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Thin-film BaTiO3 has been prepared for the first time by spray pyrolysis. Both smooth
and highly porous films were deposited depending on deposition temperature and rate. As-
deposited films contained an unidentified, low-symmetry barium titanate modification.
Annealing at 500-900 °C converted the films to the cubic phase, while annealing at 1000
°C produced the tetragonal phase and an increase in the grain size. As-deposited and
annealed films were highly dielectric with DC resistivity in the 1010-1012 Ω‚cm range. AC
resistivity decreased with frequency following a power-law dependence with an exponent of
-0.6 to -0.7. Both resistivity and capacitance remained stable at temperatures to 400 °C.
The effective dielectric constant (20-25 at 10 kHz) was possibly determined by amorphous
grain-boundary region with high density of traps.

Introduction

Barium titanate, BaTiO3, is considered an attractive
advanced material. Considerable research has focused
on single-crystal and ceramic BaTiO3; however, thin
films have also found many applications, such as
dielectric layers, capacitors,1,2 waveguides,3 ferroelec-
trics, sensors,4 and luminescent materials.5 The inter-
est in the thin-film material has increased recently due
to the need for high-dielectric-constant materials for
ferroelectric RAM and bypass capacitors for VLSI
technology. The paraelectric cubic phase of BaTiO3 is
generally preferred for such applications because it has
greater temperature stability than the ferroelectric
phase and lacks sharp changes in structure and dielec-
tric constant associated with the phase transitions in
the latter. In addition, the paraelectric phase is ther-
modynamically favored for submicrometer polycrystal-
line BaTiO3 due to grain-size effect.6,7

Much effort has gone into obtaining high-quality
dielectric thin-film barium titanate by several methods,
including RF sputtering, sol-gel, electrochemical, hy-
drothermal, and electrohydrothermal methods. In the
present paper, an alternative method, spray pyrolysis,
is proposed for the growth of thin-film barium titanate.
We have successfully employed spray pyrolysis for a
number of other thin-film compounds, such as KTiO-
PO4,8 RbTiOPO4,9 TiO2,10 and ZnO.11 It was shown

elsewhere,10 that when a novel titanium precursor with
a low decomposition temperature was used, the deposi-
tion temperature could be lowered significantly as
compared to commonly used titanium chloride pyrolysis.
This allows for deposition of BaTiO3 thin films at low
temperature, which is attractive if the processing of the
material is to be integrated into the existing silicon
technology.

Experimental Section

The spray pyrolysis setup and the titanium precursor have
been reported in detail elsewhere.8-10 The precursor was
titanium peroxohydroxo complex with the formula Ti(O2)OH+

in aqueous nitric acid.8 It was synthesized by dissolving
metallic titanium powder in concentrated aqueous hydrogen
peroxide at room temperature and then treating the formed
titanium peroxo gel with diluted nitric acid. A repeated nitric
acid/hydrogen peroxide treatment was necessary to prepare a
concentrated (270-320 mM) stock solution. An aqueous
solution of Ba(NO3)2 (0.1 M) was used as a barium precursor.
The spray solution concentration, equimolar with respect to
barium and titanium, was varied from 6.5 to 75 mM. No
solution degradation due to barium titanate precipitation was
observed. Several substrates were used: Corning 7059 glass,
quartz, indium-tin oxide (ITO)-coated glass, platinum and
aluminum sputtered on the 7059 glass. The substrates were
cleaned prior to deposition according to an established proce-
dure.8 The deposition temperature was measured at the
substrate. Wet air was used as a carrier gas.

The films were investigated using scanning electron mi-
croscopy (SEM) on a Hitachi S-570 microscope equipped with
energy-dispersive spectroscopy (EDS) microanalysis system.
Data from several spots across the film were taken to monitor
possible inhomogeneity. Film thickness and roughness were
measured on a Sloan DEKTAK stylus-type recording profilo-
meter as well as from the SEM cross-section images.

Structural analysis of the films on glass or quartz was done
using powder X-ray diffraction (XRD) on a Siemens Kristal-
loflex diffractometer with Cu KR radiation. The resolution in
the whole studied 2θ range, 20-60°, was high enough to
resolve the KR1-KR2 doublet. The R2 lines were subtracted
from the experimental diffraction data. JCPDS standard
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database and a diffraction pattern simulation software12 was
used for phase identification. UV-vis optical absorption
spectra were recorded on a Shimadzu UV-160U double-beam
spectrophotometer from 200 to 1100 nm. Substrate absorption
was accounted for by running a blank substrate in the
reference beam. Some of the films were annealed in a quartz
reactor for 2-5 h at temperatures from 500 to 1000 °C in
different ambients (argon, hydrogen, air).

Contacts to the films were made using commercial silver
paste or indium metal. Aluminum and platinum contacts
(100-400 nm thick) were RF-sputtered in argon at 10 mTorr.
A mask was used to deposit several circular electrodes 1 mm
in diameter. In some cases, conductive ITO or aluminum was
used as a back contact. Conductivity measurements were
performed on a homemade high-impedance setup in a constant
voltage mode using a Hewlett-Packard E3612A voltage source
(0-120 V DC) and Keithley 485 autoranging picoammeter
(10-13 A sensitivity). A solid metal Faraday cell was used to
reduce electromagnetic interference noise. Carrier mobility
and concentration were determined from Hall effect experi-
ments on a homemade apparatus13,14 in a magnetic field of 0.8
T using Keithley 220 programmable current source (10-1-(5
× 10-13)A) and Keithley 197 autoranging digital multimeter.
In all cases, the contacts were verified to be ohmic by a
current-voltage sweep.

Current-voltage characteristics were recorded on a digital
recording oscilloscope (Nicolet Instrument Co., model 2090-
IIIA) connected to a computer and a sweep generator-poten-
tiostat assembly. The same oscilloscope connected to a con-
ventional Sawyer-Tower circuit at 60 Hz was used to study
the ferroelectric properties of the films in electric fields up to
107 V/m. Dielectric parameters of the material were obtained
with blocking electrodes from complex impedance measure-
ments using a Solartron 1173 frequency response analyzer
with a 1186 interface in the 10 Hz to 1 MHz range in a planar
capacitor geometry.

Results and Discussion

Depending on the deposition rate and substrate
temperature, BaTiO3 thin films were deposited with a
variety of morphologies. The deposition conditions of
several films are shown in Table 1. Generally, the
temperature and deposition rate dependence followed
that previously observed and reported in detail for
titanium dioxide.10 No significant influence of substrate
nature on properties of the films was observed. Using

low deposition rates (below 1.5 mL/h from 7.5 to 6.5 mM
solutions), smooth, optical-quality films were obtained
(Figure 1a). They were thin (under 200 nm) and
transparent below the intrinsic absorption edge. A
small number of round particles less than 300 nm in
diameter were present on the surface. The cross-section
images indicated that these particles sat on top of the
film and did not penetrate it. It is possible that these
particles served as nucleation centers for further film
growth. They almost entirely disappeared after anneal-
ing at 900 °C (Figure 1b). No cracking or peeling was
observed for annealed samples (Figure 1b). A different
type of film was deposited from more concentrated
solutions (75 mM) at higher deposition rates (2.0-3.0
mL/h). These films were thick (2-5 µm) and opaque,
and SEM revealed a high degree of porosity, as seen in
Figure 2. Surface roughness increased in comparison
to the optical quality films. Low substrate temperature,
around 200 °C, gave thick, highly porous films (Figure
2a). Annealing caused crystallization and significant
changes in surface morphology (Figure 2b), which may
indicate that the as-deposited material was amorphous.
Films deposited at higher temperatures (350-400 °C)
had a less porous structure (Figure 2c) that was not
affected by annealing (Figure 2d). It is interesting that
distinctly crystalline films can be prepared at very high
deposition rates. In Figure 2e, one can see finely faced
crystallites several micrometers in size. These crystal-
lites did not appear to change their shape upon anneal-
ing (Figure 2f), although this treatment caused dramatic
changes in the crystalline structure as discussed below.
Again, both as-deposited and annealed films were crack-
free (Figure 2).

All as-deposited films belonged to a phase that could
not be identified using the JCPDS database (Figure 3b).
This phase could be a BaO-TiO2 compound such as
barium tetratitanate or other complex titanates. Other
likely impurities, such as titanium dioxide, barium
carbonate, oxide, or hydroxide, are excluded. None of
these compounds was identified from the XRD patterns.
In addition, the as-deposited films did not change their
mass after prolonged treatment with hot water; hence,
no water-soluble compounds were present. The analyti-
cal balance that was used in the mass change experi-
ments was capable of recording changes as low as 0.1
mg. The mass of a typical 5 µm-thick film is on the
order of 10 mg, assuming an ideal density of 6 g/cm3.
Several experiments were done to ensure reproduc-
ibility, and blank substrate samples were analyzed as

(8) Golego, N.; Cocivera, M. J. Electrochem. Soc. 1997, 144, 736.
(9) Golego, N.; Cocivera, M. Thin Solid Films 1998, in press.
(10) Golego, N.; Studenikin, S. A.; Cocivera, M. J. Mater. Res. 1998,

in press.
(11) Studenikin, S. A.; Golego, N.; Cocivera, M. J. Appl. Phys. 1998,

83, 2104.
(12) Kraus, W.; Nolze, G. 1996, Powder Cell 1.8. ftp://ftp.kfa-

juelich.de/iwe/Xtallography/powdcell/pc18.zip.
(13) Windheim, J.; Renaud, I.; Cocivera, M. J. Appl. Phys. 1990,

67, 4167.
(14) Windheim, J.; Wynands, H.; Cocivera, M. J. Electrochem. Soc.

1991, 138, 3435.

Table 1. Spray Pyrolysis Deposition Conditions for
BaTiO3 Thin Films Shown in the Corresponding Figures

figure
deposition

T (°C)
spray solution

concentrn (mM)
carrier flow
rate (L/h)

deposition
ratea (mL/h)

1a,b 400 6.5 34 0.8
2a,b 200 75 34 1.0
2c,d 350 75 42 2.0
2e,f 350 75 42 3.0
3-5 350 75 42 2.5
6-8 400 7.5 37 1.3
9, 10 350 75 42 2.5

a Defined as the volume of the spray solution used per unit
deposition time.

Figure 1. SEM images of smooth thin-film BaTiO3 deposited
by spray pyrolysis at low deposition rates, image size 4 × 4
µm (a) as-deposited at 400 °C; (b) annealed in hydrogen at 900
°C for 2 h.
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well to monitor possible drift of the balance, which was
below the detection limit. Moisture pickup was elimi-
nated by drying the films in a drybox and monitoring
their mass after taking them out. Therefore, the setup
could reproducibly detect mass changes with 1% resolu-
tion. No change was observed in all films, although
XRD gave low-symmetry peaks of magnitude compa-
rable to that of cubic barium titanate. If this had been
an impurity to the latter, its mass should have been a
large fraction of the film mass.

The presence of unpyrolyzed precursors is excluded.
Although, as has been shown previously,10,11 spray-
pyrolytic deposition at low temperatures can produce
films that are not fully pyrolyzed, the deposition tem-
perature in the present work was not less than 200 °C.
The titanium precursor has been shown10 to decompose
fully at 120 °C; therefore, it could not have been present
in the films. While barium nitrate is a more stable

compound, it was not identified on XRD. Besides, its
decomposition during annealing would have changed
the mass of the film, but no change was observed.

It is proposed that the as-deposited films contained a
low-symmetry barium titanate phase, possibly a com-
plex barium titanate. Indeed, as seen in Figure 3b, the
diffraction pattern of the as-deposited films is an
extension of that of cubic barium titanate (Figure 3a).
SEM investigation provided additional support. As seen
in Figure 2e,f, the phase transition from as-deposited
phase to cubic barium titanate associated with mild
annealing at 500 °C (Figure 3c) did not affect the
morphology and crystallite shape of the crystalline films.
No change in mass or film thickness was observed also.
Because these results are characteristic of a disorder-
order transition, the as-deposited film is likely a low-
symmetry phase.

Because several samples of ceramic BaTiO3 that were
used as reference had the same XRD pattern as the
annealed films, these films were unambiguously identi-
fied as cubic barium titanate. Annealing at 500-900
°C did not change the crystalline structure of the
material (Figure 3c-e). However, a 1000 °C anneal
caused partial phase transformation into the ferroelec-
tric tetragonal barium titanate (Figure 3g) as illustrated
more clearly in Figure 4. The XRD peak positions in
Figure 4 also indicate that annealing caused a small
decrease in crystal lattice parameters. Similar behavior
was observed for barium titanate films prepared by sol-
gel deposition15,16 and ion-beam evaporation.17 It is
typically associated with temperature-induced grain
growth that removes grain size effects and permits
formation of the tetragonal phase. This behavior was
confirmed in the present study: a distinctly granular

(15) Nishizawa, H.; Katsube, M. J. Solid State Chem. 1997, 131,
43.

(16) Takeuchi, T.; Tabuchi, M.; Ado, K.; Honjo, K.; Nakamura, O.;
Kageyama, H.; Suyama, Y.; Ohtori, N.; Nagasawa, M. J. Mater. Sci.
1997, 32, 4053.

Figure 2. SEM images of thin-film BaTiO3 deposited by spray
pyrolysis at high deposition rates (shown in Table 1), image
size 20 × 20 µm (a) as-deposited at 200 °C; (b) same, annealed
in air at 600 °C; (c) as-deposited at 350 °C; (d) same, annealed
in argon at 500 °C; (e) as-deposited at 350 °C; and (f) same,
annealed in argon at 500 °C.

Figure 3. XRD pattern of thin-film BaTiO3 deposited by spray
pyrolysis and annealed at different temperatures in different
ambients: (a) theoretical cubic; (b) as-deposited at 350 °C; (c)
annealed at 500 °C in argon; (d) annealed at 600 °C in air; (e)
annealed at 900 °C in air; (f) annealed at 900 °C in hydrogen;
(g) annealed at 1000 °C in air.
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structure is evident in the films annealed at 1000 °C
(Figure 5c,d) as compared to as-deposited films (Figure
5a,b). The cross-section images of both films (Figure
5b,d) showed that the films were dense and that the
thickness did not change after annealing. The differ-
ence in annealing ambients (hydrogen, argon, or air) had
no effect on the film morphology. However, annealing
at 900 °C in hydrogen caused films to become more
conductive and less adhesive to the substrate. In
addition, new peaks appeared on the XRD pattern of
the hydrogen-annealed films (Figure 3f).

EDS analysis of film composition was complicated by
partial overlap of Ba-L with Ti-K, and Ba-M with Ti-L
emission lines, respectively, and no precise elemental

analysis was attempted. Nevertheless, the EDS soft-
ware provided adequate peak separation and revealed
that both as-deposited and annealed BaTiO3 were
homogeneous and same in their composition within the
experimental error. The reference samples of BaTiO3
ceramics were analyzed as well and provided a reliable
indication of peak separation quality. One should keep
in mind that the identity of the films was additionally
confirmed by other analytical methods such as XRD and
UV-vis absorption spectroscopy.

UV-vis optical absorption spectra of the films showed
that they were transparent below the band gap (Figure
6). Annealing did not change the spectra (Figure 6b vs
a), even for hydrogen-annealed films, although the band
edge sharpened somewhat for films annealed at high
temperatures, 900-1000 °C, probably resulting from
film crystallization. Earlier reports of the optical band
gap for thin-film BaTiO3 varied considerably from 2.9518

to 3.95 eV.19 Most of these values were calculated from
optical absorption spectra using a parabolic conduction
band approximation. Although it appears valid for
certain well-studied semiconductors, this approach may
not be as precise for wide-band gap, perovskite materials
such as BaTiO3. Calculations of band structure20,21

indicate that perovskite materials cannot be easily
identified as either direct or indirect band gap semi-
conductors. Large conduction zone anisotropy and
nearly flat zone regions that lead to two-dimensional
conduction bands21 may render the parabolic conduction
band approximation invalid. Optical band gap values
obtained in this way may not be precise and may only
be useful for comparison of relative values.

For comparison with previous data, indirect and
direct band gap values were calculated from the optical
absorption spectra using the above-mentioned model.
As shown previously for titanium dioxide,10 a better fit
is obtained by including the dependence of the refractive
index on the photon energy. Since these data were not
available for the entire energy region studied, the
Sellmeier harmonic oscillator model was used to calcu-
late the near-band gap dependence.22 Values of 3.1-
3.2 and 3.7-3.8 eV were obtained for indirect (Figure
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Figure 4. Enlarged XRD pattern of thin-film BaTiO3 depos-
ited by spray pyrolysis and annealed at different temperatures
in air: (a) as-deposited at 350 °C; (b) 600 °C; (c) 900 °C; (d)
1000 °C

Figure 5. SEM images of thin-film BaTiO3 deposited by spray
pyrolysis (a, c, top view, image size 4 × 4 µm, b, d, cross-
section, image size 10 × 10 µm): (a, b) as-deposited at 350 °C;
(c, d) annealed in air at 1000 °C.

Figure 6. Optical absorption spectra of thin-film BaTiO3

deposited by spray pyrolysis: (a) as-deposited at 400 °C; (b)
annealed in air at 1000 °C.
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7) and direct (Figure 8) band gap extrapolation, respec-
tively. As evident from Figures 7 and 8, annealing did
not affect the band gap values. Since the films did not
show any appreciable photoconductivity with 365 nm
(3.4 eV) light, the direct band gap value seemed to be
the preferred one.

The films were very resistive: 1010 Ω‚cm as-deposited
and more than 1012 Ω‚cm after annealing. Similar
resistivity values were reported previously for films
prepared by other techniques.1,23,24 This large resistiv-
ity caused high shot noise in the Hall experiments and
dictated the limit of detection of the Hall voltage, which
was around 200 µV. Using this limit, the following
parameters were estimated: carrier mobility of less
than 0.5 cm2/(V‚s) and carrier concentration of more
than 1012 cm-3. The conductivity type was not deter-
mined. Up to 400 °C, the temperature dependence of
the conductivity was very weak, implying that neither
sub-band-gap states nor band-gap transitions were
thermally excited at these temperatures. It is evident
from these results that the films possessed good dielec-
tric properties.

Complex impedance measurements were performed
on Al/BaTiO3/Al and ITO/BaTiO3/Al planar capacitance

structures and interpreted in terms of a parallel RC
circuit. The real part of impedance, or AC resistivity,
was frequency-dependent (Figure 9) and could be fitted
to a power law dependence R ≈ ωR, with R about -0.6
to -0.7. A similar decrease in resistivity of the films
with the increase in frequency was observed for sol-
gel prepared films,25 and the authors suggested it was
due to trapped charge carriers. In polycrystalline
BaTiO3, these traps may be localized at oxygen-related
grain-boundary states26,27 that were found to dominate
electron transport in many polycrystalline oxides such
as TiO2

10 and ZnO.11 This model is consistent with the
increase in resistance at lower frequency because grain
boundaries are very thin and, therefore, have a much
larger capacitance, which manifests itself in the lower
frequency region. As a result, the resistivity of as-
deposited films obeyed the power-law dependence in the
whole range of the frequency (Figure 9b). On the other
hand, the resistance of annealed films leveled off at 10
kHz (Figure 9a), indicating that grain bulk states began
to make a contribution at higher frequencies as crystal
size increased.

Both resistance and capacitance were stable with
temperature. This agrees with the proposed model in
which capacitance is determined by temperature-
independent grain-boundary capacitance.26,28,29 The
bulk capacitance, which presumably follows the Curie-
Weiss law, is expected to show up at a much higher
frequency than we were able to attain with our setup.
The effective dielectric constant of the films showed a
characteristic dispersion with frequency (Figure 10) and
was equal to 20-25 at 10 kHz, consistent with the
values reported previously.2,4,17,30 Sawyer-Tower po-
larization measurements showed paraelectric behavior,
as might be expected in view of the structural data, and
large leakage currents were observed. Similar behavior
for amorphous and polycrystalline BaTiO3 films31 led
the authors to conclude the amorphous grain-boundary
layer had a low dielectric constant and high dielectric
losses. Films annealed at 1000 °C had the tetragonal
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Figure 7. Indirect band gap extrapolation for thin-film
BaTiO3 deposited by spray pyrolysis: (a) as-deposited at 400
°C; (b) annealed in air at 1000 °C.

Figure 8. Direct band gap extrapolation for thin-film BaTiO3

deposited by spray pyrolysis: (a) as-deposited at 400 °C; (b)
annealed in air at 1000 °C.

Figure 9. Frequency dependence of resistivity for thin-film
BaTiO3 deposited by spray pyrolysis: (a) annealed in argon
at 500 °C; (b) as-deposited at 350 °C.
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structure suitable for ferroelectric behavior. Unfortu-
nately, this behavior could not be studied because the
high-temperature destroyed the back-contact.

Conclusions

Stoichiometric thin-film BaTiO3 has been prepared for
the first time by spray pyrolysis. Either closely packed

or highly porous films could be deposited by regulating
the deposition temperature and rate. As-deposited films
contained an unidentified, low-symmetry barium titan-
ate phase. Annealing at 500-900 °C converted the
films to the cubic phase, while annealing at 1000 °C
caused formation of the tetragonal phase and a corre-
sponding increase in the grain size. As-deposited and
annealed films were dielectric with DC resistivitiy in
the 1010-1012 Ω‚cm range. The AC resistivity decreased
with increased frequency and followed a power-law
dependence that may be due to grain-boundary traps.
Both resistivity and capacitance remained stable at
temperatures up to 400 °C. The effective dielectric
constant was 20-25 at 10 kHz.
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Figure 10. Frequency dependence of dielectric constant for
thin-film BaTiO3 deposited by spray pyrolysis: (a) as-deposited
at 350 °C; (b) annealed in argon at 500 °C.
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