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Abstract

We report a novel low-temperature crystallization path for perovskite lead zirconate titanate (PZT) from solution. The modification of a PZT solution
by monoethanolamine (MEA) resulted in a change in the crystallization behavior. MEA was strongly coordinated to the metal ions, resulting in
destroy of multinuclear metal organic complexes. This led to a remarkably increased pyrolysis temperature, and Pb>* was reduced into Pb® because
of a reducing environment at 200-300 °C. Nanoscopic separations of Pb® was later transformed into uniformly distributed a-PbO nanocrystals and
clusters in the amorphous Zr/Ti—O matrix, and finally the sample crystallized into perovskite at 400-500 °C. On the other hand, pyrochlore phase
was observed in the conventional crystallization process. The avoidance of pyrochlore formation is the key for the low-temperature crystallization
of perovskite. X-ray absorption fine structure (XAFS) analysis was performed to reveal the structures in solutions and amorphous phases.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past 50 years a considerable number of studies about
lead zirconate titanate (PbZr,Tij_,O3, PZT) with perovskite
structure (ABQOj3) have been conducted. The reason for attract-
ing a great interest is its multi-functional properties and wide
applications such as pyroelectric sensors, piezoelectric actuators
and non-volatile memories.!»? In general, PZT ceramics are pre-
pared by a solid state reaction of Pb, Zr and Ti oxides at around
1200 °C, which often brings about microstructural and composi-
tional heterogeneities due to huge grains (~pum) of mechanically
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mixed reactants and high volatility of lead oxide at high temper-
atures (usually over 600 °C).3 In addition, this technique is not
applicable to the fabrication of thin (<300 nm) films.

In order to overcome these difficulties, the chemical solution
process has been widely applied. In fact, solution processing is
also considered the most important technique to solve environ-
mental and energetical problems in the fabrication of advanced
materials.* This process allows us to obtain fine grains and
compositional homogeneity with no macroscopic phase sep-
arations, which enables lowering the sintering temperature of
PZT.> Thin films have been fabricated by a simple spin-coating
and annealing process, which has the advantages of low cost of
both processing and facilities, easy control of film thickness, and
readiness for large area deposition.

Unfortunately, the conventional chemical solution process
has an inevitable disadvantage that it does not yield the desired
perovskite phase directly. Pyrochlore phase (A2B,0O7_,), which
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is known to be a metastable phase, appears after pyrolysis of
metal organic compounds prior to the formation of perovskite.
This is due to that pyrochlore phase is kinetically more favorable
than the perovskite. The pyrochlore phase, which shows no fer-
roelectricity, has to be converted to the perovskite structure for
ferroelectric and piezoelectric applications. Nevertheless, a high
temperature (>600 °C) is required for the structural change from
pyrochlore to perovskite because a high energy barrier exists
between them.”~’ Such a high processing temperature raises
severe issues when integrating with other parts because of sig-
nificant interface diffusion and oxidation/degradation of other
components (notably, silicon circuits), and consequently, leads
to failure of the device.

In the present study, we have explored the crystalliza-
tion behaviors of PZT solutions with the modification of
alkanolamine with the aim of finding a low-temperature crystal-
lization path for perovskite PZT. Alkanolamines, well-known
additives for the solution process to make ceramics or thin
films, were used as a chelating agent so far, which is com-
monly considered to increase the stability and solubility of
metal organic compounds in a solution, resulting in composi-
tional homogeneities of the system.®!” This compound was
also adopted to the solution process of P(Z)T.''~1® In recent
results, Faheem and Shoaib succeeded in the fabrication of PZT
nano-powders at 470 °C by the modification of triethanolamine
to sol-gel system.'* Further, Martin-Arbella et al. reported
the solution process containing N-methyldiethanolamine using
ultraviolet-assisted rapid thermal processing, and achieved crys-
tallization of PbTiO3 films at 400 °C.!>1 These cases showed
the low—temperature crystallization of perovskite by lowing the
pyrolysis temperatures of the PZT precursors modified with
alkanolamines.

Here we report, however, a new mechanism of low-
temperature crystallization of PZT. Our modification with
monoethanolamine (MEA), which is an alkanolamine, led
to an increase in the pyrolysis temperature of PZT precur-
sors. This is accompanied by compositional heterogeneities—a
large amount of Pb>* was reduced into Pb?. We found that
this heterogeneous condition enabled a skipping of pyrochlore
formation, and the crystallization of perovskite occurred at
low-temperatures (400-500 °C). Our finding is in contrast with
previous studies that managed to avoid the reduction and sep-
aration of lead because this was thought to be unfavorable for
crystallization.”*18 In fact, according to the mechanism of our
new path, we have succeeded in crystallization of high quality
PZT films at low temperatures.'®

We investigated in detail our finding of the new crystalliza-
tion path of PZT, based on the observations of the crystallization
behavior of powder samples from the two solutions with and
without MEA modification, respectively. The results of pow-
der X-ray diffraction (XRD), thermalgravimetric/differential
thermal analysis (TG/DTA), transmission electron microscopy
(TEM) combined with energy-disperse X-ray spectroscopy
(EDS), X-ray photoelectron spectroscopy (XPS), and X-ray
absorption fine structure (XAFS) analysis are presented. In
particular, the structural difference between complexes in the
two solutions was revealed by XAFS analysis. The difference

was correlated to different behaviors in thermal decompo-
sition and crystallization, giving explanation for reduction
and separation of lead, and for the avoidance of pyrochlore
formation, in samples with MEA. And then, re-oxidation
accompanied by redistribution of lead from Pb® into PbO,
and finally, conversion of PbO to PZT perovskite in MEA-
modified samples were analyzed, with comparison to MEA-free
samples.

2. Material and methods
2.1. Preparation of the PZT solutions

All chemicals were purchased from Kanto Chemical Co., Inc.
(Tokyo, Japan) and used without further purification. The exper-
iment was conducted in Ar gas to prevent hydrolysis of metal
alkoxides. Two types of solution were prepared. The solution
without MEA was named solution A, whereas the solution with
MEA was named solution B. Pb acetate was selected as a Pb
source by referring to the past report.? Zr and Ti n-butoxide
were selected as Zr and Ti sources since they were commercially
available and easy to handle. To fix a number of carbon chains
among the metal organic compounds, n-butanol was adopted as
the solvent.

The molar ratio of Pb, Zr, Ti, and MEA was fixed to be
1.0/0.4/0.6/2.0. Therefore, the number of MEA moles was equal
to the total metal ions.

The solution samples were prepared as follows: a suspen-
sion of Pb acetate trihydrate (19.0 g=50mmol) in n-butanol
(100 mL) was refluxed for 2 h, then water and by-products were
completely removed as azeotrope. To the clear solution was
added Zr n-butoxide (87% in n-butanol, 8.81 g=20 mmol) and
Tin-butoxide (10.2 g =30 mmol), and it was refluxed for another
2 h. This procedure produced solution A. Solution B was pre-
pared by adding MEA (6.1 g=100 mmol) to solution A, then
further refluxing 2 h. The both solutions were pale yellow, and
were adjusted by addition of n-butanol so that the total molar
concentration of the metal ions became 1 mol/L.

2.2. Preparation of powder samples

Powder samples were prepared as follows: 2 g of solution A
was divided and loaded into four 5-mL crucibles, and placed
in the furnace under a dry air flow. A stepwise heating at
an interval of 100°C (first step at 200°C) was scheduled,
with a temperature rising time of 30 min between two steps
and a holding duration of 1h at each step. Samples finally
heated at 200°C, 300°C, 400°C, and 500°C were named
A200, A300, A400, and A500, respectively. Similarly, B200
to B5S00 were prepared from solution B at final temperatures of
200-500°C.

The solvent molecules may coordinate to the metal organics.
In order to clarify the structures of the samples after evaporation
of the solvent but before heat treatment, two samples for XAFS
analysis, named evaporated A and evaporated B, were prepared
by removing the solvent from the solutions A and B, respectively,
at 70 °C and under reduced pressure.
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2.3. Characterization

XRD data were recorded with Cu-Ka radiation at 40kV
and 60 mA (model M18XHF-SRA, MacScience). Crystal sizes
were estimated based on Scherrer’s equation. TEM observations
and selected-area electron diffraction (SAED) were performed
on acceleration voltage of 300 kV (H9000NAR, Hitachi, Ltd.).
TEM samples were prepared by dropping the suspension of pow-
der in 2-propanol onto a Cu grid that was covered with a carbon
thin film. EDS was also performed for elemental analysis. XPS
(model PHI 5600, Physical Electronics) data were collected by
using an Al-Ka monochrometer (ULVAC-PHI, Inc.), and data
were calibrated using C 1s peak (284.8 eV). The depth analysis
was carried out by Ar* ion etching at 2 keV.

XAFS measurements were conducted by using the beamline
BLO1B1 at SPring-8 (Japan). Pb L3-edge (13,040eV) and Zr
K-edge (18,000 eV) XAFS spectra were measured in transmis-
sion mode. Ti K-edge (4965 eV) XAFS spectra were measured
in fluorescence mode using a 19-element Ge detector. All mea-
surements were performed at room temperature using a Si(1 1 1)
double-crystal monochromator. The energy was calibrated with
Cu foil. The powder samples were finely ground and diluted with
BN, pressed into 1 mm thick pellets. Liquid samples were sealed
in a transparent plastic bag through a handmade cell. The data
analysis was performed using REX 2000.2! Theoretical phase
shifts and amplitude were calculated by FEFF 8.2 Curve fitting
for coordination distances such as Zr-Pb or Pb-Ti in the solu-
tion states were carried out by referring to the structural data in
Refs. 23 and 24.

TG/DTA were carried out with TG/DTA6200 (SII NanoTech-
nology Inc.) from ambient temperature to 600 °C under an air
flow and at a heating rate of 10 °C/min.

3. Results
3.1. X-ray diffraction
Fig. 1 shows the XRD results of A and B samples after the heat

treatment at each temperature. For A samples, only a broad scat-
tering peak was seen at around 26 =30° after heating at 200 °C
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(A200). Further heating at 300 °C (A300) and 400 °C (A400)
resulted in the peaks of Pb? fcc crystals at 26 =31.3° and 36.3°
(JCPDS: 4-686), with an average size of 53 nm estimated by
Scherrer’s equation. Finally, after heating at 500 °C (A500), Pb?
peaks disappeared while strong but broad peaks were observed
at 260 =29.8° and 34.5°, which were attributed to the pyrochlore
structure (JCPDS: 26-142) having a low crystallinity.

Significant differences compared with A samples were
observed in the XRD patterns of B samples. Heating at 200 °C
(B200) led to small but distinct peak of Pb crystals in addition
to the broad scattering peak. The formation of Pb? crystals was
accelerated significantly by heat treatment at 300 °C (B300),
which is lower than the melting point of Pb? (327.5°C). The
average size of the Pb® crystals in B300 was estimated to be
60 nm, which is slightly larger than that in A400. The height
of peak intensities of Pb” crystals indicates that large quantity
of Pb? phase existed in B300 compared to A400. In addition, a
minor a-PbO crystals phase (JCPDS: 5-561) also appeared in
B300. By heat treatment at 400 °C (B400), Pb? crystals disap-
peared, and a-PbO appeared as the major phase, of which the
estimated crystal size was about 20 nm or less. By heat treatment
at 500 °C (B500), well-crystallized perovskite was formed. In B
samples, the pyrochlore phase was not observed in contrast to
A samples.

3.2. TEM and XPS

In order to clarify the micro/nanostructure of phases and com-
positions, we conducted TEM and XPS measurements for B
samples. Fig. 2 shows the TEM image of a typical particle in
B300. Black areas of hundreds of nanometers in size can be seen
in a gray matrix. SAED pattern of the gray matrix area exhib-
ited halo rings from an amorphous phase (data not shown). In the
black areas, however, SAED pattern was not obtained because
of complete absorption of electron beams, so it indicates that
many atoms of a heavy element (Pb) are condensed within that
area.

Actually, EDS results showed a quite high amount of Pb exist-
ing in the black area compared with the gray matrix (Fig. 3).
SAED performed with high-resolution TEM of the gray area
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Fig. 1. X-ray diffraction patterns of PZT samples. (a) A samples (without MEA) and (b) B samples (with MEA).
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Fig. 2. TEM image of a typical particle in B300.

near the edge of the particle showed the existence of a-PbO
phase having high crystallinity (Fig. 4). Accordingly, the domi-
nant component in the black area of B300 is Pb” crystal, while
the gray area consists of amorphous compounds of Zr and Ti
and a small amount of a-PbO crystal phase. The size of Pb?
calculated from XRD data (60 nm) is much smaller than the size
of the black areas (several hundreds of nanometers) in the TEM
image, indicating these areas are agglomerated multicrystalline
Pb.

To further confirm the valence states of Pb, XPS analysis
was conducted (Fig. 5). The XPS spectrum from the surface of
B300 powder showed divalence of Pb (Pb4f;, at 138.8eV and
Pbdfs), at 143.8 eV). After removing the surface by Ar* sputter-
ing, the intensity of Pb>* peaks decreased, while strong peaks at
137.0eV and 141.9 eV, corresponding to Pb®, appeared.?> This
result is consistent with the above TEM, EDS, and SAED anal-
ysis. It is reasonable that the inside of Pb® was protected against
oxidation while the surface Pb was oxidized faster.

H. Kameda et al. / Journal of the European Ceramic Society 32 (2012) 1667—1680

0.28nm

Fig. 4. (a) High-resolution TEM image in the gray area of B300 taken near the
edge of the particle and (b) its SAED pattern, which are assigned to the a-PbO
crystal.

Fig. 6(a) shows a low resolution TEM image of B400. The
clear contrast of the black and gray areas as was observed in
B300 was not seen, indicating redistribution of Pb and a resulted
much more uniform composition upon heating at 400 °C, which
is higher than the melting point of Pb®. The SAED pattern from
the whole area (Fig. 6(b)) showed weak diffraction spots and
broad Debye—Scherrer rings. The spots are assigned to large o-
PbO nanocrystal which was estimated to be 20 nm in size from
the XRD data, while the rings which coincide in angle with
the diffraction spots of a-PbO and correspond to two broad
risings (260 =~20-37° and ~42-62°, respectively) above the
background in the XRD pattern (Fig. 6(c)), indicate the existence
of a-PbO clusters. Thus, the separated and agglomerated Pb® in
B300 was converted to uniformly distributed o-PbO nanocrys-
tals and clusters in B400. Further it is quite important to point out
the appearance of perovskite structure in B400. High-resolution
TEM image and its SAED pattern in B400 (Fig. 7) give an
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Fig. 3. EDS profiles of B300 (a) obtained from black area and (b) from gray area.
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Fig. 5. XPS spectra of B300. Solid line: before sputtering; dot line: after sput-
tering.

evidence of tetragonal unit cells in perovskite structure. This
indicates that the heat treatment at 400 °C was high enough to
start the crystallization of perovskite in B sample. XRD could
not detect the perovskite in B400 because of the small amount.

3.3. XAFS

Our XRD and TEM observations gave only structural infor-
mation about Pb in crystalline phase. We conducted XAFS
analyses to examine the local structure and chemical state of Zr,
Ti and Pb in solution and evaporated states, amorphous phase,
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Fig. 7. (a) High-resolution TEM image of B400. (b) SAED patterns from (a),
which are assigned to the perovskite crystal of PZT.

and nano-crystalline phase. We compared the results of A and
B samples to clarify effects of MEA on the local environment
around metals.

3.3.1. Zr K-edge

Fig. 8 shows X-ray absorption near edge structure (XANES)
spectra at Zr K-edge. The absorption edge energy measured
indicates that Zr atoms in all the samples are Zr** species. In
the spectra of both A and B samples, the main absorption peak
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Fig. 6. (a) TEM image of B400 at low magnification, (b) SAED patterns from (a), and (c) XRD pattern of B400 with expanded intensities compared to that in Fig. 1.
The indexed lines are from a-PbO nanocrystals, while the halo rings are from a-PbO clusters.
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Fig. 8. Zr K-edge XANES spectra of PZT samples: (a) for A samples and (b) for B samples.

(white line peak) consists of two components at 18,016 eV and
18,021 eV, assigned as I and II, respectively.

The white line shape of solution A and evaporated A were
dominated by component II similar to that of Zr n-propoxide,
Zr(OC3H7)4, having six fold coordination, while those of
A200-400 exhibited a shift of major component from II to I
which are similar to that of monoclinic ZrO; having seven fold
coordination.2® A500 showed a little increase of component II,
which indicates the mixture of six and seven fold coordination.

On the other hand, for B samples, the white line shapes of
solution B and evaporated B showed a major component (I)
of seven fold coordination mixed with a component (II) of six
fold coordination, whereas B200—400 showed only the seven
fold line (I) of similar shape with that of ZrO;. B500 clearly
exhibited a major component II indicating six hold coordination
in perovskite structure.?%

Fig. 9 presents the observed and curve-fitted extended X-ray
absorption fine structure (EXAFS) spectra (a) and their Fourier
transforms (b) at Zr K-edge. The fitted parameters are listed in
Table 1. In the solution state, both A and B samples showed Zr—O
at the 1st neighbor (2.19, 2.29 10\) and Zr—Zr at the 2nd neigh-
bor (3.36, 3.45 A). These indicate the formation of multinuclear

complexes. Oxygen atoms in alkoxides act as bridging ligand
and form Zr-O-Zr linkage between adjacent metal atomes.>’
Zr-Zr distance at 3.45 A in solution B was quite long compared
with that in solution A (3.36 A). This can be explained by larger
steric hindrance between the Zr atoms in solution B because
of MEA coordination. Also, the main coordination number was
seven in solution B in contrast to six in solution A, as was seen in
XANES data. In evaporated samples, further dissimilarity was
found between A and B samples. Zr—Pb distance of 3.72 A indi-
cates that Zr—O-Pb structures appeared in evaporated A, while
the spectrum of evaporated B did not exhibit such structure, and
agreed with that of solution B. (Zr—O-Pb was not observed in the
spectrum of solution A, perhaps because of coordination effect
of the solvent molecules.) These results indicate that Zr—O—Pb
linkage was destroyed by the addition of MEA in B samples. (See
also the schematic image in Fig. 15.) Although MEA must have
been coordinated to Zr atoms with hydroxyl or amine groups in
its structure (HO-C,H4—NH3) to form Zr-MEA complexes, the
difference between Zr—O and Zr—N in the 1st neighbor could
not be distinguished by the EXAFS data. The reason is prob-
ably that the atomic radii of nitrogen and oxygen were quite
similar.
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Fig. 9. Zr K-edge EXAFS spectra of PZT samples: (a) k3x(k) functions and (b) Fourier transforms of (a). Experimental (solid line) and calculated (dotted line).
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Table 1
Fitting results of PZT samples from Zr K-edge EXAFS.
Zr neighbor® R (A) Ne (o) R-Factor (%) k-Range (A1)
Solution A 0 2.19 (1) 4.0(3) 0.010° 30 T
olution Zr 3.36 (4) 1.8 () 0.010° : -
0 2.21(2) 3.7(3) 0.010¢
Evaporated A Zr 3.42 (6) 1.4 (5 0.010° 2.8 3-12
Pb 3.72 (5) 2.6 (10) 0.010¢
A200 0 2.18 (1) 5.0 (4) 0.010° . T
Zr 3.41 (4) 1.9 (5) 0.010 (21) -
A300 0 2.17 (1) 5.4 (10) 0.009 (1) . 2
Zr 3.38 (4) 2.1(6) 0.010 (5) : -
0 2.16 (2) 47 (8) 0.009 (1)
A400 Zr 3.37 (4) 2165 0.010¢ 4.6 3-12
0 2.14 (2) 47 (4) 0.010°
AS00 7r 3.53 (5) 1.8(6) 0.010¢ 23 3-12
) 0 229 (2) 3.8(9) 0.014 (1)
Solution B 7r 3.45 (4) 1.6 (4) 0.010 (2) 30 3-12
0 2.19 (2) 45(9) 0.014 (1)
Evaporated B 7r 3.49 (4) 17 (4) 0.010 (2) 35 3-12
B200 0 217 (2) 45(8) 0.009 (1) in 2
Zr 3.42 (4) 2.2 (6) 0.010 (6) : -
0 2.16 (1) 5.2(9) 0.009 (1)
B300 Zr 341 (4) 2.5 (6) 0.010 3) 26 3-12
0 2.19 (1) 4.13) 0.010°
B400 7r 3.36 (4) 1.8 (4) 0.010¢ 4.4 3-12
0 2.10 (2) 5.3 (10) 0.011 (1)
B500 Pb 3.27 (5) 2.8 (12) 0.010¢ 3.7 3-12
Zr 3.80 (4) 4.0(11) 0.010°

Uncertainty of the last figure is given in parentheses.
4 Backscatterers.
b Atomic distance.
¢ Coordination number.
4 Debye-Waller factor.
¢ Fixed parameter.

After the heat treatment at 200 °C, the above differences
between evaporated A and evaporated B disappeared in A200
and B200, and both samples exhibited almost the same EXAFS
spectra with evaporated B. In addition, there are no signifi-
cant differences in the EXAFS spectra between A200-400 and
B200-400, as well as in the XANES spectra, indicating the
same local structure and chemical states of Zr with local struc-
tures similar to monoclinic ZrO,. Further, the XRD data did not
show crystalline peaks originated from Zr compounds, so that
Zr-oxides in all the A and B samples heated at 200—400 °C were
in the amorphous states. It is obvious that these Zr atoms have
the different local structure from those of the perovskite phase.?®

EXAFS spectra of A500 and B500 show the features of the
pyrochlore and perovskite structure. In B5S00, the observed coor-
dination distances of Zr—Pb at 3.27 A and of Zr—Zr at 3.80 A
correspond to those of B—A site and B—B site in the perovskite
structure.

3.3.2. Ti K-edge

Fig. 10 shows XANES spectra of A and B samples at Ti
K-edge. Unfortunately, good-quality XANES and EXAFS spec-
tra of solution A and solution B could not be obtained due to
very weak fluorescent X-rays of Ti atoms as a result of strong
absorption by surrounding solvent and heavy elements.

It is well-known that pre-edge peaks at the Ti K-edge are
strongly influenced by the symmetry of metal center. All of
the samples prepared showed the weak peaks I at 4968 eV,
which indicates the six-fold and octahedral coordination for Ti
neighbors.?” B500 showed weaker peaks II at 4971 eV, which
is the sign of the existence of Zr around Ti atom in perovskite
structures.

The white line profiles of evaporated A and evaporated B
were similar with Ti alkoxides,?! and profiles of A500 and B500
were identical with that of pyrochlore and perovskite struc-
ture, respectively.’®3? It is evident that the white line shapes
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Fig. 10. Ti K-edge XANES spectra of PZT samples: (a) for A samples and (b) for B samples.

of A200—400 and B200—400 showed almost the same features,
and indicated the similar local structure to anatase TiO;.

Fig. 11 shows EXAFS spectra (a) and their Fourier transforms
(b) at Ti K-edge. The fitted parameters are listed in Table 2. Clear
difference was not confirmed in evaporated A and evaporated B
for the low qualities of data. On the other hand, after heating at
200 °C, the same EXAFS spectra were found in A200 and B200.
Ti—O at the 1st neighbor (1.96, 1.98 A) and Ti-Ti at the 2nd
neighbor (3.05 A, 3.05 A) indicate the formation of multinuclear
complexes and Ti—O-Ti structures. The reason why Ti-Pb at
over 3 A was not observed is due to very weak fluorescence X-
rays of Ti atoms. In addition, A200-400 and B200—-400 showed
identical EXAFS spectra, which means that Ti formed the same
local environment as anatase TiOz.28 Further, since a crystalline
phase of Ti was not observed in XRD data, the formation of
amorphous TiO; was suggested. These Ti atoms have a different
local structure with those in the perovskite phase, as in the case
of Zr.

The EXAFS spectra of A5S00 showed the features of the
pyrochlore structure, and B500 displayed perovskite structure
which had the coordination distances at 1.98 A for Ti-0, 3.30 A
for Ti—Pb and 4.13 A for Ti-Ti.

a
@, |
»B500
16 1 > A500
14 A
~A~ B400
12 A A400
—~ 10 1
-‘i B300
%L 8 1 A300
6 .
B200
4 1 A200
2
evaporated B
0 1 ~~ evaporated A
-2

k/A

3.3.3. Pb Lz-edge

Figs. 12 and 13 show XANES and EXAFS spectra at Pb
L3z-edge of A and B samples. XANES spectra showed that the
major parts of all the samples were close to the Pb>* state. The
fitted parameters of EXAFS spectra are listed in Table 3. The
evaporated samples could not produce suitable absorption edge
jump because of concentrated heavy atoms. The EXAFS oscil-
lations at Pb Lz-edge in the large k-region were too small to
give reliable information from the 2nd neighbor coordination.
According to the past report, Pb L3-edge EXAFS spectra cannot
give correct information concerning Pb—Pb coordination in Pb?
crystal, because of large fluctuations of their bonding.>* So, we
describe qualitatively the local structure around Pb atoms in this
section.

In the solution states of A and B samples, Pb—O at the st
neighbor (2.29, 2.21 A) and Pb-Ti at the 2nd neighbor (3.42,
3.47 A) indicate the existence of multinuclear complexes involv-
ing Pb—O-Ti linkage. In solution B, however, the coordination
distance (2.21 A) at the 1st neighbor was shorter and peak inten-
sity at the 2nd neighbor was smaller, than those of solution
A. These can be explained by the collapse of bridge structures
between Pb and Ti because of the addition of MEA, as well as
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3
S
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Fig. 11. Ti K-edge EXAFS spectra of PZT samples: (a) k2 x(k) functions and (b) Fourier transforms of (a). Experimental (solid line) and calculated (dotted line).
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Table 2
Fitting results of PZT samples from Ti K-edge EXAFS.

1675

Ti neighbor® R® (A) N Cok R-Factor (%) k-Range (A1)
Evaporated A 0 1.95 (2) 33(9) 0.014 (1) 24 3-10
0 1.96 (2) 41(11) 0.014 (1)
A200 Ti 3.05 (15) 0.7 (4) 0.010¢ 1.8 310
) 1.96 (2) 3.6 (8) 0.010 (1)
A300 T 3.01 (18) 0.6 (4) 0.010 (25) 0.6 3-10
00 ) 1.96 (2) 3.6(8) 0.011 (1) 06 1o
Ti 3.04 (18) 0.5 (4) 0.010¢ : -
500 0 1.94(2) 29(5) 0.007 (1) 4 1o
Ti 3.14 (16) 0.7 (5) 0.010 (65) : -
Evaporated B 0 1.93(2) 32(6) 0.009 (1) 15 3-10
) 1.98 (2) 33(9) 0.009 (2)
B200 T 3.05 (1) 0.6 (7) 0.004 (42) 0.7 3-10
300 0 1.95 (2) 3.7(10) 0.011 (1) is .
Ti 3.03 (9) 0.4 (5) 0.003 (39) : -
5400 0 1.97 2) 3.7(10) 0.012 (1) - .
T 3.04 (10) 0.6 (7) 0.006 (27) ' -
0 1.98 (2) 2.9(7) 0.011 (1)
B500 Pb 3.30 (7) 1.7.9) 0.010° 10.6 312
Ti 413 (25) 0.6 (8) 0.010¢

Uncertainty of the last figure is given in parentheses.
2 Backscatterers.
b Atomic distance.
¢ Coordination number.
4 Debye-Waller factor.
¢ Fixed parameter.

by the increase in a number of terminal alkoxides which have a
shorter Pb—O distance than bridge ones. Unfortunately, the dif-
ference between Pb—N and Pb-O in the 1st neighbor could not
be distinguished either, for the same reason mentioned for the
EXAFS data of Zr.

After heating at 200 °C, however, the difference of EXAFS
spectrum between A200 and B200 disappeared, and Pb—O dis-
tance became the same in both samples. The coordination
number of Pb-Ti at the 2nd neighbor was smaller than one in the
solution states. Moreover, Pb—Pb distance could not be found,
either. These indicate that the collapse of multinuclear structures

(a)
2 -
’5 A500
©
< sl A400
S A300
o
g A200
8 1r solution A
°
(0]
N
g o5t
S
z
0 =
13000 13050 13100
Energy/eV

was accelerated, so that Pb compounds with smaller size mainly
existed.3

After further heating, although A300—400 showed similar fit-
ted results with A200, the coordination number of Pb—O in B300
significantly decreased. The absorption edge in XANES spec-
trum slightly shifted to lower energy compared with B200. These
results are consisted with the formation of Pb° observed by XRD.
Unfortunately, Pb—Pb distance (3.5 A) could not be observed, as
described above.? The structure of a-PbO observed in the XRD
and TEM data was not seen in the EXAFS spectra, because of
their small amount.

B500

| B400
B300
B200

F solution B

0 1 1 1 1 1 1 1 1 J
13000 13050 13100
Energy/eV

—~
O
~

0.5

Normalized absorption (a.u.)

Fig. 12. Pb L3-edge XANES spectra of PZT samples: (a) for A samples, (b) for B samples.
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Fig. 13. Pb L3-edge EXAFS spectra of PZT samples: (a) k>x(k) functions and (b) Fourier transforms of (a). Experimental (solid line) and calculated (dotted line).

Table 3
Fitting results of PZT samples from Pb L3-edge EXAFS.

Pb neighbor® R® (A) NE ()4 R-Factor (%) k-Range (A1)
. 0 229(2) 1.9 (4) 0.013 (1)

Solution A Ti 342 (3) 0.8 (1) 0.010¢ 10.7 3-12

200 0 225(2) 132 0.001 (1) 6o b
Ti 3.39 (4) 02(2) 0.005 (7) : -
0 227 2) 1303) 0.008 (1)

A300 Ti 3.35(9) 02 (3) 0.004 (38) 4.2 3-10
0 227 2) 1102) 0.008 (1)

A400 Ti 3.35 (9) 03 (1) 0.010° 4.0 3-10

A500 0 227 (1) 0.9 (1) 0.010¢ 8.8 2.55-11

, o 221 2) 16(3) 0.011 (1)

Solution B Ti 347 (4) 0.5 (1) 0.010° 32 3-12
0 228 (2) 14(2) 0.011 (1)

B200 Ti 3.45 (5) 04 (3) 0.010 (5) 8.5 3-12

300 0 231(2) 0.9 (1) 0.010° ‘0 b
Ti 3.36 (5) 0.1(1) 0.005 (7) : -
0 226 (2) 173) 0.008 (1)

B400 Ti 3.39 (7) 0.4 (5) 0.010 (10) 43 3-12
Pb 3.69 (4) 1.6 (4) 0.010 (4)
0 23203) 0.5 (1) 0.010 (4)

B500 0 3.02 (2) 18(2) 0.010 (8) 24 312
Ti 3.74 (4) 0.5 (1) 0.010 (13)

Uncertainty of the last figure is given in parentheses.
2 Backscatterers.
b Atomic distance.
¢ Coordination number.
4 Debye-Waller factor.
¢ Fixed parameter.



H. Kameda et al. / Journal of the European Ceramic Society 32 (2012) 1667—1680

In B400, the Pb—Pb coordination distance was observed at
3.69 A, which corresponds to Pb—Pb separation in a-PbO crys-
tal structure.>> The fitted results indicated that a-PbO was
the major phase in B400, which is consistent with the TEM
observations. The minor perovskite component observed in the
high-resolution TEM image (Fig. 7) could not be detected in the
present EAXFS spectra, because of their small amount. In addi-
tion, a small coordination number of Pb-Ti indicates formation
of an amorphous Pb-Ti/Zr-O phase.

In B500, the atomic distances at 3.02A and 3.74 A could
be identified as Pb—O and Pb-Ti coordination corresponding
to the perovskite structure. Another Pb—O distance at 2.32 A
is attributed to that of a-PbO, indicating a small amount of
o-PbO remained. In contrast, A500 showed no features of per-
ovskite structure, in consistent with the XRD spectrum showing
pyrochlore of low crystallinity.

3.4. Thermal analysis

Fig. 14 shows TG/DTA curves of A and B samples. In
Fig. 14(a), A200 exhibits two distinct exothermic peaks in the
DTA curve (dot line) at around 300 and 470 °C. The weight of
A200 gradually decreased with heating up to 320 °C and was
kept at almost constant during heating between 320 and 470 °C
as is seen in the TG curve (solid line). This observation indi-
cates that the pyrolysis of metal organic compounds had been
completed at around 320 °C. A300 and A400 did not show the
first DTA peak nor a weight loss below 320 °C, because heat-
ing at 300 °C for 1 h was sufficient to remove the organics. The

a Fr T T T T T T T T T
C -200
-10f ]
E A500 1100
-20F ]
SO/
-30 S | | | |
oF ]
g 0 =200
-10F , ]
E A400 400 450 500 550 -100
-20F N
= SR [ PN
L -30F 1 1 | | g
(|—D of =
; 2009
-10F
A300 1100
-20:— .
oo o
=
oF ]
C -200
-10F i
E A200 100
20k e,
e o
S0 L
100 200 300 400 500 600
Temperature/"C

1677

weight of A200 slightly increased at 470 °C, and subsequently
decreased again up to 600 °C. The similar phenomenon around
470 °C was observed in A300 and A400 (see Fig. 14(a) inlet).
These suggest that oxygen deficient pyrochlore (A2B2O7_y)
absorbed some oxygen atoms and crystallized into composition
of less oxygen deficiency (smaller x). The XPS analysis of A400
showed only a C Is peak originated from carbon, and no peaks
were found corresponding to the metal organic compounds (data
not shown). Therefore, it should be considered that the weight
decrease in the range of 470—-600 °C was due to the release of the
residual carbon and excess oxygen arising from the transforma-
tion from pyrochlore (A;B,O7) to perovskite (AB0O3).93 (XRD
analysis revealed that AS00 was converted to the perovskite
phase after heated in 600 °C). It is supposed that carbon was
formed by the pyrolysis of the metal organic compounds below
320 °C in A200, which conducted a partial reduction of Pb* to
PbY metal (2PbO + C — 2Pb + C0»).3” No weight change from
320-470°C suggests that the amount of Pb? formed between
320 °C and 400 °C was quite small, which is consistent with the
XRD results of A400.

In Fig. 14(b), in contrast to A samples, a large weight loss
of B200 (—28% at 600 °C) was estimated, which was about
twice of those of A200 (—15% at 600°C), whereas drastic
changes in DTA were not observed before showing a very
high exothermic peak at 450 °C. This result suggests that MEA
strongly coordinated to the metal ions, affecting the pyrolysis
behavior of B samples.

For B300, the DTA curve showed two broad exothermic peaks
with gradual decrease of weight. The phase separated Pb” might
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Fig. 14. TG/DTA curves of each samples. (a) A samples, without MEA and (b) B samples, with MEA. The measurements were performed in air atmosphere with a

heating rate of 10 °C/min. Solid line: TG, dot line: DTA.
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be in melted state at 350 °C and changed into a-PbO cluster
as observed by XRD and TEM, therefore, the former peak at
around 350 °C can be assigned to the oxidation reaction from
Pb? to a-PbO. The latter one at around 450 °C was observed
simultaneously with the end of weight loss. This is attributed to
the pyrolysis of residual metal organic compounds.

For B400, the exothermic peak at around 450°C was not
observed, indicating sufficient heating (1 h) at 400 °C enabled
complete decomposition of organics, which is close to the onset
of fast decomposition (~420 °C) in the TG/DTA data of B200
and B300. Note that the real temperature could be slightly lower
than the indicated one in a TG measurement. A gradual weight
loss below 200 °C was observed for B400, which was considered
as evaporation of organic species. B500 has no changes in the
TG/DTA curves from room temperature to 600 °C because the
pyrolysis had finished during heating at 400 °C for 1 h when the
sample was prepared.

As a summary of the present section, in B samples, the
addition of MEA induced a rise of the pyrolysis temperature
compared with A samples, as well as a suppression of the
oxidative reaction until the temperature becomes higher than
the melting point of PbY.

4. Discussion

The experimental results have revealed that a direct forma-
tion of perovskite structure of PZT without passing through
pyochlore took place from solution B. It is well known that
high temperatures are needed to convert from the metastable
pyrochlore phase to the perovskite phase. Thus, skipping
pyrochlore phase would greatly accelerate the kinetics of
perovskite crystallization because of the avoidance of a high acti-
vation energy barrier. This is the reason for our low-temperature
crystallization of PZT.

Now, we consider first why pyrochlore was avoided in B sam-
ples. There are three necessary conditions for the formation of
pyrochlore. The first one is a proper temperature. In general, the
formation of pyrochlore structure starts at around 300 °C, though
the structure is usually not be well crystallized at such temper-
ature. The second is correct valence states of metals. For PZT,
the pyrochlore structure has Pb in divalent and higher valence
states. The third is appropriate composition, i.e., a composition
that is close to the stoichiometric one, AB,0O7. In B samples,
both later two conditions were not satisfied. A large amount of
Pb was reduced into Pb?, and separated from the matrix oxides,
resulting in a lack of Pb. Therefore, the pyrochlore formation
was avoided during the increase of temperature.

The next question is how the structures in solution influenced
the formation of Pb?. EXAFS data of Zr K-edge indicates that
the interaction between Zr and Pb in the evaporated samples was
destroyed by the coordination of MEA, and aggregation between
Zr was dominant. The same phenomenon probably occurred for
Ti, which have the common characteristic in group IV, though of
which the quality of EXAFS data was not enough for discussion.
Meanwhile, Pb was considered to form a single-nuclear com-
plex, and there were hardly Pb—O-Ti/Zr or Pb—O-Pb linkages
by the bonding with MEA. Fig. 15 shows the images of local
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Fig. 15. Expected structures of the metal organic complexes in the solution and
evaporated samples. “M®” represents Ti or Zr atom with 6-fold coordination,
whereas “M’” represents Zr atom with 7-fold coordination. The coordination
environments were expected based on XANES data. (a) A samples, without
MEA. Heterometallic complexes between Pb and Ti/Zr with 6-fold coordination
were expected. (b—e) B samples, with MEA. Pb was separated from Ti/Zr because
of MEA coordination. (b) is for the separated Pb complex and (c)—(e) are for
Ti/Zr complexes showing that Ti/Zr were in the similar coordination environment
with oxide (ZrO; and TiO;) structures in B samples. Not only combinations of
the same metals (Ti/Ti or Zr/Zr) but also the ones of different metals (Ti/Zr) are
expected, as shown in (c)—(e). (e) indicates a pair of Zr with 7-fold coordination.
The Ti—Zr distance could not be detected in EXAFS data, but the existence
of Ti—O—Zr connection is expected.?? Carbon and hydrogen atoms in alkoxide
ligands have been omitted.

structure around metals in the solution and evaporated samples.
Therefore, the addition of MEA resulted in a separation of Pb
from Ti/Zr in the solution. Further, MEA coordination increased
thermal stability of the organic components, leading to a higher
pyrolysis temperature as observed in the TG/DTA. The rise of
pyrolysis temperature and a consequent reducing environment
because of the richness in organics enabled the reduction of lead
from Pb>* into Pb? in the range of 200-300°C.”

At the same time, Zr and Ti formed the amorphous net-
work. Since B200-300 showed large weight losses in these
TG/DTA data, MEA must coordinate to Zr/Ti and remained
in these stages. A noteworthy fact is, however, that the local
arrangements of atoms were nearly the same for both A/B sam-
ples heated at 200—400 °C, notably at 300-400 °C, regardless
of the presence of MEA. One possibility is that, before com-
plete decomposition of organic components, the amorphous
Zr/Ti—O formed a nanograined structure with organic ligands,
notably MEA, coordinated to the surface metal atoms of the
nanograins. Though the nanograins may grow with the removal
of organic ligands, and finally merge into bulk amorphous



H. Kameda et al. / Journal of the European Ceramic Society 32 (2012) 1667-1680 1679

Zr/Ti-O, EXAFS data of Zr and Ti K-edge could not distin-
guish the local Zr—O and Zr—O-Zr or Ti—O and Ti—O-Ti between
bulk and such nanograined structure, showing a local environ-
ment similar to ZrO, and TiO;. This amorphous matrix acted
as a protecting layer of Pb? to avoid re-oxidization. These con-
ditions facilitated the separation of Pb” and the suppression of
pyrochlore.

Pb? formed large crystals inside the powder in B300, and
converted to homogeneously distributed a-PbO nanocrystals
and clusters in B400 (Fig. 6). So, the last question is how the
homogeneous distribution of PbO was formed in B400. This
can be explained as follows. Pb? crystals melted at temperatures
(e.g., 400 °C) higher than its melting point, and the Pb liquid
could readily diffuse into the surrounding amorphous phase of
Zr/Ti-0, and finally was oxidized into a-PbO nanocrystlas and
clusters by oxygen coming from air. The diffusion of oxygen
through the Zr/Ti—O amorphous phase from air may be slower
than the diffusion of Pb over its melting point, resulting in a re-
distribution of Pb in the Zr/Ti—O phase. Then, at the perovskite
crystallization temperatures (>400 °C), it is expected that the B
samples are crystallized into perovskite structure through solid-
state reaction between a-PbO and the amorphous Zr/Ti—O. The
uniform distribution of a-PbO in the form of small clusters
might have significantly facilitated the reaction. According to
a previous study, a-PbO clusters may be an intrinsic precursor
for the crystallization of PZT perovskite because of structural
relations. 383

In the present study, the reduction (separation) and
re-oxidation (re-distribution) of Pb were the key to low-
crystallization temperature of perovskite without passing
thorough pyrochlore, using a MEA modified PZT solution. We
have already reported briefly device-quality PZT films crystal-
lized at 400450 °C based on the present consideration, where
Pb? separation was confirmed, but the formation of a-PbO was
not observed.!”

5. Conclusion

We have found a novel crystallization path of PZT without
passing through pyrochlore using MEA addition in the chemical
solution process. Skipping pyrochlore leads to crystallization
of perovskite at low temperatures of 400-500 °C. During tem-
perature increase, the reduction of Pb%* into Pb® accompanied
by nanoscopic separation of Pb® results in deficiency of Pb
for the pyrochlore composition Pb,(Zr,Ti);O7. This, together
with a reducing environment, is the reason for the avoidance of
pyrochlore. Addition of MEA destroys multinuclear Pb—Zr/Ti
structures in the solution because of strong coordination of
MEA to metal atoms, and also produced organic complexes with
a higher decomposition temperature, which, during pyrolysis,
provides a reducing environment and produces polycrystalline
Pb® embedded in the amorphous matrix of Zr/Ti—O, which
have the same local structures of ZrO; and TiO,. At elevated
temperatures, the polycrystalline PbY is transformed into a-PbO
nanocrystals and clusters through diffusion and re-oxidation,
gaining a uniform distribution. It is expected that finally,
perovskite crystallized through the reaction between a-PbO

and amorphous Zr/Ti-O. In the present study, we emphasize
that a-PbO clusters might have played an important role as an
intrinsic precursor of the perovskite.
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