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Direct synthesis of potassium tantalate thin films
by hydrothermal-electrochemical method
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of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan
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Single-phase potassium tantalate (KT) thin films with excellent film flatness and
crystallinity have been synthesized on a tantalum substrate in 2.0 M KOH solution at 150°C
by a hydrothermal-electrochemical method under a galvanostatic condition. A pyrochlore
structure of the thin KT films was identified by XRD pattern analysis. The films show good
adherence to the substrate and the film thickness could be as much as 2 um. The electrical
properties of the films were characterized through the determination of capacitance by
electrochemical impedance spectroscopy at room temperature. Dielectric constants yielded
from capacitance measurements have been calculated to have values higher than 300. The
dependence of cell voltage on reaction time reflects the mechanism of film formation. The
preparation conditions and morphology of the films were consistent with the proposed film
formation mechanism. © 2000 Kluwer Academic Publishers

1. Introduction films and coatings in aqueous solution for a variety of
Potassium tantalate, known as an incipient ferroelectri@pplications in one step without using excess energy for
material with a band gap energy of about 3.5 eV, hadiring, sintering or melting. This simple ambient tech-
been the subject of extensive investigation because dfique belongs to so-called the soft solution process-
its technological importance and fundamental interesing (SSP) [23, 24]. Typical examples are the formation
[1-13]. A crystal of potassium tantalate shows a goodf barium titanate and strontium titanate films on tita-
n-type photoconductivity at low temperature. Excitednium substrates in alkaline solution by hydrothermal-
by band-gap light at low temperature, a visible broad lu-lectrochemical method [23, 24].
minescent band can appear on an undoped K ta¢3- Many functional ceramic films have been prepared by
tal surface [13]. Perovskite KTaQsimilar to SrCe@, a hydrothermal-electrochemical method recently [24],
BaCeQ and SrzZrQ, is a high-temperature protonic but to our knowledge, there is no published paper con-
conduction material when it is doped with a rare earthcerning the preparation of potassium tantalate films
element. These materials have attracted considerably a hydrothermal-electrochemical method. The pur-
interest for possible applications to fuel cells, steampose of this paper is to demonstrate the possibility
electrolyzes and humidity sensors [14-16]. Potassiunof fabricating potassium tantalate by a hydrothermal-
tantalate can be used as a bulk substrate for fiigh- electrochemical method. The structure, morphology,
films [17]. Moreover, potassium tantalate films usedand electrical properties of the films, as well as the
in electric capacitors for DRAMs [18] have also beenmechanism of fabrication have been investigated.
reported.

Potassium tantalate film and related compounds have
previously been prepared by means of pulsed laser d&. Experimental procedure
position [19], Liquid-Phase Epitaxy [20], and a sol-gel Tantalum metal substrates of 99.9% purity and di-
process [21, 22]. However, those film fabrication tech-mensions of 5 mnx 40 mmx 0.5 mm were used as
niques are all capital and energy intensive because ofiorking anodic electrodes. Prior to the hydrothermal-
the requirement of either a high vacuum or a temperaelectrochemical treatment, the working electrode sur-
ture higher than 50@. face was polished by diamond and alumina suspensions

Inrecentyears, our group has been devoted to the desuccessively to a mirror finish. The fresh polished elec-
velopment of hydrothermal and hydrothermal-electrotrode was electropolished for 30 seconds at an anodic
chemical methods to fabricate in situ morphology-current density of 1.5 mA/cfnin the electropolishing
controlled crystalline ceramic films. These methodsbath solution composed of 10 vol %80y, 20 vol %
offer an alternative soft-chemical technique to fabricateHF, and 70 vol % ethylene glycol [25], the substrate
thin as well as thick, shaped, sized and oriented ceramiwas then ultrasonicated for 5 min in acetone and water
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solutions. The hydrothermal-electrochemical treatmen 1800
is described in detail elsewhere [26]. Briefly, a Teflon '
beaker containing the electrolyte was placed in the cel
of an autoclave equipped with a three-electrode systen
Ta and Pt plates served as the working electrode an
counter electrode, respectively. A specially designec
KCl-saturated Ag/AgCl electrode (Toshin Kogyo,
Tokyo, Japan) was used as an external reference ele
trode. All potentials were referred to thisreference elec: 00 |
trode. Experiments were performed under galvanostati
conditions with the current density varied from 0.5 to§
10 mA/cn? by a potentiostat (Potentiostat/Galvanostaiz seo {
2000, Toho Technical Research). Changes in potentie§
as a function of reaction time were recorded by a PC
computer for selected experiments. Potassium hydro» |
ide electrolyte solution was used in all experiments,
freshly prepared from reagent grade potassium hydrox
ide and boiled distilled water. The temperature was con
trolled at 150C, and the reaction cell was kept at the
saturated vapor pressure at this temperature. Aftereac |
experiment, the Ta substrate covered with the potassiul
tantalate film was washed with water, ultrasonically in
ethanol, and air-dried prior to characterization. o ; ; ; ; ; ; |
X-ray diffraction was used to characterize the resul- 10 2 % 40 %0 60 7 8
tant phases of the products. A standard X-ray power ®
diffractometer (Model MXBYA, MAC Science Co., Figure 1 X-ray diffraction pattern of a potassium tantalum thin film on
Ltd., Tokyo, Japan) was used with Cy-lKadiation at  a Ta substrate. The peaks marked by and triangle are substrate peaks.
40 KV and 40 mA at a scan rate of/inin from 10to 80 KT film produced at 1 mA/crhfor 1 hour at 150C by hydrothermal-
26. Both surface morphology and the thickness of the® ecochemical method.
grown films were investigated both by scanning elec-
tron microscopy (SEM) (SEM, Model S-4000, Hitachi, . ) )
Tokyo, Japan). talllne_ cubic pyrochlore type potassium tantalum_ oxide
The electrochemical impedance spectroscopy for thélm with the structural formula of KTaeOg. The lattice
samples of potassium tantalum oxide films on tantalunP@rameter of this potassium tantalum oxide was deter-
substrates were carried out by an EG&G PAR ModelMined to bea=10.5942 A, which is in good agree-
273A potentiostat equipped with an EG&G model 5210Ment with literature data [27]. The potassium carbpnate
lock-in amplifier controlled by EG&G398 software phase was not observed. Itis different from other dielec-
through a PC computer. The experiments were contric films prepared by a hydrothermal or hydrothermal-
ducted in 1.0 M KCI electrolyte solution (pH 7.0) at €lectrochemical method, such as Bagi#ms. Some-
room temperature under argon atmosphere. A saturatdtines, it is very difficult to avoid the contamination by
calomel electrode (SCE) and alarge-area platinum platBarium carbonate [28-31]. Current study results obvi-
were used as the reference electrode and counter ele@uSly benefit from the solubility of potassium carbo-
trode, respectively. The working electrode with a thinnate. _
film was immersed into the electrolyte except for the Materials with a pyrochlore structure offer the poten-
upper part, which was connected to the electrical circuitial Properties for catalysis, ferroelectricity, ferromag-
via a mechanical clamp. The geometric surface in conD€tism, luminescence and ionic conductivity [32—35].
tact with the solution was about 1.0 énThe imposed The pyrochlore structure is cubic with the space group

ac signal was 5 mV rms, and the single sine model wa8f Fd3m. Eight formula units of B2XsY per unit cell
fixed. is the ideal pyrochlore structural formula, where A and

B are metal cations and X and Y are anions. The struc-

ture consists of a network of BXoctahedra sharing
3. Results and discussion all their corners around hexagonal vacancies, and the
3.1. Structure characterization lattice of an AY tetrahedron positioned inside the va-
The smooth films obtained on an anodic tantalum subeancies [36]. The defect structures with the structural
strate by hydrothermal-electrochemical galvanostati¢ormula A;B,Xg could be produced by removing the
treatment exhibited interference colors varying with thecombination of A and Y ions. KTa,Og belongs to this
thickness. The X-ray diffraction pattern of one typical type. Hiranoet al. [21] reported the XRD profiles of
sample obtained by hydrothermal-electrochemical galpotassium tantalum oxide powders prepared by the sol-
vanostatic treatment in 2.0 M KOH solution for one gel process. The structure of potassium tantalate was
hour at a current density of 1 mA/éms shown in  changed by temperature from pyrochlore to perovskite.
Fig. 1, where the peaks of KT crystallites were in- When fired at 650C, the potassium tantalate exhib-
dexed. All diffraction lines are well-defined without ited the pyrochlore structure, and the formation of the
preferred orientations and show a single phase of crygperovskite KTa@ phase occurred at 850. The results
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the largest grains are those that nucleated first and thus
~ have enough time to grow. The fine grains observed in
the inner portion of the film also indicated that the film

is grown from the outer surface to the inner. The cross
sectional image of the film is shown in Fig. 3c. The
thickness is evaluated about 2:6n.

Pyrochlore
3.2. Impedance spectroscopy
Generally, an equivalent electrical circuit, which is
\ shown in the inset of Fig. 4a, is valid for illustra-
W tion of the impedance behavior of the metal/oxide
X \\ films/electrolyte interface. This circuit includes the el-
\\ N\ ements of film resistancBf) and capacitanceCt),
O\ Helmholtz capacitanceCf) and the electrolyte resis-
Perovskite “\ tance Rs). When theR; values are very high, the total
\ impedance of the system can be written in the form
N [38,39]:

Free Engergy (G)

Temperature (T) -5

Figure 2 Schematically illustration the relationship between free energy Therefore,
and temperature for potassium tantalate system. Point a indicates the

temperature£850°C) of reversible transformation between pyrochlore 1
and perovskite phase. Zim = — (2)
oC
log(Zim) = —log(f) —log(27C) 3

indicated that the pyrochlore phase readily forms at
lower temperature. However, Swartz’s results showed he linear dependence of lag,) with log(f) can be
that the pyrochlore potassium tantalum oxide structurebserved. Whe@, > C;, the contribution ofC;, to the
can be formed in a sample crystallized from the glasgotal capacitanceQd) could be neglected. The calcula-
composition 4KTa@ Al ,O3 after heating at 85 for  tion of C; can hence be straightforwardly done from
30 minutes [28]. According to the lattice energy and apimaginary impedance data.
parentbond valence calculation[37], perovskite KIaO Impedance experiments for KT films were carried out
is more stabler than pyrochlore®a,Og in view of the  at 0.0 V in 1.0 M KCl electrolyte solution (pH 7.0) un-
lattice energy and apparent bond valence. Our resultder argon atmosphere at room temperature. Films were
confirm that the pyrochlore structure is a sub-stablevell-prepared and carefully selected to avoid any cracks
phase of potassium tantalate at low temperature. Theontaining in the film. Fig. 4a shows typical curves of
relationship between free energy and temperature ithe dependence of the impedance, Bg[and phase
the potassium tantalate system might be schematicallgngle,@, on frequency logf) for KT films of various
expressed asthat shownin Fig. 2. Itis shown that the pythickness. Atf < 10K, a straight line was observed.
rochlore type structure, KiapoOg could predominately The slope of the linearity depends on the film thickness.
form at lower temperature. At a temperature of aboutSimultaneously, at high frequendy, the phase angle
850°C (point ain Fig. 2), pyrochlore KlaxOg couldre- 6 was close to zero degree which corresponds to re-
versibly transform to the perovskite structure, but thissistive behavior, whereas &t< 100 Hz,6 diminishes
transformation becomes irreversible as soon as the tente values close te-90°, which correspond to capacitor
perature becomes higher than 860 behavior. Fig. 4b shows the good linearity relationship
The scanning electron micrographs of the sur-between the logfZin) and log (f) for different film
face and cross section of the KT film hydrothermal-thicknesses. The slopes of these plots were neafto
electrochemically produced at 1 mA/érfor 2 hours  which were in good agreement with the Equation 3.
are shown in Fig. 3. The film surface (Fig. 3a) is homo-This indicated that the system actually behaved as an
geneous and closely packed with well-defined octaheRC series circuit. From Fig. 4b, the capacitance values
dral submicrograins of KT. The more enlarged imageof the samples |, II, Il were estimated to be 0.15, 0.29,
(Fig. 3b) shows that the grain size is not uniform. Theand 0.46..F/cn? corresponding to film thicknesses of
largest grains have a size of up to Q.i. The average 2.0, 1.2, and 0.um. It is noted that the resistance
grain size is about 0.2m calculated by an intercept of the films composed of dielectric materials is very
method. Fig. 3b also shows that the upper grains arbigh. For example, the resistivities for a Quin thick
bigger than the lower ones. The larger grains are loBaTiO;s film could be as high as 02-cm [40]. There-
cated on the outer surface while the smaller ones are réere, the RC series circuit behavior of the KT films can
tained among the bigger ones. This type of microstrucbe is considered as an effect of the high resistance of
ture may indicate that the grain growth mechanism ighe films. On the other hand, it is noted that all values
controlled by a nucleation and growth process, becausef obtained capacitance were lower than ABcn?.
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(c)

Figure 3 Scanning electron micrographs of the surface and cross section of KT film. KT film hydrothermal-electrochemically produced a1 mA/cm
for 2 hour. a, b are correspondence with different magnification and c shows the cross section of the film.
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Figure 4 (a) Bode plots for KT films with various thickness. Insertis an

equivalent electrical circuit proposed to describe the impedance behavic

Step I: The nucleation of Step II: The growth of

of the Ta metal/KT film/electrolyte interfac®s is the uncompensated
ohmic resistance of electrolyte and electrddgis the Helmholtz capac-
itance.Rr andC; are the film resistance and capacitance. (b) Frequency
dependence of imaginary impedanZg, for different film thickness.
Sample I, Il and Il correspond the thickness of 0.6, 1.2 and.dr)
respectively.

Because the values of the Helmholtz capacitance fc
the usual system are fromQix 10> to 1.0x 10
Flen? [39], the lower system capacitance implies that
the KT film capacitance is the main contribution of the
whole system capacitance so that the influence of th
Helmholtz capacitance can be neglected in this systen
As a resultCs ~ C, and the dielectric constant, can

be calculated directly from the capacitance obtained b
the plot of Fig. 4b using the equation:

€oé

c=" (4)

wheregg = 8.85 x 10-1* F/cm. Therefore, the dielec-
tric constants for pyrochlore potassium tantalate films
of samples |, Il, Ill were calculated to be 312, 366,

and 338, respectively. It was found that there is no ap
parent dependence of the dielectric constant on filn

KT films till surface fully
covered by KT grains

Anadic Ta,0, films

Ta,0; films breakdown
and dissolution

| TaO, ions formation |

KT supersatuating
particles formation

|

KT precipitation
on Ta surface

Heterogeneous
nucleation of KT grains

The whole surface
covered by KT grains

KT films and its block

Surface covered
by KT grains

Small grains breakdown
and dissolution

Large grains
continuously growth

‘Shon-circuit path formation

Inward diffusion
of K" and OH'

l

KT film formation
at KT interface

Film growth blocked
when film thicker and

more compact

thickness. The dielectric constants for the dielectric ce-
ramic films, such as BaTithin films, formed by a
hydrothermal-electrochemical method varies from on

Figure 6 Schematically illustration of the mechanisms for hydro-
éhermal-electrochemical synthesis of KT films on Ta substrate. See text
for details.

research group to another, but usually, they are at values
around 300 [29, 40—43]. The dielectric constant of the
perovskite structure of KTagvas determined tobe 292 4t two current densities of 0.5 and 1.0 mA&krithis
at 296K [44]. The dielectric constant values obtained gependence can be divided into two parts which are
in the present study for the KT film are comparable tomarked in Fig. 5, which are associated with the two
those measured for other dielectric films prepared bysteps of the KT film mechanism. The whole procedures
an electrochemical-hydrothermal method. are schematically displayed in Fig. 6. Step | in Fig. 6 is
concerned with the processes of the initial formation of
3.3. Discussion the film formation the KT precipitates and the heterogeneous nucleation
mechanism of KT crystals on the substrate surface until all of the
Fig. 5 shows the potential change observed during theubstrate surface is covered. As shown in Fig. 5, in
anodization of a Ta electrode in 2.0 M KOH solution step |, before current is input to the tantalum substrate,
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Figure 7 Dependence of the electrode weight change on the KOH con-
centration. The charge flowed into the electrode is 7.2 €/cm After the whole surface is covered by KT grains,
the processes is assumed to proceed to the second step
(Fig. 6). In Fig. 5, the voltage oscillation as a function
the amount of tantalum oxide on the Ta substrate i®f time is observed. It is believed that these oscillations
expected to be quite low except for the automatic for-are due to the breakdown of the films [31]. Because
mation under the hydrothermal condition. The insu-the tantalum pentoxide has already been blocked by
lating tantalum pentoxide films are grown fast once athe freshly formed KT grains, the breakdown could be
constant current flows through the tantalum anode eledttributed to the breakdown of the KT film and the dis-
trode, causing an increased voltage drop in the systensolution of the KT grains. This favors the growth of the
As the anodic potential increases to a certain valuegrystallites in the outer surface (Fig. 3b). Initially, when
the so-called breakdown potential, the tantalum oxthe KT film is very thin, this breakdown may cause ex-
ide films would break down, which results in tantalum posure of the fresh tantalum oxide surface in order to
pentoxide dissolution in the concentrated alkaline soform the new fine grains in the interior. Fig. 8 shows
lution to form TaQ~ ion. According to Pourbaix’s di- the dependence of the electrode weight change on the
agram [43], tantalum pentoxide actually is a protec-electrical charge. This figure exhibits the relationship
tive oxide with high stability. It can resist caustic alkali of the KT film growth rate to the electrical charge or
solutions but dissolves in concentrated KOH solutiontime under a constant current condition. It is shown
to form TaQ~ ion. It is believed that the higher con- that, at first, the film growth is fast with an almost lin-
centrated alkaline media accelerate the dissolution ofar relationship to charge, then slows down with time.
tantalum pentoxide and the formation of the KT film. When the substrate surface is completely covered by
In other words, this technique is highly dependent onthe KT grains, the successively formed supersaturated
the KOH concentration. This is consistent with the ex-KT particles are thought to prefer to nucleate at the
perimental results on the dependence of the electrod@rmed KT grain boundaries to provide a pathway or a
weight changes on the KOH concentration, shown irso-called short-circuit path for the inward diffusion of
Fig. 7. Fig. 7 shows that KT films are hardly formed K* and OH" to the KT/Ta surface. This inward diffu-
at a KOH concentration below 2.0 M, but there is nosion is much faster than that from the bulk crystals of
significant difference in the weight changes when theKT. This diffusion supplies many Kand OH" ions to
KOH concentration is higher than 2.0 M. Simultane-the KT/Ta interface to produce a probably amorphous
ously, in step |, the dissolved TaOions react with K KT film (Fig. 3c) at this interface and cause the film
in the solution in the vicinity to form the double oxide to thicken. At this stage, the film still continues grow-
KTaOs supersaturated particles which deposit on the Tang. However, the growth rate is gradually hindered by
surface. The heterogeneous nucleation of KT crystalincreasing the thickness of the KT film because the
from the solution continues until the surface is fully short-circuit paths become too narrow to transport K
covered with KT grains. As a result, the dissolution ofand OH" ions, specially when the film is highly packed.
tantalum oxide is somewhat blocked. It is believed that
in this step the rate-determining reactions are the forma-
tion of tantalum pentoxide films and the growth of KT 4. Conclusions
grains. The oxide dissolution and the precipitation ofln this paper, we have demonstrated the procedures
KT precipitates is suggested to be very fast because thaf successfully fabricating potassium tantalate thin
dissolution is accelerated both by the electric field andilms by a hydrothermal-electrochemical method. This
the high hydroxyl concentration and there is much fregechnique provides an inexpensive and environmen-
space for depositing the supersaturated KT particles. tally friendly route to directly synthesize, dense, well
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crystallized, single-phase films without post annealing.

Benefiting from the solubility of potassium carbonate, 19

the obtained films exhibit very pure film composition.
Films with pyrochlore structure exhibit good adherence,
to the substrate and the film thickness can be up to

2 um. The KT films shows higher dielectric constants 21.

with values higher than 300 which are independent of

the film thickness. Based on the experimental resullts, i#%

is concluded that the formation and growth of KT films

dissolution-crystallization mechanism which includes
several successive processes.

26.
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