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Work by previous investigators has shown that BaTiO, 
films can be synthesized from solution over temperature 
ranges from 80°C to greater than 200°C. In the present 
work, electrically insulating crystalline films of BaTiO, 
have been electrochemically deposited on titanium sub- 
strates at temperatures as low as 55°C. Auger spectroscopic 
analyses with depth profiling indicate that a titanium oxide 
layer whose thickness is governed by current density acts as 
a precursor to BaTiO,. Formation of BaTiO, is found to be 
favored only in highly alkaline solutions. This is consistent 
with the phase stability reported for the Ba-Ti-C0,-H,O 
system at 25°C. Lower processing temperatures (55°C) 
favor the formation of thick, electrically resistive, and well- 
crystallized BaTiO, films, apparently due to increased oxy- 
gen solubility in the electrolyte solution. Films produced at 
100°C are much thinner and are electrically conductive due 
to fissures and pores in their microstructure. Initial studies 
on the effect of current density indicate the formation of 
thinner and porous films with thicker titanium oxide inter- 
mediate layers. 

I. Introduction 

HE preparation of thin films by electrochemical methods T has the potential for the near-room-temperature production 
of multilayer capacitors, ferroelectric memories, surface acous- 
tic wave devices, and ferroelectric field effect transistors, as 
well as for structural and environmental applications such as 
high-strength ceramic coatings for internal combustion and jet 
propulsion systems. Previous reports indicate that perovskite 
thin films such as BaTi03, CaTiO,, and SrTiO, can be formed 
by a hydrothermal-electrochemical method. If, 

Deposition or growth of sparingly soluble single-component 
oxides on metal surfaces is neither novel nor difficult to accom- 
plish.'-" The process of anodization is achieved by anodic 
polarization of the metal surface to form the resistive metal 
oxide coating. Composition of the coating depends upon the 
composition of the metal and the solution in which the anodiza- 
tion is performed, with cationic and anionic species incorpo- 
rated into the structure of the oxide. It is critical to ensure that 
the polarization-induced reactions proceed with sufficient sin- 
gularity to assure that the desired reaction product is formed 
and that parallel or side reactions that result in formation of 
alternative compositions are avoided. 

Preliminary experiments in the current work confirm the 
electrochemical synthesis of BaTiO,. More significantly, 
BaTiO, thin films have been synthesized in aqueous solutions at 
temperatures as low as 55"C, thus eliminating the use of pres- 
surized vessels. Attempts to form BaTiO, near 25°C have pro- 
duced isolated deposits of an unknown material. Additional 
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research to synthesize BaTiO, thin films at temperatures 
approaching room temperature is in progress. In the present 
paper, the conditions and procedures required to achieve 
approximately I-Fm-thick films at 55°C are presented, fol- 
lowed by an experimentally verifiable hypothesis for the forma- 
tion mechanism. 

11. Background and Approach 

The general approach has been to develop methods that pro- 
mote the synthesis of BaTiO, films at temperatures less than 
100°C. Sealed pressure vessels are ordinarily required in hydro- 
thermal synthesis for reaction temperatures at 100°C or greater 
to prevent boiling of the solution. Continuous processing is 
more efficient with open vessels at lower temperatures. Thus, 
lower synthesis temperatures make the overall process more 
feasible. 

Prior work provides the fundamental understanding of the 
solution chemistry of the Ba-Ti-C02-H,0 system to develop 
procedures to produce BaC0,-free BaTiO, thin films at low 
temperatures.'*.'' As shown in the phase stability diagram in 
Fig. 1 for this system, BaTiO, is predicted to be the stable phase 
above about pH 12 if the pC0, is less than 4.5. With increased 
C02  concentration, BaCO, is the stable phase at pH values up to 
13. Therefore, care must be exercised to exclude CO, if the 
ultralow temperature synthesis of BaTiO, is to be achieved as 
predicted. 

Experimental work on hydrothermal synthesis and dissolu- 
tion studies in solution verify that the phase stability theoreti- 
cally predicted for BaTiO, at 25°C is valid.'2-2h The phase 
stability of a material in a particular solution is best determined 
by both precipitation and dissolution of the relevant material 
because reaction kinetics may be slow, particularly for the for- 
mer phenomenon. Several studies have demonstrated that the 
dissolution behavior of BaTiO, at 25°C is consistent with the 
phase stability diagram in Fig. 1.  BaTiO, measurably decom- 
poses in aqueous solutions below pH 1 1  to either BaCO, or 
Ba2 + and a Ti0,-rich layer depending on the CO, concentration 
in In contrast, BaTiO, particles have been synthe- 
sized in aqueous solutions only at temperatures as low as 
60°C. The reaction rates are sluggish for the hydrothermal 
synthesis of BaTiO, at low temperatures, and only nanometer- 
size particles are produced.19,'4 However, it has been demon- 
strated that BaTiO, can be synthesized over a large range of 
temperatures, with reaction rate generally increasing with 
increasing temperature. "-" 

It is likely that the formation of BaTiO, from solution follows 
classical concepts of nucleation and growth from s o l ~ t i o n ~ ~ - ~ '  
such that a sufficient degree of supersaturation as well as het- 
erogeneous nucleation sites are necessary. Dissolution studies 
support the theoretical prediction that BaTiO, is the stable 
phase in alkaline aqueous solution at 25°C. The sluggish reac- 
tion rates and the inability to form particles from aqueous solu- 
tion at temperatures below 60°C support the contention that the 
required levels of supersaturation of cationic species, particu- 
larly Ti4+, are not achieved in conventional precipitation. Thus, 
a key feature of the electrochemical process is that a heteroge- 
neous surface with a high local chemical potential of the cat- 
ionic species is provided for the formation of BaTiO,. This 
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Schematic diagram of the electrochemical apparatus for Fig. 2. the 
low-temperature synthe& of BaTiO, thin films in openvessels. Fig. 1. Theoretical phase stability diagram for the system Ba-Ti- 

C0,-H,O system (Refs. 12 and 13). 

electrolyte on the formation of BaTiO, films. NaOH as a 2M 
solution was used to achieve the desired pH. Atmospheres of 
ambient air, N,, and o, were also evaluated. Electrolyte solu- 
tions were prepared by preheating the sodium hydroxide to 
remove dissolved COz and then adding the Ba2+ salt. Prior to 
anodic deposition, electrolyte solutions were purged for 24 h 

observation may have implications in the formation of electro- 
thermal films in other systems as well. 

111. Materials and Methods 

A schematic diagram of the experimental setup is shown in 
Fig. 2. Preliminary experiments were performed in a borosili- 
cate vessel, but the highly alkaline solution pH values required 
for BaTiO, formation lead to etching of the glass. Therefore, a 
I-L Teflon vessel was used in all reported experiments. All sur- 
faces in contact with the electrolyte solution were either Teflon 
or platinum except the anode. The cathode and anode were a 
platinum plate and a titanium corrosion coupon, respectively. 
The titanium corrosion coupons (electronic grade, Johnson 
Matthey, Ward Hill, MA) (1.5 cm X 1.5 cm X 0.1 cm) were 
mechanically polished with alumina to 0.05 pm and degreased 
in ethanol (Fisher Scientific, Fair Lawn, NJ) prior to anodic 
deposition. (All chemicals are reagent grade unless otherwise 
indicated.) The electrodes were suspended from platinum wires 
and placed in a Teflon beaker containing the electrolyte. All 
experiments were performed under galvanostatic conditions 
(i.e., constant current) with the current density vaned from 0 to 
2.5 mA.cm-2 with a commercial power source (Potentiostat 
Model 173, Princeton Applied Research, Princeton, NJ). 
Changes in potential as a function of reaction time were col- 
lected on a strip chart recorder for selected experiments. Since 
all experiments were conducted under galvanostatic conditions, 
it was not necessary to include a reference electrode in the 
apparatus. The atmosphere in the vessel was controlled by 
purging the solution with suitable gas (0, or N,) using a gas dis- 
persion tube made of Teflon. The flow rate for the gas through 
the solution was maintained between 1 and 10 cm3.min- ' for all 
experiments. 

Details for each of the experiments are outlined in Table I.  
Preliminary experiments indicated that the formation of BaTiO, 
required solution pH values greater than pH 12.5. Ba2' in 0.5M 
concentration as either Ba(OH),.8H20 or Ba(CH,COO),, the 
acetate salt, was used to assess the effect of the source of the 

with the desired atmosphere. 
After each experiment, the coupons were washed in water 

adjusted to pH 9-10 with NH,OH, rinsed in 2-propanol or etha- 
nol, and air-dried prior to characterization. Samples were 
stored in covered containers in a desiccator prior to character- 
ization. Care was taken to expose the samples to the ambient 
environment for as short a time as possible during handling to 
minimize BaCO, formation. 

Characterization of electrothermally prepared BaTiO, thin 
films was performed in the Major Analytical Instrumentation 
Center (MAIC) at the University of Florida. X-ray diffractome- 
try (XRD, APD3720, CuKa, fine tube, 40kV-20 mA, Philips 
Electronics, Mahwah, NJ), scanning electron microscopy 
(SEM, JSM6400, JEOL, Boston, MA), transmission electron 
microscopy (TEM, JEOL200CX, JEOL), and Auger electron 
spectroscopy (AES, PHI660, Perkin-Elmer, Eden Prairie, MN) 
were used to characterize the structural, compositional, and 
topographical features of the BaTiO, thin films. XRD was per- 
formed on the washed and dried samples using CuKa radiation 
and a scanning rate of 2.4"/min from 10" to 70" 20. SEM photo- 
micrographs were obtained on uncoated samples. During SEM 
analysis, energy-dispersive analysis for X-rays was performed 
with an ultrathin window for light elements (UTW, Tracor 
Northern, Dallas, TX) to verify the presence of Ba, Ti, and 0 
in each of the samples. Samples for TEM analysis were pre- 
pared by mechanically polishing the treated coupons on one 
side to about 75-km thickness and subsequently cut into 3-mm- 
diameter disks using an ultrasonic disk cutter. The disk samples 
were then dimpled on the polished side to obtain a central thick- 
ness of about 15 pm and, finally, back-thinned employing Ar- 
ion milling at room temperature to remove Ti substrate at the 
center of the sample. The milled samples were coated with car- 
bon to improve conductivity. Bright-field imaging and selected 
area diffraction (SAD) studies were performed on the central 
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thin regions of the samples using a 200-ky accelerating voltage 
(electron beam wave length A = 0.0251 A) and 820-mm cam- 
era length ( L ) .  The SAD patterns were indexed by measuring 
the distance ( R )  between individual spots and rings, using a 
magnifier lens with an accuracy of 2 0.1 mm. The d-spacings 
for various sets of crystallographic planes were calculated using 
the formula Rd,,, = LA. 

AES was performed using a 10-kV electron beam to deter- 
mine the near-surface composition of the films. Argon ions 
accelerated at 3 kV on a 3-mm by 3-mm area were used to 
remove layers of material to obtain a compositional profile of 
the film as a function of depth into the film. The sputter rate was 
estimated to be 10 nm/min. The films were incrementally sput- 
tered at 30-s intervals (-5-nm depths) and AES performed 
until the titanium substrate was reached to obtain composition 
as a function of depth through the film. All films in which 
BaTiO, is present also have an underlying layer of TiO, or TiO, 
indicated by XRD and AES analyses. Therefore, BaTiO, film 
thickness was defined as the midpoint between the sputter times 
at which Ba and Ti cross over and Ti and 0 cross over. For 
example, in Fig. 3(C), the Ba and Ti cross over in the composi- 
tional profile at -38 min, corresponding to about 380 nm, and 
Ti and 0 intersect at -68 min, corresponding to 680 nm. The 
BaTiO, film thickness is taken as the midpoint between these 
two values at 53 min, or about 530 nm. The relatively small 
contribution in overall thickness produced by any BaCO, on the 
surfaces of the films was ignored in the calculation of BaTiO, 
film thickness. 

Whether the films were continuous or contained pores and 
fissures was determined by electrical resistivity measurements 
in conjunction with SEM photomicrographs of the microstruc- 
ture. Films were electroded by placing a mask with a regular 
array of holes over the film and sputter-coating a Au/Pd film or 
painting on silver electrodes. The silver electrodes could be 
subsequently washed from the film with a suitable solvent such 
as acetone, and the films were used for further analysis. The rel- 
ative resistivity of each film was determined with a standard 
electrometer and electrical probes. 

IV. Results and Discussion 

The formation of polycrystalline BaTiO, thin films on tita- 
nium substrates has been observed under a variety of electro- 
thermal conditions. Table I gives the experimental conditions 
and some of the relevant physical characteristics of selected 
films. Visual examination of the thinner films indicates the 
presence of multiple interference patterns of yellow, blue, and 
purple, as previously reported.s.6 The films with thicknesses of 
about 0.2 pm are typically reflective and transparent, whereas 
thicker films are dark gray and optically opaque. The character- 
istics of the synthesized BaTiO, thin films are dependent on the 
processing conditions as discussed below. 

( I )  Phase Stability of the BaTiO, Films 
The phases present in the films were evaluated as a function 

of the starting electrolyte, atmosphere, solution pH, and tem- 
perature. BaTiO, thin films were initially synthesized in 0.5M 
(Ba(OH),.8H,O at 100"C, for periods up to 53 h as reported in 
previous studies.'" These conditions produce dark-gray 
BaTi03 films contaminated with BaCO, (sample 1) .  Reagent 
grade Ba(OH),.8H,O is inherently contaminated with BaCO, 
(-2 wt%). A CO:--free Ba2+ solution was more easily 
achieved with Ba(CH,COO), as the electrolyte. Representative 
XRD traces are given in Fig. 4 for samples 6 and 7 synthesized 
at 100" and 55"C, respectively. BaCO, in samples was confined 
to the surface as determined by AES compositional profile anal- 
ysis as shown in Fig. 3(B) for sample 7. BaCO, in samples 3 
and 4 was attributed to the reaction of atmospheric CO, with the 
aqueous, alkaline electrolyte film covering the sample surface 
at the time of removal from vessel. The surface contamination 
by BaCO, was minimized in samples 5 through 9 by careful 
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and high current density (sample 8) showing variation in film thickness as a function of temperature and current density. 

Auger spectroscopy data for the thin films synthesized at (A) 100°C (sample 6), (B) 55°C and low current density (sample 7), and (C) 55°C 

washing with C0,-free, ammoniated water at -pH 9, followed 
by a rinse with 2-propanol or ethanol. 

The atmosphere also has a strong effect on the phase purity 
of the film. Electrothermal syntheses in an ambient atmosphere 
produced a mixture of BaTi0, and BaCO,. Both the atmo- 
sphere and pH were vaned in the preparation of sample 2. 
Nitrogen was evaluated as an atmosphere to minimize the for- 
mation of the carbonate salt. The pH was also decreased to 
determine if BaTiO, would form or TiO, as predicted in Fig. 1.  
Both TiO, and possibly a poorly crystallized form of BaTiO, 
are present in sample 2 as shown in Fig. 5. However, the basis 
for the presence of BaTiO, is only the poorly crystallized ( 1  00) 

peak at 22" 20. Furthermore, the combination of the N, atmo- 
sphere and lower pH also leads to a reduced form of Ti@) as 
TiO. Therefore, samples in subsequent experiments were pro- 
duced using an 0, atmosphere and at elevated pH values. 

The role of oxygen in the process of thin-film formation is 
not fully understood. However, the presence of O2 facilitates the 
formation of BaTiO, at low temperatures. It is possible that 0, 
either is physically adsorbed at the metaltelectrolyte interface to 
promote oxide formation or provides an oxidizing medium, 
itself getting reduced at the oxide/electrolyte interface to gener- 
ate an excess of OH- ions or H,02, resulting in a change in 
local pH and ionic equilibria. If the local environment is 
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thesized at (A) 55°C (sample 7), and (B) 100°C (sample 6). 

Comparison of X-ray diffraction data for the thin films syn- 
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changed because of OH- or H,O, generation, then the effi- 
ciency of dissolution-reprecipitation reactions will govern the 
product of anodization. Oxygen can react to form H20z under 
the conditions in which all experiments have been performed in 
the current work via reactions such as3" 

Oz(g) + 2Hf(aq) + 2e- = H,O,(aq) 
E" = +0.68V (1) 

The electrochemical conditions leading to Ti(IV), a valence 
state suitable for BaTiO, formation, may be promoted by com- 
plex ion formation with H,O,. The formation of Ti-H,O, com- 
plexes elevates the solubility of Ti(1V)" and, thus, may provide 
a greater driving force for the deposition of BaTiO,. Alterna- 
tively, the peroxide may promote the formation of BaO, at 
lower temperatures. The implications of this latter effect are 
discussed below. A calculation of ionic equilibria that incorpo- 
rates all of these various electrochemical scenarios is beyond 
the scope of the current work but will be addressed in future 
studies. 

Solution pH also has a strong role in controlling the forma- 
tion of phase-pure BaTiO,. As shown in Fig. l ,  BaTiO, is the 
stable phase only at solution pH values greater than -pH 12. 
The theoretical phase stability is verified by the XRD pattern in 
Fig. 5 for the film formed under N, atmosphere at pH 12.25 
(sample 2), which shows only a poorly crystalline BaTiO, asso- 
ciated with T i0  and TiO, as the predominant phases, whereas 
the most phase-pure BaTiO, films (samples 5-8) have been 
formed in solutions with pH values greater than I3 and with an 
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Fig. 5. 
at pH 12.25. Titanium oxides are the predominant phases. 

X-ray diffraction data for the thin film (sample 2) synthesized 

0, reflux. These data support, but not conclusively, the hypoth- 
esis that, under highly alkaline conditions, the presence of Ba2' 
in solution promotes the formation of crystalline BaTiO,(s) as 
the most stable phase, with an amorphous titanium oxide acting 
as the intermediate phase. This observation is consistent with 
Prusi and Arsov," who recently reported the formation of 
X-ray-amorphous titanium oxide on titanium surfaces in highly 
alkaline solutions under open-circuit conditions. 

There is a minimum temperature at which continuous 
BaTi0, films will form within 24 h. BaTiO, films have been 
synthesized within 4 h at 100°C (e.g., samples 4 and 5, Table 
I). BaTiO, films are formed within 24 h at 55°C. Shorter syn- 
thesis times at 55°C have not yet been evaluated. However, con- 
tinuous BaTiO, films are not formed within 24 h at 29"C, based 
on the characteristics of sample 9. No BaTiO, has been 
detected using XRD even with slow scans across the major 
XRD peaks for sample 9. Thus, at least for 24-h reaction times, 
there is a minimum temperature between 55" and 29°C at which 
BaTiO, will form. Regardless, the conditions promoting the 
formation of BaTiO, films at 55°C indicate validity of the theo- 
retical approach summarized in Fig. 1 for 25°C to guide the 
development of the low-temperature synthesis of BaTiO,. The 
short reaction times relative to those required for the homoge- 
neous formation of BaTiO,  particle^^^.^^ at similar temperatures 
also support the thesis that a heterogeneous surface is required 
to synthesize BaTiO, at low temperatures in aqueous solutions. 

(2) Thickness, Grain Size, and Porosity of the BaTiO, Films 
Microstructural characteristics of the phase-pure BaTiO, 

films, particularly samples 5-8, are strongly influenced by the 
current density and temperature at which a particular film is 
synthesized. In general, the current density has less influence 
on film thickness at 100" than 55°C. For example, sample 5 pre- 
pared at 100°C without an applied current had a BaTiO, film 
thickness of about 0.1 pm, while sample 6 prepared at 100°C 
with 1 .25-mA.~m-~ current density had only a modest increase 
in thickness to 0.2 pm. However, it is obvious from the AES 
compositional profile data for samples 6, 7, and 8 summarized 
in Fig. 4 that lower temperatures and not current density have 
the most profound effect on film thickness. Film thicknesses 
approaching 1 pm were obtained at 55°C (samples 7 and 8) in 
contrast to films in the range of 0.2 pm synthesized at 100°C. 

Thickness of the films corresponds to the size of grains 
observed in SEM photomicrographs shown in Fig. 6. Estimates 
of the thickness of films based on SEM analysis of either grain 
size or cross-sectional views are erroneous because of the 
underlying TiO, films leading to an overestimate of the actual 
BaTiO, film thickness. Compositional profile analysis by AES 
or X-ray photon spectroscopy provide more accurate estimates 
of the ferroelectric film thickness. The diameter of the uniform 
grains in sample 4 synthesized at 100°C are approximately 0.2 
pm, while the grain diameter in sample 7 synthesized at 55°C 
range from 0.2 pm to greater than 1 pm. The large grains in 
sample 9 synthesized at 29°C are similar to those present in 
sample 7, as shown in Fig. 7. However, there are no fine grains 
obvious in the microstructure of sample 9. The bimodal grain 
size distribution indicates that there are two pathways for grain 
formation as discussed below. 

The degree of porosity indicated by the electrical resistivity 
of the films is also dependent on synthesis temperature. All 
films, except those prepared at 55°C with the bimodal grain 
sizes, had pores and fissures which provided electrically con- 
ductive pathways and very low resistivities. In contrast, sam- 
ples 7 and 8 prepared at 55°C are electrically resistive. 
Capacitance and the dielectric loss factor will be reported at a 
later time, but it is expected that a static dielectric constant as 
low as 300, similar to that of other electrothermally synthesized 
films, will be found because of the relatively fine grain size.', 
(3) Discussion of Film Formation Mechanisms 

The kinetic studies necessary to determine the rate-limiting 
step(s) specific to the formation of BaTiO, films have not yet 
been performed. However, based on a knowledge of the corro- 
sion behavior of titanium, the hydrothermal synthesis of 
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Fig. 6. Scanning electron micrographs of the surfaces of the thin 
films synthesized at (A) 100°C (sample 4) and (B) 55°C (sample 7). 
Additional details for the synthesis are provided in Table 1. 

BaTiO,, and the current work, a film formation mechanism is 
proposed that accommodates both the literature and the data 
developed from the current study. The microstructural and AES 
compositional profile data suggest two distinct mechanisms 
based on the synthesis temperature that control film formation. 

It is proposed that the formation of BaTiO, films is controlled 
by three distinct, but interrelated, processes: 

( I )  The rapid formation of either a Ti oxide or Ti hydrous 
oxide film, whose crystallinity and composition depend on the 

Fig. 7. 
ing large, discrete particles. 

SEM photomicrograph of sample 9 prepared at 29"C, show- 

solution chemistry, atmosphere, and reaction temperature as 
discussed earlier. 

Nucleation of fine barium titanate crystallites on the 
surface of the amorphous, metastable Ti oxide film (formed 
under highly alkaline conditions), and their further growth to 
constitute an insulating, polycrystalline film of barium titanate. 

(3) Concurrent with 1 and 2, the dielectric breakdown of 
the films if the voltage exceeds a critical value or range of 
values. 

Titanium belongs to an important group of metals known as 
"valve metals" which have a large driving force to react with 
water to form metal oxides or hydrous oxides.'"." AES compo- 
sitional profiles on the as-polished titanium coupons indicate a 
TiOz layer 10-20 nm thick. Thicker oxide layers form when an 
anodic current is passed across these metals. As shown in Fig. 
3, a TiO, layer approximately 0.1 to 0.2 p,m is present in the 
anodized films. These results are consistent with a recent report 
by Prusi and Arsov" on the growth kinetics of films formed on 
Ti under alkaline conditions. Based on kinetic analyses of film 
formation in alkaline solutions under open-circuit conditions 
and in situ ellipsometry measurements as a function of time, 
Prusi and Arsov showed that Ti hydrous oxide films formed at 
25°C within 100 min after an initial dissolution of the native 
TiO? layer. The initial dissolution period ranged from less than 
1 min in IOM KOH to -20 min in 1 M KOH. In the conditions 
most closely approximating the present study, the Ti hydrous 
oxide film grew to a thickness of approximately 60 nm. In cor- 
respondence with Pourbaix's analysis,") Prusi and Arsov main- 
tained that metastable Ti(OH), was formed initially, but 
transformed electrochemically to Ti02.H,0 with time. This 
secondary oxidation from Ti'+ to Ti4' has not been observed in 
the current studies with the anodic polarization on the Ti cou- 
pon. Furthermore, the elevated temperatures used to prepare 
some of the samples (at 55" and 100°C) promote the formation 
of the rutile, anhydrous phase of TiO, under hydrothermal con- 
ditions." The elevated temperatures used in the current study, if 
consistent with the aqueous phase equilibria of TiO, deduced 
from hydrothermal work, promote the formation of the anhy- 
drous, crystalline material. Thus, based on the work of Prusi 
and Arsov and the current study, a relatively thick Ti hydrous 
oxide or hydroxide film forms rather rapidly on the Ti surface 
within the first 100 min. 

Hertl,' has shown that it is likely that diffusion of Ba2+ into 
precursor TiO, particles is the rate-limiting step in the synthesis 
of BaTiO, particles. However, the low synthesis temperature of 
the crystalline BaTiO, films (55°C) formed in aqueous solutions 
and the relatively short times (as low as 4 h) compared to the 
much longer times (i.e., greater than 48 h) required for the syn- 
thesis of particles under similar  condition^'"^^^^^ suggest that the 
crystallization of BaTiO, is augmented by a faster growth 
mechanism in the electrochemical process. Also, the diffusion 
of Ba2+ into the Ti oxide or Ti hydroxide under electrochemical 
conditions seems less likely, since the transport process would 
have to overcome the repulsion of the electric field on the 
anode. 

In contrast, nucleation and growth of BaTiO, particulates in 
the electrochemical process is strongly supported by both 
microstructural data and the relatively rapid formation of the 
barium titanate films on the Ti substrates. The bright-field 
transmission electron image and the selected area diffraction 
(SAD) pattern (taken from the region close to the substrate) of 
the film prepared at 55°C (sample 7) shown in Fig. 8 indicate 
the presence of very fine BaTiO, crystallites embedded in a 
poorly crystalline TiO, film. These crystallites continue to 
grow into large BaTiO, grains seen as large, dark areas in the 
micrograph. This is supported by the presence of various 
BaTiO, spots and diffuse rings belonging to TiO, in the SAD 
pattern. Ion-milling conditions employed during the TEM sam- 
ple preparation might have promoted partial crystallization of 
the originally amorphous Ti oxide film on the substrate. Based 
on this analysis, it is believed that the formation of BaTiO, 

(2) 
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involves heterogeneous nucleation in a local environment pro- 
vided by the electrochemical process in which the activity of 
Ti4+ or related Ti-hydroxide complex ions is high enough to 
react with Ba2+ in solution. 

As the insulating oxide film grows at the anode, there is a 
steady increase in the voltage to accommodate the increase in 
resistance under galvanostatic conditions (i.e., constant cur- 
rent) across the growing film. As the film becomes thicker, fur- 
ther passage of anodic current can result in dielectric 
breakdown of the film, resulting in metal dissolution, oxygen 
evolution, or oxidation of species in the electrolyte. This 
behavior is consistent with the voltage oscillations as a function 
of reaction time shown in Fig. 9. 

The voltage required to break down the TiO, and BaTiO, 
films in the current work indicates that dielectric breakdown is a 
factor in dictating the nature of the film. The dielectric break- 
down strength for TiO, ranges from 2 X lo4 to 1.2 X lo5 
V.cm- ’, depending on the crystallographic direction of the 
applied voltage.34 The breakdown strength for polycrystalline 
barium titanate’4 is approximately 1.17 X 10’ Vecm-’. For 
either a TiO, or BaTiO, film thickness of 0.2 pm, these dielec- 
tric breakdown strengths correspond to applied voltages rang- 
ing from 0.4 to 2.4 V. The voltages as a function of time for 
selected samples summarized in Fig. 9 are consistent with the 
range of voltage expected for dielectric breakdown. However, 
temperature influences the range of voltages as well as the fre- 
quency of the breakdown with a greater oscillation in voltage 
present in the 100°C samples (from 1.5 to 3.5 V) than the 55°C 

Diffraction data from the SAD pattern: 

(from 1 to 2.5 V) or 29°C (1.75 to 2.5 V) samples. Further- 
more, the cell voltages were relatively constant for the samples 
prepared in the latter two temperatures after about 10 h, while 
the sample at 100°C required 20 h to achieve a stable voltage. 
At present, it is uncertain how the microstructure changed with 
time during the deposition. Future studies will include these 
kinetic aspects of film formation. 

The BaTiO, films fabricated by the “electrothermal” process 
at 100°C appear to be continuous and compact in the scanning 
electron micrographs. However, the high electrical conduc- 
tance indicates the films synthesized at 100°C contain “shorts” 
or porosity. During the formation of the anodic oxide, stresses 
are produced at a metal/oxide interface which result in dielec- 
tric breakdown and induce fissures through the insulating layer. 
The evaluation of the physical nature, size, and distribution of 
these “shorts” by a voltage contrast method in SEM3‘ is in 
progress. 

The major microstructural difference between the films 
formed at 100°C and those formed at 55°C are the large grains 
present in the latter samples. It is currently believed that the 
large grains form at fissures created by the dielectric breakdown 
of the films. The hemispherical deposits physically fill the fis- 
sure, thereby preventing electrical current to flow. This con- 
tention is supported by the hemispherical deposits formed at 
29”C, where BaTiO, is not found. The native oxide layer is still 
subject to dielectric breakdown as shown in Fig. 9, although the 
magnitude of the oscillations in voltage is significantly smaller 
than that present in the 55” or 100°C samples. Furthermore, the 

Calculated Reference data 
d6kl dkkl Intensity h k l  

spots JCPDS-ICDD BaTiO3 Ref.Pattem # 31-174 

2.84M.04 
2.32M.03 
1.99f0.02 
1.65f0.02 

2.850 100 
2.328 30 
2.016 35 
1.6445 25 

1 1 0  
1 1 1  
2 0 0  
2 1 1  

Rings 

3.05k0.05 
2.06M .02 

JCPDS-ICDD Ti02 Ref Pattern # 35-88 

3.11 90 0 0 2  
2.073 70 0 0 3  

Fig. 8. Bright-field transmission electron image and the selected area diffraction pattern of the BaTiO, thin film prepared at 55°C (sample 7), show- 
ing the fine crystallites of BaTiO, embedded in a poorly crystalline TiO, film and surrounded by the fully grown BaTiO, grains seen as large, dark 
areas. 



2626 Journal of the American Ceramic Society-Bendale et al. Vol. 76, No. 10 

* I  

4 
55°C 

3 1  

0 
0 5 1 0  1 5  2 0  

TIME (hours) 

4 
29°C 

Fig. 10. SEM photomicrographs of large deposits on sample 9 pre- 
pared at 29°C: (A) before argon milling and (B) after argon milling, 
showing the texture in the hemispherical deposits. 

0 5 1 0  1 5  2 0  
TIME (hours) 

Fig. 9. Cell voltage as a function of time for samples prepared at 
100°C (sample 6), 55°C (sample 7), and 29°C (sample 9). Electrother- 
mal conditions for all samples were similar, other than the temperature. 

oscillations in voltage indicating the cycle of deposition and 
breakdown is continuing are still experienced in the 100°C sam- 
ple for times as long as 20 h, while the oscillations have basi- 
cally ceased within 10 h for the 55" and 29°C samples. 

The precise nature of the large grains in samples prepared at 
55" and 29°C is unknown. Energy-dispersive analysis for X- 
rays performed with an ultrathin window for light elements 
indicates the deposits in sample 9 prepared at 29°C contain oxy- 
gen, barium, and titanium. However, at least some of the latter 
element is from the underlying TiO, and Ti layers. Argon sput- 
tering on the surface of sample 9 shown in the SEM photomi- 
crographs in Fig. 10 resolves some of the ultrastructure of the 
hemispherical deposits. The sputtered sample reveals that the 
hemispherical deposits are composed of elongated structures 
that may be related to the crystallographic orientation in the 
deposit. It is unlikely that the elongated structures in the argon- 
milled hemispherical structures are due to a phenomenon simi- 
lar to that which leads to sputter-induced cone formation 
observed in ion-milled polycrystalline metal surfaces.36 Ener- 
gy-dispersive analysis with an ultrathin window for light-ele- 
ment detection indicates that the ion-milled deposits are still 
composed of Ba, 0, and Ti, although again the latter may be 

due primarily to the substrate. Thus, it is believed that the mill- 
ing reveals the crystallographic orientation or texture in the 
large deposits. 

It is possible that the X-ray-amorphous, hemispherical 
deposits are a barium-titanium hydrous oxide, or alternatively, 
barium oxide or barium peroxide if the Ti indicated by the 
microanalysis is due to the underlying substrate. In any case, 
the validity of the following formation scheme can be more rig- 
orously tested in future experiments: 

The Ti oxide layer forms rapidly upon introduction of 
the Ti coupon into solution. The thickness of this layer is dic- 
tated to some extent by the current density on the Ti anode. 

The nucleation and growth of the BaTiO, layer is dic- 
tated by the nature of the Ti oxide layer, solution chemistry, and 
the atmosphere. 

The formation rate of the BaTiO, particles under hydrother- 
mal conditions follows a parabolic rate law as developed by 
Hertl.26 This scheme is also consistent with the well-established 
mechanistic models for the diffusion-controlled growth of the 
anodic films." The growth rates for the electrochemically pre- 
pared BaTiO, films can be evaluated against these models, par- 
ticularly those associated with the anion diffusion and point 
defects," to elucidate different stages of the film formation. It is 
currently believed that one of these reaction mechanisms leads 
to the formation of the 0.2-pm grains and small pores observed 
in the films synthesized at 100°C. 
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