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Two solution-based methods, metallo-organic decomposition and sol–gel processes, were used to study the effects of
precursor solution type on the microstructure evolution
and texture development of oriented PZT films. Microstructure development and perovskite content are strongly
dependent on the heating rate. Fast heating rate forms a
dense fine-grained microstructure with (111) orientation.
Intermediate-temperature pyrolysis followed by a fast heating rate forms clustered or island structures of submicrometer grains with (100) orientation. Intermediatetemperature pyrolysis followed by a very slow heating rate
forms larger spherical rosettes with random orientations.
Pt5–7Pb is a (111) textured transient intermetallic phase
that nucleates PZT(111) texture. PbO is a (001) textured
layer compound that nucleates PZT(100) texture. The texture selection of PZT films is independent of precursor
systems but sensitive to the film thickness especially when
sol–gel precursors and oxidizing atmosphere are used. Correlation and comparison of oriented sol–gel and MOD PZT
films with electrical properties are also made.
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straightforward and only involves mixing of these waterinsensitive precursors to appropriate stoichiometry.5 The cation
carboxylates are generally considered unassociated with each
other in the mixture because of lack of polymerization. The
first PZT film made from the MOD method was prepared by
Fukushima et al.3 using a solution of lead 2-ethylhexanoate,
zirconium acetylacetonate, and titanium tetrabutoxide. Vest
and co-workers4 developed metal carboxylates, such as lead
2-ethylhexanoate or lead neodecanoate, titanium dimethoxydineodecanoate, and zirconium 2-ethylhexanoate, as precursors.
A combined use of sol–gel and MOD precursors is also possible. For example, Mackenzie’s group6 and Lipeles’ group7
used lead 2-ethylhexanoate, titanium isopropoxide, and zirconium n-propoxide with or without water addition. Recently,
Haertling proposed an alternate MOD route in which lead subacetate, lanthanum acetate, zirconium acetate, and titanium
acetylacetonate were used.8
Highly oriented PZT films (100) and (111) textures have
been prepared on Pt(111)/Ti/SiO2/Si substrates by these chemical methods.9–20 The texture formation mechanisms have also
been proposed in the literature.12–14,16–19 In our previous reports, PZT films of strong (100) and (111) textures or mixed
orientations have been successfully developed and elucidated.13,14 (100) texture is found to be nucleated by PbO which
tends to form on the Pt substrate with [001] orientation due to
its layer structure. (111) texture is found to be nucleated by
Pt5–7Pb which tends to form on the Pt substrate with (111)
orientation because of lattice matching with Pt(111). Since
both nucleation phases provide good lattice matching with PZT
but are transient in nature, texture control is very sensitive to
heating schedule, atmosphere, and, in some cases, composition.
The above mechanistic understanding was established by using
the MOD process, but they should be mostly applicable to
other chemical processes such as the sol–gel process. Therefore, in the present work, we have compared the MOD and
sol–gel processes in connection with texture control. The systematic difference of these two methods in the carbon content
and crystallization temperature also allow us to compare their
microstructure development during heat treatment. This has
proved helpful to further our understanding of the different
mechanisms of PbO and Pt5–7Pb nucleated textures.

Introduction

A

WIDE variety of preparation techniques have been employed to produce Pb(Zr1−xTix)O3 (PZT) thin films.
Among those methods, the solution-based methods to fabricate
ferroelectric thin films offer numerous advantages, including
low processing temperature, excellent compositional control,
uniform homogeneity, ease of fabrication over large areas, and
low cost. Films prepared by such methods have displayed ferroelectric properties comparable to those of bulk ceramics.
Two solution-based methods are of particular interest. First,
sol–gel processes generally use metal alkoxide precursors
which are often water sensitive and seek to maintain close
control over hydrolysis and condensation reactions. Polymeric
mixed metal alkoxide species can be formed which then serve
as molecular building blocks for the subsequent development
of crystalline structures.1,2 Budd et al.1 have used this process
with lead acetate, titanium, and zirconium alkoxide precursors
to prepare PZT films. In contrast to sol–gel approaches,
metallo-organic decomposition (MOD) processes typically use
metal carboxylate precursors with larger carbon chains such as
2-ethylhexanoate3 and neodecanoate ligands.4 The method is

II.

Experimental Procedure

(1) Precursor Solutions
Precursor M (for MOD) is composed of lead 2ethylhexanoate [Pb(C 8 H 1 5 O 2 ) 2 ], zirconium octanoate
[Zr(C 7 H 15 COO) 4 ], and titanium diethoxydineodecanoate
[Ti(OC2H5)2(C9H19COO)2]. The general procedures used for
fabrication were described in Ref. 14. Precursor S (for sol–gel)
was prepared by following the procedure of Budd et al.1 Lead
acetate trihydrate was first dissolved in methoxyethanol and
dehydrated at around 125°C. After the dehydrated solution was
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cooled to around 90°C, both titanium ethoxide and zirconium
n-propoxide were added into the lead solution which was then
refluxed at 125°C to promote complexion. Subsequently, the
solution was vacuum distilled at around 120°C to remove the
byproducts (esters). Before film deposition, the solution was
partially hydrolyzed with H2O/HNO3/methoxyethanol (1.5:0.3:
1.0 molar ratio).
(2) Fabrication of Thin Films
The main composition studied here was Pb1.1(Zr0.52Ti0.48)O3
unless otherwise noted. Thin films were fabricated on Pt(111)/
Ti/SiO2/Si substrates by spin coating. Three main heating
schedules were used in this work to investigate phase crystallization, microstructure evolution, and texture formation. In
schedule I, the deposited films were directly inserted into a hot
furnace with high temperatures between 550° and 900°C for 1
min to 1 h without any prepyrolysis. In schedule II, the deposited films were first pyrolyzed at intermediate temperatures
ranging from 350° to 650°C for 0.5 h and then directly heated
to 700°C for 0.5 h to crystallization. In schedule III, the films
were pyrolyzed at 400°C for 0.5 h and then heated to 500–
800°C with various heating rates from 1°C/min to about
250°C/min, later referred to as fast heating. A single-coating
was used in most of the work unless otherwise noted. For
multiple coatings, the films were additionally given an intermediate heat treatment at 300°C on a hot plate for 2 min after
each coating.
(3) Characterization of Solutions and Thin Films
TGA and DTA were performed to analyze the thermal decompositions and transformation of precursor solutions. Since
drying of solvent has been found unimportant in our previous
work for texture, both MOD and sol–gel solutions were thoroughly dried at 150°C for 10 h prior to DTA-TGA. The orientation of the films was determined by the standard 0–20
X-ray diffraction (XRD) method. Furthermore, the integrated
intensities of the three peaks (100), (110), and (111) were used
to quantify texture. For calibration, these peak intensities were
normalized by the corresponding intensities obtained for powdered samples. The relative intensity is defined as in our previous work as

Fig. 1. (a) TGA and (b) DTA curves of MOD and sol–gel PZT
precursors.

(I/I*)/[(I/I*)100 + (I/I*)110 + (I/I*)111]
where I represents the integrated intensity of a particular reflection (100, 110, 111) for the films, and I* represents its
counterpart for the powdered sample. The microstructure and
thickness of the films were examined using scanning electron
microscopy (SEM). The details of measurement of electrical
properties will be described in our other report.21
III.

Results and Discussion

(1) Thermal Decomposition and Phase Transformation of
Precursor Solutions
Figure 1 shows the DTA-TGA analyses for precursors M
and S at a heating rate of 10°C/min. The thermal behavior of
MOD solution (M) has already been described in detail in Ref.
14. The weight loss of precursor M between 150° and 375°C
corresponds to the removal and decomposition of organic
groups such as octanoate, 2-ethylhexanoate, and neodecanoate;
at higher temperature no further weight loss can be detected.
The two exothermic peaks at 320° and 370°C result from the
PbO phase formation (detected by XRD) and decomposition of
organic compounds. Two other broad peaks (confirmed by
XRD) without weight loss are for the pyrochlore phase formation starting around 390°C and perovskite formation beginning
about 490°C.
For sol–gel precursor (S), the first exothermic peak around
330°C with a large weight loss corresponds to the decomposition of most of the organic substance. The second exothermic
peak at 425°C is accompanied by a smaller weight loss at the

temperature range of 400–450°C. According to the explanation
of Lakeman et al.22 from FTIR analysis, only terminal alkoxy
ligands are easily removed at low temperatures, leaving stronger bridging ligands intact. The required temperature for their
decomposition increases with the amount of water addition
because of the larger number of bridging ligands formed. This
is thought to correspond to the second exothermic peak noted
above. Lastly, according to XRD analysis, the third broad exothermic peak between 430° and 550°C without any additional
weight loss is probably related to the formation of pyrochlore
phase, and the fourth exothermic peak, starting around 550–
570°C, but again without weight loss, corresponds to perovskite formation.
A comparison of the thermograms of MOD and sol–gel solutions leads to the following conclusions: (i) The total weight
loss of MOD solution is higher than that of sol–gel solution,
reflecting a higher carbon content of the former. (ii) The phase
transformation temperatures of amophorous-to-pyrochlore and
pyrochlore-to-perovskite are both higher in sol–gel solution
than in MOD solution, reflecting stronger chemical bonding of
the former. These differences will be shown to influence the
texture development and microstructure evolution of PZT
films.
(2) Texture Development
Our previous results, using precursor M, have demonstrated
that different textures can be obtained by controlling heating
schedules.14 For example, if the film is directly heated to
700°C without pyrolysis (schedule I), (111) texture dominates
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(Fig. 2(a)). On the other hand, if the film is first held at 400°C
for 0.5 h, cooled, then directly heated to 700°C and held for 0.5
h (schedule II), a very strong (100) texture is obtained (Fig.
2(b)). Lastly, an apparently random texture almost indistinguishable from that of the powdered sample (Fig. 2(c)) can be
obtained by very slow heating (1°C/min) from room temperature to 700°C.
To compare precursors M and S for texture development,
heating schedule I was first used. Films with single coating
were directly inserted into a hot furnace at 700°C for 0.5 h. We
found that although a highly oriented (111) texture was always
obtained for MOD films, sol–gel films had a mixture of (100)
and (111) textures. However, when thicker films with multiple
coatings were used, even sol–gel films developed a highly
oriented (111) texture. The above results can be understood by
referring to the formation of intermetallic phase Pt5–7Pb(111)
which is epitaxial with both Pt(111) and PZT(111). As we
illustrated in our previous study,13 when the films were fired in
a reducing atmosphere or directly heated at high temperature
for a very short time (ex. 600°C for 1–2 min), a redox reaction
at the buried PZT/Pt interface, where a low oxygen partial
pressure temporarily prevailed during fast heating, was formed
because of insufficient oxygen for pyrolyzing organics. This
caused the reduction to Pb2+ into metallic Pb, which in turn
formed Pt5–7Pb on the substrate interface. PZT(111) could then
be nucleated on Pt5–7Pb before its reoxidation by surface influx
of O2 into ceramics. Since the organic content of sol–gel precursor is lower than MOD precursor, the oxygen partial pressure was probably not low enough in thinner sol–gel films to
reduce Pb2+ or to maintain Pt5–7Pb during fast heating. Thus,
(111) texture could not be obtained in sol–gel films. This condition could be remedied by using a thicker film, or by using a

less oxidizing atmosphere. As shown in Fig. 3, both are effective for promoting (111) texture in the sol–gel films, in agreement with our expectation. In particular, the thickness effect is
consistent with our interpretation that the later intake of oxygen
is from the surface by inward diffusion, and is the cause for
destruction of the transient Pt5–7Pb phase and the termination
of the (111) seeding process.
We have used different pyrolysis temperatures before heating the films to 700°C for 0.5 h (schedule II) to compare the
behavior of MOD and sol–gel films. The results of this study
on texture are shown in Fig. 4. (100) texture was found for both
films using intermediate pyrolysis temperatures. However,
there are apparently different behaviors between these two precursors at very high and very low pyrolysis temperatures. At
the very low temperature, 350°C, pyrolysis was incomplete.
Thus, further pyrolysis and formation of Pt5–7Pb could still
occur during subsequent heating to 700°C. This reverts the heat
treatment to schedule I, so that, according to Fig. 3, MOD films
formed (111) and not (100) texture. Likewise, a higher pyrolysis temperature between 600° and 700°C was also similar to the
heat treatment of schedule I, resulting in the dominance of
(111) and not (100) texture for MOD films. (In both cases,
sol–gel films obtained about 50% of (111) texture according to
Fig. 3).
For the case of intermediate pyrolysis temperatures, we have
illustrated in Ref. 13 that (100) texture was formed on a
(PbO)001 buffer layer at the PZT/Pt interface. This is because
the PbO[001] plane matches well in lattice arrangement with
that of PZT[100] (a0 ⳱ 3.9723 Å for O-sublattice in PbO
versus a0 ⳱ 4.05 Å for O or cation sublattices in PZT). The
origin of PbO[001] texture is attributed to the layerlike structure of this compound which contains Pb with lone-pair electrons, and the PbO[001] texture is itself favored on the substrate because of its layerlike structure. Since, under oxidizing
conditions, PbO eventually forms at intermediate pyrolysis
temperatures PZT(100) can be seeded and then grown onto
(PbO)001 during later heating to high temperatures.
To demonstrate this effect, we prepared samples with a thin
(∼0.05 m) coating of lead 2-ethylhexanoate, then pyrolyzed
them at 400°C for 0.5 h to obtain PbO[001], then recoated them
with the metallorganic solution corresponding to PZT stoichiometry, and finally pyrolyzed them again using the two heating
schedules (I and II). With the PbO buffer, a strong PZT(100)
peak is obtained independent of heating schedules used. The
formation condition is not stringent and PbO tends to be the
first phase formed on the substrate at lower temperature, leading to subsequent PZT(100) selection. Furthermore, pyrochlore

Fig. 2. XRD patterns of PZT films with (a) (111) texture, (b) (100)
texture, and (c) random texture.

Fig. 3. Effect of film thickness on relative intensity of (111) for both
MOD and sol–gel PZT films.
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Fig. 4. Effect of pyrolysis temperature on relative intensity of (111)
for both MOD and sol–gel PZT films.

forms at a lower temperature than perovskite but does not have
a special texture and probably does not originate from the
substrate interface. It has a lattice structure which does not
provide any special plane for good matching with PZT(100). It
is also rather ionic in nature and has little tendency to grow in
a layerlike pattern. Therefore, it has no influence on the selection of PZT texture and will decompose at higher temperature
to reform perovskite PZT.
The above comparison indicates that the conditions for (111)
and (100) texture control are essentially the same for both
MOD and sol–gel films, especially if thicker films are used and
borderline conditions are avoided. To investigate the condition
for obtaining mixed or essentially random textures, schedule III
(pyrolysis at 400°C for 0.5 h, followed by heating at different
rates to 700°C, then held for 0.5 h) was used. As shown in Fig.
5, at a heating rate lower than 10°C/min, a mixed texture of
(100) and (111) could be obtained in MOD films. This was also
the case for sol–gel films at a heating rate of 5°C/min. At the
lowest heating rate of 1°C/min, the relative intensities of (110),
(100), and (111) reflections in the sol–gel films were essentially the same as powdered samples. Thus, a random texture
was formed in this case.
(3) Analysis of Texture Formation
There has been considerable work on orientation development of PZT thin films on similar substrates (i.e., Pt(111)/Ti/
SiO2/Si) during heat treatment.9–20 For the nucleation of
PZT(111) orientation, two major mechanisms have been proposed to date in the literature. The first proposed mechanism is
that PZT(111) nucleates via a transient intermetallic phase
(Pt3Ti12 or Pt5–7Pb13) because of the almost identical (111)
lattice parameters of the two phases. The second proposed
mechanism is the direct nucleation of PZT seed on Pt due to
lattice matching between PZT(111) and Pt(111) at the film/Pt
interface.16–18 For the case of the (100)-oriented films, most of
the literature has reported that the (100) orientation was observed because (100) is an energetically favored growth
plane. 12,17,18 We, however, indeed observed that with
PbO(001) buffer, PZT(100) texture was promoted and
PZT(111) texture was suppressed.13
If the orientation selection of PZT films is based only on the
consideration of lattice matching and minimum surface energy,
the texture development of perovskite materials with similar
lattice constant to PZT would follow the above-mentioned latter nucleation map [(111) is due to lattice matching between
film/Pt and (100) is due to an energetically favored growth
plane]. To elucidate the postulation, a series of experiments
were designed to study the effect of perovskite structure on

Fig. 5. Normalized relative intensity for three perovskite reflections
as a function of heating rate for (a) MOD and (b) sol–gel PZT films.

texture development during thermal processing. It was found
that dependence of preferred orientation on heat treatments similar to that of our PZT films was observed for
Pb(Mg1/3,Nb2/3)O3 film but not for BaTiO3 film. This leads us
to strongly believe the importance of both PbO and Pb–Pt intermetallic phases on the texture development in our PZT
films.
From the viewpoint of texture development of PZT films on
Pt(111)/Ti/SiO2/Si substrate during thermal processing, pyrolysis temperature and atmosphere control in postpyrolysis
treatments have been the critical parameters for controlling the
nucleation growth, texture evolution, and final microstructure
of the films.14–20 As shown in Fig. 3, it was observed that
oxidizing atmosphere suppresses (111) texture but promotes
(100) texture in the sol–gel films. Our observations were considerably consistent with the report of Brooks et al.17 that heat
treatments in oxygen favor the (100)-oriented growth. Regarding the effect of pyrolysis temperature on texture development
of PZT films, Fig. 4 shows that pyrolysis in the temperature
region of 400–550°C strongly promotes (100) textured PZT
films. In this regard, similar results are also reported by Reaney
et al.19 and Brooks et al.,17,20 but contrary to those of Liu and
Phule.18
Actually, considering the specific case of films prepared by
the chemical techniques of MOD and sol–gel, other factors are
known to impact on texture evolution such as precursor selection, film synthesis, combustion characteristics of deposited
film, and film thickness.19,21,22 In our experiments, it was observed that after pyrolysis and annealing at high temperature a
single deposited PZT layer, especially for sol–gel films, exhibits somewhat different texture from multiple deposited layers
(four layers) with intermediate heat treatment on a hot plate to
burn out the organics (thickness effect). The preferred orientation of multiple deposited PZT layers was found to be dependent on the temperature on a hot plate. Furthermore, Aoki
and co-workers23 used a sol–gel process for the deposition of
PZT thin films and noted that thinner films (t < 100 nm per
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layer) exhibited a strong (100) texture. Therefore, different
mechanisms for texture development were proposed in the related literature because precursor solution, combustion conditions, and film thickness used for texture evolution are completely different from one to another. Further investigation
based on the same experimental conditions for different precursor solutions is needed to obtain an unequivocal explanation
of the formation mechanism for the development of preferred
orientation.
(4) Phase Crystallization
Heating schedule III (pyrolyzed first at 400°C, then heated at
15°C/min to various temperatures between 500° and 700°C)
was used to study the phase crystallization and microstructure
evolution. XRD analyses of MOD films showed a broad peak
at 20 around 29° for the films pyrolyzed at 400°C for 0.5 h,
indicating the presence of a mixture of amorphous and pyrochlore phases. Above 450°C, two obvious pyrochlore peaks
could be identified, and they became quite prominent especially at 500°C. Above 520°C, perovskite peaks appeared in a
pyrochlore background. At 550°C, only perovskite (100) and
(200) peaks remained (Fig. 6(a)).
For sol–gel films, XRD indicated that they remained amorphous below 400°C, amorphous with a very small amount of
pyrochlore at 400°C, and then formed a broad peak at 20
around 29° corresponding to pyrochlore at 500°C. At 550°C,
the XRD pattern showed a small (100) peak of perovskite
phase coexisting with pyrochlore (Fig. 6(b)). Above 600°C,
perovskite phase dominated without pyrochlore remaining.
These results clearly illustrate that the crystallization tempera-

Fig. 6. XRD patterns of three samples first pyrolyzed at 400°C for
0.5 h: (a) MOD film heated to 550°C with a heating rate of 15°C/min,
(b) sol–gel film heated to 550°C with a heating rate of 15°C/min, (c)
sol–gel film heated to 600°C with a heating rate of 1°C/min.
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tures of both pyrochlore and perovskite are higher in the sol–
gel films than MOD films.
When a lower heating rate of 1°C/min instead of 15°C/min
was used, essentially random texture with a major (110) peak
of perovskite was observed above 550°C for both MOD and
sol–gel processes. However, for sol–gel films, pyrochlore
phase was still observed above 600°C (Fig. 6(c)) whereas it
was absent in MOD films for the same composition of
Pb1.1(Zr0.52Ti0.48)O3. The pyrochlore phase did not disappear
even after holding at 700°C for 0.5 h in the sol–gel films.
(5) Microstructure Development
To elucidate the crystallization and texturing process, SEM
micrographs were taken to observe the microstructure evolution between 500° and 700°C for MOD and sol–gel films.
Heating schedules with three heating rates ranging from very
fast to very slow were used to produce different textures. These
results are described below.
(A) (111) Textured Films: Under heating schedule I (directly inserted into a preset temperature without any prepyrolysis), (111) texture is always favored for a thick film. When the
film was directly fired to 650°C and held for only 2 min, the
XRD pattern showed an intermetallic Pt5–7Pb phase but the
microstructure was featureless as shown in Fig. 7(a). This is not
surprising because the intermetallic phase exists only at the
buried interface. Later, with an annealing time of 0.5 h at
650°C, a uniform microstructure with fine ‘‘grains’’ was developed for both MOD (Fig. 7(b)) and sol–gel films (Fig. 7(c)).
The ‘‘grain boundaries’’ seen in the micrographs are believed
to contain some porosity. The grain size of the MOD films was
smaller, and the microstructure less uniform than those of the
sol–gel films.
According to our previous study, under fast heating conditions, PZT rapidly nucleates from the intermetallic Pt5–7Pb
phase, forming (111) texture. The high nucleation rate produces a microstructure with a uniform and small grain size. the
dense microstructure of the sol–gel films may be attributed to
the lower carbon content in its precursors, resulting in less
residual carbon which causes low degassing and porosity formation at higher temperature. (Lipeles et al.24 reported that
some 2-ethylhexanoate ligands still remained even after pyrolysis at 400°C.) The larger grain size of the sol–gel films may
also reflect the higher crystallization temperature. This effect
has been previously seen in our study of the Zr/Ti influence in
PZT (see Ref. 14), where the difficulty in perovskite formation
with Zr rich composition was found to result in a larger grain
or rosette size.25
(B) (100) Textured Films: Under heating schedule III,
with a heating rate of 15°C/min following 400°C pyrolysis,
(100) texture is favored. Independent of precursor system, the
SEM micrographs of films fired at 500°C were featureless even
though XRD indicated the presence of pyrochlore. According
to the TEM analysis of Tuttle et al.26 the featureless matrix
consists of interpenetrating nanocrystalline pyrochlore and
amorphous phases, both with dimensions on the order of 5 nm.
When the temperature was increased to 550°C, the microstructure of MOD films consisted of a clustered structure with many
small-sized grains (Fig. 8(a)), and XRD revealed that it had
highly (100) texture. At higher temperatures, the cluster-grain
structure became well delineated as seen in Figs. 8(b) and (c).
Meanwhile, the pore number increased with temperature, indicating additional degassing due to PbO evaporation and/or the
release of residual organics.
For sol–gel films, the perovskite crystals began to nucleate
out of the pyrochlore matrix at 550°C according to XRD. These
crystallites were in isolated islands (Fig. 9(a)), not clustered
with each other as in MOD films (Fig. 8(a)). The island structure was basically composed of submicrometer-sized grains
which became more distinguishable at increasing temperatures
above 600°C (Fig. 9(b)). Meanwhile, more islands formed and
they began to impinge on each other. At 650°C, a dense microstructure consisting of mostly perovskite (100) grains with
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Fig. 7. SEM micrographs of PZT films fast heated at 650°C for (a)
2 min for MOD, (b) 0.5 h for MOD, and (c) 0.5 h for sol–gel.

Fig. 8. SEM micrographs of MOD films first pyrolyzed at 400°C for
0.5 h and then heated at (a) 550°, (b) 600°, and (c) 700°C for 0.5 h with
a heating rate of 15°C/min.

some residual pyrochlore was formed (Fig. 9(c)). (If 15 mol%
excess of Pb was incorporated into the sol–gel precursor, an
essentially single perovskite phase was obtained for sol–gel
films.) Thus, apparently, under the heating schedule appropriate for (100) texture selection, MOD films crystallized at a
lower temperature and the reaction into perovskite was more
complete than sol–gel films.
The above observations can be understood from the connection between (PbO)001 and PZT (100) texture. According to the
results of Ref. 13, (PbO)001 formation as a buffer layer is favored at low temperature, and it exists in both tetragonal and
orthorhombic forms with very similar textures. At high temperatures, however, PbO evaporation is severe, causing the loss
of the buffer layer. Since sol–gel precursors crystallize at
higher temperatures, as evident from the less developed island
microstructure in sol–gel films at 550°C compared to the clus-

tered structure at the same temperature in MOD films, the
remaining untransformed areas are subject to PbO loss resulting in both destruction of (PbO)001 (hence reduced area for
heterogeneous nucleation of perovskite) and pyrochlore stabilization. This gives rise to a less uniform microstructure with a
larger grain size and some residual pyrochlore.
(C) Random Textured Films: At a heating rate of 1°C/
min, an essentially random texture could be obtained in both
MOD and sol–gel films. The MOD films fired above 550°C
were composed of a featureless pyrochlore matrix and rosettelike clusters (about 1–3 m in diameter) which seemed to be
roughly spherical/circular aggregates of polycrystallites with
fuzzy outer boundaries (Figs. 10(a) and (b)). According to
the study of Myers and Chapin,26 the rosettes (which have
some resemblance to spherulites in high polymers and many
monomeric compounds28) are nucleated from an equiaxed seed
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Fig. 10. SEM micrographs of MOD film first pyrolyzed at 400°C for
0.5 h and then heated at 650°C for 0.5 h with a heating rate of 1°C/min;
(a) low and (b) high magnification.

Fig. 9. SEM micrographs of sol–gel films first pyrolyzed at 400°C
for 0.5 h and then heated at (a) 550°, (b) 600°, and (c) 700°C for 0.5
h with a heating rate of 15°C/min.

grain from which emanate radially lamellae of perovskite PZT
with different crystallographic orientations. Therefore, no preferred orientation is expected, in accordance with our XRD
results.
For sol–gel films, the two-phase microstructure with a featureless pyrochlore matrix and spherical (circular) perovskite
grains (about 2–7 m) was also observed. The spherical structures (Fig. 11(a)), however, had very sharp boundaries. In some
cases, a center nucleus could be identified (Fig. 11(b)) and the
growth could be seen as distinctly radial in direction. (When a
primary nucleus is not seen, it may still very well exist but
could be buried beneath the surface). Using electron diffraction in TEM, Carim et al.29 reported that the spherical rosettes
of this kind were single crystals with numerous pores on the

order of 30 nm, but the orientation of different rosettes was
random. While this point has not been verified in the present
study, our XRD did confirm that the texture was essentially
random.
The above observation again suggests that microstructure
and texture development in both MOD and sol–gel films follows a similar path. The slow heating rate used is believed to
cause a severe PbO loss and a nearly complete destruction of
first crystallized PbO phase. Hence, nucleation of perovskite
lacks a preferred orientation. Apparently, the number of
perovskite nuclei is so low that the formation of perovskite is
highly nucleation controlled. (The observed spherulite morphology with a center primary nucleus for each spherulite is
quite common in amorphous materials and high polymers
where the number of nuclei is likewise limited.) In addition,
perovskite crystallization cannot proceed to completion in
some of the interspherulite region where severe depletion of
PbO has prevented perovskite formation in both MOD and
sol–gel films. Lastly, the different appearance of spherulite
morphology in the two films may be a consequence of different
diffusion profile. In the case of MOD films, some short-range
cation redistribution during perovskite/pyrochlore transformation is possibly allowed considering the unassociated nature of
cations in MOD precursors. The local concentration gradient
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electrical properties and various parameters including texture,
composition and microstructure is given in Ref. 21, to which
the reader is referred.
IV.

Conclusions

(1) The texture selection of PZT films can be controlled
through similar heating schedules independent of precursor
systems.
(2) The texture selection is sensitive to the film thickness
especially when sol–gel precursors and oxidizing atmosphere
are used. This is related to the lower carbon content of sol–gel
precursors.
(3) Microstructure development and perovskite content are
strongly dependent on the heat treatment, especially on the
heating rate. Fast heating rate forms a dense fine-grained microstructure with (111) orientation. Intermediate-temperature
pyrolysis followed by a fast heating rate forms clustered or
island structures of submicrometer grains with (100) orientation. Intermediate-temperature pyrolysis followed by a very
slow heating rate forms larger spherical rosettes with random
orientations.
(4) The amount of perovskite decreases in the above order
and is especially low in sol–gel films undergoing slower heating. This is because of the higher crystallization temperature in
the sol–gel films, which in turn suffer more PbO loss.
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†

§
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