schottky-barrier controlled processes.
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