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The control of the microstructure of BaTiO; films grown on
titanium by the hydrothermal—electrochemical method was
investigated. Experiments were conducted in a three-electrode
high-pressure electrochemical cell in a 01 Ba(OH), electro-
lyte at 150°C. Results showed that the spontaneous initial
nucleation linked to pure hydrothermal BaTiO 5 formation can
be inhibited by cathodically protecting the titanium electrode
from the moment it is immersed in the electrolyte. The
application of initial nucleation pulses of varying cathodic
potentials affected the grain size of the deposit. It is suggested
that the formation of a titanium oxide layer is a necessary step
previous to the nucleation of BaTiO,.

I. Introduction

THE hydrothermal, electrochemical, and hydrothermal—electro-
chemical growth of thin films of barium and strontium titan-
atest? zirconates tungstate$, and molybdatesis a field of
increasing interest because of the comparatively low temperature
needed for the synthesis of these polycrystalline films. The
hydrothermal and/or electrochemical treatment of a metallic sub-
strate immersed in a strongly alkaline solution (pHL2) of
alkaline-earth ions leads to a well-adhered stoichiometric thin film.
This low-temperature route was developed by Yoshimura and
co-workers at the Tokyo Institute of Technology for the prepara-
tion of BaTiO; layers, achieved by the immersion of a titanium
substrate in a Ba(OH)solution at 100°-200°C, in open circuit or
under anodic conditiorThis led to the formation of films-100
nm thick in the cubic paraelectric phase, although the stable phas
at room temperature is the tetragonal one. @hal. reported the
hydrothermal preparation of ferroelectric, tetragonal Bafilins
at 220°C using 24 h treatments ilNBa(OH),.°

Until now most of the work in this area has focused on the
synthesis of more complex materials, the improvement of their
electrical properties, and their technological applications. Recent
developments have been the growth of high-resistivity*$10
Q-cm) BaTiQ, films on silicon by annealing the wet-synthesized
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films in oxygen at 300°C,and the patterning of 1Qum micro-
structures of BaTiQon platinum-coated silicon.

Although a growth mechanism for BaTjQvas proposed early
on! the detailed growth kinetics have not yet been fully under-
stood. Ishizawaet al. found a multilayer structure in the electro-
chemical-hydrothermal films, with an anatase layer forming
between the metallic titanium substrate and the BgTii®. They
proposed that the titanium oxide acts as a precursor for the BaTiC
film formation, a process in which the barium ions would have to
diffuse through the oxide against the electric field. In fact, it has
also been demonstrated that BaJifilms can grow hydrother-
mally on TiQ, single crystal€. The use of tracers for the diffusion
study showed that the predominating diffusing species is th
barium ion along with oxygeR.However, preliminary results in
the Ba(Ti,Zr)Q, system suggest that the motion of the transition-
metal ions can also be importalftWater also incorporates during
the BaTiQ, film formation, as is evidenced from the thermal
desorption measurements under vacuum, which indicate vap
desorption between 200° and 400°CWater removal after the
film has been fabricated modifies the electric properties of the
BaTiO; films, as shown by Kajiyoshet al, who reported an
increase in resistivity after annealing at 300°C.

Electrochemical measurements have indicated that the BaTiC
film formation is initially controlled by charge transfer related to
the oxidation of titanium, and later on by mass transfeElec-
trochemical studies have also indicated that during the hydrothe
mal formation of BaTiQ a potential is induced on the titanium,
varying between—100 and—140 mV versus Ag/AgCl (25°C)
during the film growth. This potential corresponds to a corrosion
potential and is induced by the concurrence of both an anodi
reaction, the oxidation of titanium, and a cathodic reaction, the
reduction of water. These results suggest that by electrochemical
controlling the potential of titanium, it is possible to control the
film growth rate if desired and even to inhibit its growth com-
pletely. Then, with this approach, it would be possible to control
the deposit morphology.

In the present work we report the application of controlled
potential techniques to the hydrothermal growth of Bajfins
on titanium. This procedure enabled the inhibition of pure hydro-
thermal growth as well as the control of nucleation and grain size
in films formed under anodic conditions.

Il.  Experimental Procedure

The experiments were performed in a three-electrode high
pressure electrochemical cell of 200 Tr(Cortest, Inc.). The
working electrode was a 1& 15 mn? titanium sheet (99.7%,
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Table I. Atomic Concentrations in Samples Protected

under Different Conditions

Johnson Matthey) polished with 50 nm alumina powder, and the
counterelectrode vgaa 4 cnt platinum foil (99.7%). An external
reference electrode of saturated Ag/AgCl at 25°C was connected
through a conductivity bridge as described elsewhérall

Sample and protection Conen (at.%)

potentials in the text below are referred to the saturated Ag/AgCl procedur Ba °© T

at 25°C. The electrodes were connected to a potentiostat/galvanos-,—i’ —250mV, 30 s 14 65 21
tat (EG&G PAR 273A). All experiments were performed with 0.1 Tj —300 mV, 30 s 16 63 21
and 0. Ba(OH), solutions (Fluka;>98% purity). The solutions Ti, —400 mV, 30 s 15 63 22
were prepared with deionized water previously boiled to eliminate Ti, —500 mV, 30 s 5 72 23
dissolved CQ. The working temperature was 150°C in all cases. BaTiO; single crystal 16 63 21

Two types of experiments were conducted, one type dealing ™ 7AI measurements were performed after cleaning the sample with 4 keV argor
with cathodic protection and the second type focused on the ions.
microstructure control using controlled potential techniques. The
films were characterized using X-ray diffraction (XRD, Siemens
Model D 5000), X-ray photoelectron spectroscopy (XPS, Physical
Electronics System Model 1257), and scanning electron micros-

S

copy (SEM, JEOL Model J8M-25-S2). N Ba3d
:‘5
5

. Results = Ots
. . , = Ti2p
XRD measurements were possible only on the thickest films,
leading to diffractograms similar to those already reported in Ref. ﬂ A ay
12 and showing that they consisted of cubic BaJiO by
800 700 600 500 400

(1) Inhibition of Hydrothermal Growth by o
Cathodic Protection Binding Energy [eV]

Hydrothermal—electrochemical experiments normally incorpo- Fig. 2. XPS spectra recorded after 0.25 mCfcenosion doses. Sample

rate an initial purely hydrothermal step due to the reactions that yrotected with (a)-300 mV and (b)-500 mV, both for 30 s aF = 150°C
occur during the heating period that cannot be avoided. In the and [B#'] = 0.1M.

present experiments it was possible to avoid this effect by
immersing the titanium working electrode in the electrolyte only
when the working temperature was reached. In addition, the

titanium electrodes were immersed, subjected to a small cathodic

protective current, immediately followed by a cathodic potential
ranging from—250 to —500 mV versus Ag/AgCI during 30 s.
Figure 1 shows the time evolution of the net cathodic current
obtained during the protection step at different potentials for
treatments in a ONl Ba(OH), solution. The influence of these
potentials on the inhibition of BaTiQgrowth was assessed by the
degree of barium incorporation into the titanium substrate, moni-
tored through XPS by recording the dominant B®/2, O s, and
Ti 2p photoelectron signals. Table | shows the relative surface
concentrations of barium, oxygen, and titanium, estimated from
the XPS peak heights using available sensitivity factdrghe
values in the table are compared with those of a commercial
BaTiO; single crystal that was used as a stoichiometric reference.
Figure 2 shows the XPS spectra for the samples protected with
—300 and—500 mV. After the surface was cleaned by sputtering
the samples with 4 keV Ar ions with doses of 0.25 mClcall of
the samples showed some degree of barium incorporation. How-
ever, the sample protected with500 mV showed a Ba content

Current density Alcm?

time (s)

Fig. 1. Current density during the application of cathodic protection on a
Ti metal substrate immersed in 811Ba(OH), at 150°C.

considerably lower than that of the others, with a value far below
that observed in stoichiometric BaTiO

The depth distribution of barium in the electrode was deter-
mined by XPS depth profiling. Figure 3 represents the profiles of
the —300 and the-500 mV samples. The elemental concentra-
tions are expressed as atomic percent, as calculated from the pe
height intensity. Barium exhibited a deep penetration in-#390
mV sample and a shallow one in the500 mV one. In the latter
sample, a direct correlation was observed between oxygen ar
barium, and also an inverse correlation between oxygen an
titanium. This is consistent with the results reported by Kajiyoshi
et al, where the barium and oxygen were shown to diffuse
together®

Cathodic protection also has an effect on the morphology of tht
hydrothermally grown deposit. The SEM micrograph in Fig. 4(a)
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Fig. 3. XPS depth profile showing the elemental depth distribution in
samples protected with either300 or —500 mV.
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Fig. 4. SEM micrographs of samples grown: (a) in ®.1BBa(OH), at
150°C without cathodic inhibition (pure hydrothermal growth), (b) under
cathodic inhibition of—300 mV for 30 s, showing partial inhibition of
growth, and (c) under-500 mV for 30 s, leading to complete inhibition of
growth. The bar indicates gm.

shows the typical morphology of a BaTiGilm hydrothermally
formed when the titanium electrode is left in open circuit in the
Ba(OH), solution. If the titanium electrode is immersed with-8
mA X cm~? cathodic protective current density for 3 s, and it is
then held at a potential 0of300 mV versus Ag/AgCl for 30 s at
150°C, the formation of BaTiQnuclei is partially inhibited in
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of inhibition is obtained by the application of more cathodic
potentials, say-500 mV versus Ag/AgClI, resulting in only a few
isolated BaTiQ nuclei, as shown in Fig. 4(c). With this potential,
the nuclei appear very scattered on the titanium surface, which |
consistent with the low barium content observed by the surfac
analysis, shown in Table I.

(2) Influence of Nucleation Pulses on the Microstructure

The formation of an electrodeposit starts with the nucleatior
and growth of isolated nuclei, which then coalesce into a contin
uous film. The rate of nuclei formation,Jdepends on the
overpotentiah through:

J = J, exp(—K/n?)

whereJ, andK are constant$? The number of nuclei increases
with time until a final saturation density is reached. The final
nuclei density also depends on the initial overpotential; the large
the overpotential is, the higher the nuclei density obtaffed.

In BaTiO; hydrothermal film growth, nuclei formation and
growth occur at the potential which is spontaneously establishe
on the titanium electrode, which, according to the mixed potentia
theory, is determined by the kinetics of the cathodic and anodit
reactions-? This potential evolves during the hydrothermal growth
in values ranging between 140 and—130 mV versus Ag/AgCl.
See for instance Fig. 5, which shows the evolution of the res
potential of a Ti electrode immersed in M2Ba(OH), at 150°C.

It has been shown that an adequate control of the initial nucle
density number with potentiostatic techniques can strongly modif
the morphology of an electrodepo&ttTherefore, it is appealing in
the present case to evaluate the influence of the initial nucleatio
potential on the morphology of the formed film. The above-
reported experiments showed that the application of potential
cathodic to the rest potential can result in the inhibition or sever
decrease of the number of formed nuclei. In the experimen
reported here we examined the influence of increasing the nucle
number through the application of potentials more anodic than th
rest potential. The following procedure was applied:

During the heating period the titanium electrode was maintaine
outside of the solution. When the working temperature of 150°C
was reached, the electrode was immersed and simultaneous
protected with a cathodic current density of 2 mAfcifterward
two procedures were used:

(@) The sample was left in open circuit for 4 h so that pure
hydrothermal growth would occur.

(b) A nucleation pulse of+500 mV was applied fo4 s and
then the sample was left in open circuit, so that pure hydrotherme
growth occurred during another 4 h.

The influence of the nucleation pulse on the film microstructure
was evaluated from the SEM observations. The surface morpho
ogies obtained on the BaTi(ilms are shown in Fig. 6These
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Fig. 5. Measurement of the rest potential at 150°C. The sample wa:

some regions of the surface, as shown in Fig. 4(b). A higher degreedirectly immersed in the solution of V2 Ba(OH),.



Fig. 6. SEM micrographs of films grown &t = 150°C in 0.M B&%": (a)
without initial pulse, hydrothermal for 4 h; (b) under a nucleation pulse of
+500 mV for 4 s, and then open circuit for 4 h. The bar indicatgesri.
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supersaturation of oxygen anions, which in an electrochemice
system is proportional to the overpotentipk E — E_, whereE

is the applied potential anH,. the open circuit potential. This
supersaturation would induce the formation of a large number ©
nuclei, which therefore do not reach larger sizes because to gro
they must compete for a limited supply of ions from the solution.
On the other hand, pure hydrothermal growth, without the initial
pulse, can be associated with an initially low nuclei density. In this
case the formation of a continuous BaTi@m requires larger
lateral growth of the individual initial nuclei, which occurs
simultaneously with nucleation of new islands, resulting in a more
uneven nuclei size distribution.

V. Conclusions

The growth of BaTiQ films on Ti in Ba(OH), solutions under
controlled potentials in hydrothermal conditions enables the mod
ification of the film microstructure. It is possible to inhibit the
spontaneous hydrothermal BaTi@rmation if the titanium elec
trode is protected with a suitable cathodic potential. The threshhol
cathodic potential for inhibition at 150°C in OML Ba(OH),
solutions is approximately-500 mV. On the other hand, the
application of initial anodic potential pulses triggers the nuclei
formation, resulting in the growth of BaTiCfilms with smaller
grain sizes and a more even morphology than in the pur
hydrothermal case.
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