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Ferroelectric lead zirconate titanate (PZT) thin films containing crystalline seeds of barium strontium
titanate (BST) nanoparticles were prepared by the complex alkoxide precursor method on indium titanium
oxide (ITO) glass electrodes. The PZT films approximately 500 nm thick at BST particle concentrations of
0-34.2 mol% were fabricated with a spin-coating method and annealed at various temperatures. A non-seed-
ed PZT film was crystallized into a perovskite structure by annealing at 500°C. The seeding with the BST
particles promoted crystalline growth of PZT perovskite around the seeds, and lowered the crystallization

temperature of the PZT films to 420°C.
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1. Introduction

Increasing attention is being directed toward ferroelectric
films because of their wide range of applications in the case
of electronic devices such as non volatile memory, pyro- and
piezo-electric sensors and microactuators.)-4 PZT is a typi-
cal ferroelectric material that has been studied extensively
due to its excellent electrical properties. Fabrication of
ferroelectric films includes the use of techniques such as
sputtering,®-9 pulsed laser deposition,'9-13 chemical vapor
deposition!¥-17 and the sol-gel technique.!®-3? Among
these techniques, the sol-gel one is a good candidate as a fu-
ture process, because it is a low-temperature synthesis
method and it is easy to attain homogeneous compositions.

As-prepared PZT films generally have amorphous struc-
tures and require annealing at high temperatures of more
than 500°C to crystallize the products into perovskite
structures.3®.39) Development of crystallization processes
that occur at lower temperatures is important not only for
saving energy but also for avoiding volatilization of PbO,
thermal stresses and interdiffusion between the PZT film
and electrode/substrate.3®-37 In addition, low-temperature
processes have the advantage of preventing thermal anneal-
ing from damaging substrate electrodes.

To lower the crystallization temperature, a number of at-
tempts have been made such as rapid heating of the amor-
phous film,3® interlayer deposition between the substrate
and film,3:39 high-pressure annealing3 and the use of sub-
strate materials with appropriate lattice parameters similar
to those of the crystalline PZT.4® Wu and coworkers stu-
died the seeding effects on crystallization of PZT films em-
ploying the powders of PZT and barium titanate (BT) as
seeds.36).37) The powders were synthesized with a sol-gel
method, dried and redispersed in a precursor solution of
PZT complex alkoxide. The seeding process was found to
improve the crystallization of the films.

In this research, we studied the seeding effects with the
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use of barium strontium titanate (BST) crystalline nanopar-
ticles employing a simple method that requires neither
drying-redispersion nor the use of redispersants. Suspen-
sions of the BST particles prepared with a sol-gel method
were directly mixed with a precursor solution for fabrication
with spin-coating. The fabricated films were analyzed with
XRD analysis after annealing at various temperatures.
2. Experimental

2.1 Materials

Starting reagents were metallic barium (Kanto Chemical
Co.), strontium (Kanto Chemical Co.), tetraethylor-
thotitanate (TEQT) (Tokyo Kasei Kogyo Co., 97%), lead
(II) acetate (Kojundo Chemical Lab., 99.999%), zirconium
(IV) butoxide (Wako Pure Chemical Ind., 85% 1-butanol
solution) and titanium tetraisopropoxide (Wako Pure
Chemical Ind., 99%). Special grade reagents (Wako Pure
Chemical Ind.) of ethanol (99.5%), benzene (99.8%), 2-
methoxyethanol (99.0%) and acetylacetone (99.0%) were
used as solvent. Indium titanium oxide (ITO) glass (Furu-
uchi Chemicals) was used as a substrate electrode. Water
was distilled and deionized to have an electrical resistance
higher than 18 M Q cm~L

2.2 Synthesis

2.2.1 BST particles

A complex alkoxide of barium-strontium-titanium was
prepared as a precursor of BST particles. At first, a solution
(10-4m3) that dissolved metallic barium (5 mmol) and
strontium (5 mmol) in a 50% (v/v) ethanol/benzene cosol-
vent was refluxed at 73°C for 1 h. Then, TEOT (10 mmol)
was added to the solution, which was refluxed for another
1-24 h, and a transparent complex alkoxide was obtained.
To hydrolyze the complex alkoxide, the solution was mixed
with an equal volume (10~4m3) of an ethanol/water mix-
ture, and kept at 70°C for 10 h. The solution turned opaque
indicating the formation of the BST particles. In the reac-
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tions, water concentration was varied from 1 to 20 kmol/m3.

2.2.2 PZT films

PZT complex alkoxide was prepared with a sol-gel
method employing a solvent of 85% (v/v) 2-metho-
xyethanol/acetyl acetone mixture. According to the litera-
ture,*-43) glycol groups of 2-methoxyethanol have a strong
affinity with metal atoms in the complex alkoxide, and
acetyl acetone can form chelates with ionic metals in solu-
tion. The interaction and the chelation are known to reduce
the hydrolysis rate of the complex alkoxide.? In addition,
2-methoxyethanol can improve the wettability of an alko-
xide solution on an ITO substrate.

For preparation of the PZT complex alkoxide, lead
acetate anhydride, zirconium (IV) butoxide and TEOT
were dissolved in the 85% (v/v) 2-methoxyethanol/acetyl
acetone mixture at a molar ratio of 1:0.5: 0.5 and a total
concentration of 1.0 kmol/m3. This mixture was refluxed at
120°C for 24 h to yield a brownish PZT complex alkoxide,
which was mixed with the BST particles that were washed
with the 85% (v/v) 2-methoxyethanol/acetyl acetone mix-
ture. The molar ratio of BST to PZT was varied from 1.2 to
34.2% for various amounts of PZT and BST. To fabricate
the BST-seeded PZT films, the solution of PZT and BST
was spread onto the ITO glass with a spin coater at 2000
rpm for 30 s and dried at 200°C for 1 min. The spin-coating
and drying processes were repeated five times. The fabri-
cated films were heated in air at 380-540°C for 1 h.

2.3 Measurements

BST particles and the films were characterized by trans-
mission electron microscopy (TEM), a scanning electron
microscope (SEM), X-ray diffraction (XRD) and optical
microscopy. TEM was performed with a Zeiss LEO 912
OMEGA microscope operating at 100 kV. Samples for
TEM were prepared by dropping and evaporating the parti-
cle suspensions on top of a collodion-coated copper grid.
The films were sputtered with Pt-Pd and observed with a
SEM (Zeiss LEO 1420 microscope) operating at 15 kV.
XRD (Mac Science, M18XHF?22-SRA) measurements were
carried out at 50 kV and 200 mA with Mo K« radiation us-
ing a monochromator.

3. Results and discussion

3.1 BST particles

Figures 1 and 2 show TEM images and XRD patterns of
the BST particles obtained in the hydrolysis reaction at a
water concentration of 20 kmol/m3 for different reflux
times. As the reflux time increased, smaller BST particles
appeared, although some particles with sizes of around 30
nm were formed at the reflux time of 24 h. On the other
hand, no large difference was observed in the XRD patterns
of the particles for the various reflux times. All peaks in the
XRD patterns could be clearly attributed to the BaysSrgs
TiO; perovskite structure.49-46) Peak intensity scarcely

changed with the reflux time. According to Kezuka et al.,*”
an increase in reflux time can be expected to generate
oligomers of complex alkoxides that have large molecular
weight. The difference in molecular weight might bring
about differences in particle size distribution. However,
crystallinity of the particles might not strongly depend on
the molecular weight of the oligomers that have a similar
composition.

Figure 3 shows TEM images of the BST particles pre-
pared at various water concentrations at a reflux time of
24 h. Sizes of the particles were within 18 £5 nm at 4 kmol/
m3 and 32+ 6 nm at 12 kmol/m3. At a water concentration
of 20 kmol/m3, a large number of tiny particles appeared
together with a small number of large particles.

The XRD patterns of the BST particles of Fig. 3 are
shown in Fig. 4. The as-prepared BST particles crystallized
without the need for any further heat treatment. Average
grain sizes for particles prepared at water concentrations of
4, 12 and 20 kmol/m3 were estimated from the X-ray
diffraction line broadening of the (110) peak according to
the Scherrer equation as 8.3, 13.9 and 9.5 nm, respectively.
The appearance of the maximum grain size corresponded to
the change in average particle size in Fig. 3. The sizes of
grains and particles are evidence that the BST particles
were composed of several BST grain units. An increase in
peak intensity with water concentration can be seen in
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Fig. 2. XRD patterns of BST particles. Precursor complex alko-
xide of BST particles was prepared by refluxing at 73°C for 1, 18
and 24 h. Water concentration was 20 kmol/m3.
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Fig. 1. TEM images of BST particles. Precursor complex alko-
xide of BST particles was prepared by refluxing at 73°C for 1, 18
and 24 h. Water concentration was 20 kmol/m3. A photograph
taken at a higher magnification is shown in each inset.

4 kmol/m? |

12kmoIIm¢l A
¥]

PF: N

Fig. 3. TEM images of BST particles. The precursor complex
alkoxide was hydrolyzed at water concentrations of 4, 12 and 20
kmol/m?3. Precursor complex alkoxide of BST particles was pre-
pared by refluxing at 73°C for 24 h. A photograph taken at higher
magnification is shown in each inset.
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Fig. 4. XRD patterns of BST particles. See Fig. 3 for reaction
conditions.
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Fig. 5. XRD patterns of non-seeded PZT films. Symbols: ¥ ITO
substrate, @ PZT pyrochlore phase.

Fig. 4 and thus indicates the development of crystallization,
which probably results from the promotion of hydrolysis and
condensation of the complex alkoxide. However, when the
water concentration was raised to above 20 kmol/m3, no
particles were obtained but a viscous or solid gel was
formed from the complex alkoxide.

3.2 PZT films

The BST particles with the highest crystallinity obtained
at the water concentration of 20 kmol/m3 were used to fabri-
cate the PZT films. In the fabrication, the spin-coating
speed was varied to change film thickness. Each coating
thickness was controlled to be less than 100 nm, to avoid
damage due to thermal shrinkage. The total thickness of the
final film with five coating layers was about 500 nm.

Figures 5, 6 and 7 show XRD patterns of non-, 1.2 mol%
BST- and 34.2 mol% BST-seeded PZT films at various an-
nealing temperatures. In the non-seeded films (Fig. 5), a
few peaks began to appear at 500°C. The peak observed at
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Fig. 6. XRD patterns of 1.2 mol% BST-seeded PZT films. Sym-
bol: ¥ ITO substrate.
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Fig. 7. XRD patterns of 34.2 mol% BST-seeded PZT films. Sym-
bol: ¥ ITO substrate.

13.3° for the 500°C-annealed film can be attributed to the
pyrochlore phase of PZT,948) which is, in general,
detrimental to the electrical and mechanical characteristics
of films.4® After annealing above 500°C, the pyrochlore
peak disappeared and several peaks appeared that were in-
dicative of the presence of PZT perovskite. These peak in-
tensities increased with the annealing temperature, indicat-
ing progression of the PZT crystallinity. In Fig. 6, PZT
perovskite peaks first appeared at 420°C and intensified
with the annealing temperature. No peaks due to a
pyrochlore phase were observed for the BST-seeded PZT
films over the entire range of annealing temperatures consi-
dered, although it has been reported that a pyrochlore phase
appeared in PZT-seeded and BT-seeded PZT films even af-
ter high-temperature annealing at 500°C.36)37) As shown in
Fig. 7, the absence of pyrochlore formation was also ob-
served in the 34.2 mol% BST-seeded PZT films.

An important factor in crystalline growth is the similarity
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Fig. 8. XRD peak intensity versus annealing temperature at
0 (D), 1.2 (@), 6.0 (A), 11.9 (A) and 34.2 mol% (V) of BST
concentrations. The peak intensity was obtained from the area of

the (110) peak.

of the crystal lattice constants. The (110) peaks were em-
ployed to discuss the crystallization because of their strong
diffraction intensity. The (110) d-spacing values of the BT
and PZT perovskites are 0.283 nm and 0.287 nm, both of
which are closer to the value for PZT pyrochlore (0.302
nm) than that for the BST perovskite (0.279 nm). There-
fore, seeds of the BT and PZT perovskites should have a
higher possibility to promote pyrochlore formation than the
BST seed. In other words, the d-spacing of the BST is far
from that of the PZT pyrochlore but close to that of the PZT
perovskite. This seems to be the reason for the apperance of
the simple phase PZT perovskite in the present work. In
Fig. 6, the peak of the BST was scarcely observed because
of the low content of the BST. However, in Fig. 7, due to
the high content of the BST the BST peak was revealed.

Figure 8 shows the dependence of XRD peak intensities
of PZT perovskite (110) on annealing temperature. The
crystallization temperature of the seeded films did not seem
to strongly depend on the concentration of the BST parti-
cles, while the incorporation of the BST seeds into the PZT
film lowered the crystallization temperature from 500°C
(the non-seeded PZT) to 420°C.

Figure 9 shows SEM images of the PZT films containing
1.2 and 34.2 mol% of BST. Cracks, peeling-off, layer sepa-
ration and other defects were not observed for the 1.2 mol%
BST seeded PZT film. White dots having a size of around
150 nm were dispersed uniformly and could be the grown
PZT grains. Similar SEM images were also obtained for 6.0
and 11.9 mol%-seeded PZT films. In contrast, for samples
prepared from 34.2 mol% BST and annealed at 460°C, some
scratch-type cracks were observed on the surface. This may
be due to the excessive addition of BST that would increase
the thermal stress due to a difference in thermal shrinkage
between the PZT film and the BST particles.

4. Conclusions
PZT films seeded with 1.2-34.2 mol% of BST particles
were crystallized at 420°C to generate perovskite struc-
tures. The seeding of the BST particles was found to lower
the required crystallization temperature and prevent the for-
mation of PZT pyrochlore phase, producing the PZT single
phase. Crack-free and smooth surfaces were attained for an-

=

Fig. 9. SEM images of PZT films seeded with (a) 1.2 mol% and
(b) 34.2 mol% of BST nanoparticles. Both the films were annealed
at 460°C for 1 h.

nealed PZT films with 1.2, 6.0 and 11.9 mol% of BST parti-
cles.
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