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Abstract. Thin films of polycrystalline, tetragonal BaTiO3 on oxidized Ti metal substrates were synthesized at
240°C under hydrothermal conditions. Microstructure and electrical properties of the films generated over a four
week period of synthesis formed the focus of this study. The films displayed a smooth and shiny surface with a
relatively dense structure and no observable cracks. Film thickness reached 0.5 um after two weeks of synthesis
and thereafter remained constant. Diameters of the grains on the film surface were in the range of 1 ~2 um. It is
proposed that initial formation of the BaTiO5 film occurs by reaction of Ba® " with solubilized titanium oxide on
the Ti metal surface followed at later stages by an in-situ growth via reaction of TiO, with Ba> " diffusing through
the BaTiO; film. X-ray diffraction and Raman spectroscopy indicated that the BaTiO; films are tetragonal, and the
films exhibited typical ferroelectric hysteresis loops at room temperature. However, no evidence of the dielectric
anomaly (Curie transition) between 30 and 200°C was observed. Dielectric constant of the films at 1 kHz at room
temperature was between 400-500. Both dielectric constant and fand exhibited low dispersion as a function of
frequency at temperatures below 150°C, and the dispersion increased with temperature.

Keywords: barium titanate, BaTiO3, ceramics, ferroelectric thin films, hydrothermal synthesis

Introduction

Recent advances in thin film processing technologies
have led to a renewed interest in ferroelectric thin
films for potential applications in areas such as large-
volume thin-film capacitors [1], optical waveguide
devices [2], and non-volatile semiconductor mem-
ories [3]. Barium titanate (BaTiO3) with a relatively

large dielectric constant and electro-optic coefficient,
is an attractive candidate for these applications.
There has been substantial effort in improving the
processing and properties of ferroelectric thin films.
The common methods for BaTiOj thin film synthesis
include thermal evaporation [4], rf and magnetron
sputtering [5], metal-organic chemical vapor deposi-
tion (MOCVD) [6-7] and sol-gel method [8-11].
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These preparation techniques often require high
temperature annealing (usually > 800°C) for crystal-
lization, which may cause problems such as chemical
reactions between the film and the substrate, or cracks
in the film due to a large difference in thermal
expansion coefficients between the film and the
substrate.

The hydrothermal method [12-24] has been
recently used as a promising technique for processing
of ferroelectric thin films. It allows preparation of
crystalline films directly at low temperatures (typi-
cally less than 100°C) without the need of post-
deposition annealing. With only slight modifications
of the powder synthesis, films with high purity and
grain sizes in submicron range can be prepared.
However, the films usually display a non-ferroelectric
cubic structure at room temperature with low
dielectric constants (100 ~200), though the stable
phase of BaTiOj single crystal at room temperature is
tetragonal and ferroelectric with dielectric constant
above 1000.

In this study, hydrothermal conditions were used to
directly synthesize tetragonal BaTiOj; thin films at a
relatively low temperature (240°C). The microstruc-
tural evolution of the films with time of synthesis, as
well as the electrical properties of the films as a
function of temperature and frequency were exam-
ined. We have previously reported on hydrothermal
synthesis of BaTiO3; powders using reactants of TiO,
gel, barium chloride and sodium hydroxide [25-26].
We report here the extension of this methodology to
the synthesis of tetragonal BaTiOj thin films and
evaluation of their structural and electrical properties.

Experimental Section

The procedure used previously for BaTiO; powder
synthesis was modified for film formation [26]. BaCl,
(99.999%, Johnson Matthey) was used as the barium
source. Titanium foils (99.99 4 %, Johnson Matthey)
of 3 x3cm? in area and 0.25mm in thickness were
used as the substrates as well as the titanium source.
The Ti foils were surface polished with alumina to a
0.05 yum finish and cleaned ultrasonically in acetone.
They were then etched in 6 M HCI, and subsequently
oxidized in a calcination chamber at 500°C under
flowing oxygen for 12 h. The oxidized Ti plates were
then washed with water before the synthesis.

The synthesis was performed in a 23 mL Teflon-

lined acid digestion bomb (Parr Instrument Co.).
0.002 mol of BaCl, - 2H,O was dissolved in 10 mL of
boiled water (i.e., [Ba>"]=0.2M). The oxidized Ti
foils were then placed in the solution. To minimize the
formation of any carbonate species, nitrogen gas was
bubbled into the solution during the addition of
0.01 mol of NaOH into the solution (i.e., [OH ] =1.0
M). The bomb was immediately sealed and placed in
the oven at 240°C for various periods of time (14
weeks).

Room-temperature X-ray diffraction was per-
formed using a powder X-ray diffractometer (model
PAD-V, Scintag). The XRD patterns were collected
using CuKa radiation at a voltage and current of 45 kV
and 20mA, respectively. X-ray diffraction at tem-
peratures from 45 to 200°C was done using a hot-
stage X-ray diffractometer (model HT-PAD, Scintag)
at a scanning rate of 0.1°/min from 44 to 46° (20).

The microstructure and morphology of the BaTiO;
films were examined using scanning electron micro-
scope (model SL-30, Phillips) with an EDS (energy
dispersive spectroscopy) detector for elemental
analysis. Raman spectra of all the samples at room
temperature were obtained using an Ar ion laser
(model 171, Spectra-Physics, 514.5nm, 50 mW) as
the excitation source.

The electrical properties of the synthesized films
were studied both as a function of temperature and
frequency using an impedance analyzer (Model
4192A, Hewlett Packard). Gold dots were deposited
onto the films to form top electrodes using a mask
with equi-distant holes of 1 mm? in area via vacuum-
evaporation. The titanium substrate acted as a counter
electrode. The films were placed on the platinum
coated surface of a hot chuck, which controlled the
sample temperature from room temperature to 300°C
with 0.1°C accuracy. The electrical measurement was
performed with the help of a probe station (MC
Systems) using two probes with a metal-insulator-
metal (MIM) configuration. The electrical measure-
ments as a function of temperature were performed at
two fixed frequencies, 1 kHz and 100kHz. Samples
were examined during both heating and cooling
cycles. Measurements during the cooling cycle
involved heating of the film to 220°C, maintaining
the temperature for 30 min (to remove any surface-
adsorbed water), and the measurements were taken as
the sample was cooled with a rate of 1°C/min. The
frequency dependent electrical measurement involved
recording the parallel capacitance (Cp) and conduc-
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tance (Gp) were recorded over the frequency range
from 5Hz to 13 MHz. Hysteresis measurement was
done using a standardized ferroelectric tester (RT66A,
Radiant Technologies). The breakdown strength of the
films were measured by applying the dc bias voltage
on the films and continually increasing it until the
films reached the breakdown level. The room
temperature dc resistivity of the films were measured
using a Keithley 6517 electrometer.

Results

The titanium source in this study was a titanium oxide
film grown on the surface of a Ti metal plate by
oxidation with oxygen at 500°C. XRD of the oxidized
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Ti foil only showed peaks due to Ti indicating that the
oxidized layer was amorphous, which has been
suggested to be TiO, _, [13]. If the Ti substrate was
not well polished prior to the oxidation, a second
phase besides BaTiO; segregated along the grain
boundaries. EDS analysis indicated that this phase is a
Ti-rich barium titanate compound, which is consistent
with a previous study suggesting the formation of
Ba,TigOy [20] on unpolished substrates. All experi-
ments reported here were done with polished Ti
substrates.

A. Microstructure

The formation of BaTiOj; thin films were examined as
a function of synthesis time. Figure 1 illustrates the
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Fig. 1. SEM micrographs of the BaTiO; thin films synthesized for (a) 1 week, (b) 2 weeks, (c) 3 weeks and (d) 4 weeks.
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morphology of the films synthesized for 1 to 4 weeks.
Films synthesized for 1 and 2 weeks displayed
irregular-shaped grains with an average size of
approximately 1~2um. As the synthesis time
exceeded 3 weeks, the grains showed more faceted
surfaces. Figure 2 shows the morphology of the film
(after 3 weeks of synthesis) at low magnification. The
film exhibited relatively smooth and dense surface
with no indication of surface cracks. No significant
change in film thickness was observed beyond two
weeks. Figure 3 reveals the cross-sectional view of a
representative film sample synthesized for 3 weeks,
with a thickness of about 0.5 um. We ascribe this layer
to BaTiOs. If the TiO, remained unreacted, it should
have converted to anatase. Diffraction and Raman
spectroscopy show no evidence of anatase and we
believe that all of the starting TiO, is being converted
to BaTiOs.

The room temperature X-ray diffraction results of
the BaTiO; films recovered after different synthesis
times are shown in Fig. 4. Only the diffraction peaks
due to the BaTiO5 film and the Ti substrate were
observed. The relative intensities of the BaTiO; peaks
with respect to those of the Ti substrate increased with
time, suggesting improved crystallinity of the films.
This may correlate with the more regular-shaped and
faceted grains observed for the films synthesized for 3
and 4 weeks. The structure of the as-synthesized films
were further examined by XRD between 44 and 46°
(20) at various temperatures using a hot-statge. Figure
5 shows the diffraction patterns for a 3-week film as

Fig. 2. Low magnification SEM micrograph showing a smooth,
dense and crack free surface of the BaTiO; film synthesized for 3
weeks.
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Fig. 3. SEM micrograph showing thickness of film synthesized
for 3 weeks.
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Fig. 4. Room temperature XRD patterns of the BaTiO; thin films
synthesized for 1, 2, 3 and 4 weeks respectively. BaTiO; phase is
indicated as BT and Ti phase as Ti.
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Fig. 5. XRD scans between 44 and 46°/20 at different
temperatures for the BaTiO; film synthesized for 3 weeks.

sample temperature decreased from 200 to 45°C.
Transition from the cubic to tetragonal structure is
evident by the evolution of double reflections (i.e.,
(200) and (002)) from a single (200)-type reflection.
Assuming the reflection peaks are of Gaussian type,
the intensity ratio of the (002) and (200) reflections
(TIno2/T200) Was calculated by deconvolution and peak
fitting. The ratio is about 0.8 at 45°C, which is greater
than that of the tetragonal BaTiO; powder (Iogy/
Ir00 =0.5). This may indicate a preferred orientation
of the crystals along the crystallographic c-axis. The
reason is not clear yet; it may relate to the slightly
higher surface energy of the c-planes (e.g., (002))
which tends to be eliminated during the film
nucleation and growth processes. Similar observa-
tions were made for films synthesized for 2 and 4
weeks, suggesting that the films became tetragonal
after 2 weeks of synthesis.

To further verify the tetragonal symmetry of the
films, Raman spectra were performed. Figure 6 shows
a typical Raman spectrum of the 3-week film. The
bands observed are a weak peak around 715cm ™~ 1,
two strong and broad peaks around 515 and
260cm ', and a sharp peak at 305cm~'. The
bands around 515 and 260 cm ~ ' are assigned to the

TO modes of A; symmetry, whereas the sharp peak at
305cm ' has been assigned to the B; mode. The
weak band around 715 cm ~ ! has been associated with
the highest frequency longitudinal optical mode (LO)
of A, symmetry. The band at 305cm ~ ' is character-
istic of BaTiO3; with a tetragonal symmetry, and it
disappears upon heating above the Curie temperature
[26-28]. Raman study therefore also confirm that the
films produced here are tetragonal BaTiOs.

B. Electrical Properties

1. Temperature dependence of dielectric constant
(K) and loss tangent (tand). The capacitance (C) and
loss tangent (tand) were measured as a function of
temperature for all the films, and the dielectric
constant values (K) were calculated. The BaTiO;
film synthesized for one week exhibited high loss and
leakage current. It is believed to be caused by the
relatively porous structure of the film, indicative of
incomplete reaction. Thus, further characterization of
this sample was not pursued.

Figure 7 shows the measured K and tand of the 3-
week sample as a function of temperature measured at
a frequency of 100kHz. The data were taken from
room temperature to 200°C and also upon cooling. It
was found that there is a discrepancy between the
heating and cooling cycles. Dependence of the
capacitance of films on the thermal history of the
sample has been noted before [11]. A possible cause
of this effect is adsorbed moisture [11,30]. Since the
adsorbed moisture evaporates upon heating, more
accurate dielectric constants could be obtained during
the cooling cycle. As shown in Fig. 7, K does not show
an anomaly peak (Curie transition) that is expected
around 120°C for ferroelectric BaTiO3. However, the
loss tangent (tand) in Fig. 7 exhibits a small peak at
~ 120°C, indicative of a Curie transition. Figure 8
shows K vs. temperature plot of the 2-, 3- and 4-week
samples measured at 100kHz during the cooling
cycle, and that of the 2-week sample measured at
1 kHz. Again in all these experiments, the dielectric
anomaly of K was not observed. At room temperature,
the dc resistivity of the 3-week film was measured to
be about 2 x 102 Q-cm, and the breakdown strength
of the film was around 0.8 MV/cm.

2. Ferroelectric Hysteresis. Figure 9 shows a
typical ferroelectric hysteresis (P—E) loop observed
at room temperature of the 3-week film. The values of
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Fig. 6. Room temperature Raman spectrum of the 3-week BaTiO; film.

remnant polarization (P,) and coercive field (Ec) are
about 12uC/em® and 50kV/em, respectively.
Although the dielectric constant does not exhibit the
Curie anomaly, the hysteresis behavior shows ferro-
electric characteristics.

3. Frequency dependence of dielectric constant (K)
and loss tangent (tand). The electrical measure-
ments were carried out as a function of frequency (f)
at several temperatures for the 3-week film. Figure 10
shows the dielectric constant (K) and loss tangent
(tand) plotted as a function of f at three temperatures
ranging from 50 to 200°C. A dispersion of K was
evident at low frequencies, and the dispersion became
more significant at high temperatures. Similar
behavior was also observed for tand. The low-
frequency dispersion of K observed in this study is
less significant as compared with those observed in
previous films prepared hydrothermally [31] or by sol-
gel procedures [11] measured at same temperatures.
The ac conductivity (,.) of the 3-week film was
calculated according to Eq. 1, and plotted as a
function of f from 50 to 300°C in a log scale.

0o = \/ G} + (0C,)(1/A) (1)

where ¢ is the thickness of the thin film and A is the
electrode area.

It was found that log (g,.) increases almost linearly
with log (f) (Fig. 11). The curves are close to each
other at high frequencies, with only a slight deviation
taking place at the low-frequency end (< 100 Hz).

Discussion
A. Hydrothermal Synthesis

It has been shown that hydrothermal formation of
microcrystalline BaTiO; usually follows a dissolu-
tion/precipitation mechanism with the dissolution of
the precursors in the solution and the formation of
BaTiO; as precipitate [18,19,22-24,26]. Typical
chemical reactions for this process can be depicted as:

TiO, 4 2H,0 < Ti(OH),(aq) (2)

Ba** + Ti(OH),(aq) < BaTiOy +2H" + H,0  (3)
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Fig. 7. Dielectric measurement results on the 2-week film at a frequency of 100kHz from he room temperature to 200°C and subsequently

cooled back to room temperature.

It is evident from the reactions that high OH™ con-
centration promotes BaTiO; formation, whereas lower
OH ™~ concentrations should result in unreacted TiO,.
In this study, [OH ™ | of the reactant mixture is 0.5 M.

With a dissolution type mechanism, the amorphous
TiO, on the surface of the Ti substrate needs to be first
hydrolyzed to form reactive intermediates such as
[Ti(OH),] [18] or [Ti(OH)Z ~] [12], which will then
react with Ba?>™ ions to form BaTiOj; nuclei, which
are subsequently deposited (adsorbed) onto the
substrate surface [19,20]. This mechanism can be
considered to be an example of heterogeneous
nucleation via the reaction of surface adsorbed
titanium species.

The nuclei on the Ti surface would grow into
larger crystals at a rate dependent on the temperature
and the degree of supersaturation. It is assumed that in
the early stage of crystal growth, the grains grow
unhindered along the substrate with a relatively rapid
rate. However, as the TiO, layer reacts completely and
covers the substrate with grains coalescing with each
other, a second mechanism which involves diffusion
of Ba’" through the porous BaTiO; will need to

occur. In this case, the rate of growth would be greatly
reduced. In a recent study of hydrothermal synthesis
of BaTiO; from TiO, powders, Riman and coworkers
proposed that both dissolution-precipitation and in-
situ crystal growth mechanisms may be important at
different stages of growth [32]. We indeed believe that
this is the case in the thin film growth observed in this
study.

It was also noted that the grains in the first and
second week films are large and irregular in shape,
whereas for the third and fourth week films, there
seems to be a slight decrease in the grain size and the
appearance of the faceted surface (Fig. 1). This may
be caused by the local dissolution of BaTiOj; as the
synthesis proceeds beyond two weeks. The dissolved
species may subsequently redeposit on the surface of
the BaTiO; film following a ledge mechanism [21], as
suggested by the faceted surfaces of the grains for the
third and fourth week films.

In most previous studies, synthesis was done at
temperatures between 100 and 200°C, and the
formation of pseudocubic BaTiO; was observed on
the film. Tetragonal films were reported only at
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temperatures greater than 450°C [15]. In this study,
the direct formation of tetragonal films at 240°C was
achieved by using optimal levels of hydroxide and
chloride ions. The tetragonal symmetry is evidenced
by both diffraction and the presence of the character-
istic Raman bands of the tetragonal BaTiOj; structure.

B. Electrical Properties

As shown in Figs. 7 and 8, the films synthesized for
various times have a dielectric constant around 400—
500, which is several times higher than that of the
cubic BaTiO; films synthesized hydrothermally [18—
22]. However, there is no clear evidence of a dielectric
constant anomaly near the Curie transition as
commonly observed in single crystal or ceramic
BaTiO;3 samples (though a small variation in tand
at~120°C was observed in Fig. 7, suggesting a
possible Curie transition). The diffusiveness or
disappearance of the Curie transition for BaTiO;
thin films has been reported and a variety of
mechanisms have been suggested to explain this

abnormal behavior, such as a Schottky barrier layer
[33,34], defects and microstructural heterogeneity
[35], crystalline quality [36], internal and external
stress effects [37,38], and the intrinsic size effect [39],
as well as depolarization fields that destabilize the
ferroelectric phase [40]. In this study, the films have
relatively large grain size (around micron range).
They are well-crystallized as evidenced by the sharp
diffraction peaks with relatively high intensities (Fig.
4), and display a tetragonal symmetry (Figs. 5 and 6).
These observations exclude some of the factors
mentioned above. With respect to determining
whether film stress, Schottky barrier layer and the
depolarization fields are causing the absence of the
Curie transition in these films, further experiments
will be required.

Although there is no dielectric constant anomaly
near the Curie transition, the film shows a typical
hysteresis P —E loop, indicating its ferroelectric
nature. However, the value of P,(~12 uC/cmz)
obtained for the thin film is lower than that for
bulk ceramic BaTiOs;, whereas E-(~50kV/cm) is
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considerably greater. Similar values for thin films
have been reported and attributed to stress and defects
involved in the ferroelectric films [36,37].

The dispersion of K and fand at frequencies
below 10*Hz (Fig. 10) may be caused by polarization
mechanisms that possibly occur at low frequencies
[9], including barrier layer polarization, and space
charge or interfacial polarization (Maxwell-Wagner
type). Each polarization mechanism usually exhibit a
relaxation peak in the tand vs. frequency plot. The
absence of the peak in Fig. 10 may be attributed to the
low-frequency limit of the instrument, which only
reveals a partial rise of fand at low frequencies. The
apparent temperature dependence of the dispersion
indicates that the relaxation mechanism(s) at low
frequencies is thermally activated, probably due to the
thermally generated free carriers in the film [9].

Conclusions

Well-crystallized tetragonal BaTiOj; thin films were
directly produced at 240°C using the hydrothermal

synthesis. The microstructure of the films was
characterized and their electrical properties examined
as functions of temperature and frequency. The
formation of the films appears to follow incorporation
of Ba’" ions into the hydrated titania on the Ti
substrate. Restructuring of the BaTiO; grains occurs
possibly by a dissolution/precipitation mechanism.
Thin-film BaTiOj3 has a dielectric constant around 400
with no clear indication of the Curie transition, and
yet displays a typical ferroelectric hysteresis loop.
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