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Samarium-doped lead titanate thin films have been prepared by a sol–gel technique. The processing of precursor solutions through
two different synthetic routes and containing differing excesses of PbO is described. The films deposited from these solutions are
crystallized by thermal treatments at temperatures higher than 550 °C. The crystalline structure, composition and microstructure

of the resulting films are studied by grazing incidence X-ray diffraction analysis, energy dispersive spectroscopy, quantitative
scanning electron microscopy and transmission electron microscopy. It is observed that the film microstructure and the
development of non-ferroelectric phases in these films are influenced by both the solution chemistry and the lead oxide

stoichiometry. Preliminary results concerning the ferroelectric behaviour of these films are also given.

PbTiO3 is a ferroelectric material with perovskite type structure films.12 Studies carried out on several sol–gel-based PZT
systems indicate that nanoscale heterogeneities are developedhaving one of the highest values of spontaneous polarization.

The poling of PbTiO3 , in both bulk ceramic and thin film in the solutions during their synthesis. Thin films deposited
from these solutions have complex microstructures formed notforms, requires the application of high electric fields. One

approach to overcome this problem is the partial substitution only by the perovskite phase but also by undesirable second
phases.of Pb for various rare-earth elements which has been shown

as an efficient method to lower the coercive field, while Phase evolution with temperature for solution derived films
proceeds from an amorphous to a pyrochlore phase and frommaintaining important values of spontaneous polarization.

The chemical formula for these materials is Pb1−(3x/2)Ln
x
TiO3 , this to a perovskite.13 During this transformation, loss of lead

oxide can be observed. Authors have reported that lead oxidewhere Ln is La, Ce, Pr, Nd, Sm, Eu or Gd.1
For Pb0.88Ln0.08TiO3 ceramics it was found that the relation- is lost from the intermediate amorphous or pyrochlore

phases.14 Amorphous layers have to contain an appropriateship of the coupling factor to the poling field has noticeable
different features for various lanthanides. Particularly, it has excess of lead oxide to obtain a complete crystallization of the

lead based perovskite. Otherwise, residual non-ferroelectricbeen reported that the planar coupling factor, Kp , decreases
gradually with an increase in the poling field for Ln=Sm. This phases will be present in the resulting films.

One of the problems which bring about the preparation ofcauses exceptionally enhanced anisotropy in the thickness and
planar electromechanical coupling factors of thin ceramic disks, lead titanate films modified with rare-earth cations is the

obtention of stable solutions containing the rare-earth element.which is interesting for ultrasonic transducers.2 Surface acoustic
wave (SAW) devices employing samarium modified lead tita- Here, we discuss our approach to solve this problem for

samarium modified lead titanate films. The first part of ournate ceramics have been developed due to their small tempera-
ture coefficient of the SAW coupling factor. Materials with fine investigation has been focussed on the synthesis of stable

precipitate-free solutions. Two different processing routes aregrain and low porosity content are required for this practical
use, since these properties reduce the SAW propagation losses, suggested for the synthesis of these solutions. The resulting

microstructures of the polycrystalline thin films deposited fromincreasing the free surface velocity and the surface coupling
coefficient.3–5 Therefore, films of Pb0.88Sm0.08TiO3 could have these solutions are compared in order to establish the influence

of the processing on the properties of the films.technological interest for the development of SAW and piezo-
electric microdevices.

Processing and properties of lead titanate films modified
with lanthanum have been previously reported emphasizing Experimental
their pyroelectric and electro-optic properties.6,7 However, to

Synthesis of solutions
the knowledge of the authors, few attempts to prepare
(Pb,Sm)TiO3 thin films have been published,8,9 despite their Two different synthesis routes15,16 have been used for the
potential interest. preparation of sols of nominal composition Pb0.88Sm0.08TiO3 .Among the different techniques used for the deposition of In one of them [Fig. 1(a)] lead acetate trihydrate
thin films,10 the sol–gel method has the advantage of producing Pb(OOCCH3 )2 ·3H2O (Aldrich), and samarium acetylaceton-
homogeneous and uniform layers with an excellent control of ate Sm(CH3COCHCOCH3 )3 (Johnson-Matthey), were dis-
the stoichiometry, structure and microstructure.11 However, it solved in propane-1,3-diol solvent, HO(CH2 )3OH (Aldrich),
requires the obtention of a stable solution containing all the and heated under reflux in air for 1 h at 110 °C. After cooling
elements of the composition of the film. Compatibility between the solution below 70 °C, titanium diisopropoxide bis(acetyl-
multiple metal alkoxides in a multicomponent solution is a acetonate), Ti(OC3H7 )2 (CH3COCHCOCH3 )2 (Aldrich) (75
problem that sometimes restricts the applicability of sol–gel mass% solution in propan-2-ol) was added, using molar ratios
processing. of 0.8851, 0.0851 and 551 of lead to titanium, samarium to

Solution chemistry has also been shown to have an effect titanium and propane-1,3-diol to titanium, respectively. The
on the microstructure and electrical properties of the derived temperature of the solution was increased to 135 °C and reflux

maintained for 8 h to favour reaction of the compounds.
Distillation of byproducts yielded a stock solution with a† Current address: Advanced Material Group, Cranfield University,

Cranfield, Bedfordshire, UK MK43 0AL. concentration of 1.3  and a density of 1.4 g cm−3 . A 0.5 
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Crystallization was achieved by thermal treatment in air at
temperatures >550 °C with soaking times >12 min and
heating rates of 10 °C min−1 and >500 °C min−1 .
Characterisation of the ceramic films

The perovskite structure and second phases developed in the
films after thermal treatment were studied by the grazing
incidence X-ray diffraction (GIXRD) technique.19 Data were
collected on a Siemens D500 powder diffractometer with a
special 0.4° axial soller slit and a flat LiF monochromator at
the diffracted beam. A Cu anode operating at 40 kV and
25 mA and a scanning speed of 0.15° min−1 , were used.
Diffraction patterns of the films were recorded between 2h=
20 and 50°, with an incident angle of a=1°.

Scanning electron microscopy (SEM) images were taken on
random locations of the surfaces, in order to characterize the
film microstructure. A quantitative description of the structures
found is obtained by computerized processing and measure-
ment of those images.20 An example is shown in Fig. 2. From
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Fig. 1 Synthesis of the solutions (a) PTS-A and (b) PTS-B

solution was obtained by the dilution of the stock solution
with propan-2-ol (Aldrich). This solution is denoted PTS-A.

In the second synthetic route [Fig. 1(b)], a lead and titanium
sol was first synthesized by heating in propane-1,3-diol, the
lead acetate trihydrate and the titanium diisopropoxide bis(ace-
tylacetonate) as described above. Samarium was added to
the (Pb,Ti)-sol as a water solution of samarium acetate,
Sm(OOCCH3 )3 (Aldrich), with a 1251 molar ratio of water to
titanium. After vigorous stirring at room temperature for 12 h,
a stable stock solution was obtained with a concentration of
1.2  and a density of 1.2 g cm−3 . Dilution with propan-2-ol
led to a 0.5  solution, denoted as PTS-B. Another two
solutions, PTS-B10 and PTS-B20, were synthesized following
the scheme of Fig. 1(b), but with a 10 and 20 mol% excess of
PbO, respectively.

Thermal evolution of the precursor solutions

Thermogravimetry and differential thermal analysis (TGA and
DTA) were carried out in air, on dried samples of the solutions,
using a rate of 10 °C min−1 . The gases removed from the gels
during their thermal treatment were studied by evolved gas
analysis (EGA), by means of mass spectrometry.

X-Ray diffraction analysis (XRD) was used to study the
crystalline structure of the powder obtained after thermal
treatment of the solutions.

Thin film preparation

Gel layers were deposited by spin-coating the solutions onto
(100)Si substrates at 2000 rpm for 45 s. The silicon wafers were
previously sputtered with a ca. 500 Å thick adhesion layer of
TiO2 and a Pt electrode of ca. 1500 Å thickness.17,18 The wet

Fig. 2 Image analysis of the SEM micrographs for the measurement
films were prefired on a hot plate at 350 °C for 60 s. All the of the perovskite content in the films. (I) SEM micrograph, (II) final
deposition procedures were carried out in a class 100 clean image in which the relative area of the perovskite rosettes to that of

the whole image is calculatedroom.
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Table 1 Thermal decomposition of the solutions dried at 100 °C for 12 h

mass% loss (TG) compounds thermal
eliminateda decomposition

T /°C PTS-A PTS-B (EGA) process

<200 2.99 2.81 H2O loss of free water
200–400 17.02 18.26 H2O, CO2 (CO) elimination of bonded

water and organic groups
>400 1.98 0.59 H2O, CO2 residual organics
total 21.99 21.66

aDuring decomposition.

the original SEM grey level micrograph [Fig. 2(I)] we obtain
a simplified binary image on which measurement takes place
[Fig. 2(II)].

Energy dispersive spectroscopy (EDS) was carried out on
surfaces of the films. The excitation energy used for the analysis
was 30 kV. These studies were made on ca. 0.06 mm diameter
probe to measure local composition and in a large area of ca.
100 mm diameter, to obtain an average composition value. To
minimize the interference of the substrate, films with a thickness
>1 mm were prepared by multiple coating of the solution on
the Pt/TiO2/Si substrates. ZAF corrections were made on the
experimental data to reduce the matrix effect. Lead, titanium
and samarium contents were quantitatively measured by analy-
sis of the Pb M-lines, Ti K-lines and Sm L-lines of the
experimental spectra. Calibration was performed with samples
of the pure elements.

Plane-view specimens for transmission electron microscopy
(TEM) were prepared from 3 mm discs, cut from films and
mechanically polished from the substrate side to ca. 200 mm
thickness. Then, they were dimpled and thinned by Ar+ ion
milling at 15°, with a gun current of 0.5 mA and a voltage of
5 kV. Observations were carried out in a Philips CM30 micro-
scope at 300 kV.

Gold electrodes of ca. 0.5 mm diameter and ca. 35 nm
thickness were deposited by sputtering on the top surface
of the films to determine their ferroelectric properties.
Polarisation-electric field characteristics were evaluated by
means of a modified Sawyer–Tower circuit. Hysteresis loops
were traced with a sine wave of Vmax=10 V at a frequency of
100 Hz. Resistance (R) and capacitance (C ) compensation were
carried out using a previous measurement of R and C with a
low and non-disturbative voltage.21,22 The temperature depen-
dence of the dielectric permittivity measured at 1 kHz from Fig. 3 TGA and DTA curves in air, between 25 and 700 °C and with
room temperature to 500 °C was also studied. a heating rate of 10 °C min−1 , of (a) solution PTS-A and (b) solution

PTS-B, dried at 100 °C for 12 h

Results

Solutions obtained by these two routes, PTS-A and PTS-B,
are precipitate-free and stable in air over many months.

The TGA and DTA curves of Fig. 3(a) and (b) show the
thermal decomposition in air of the PTS-A and PTS-B dried
solutions, respectively. Table 1 summarizes the mass losses
measured during the thermal analysis of both gels together
with the list of the compounds removed in every temperature
interval, determined by EGA.

The two types of stoichiometric solution derived powders,
after thermal treatment at 700 °C, develop the perovskite phase
accompanied by another phase, as can be seen in the XRD
patterns of Fig. 4. Similarly, the two types of films contain
undesirable phases together with the main perovskite structure,
as shown in Fig. 5(a) and (b) for films crystallized at different
temperatures. The XRD patterns of films prepared from PTS-
B solutions with an excess of PbO, only show the presence of
a randomly oriented perovskite when an excess of PbO of

Fig. 4 XRD patterns of samples of solutions PTS-A and PTS-B dried
20 mol% is incorporated (Fig. 6). In contrast, the patterns of at 100 °C for 12 h and fired at 700 °C for 12 min with a heating rate
the corresponding powders (Fig. 7) indicate a complete disap- of 10 °C min−1 [#, (Sm, Pb)TiO3 ; 6, second phases]
pearance of the second phases with a 10 mol% excess of PbO,
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Table 2 Cell parameters and tetragonal distortion of (Pb,Sm)TiO3
perovskites developed in films and powders fired at 700 °C and derived
from solutions PTS-B with different excesses of PbO

PbO excess (mol%) a/Å c/Å c/a

film 0 3.927 3.994 1.017
10 3.930 4.032 1.026
20 3.933 4.017 1.021

powder 0 3.912 4.042 1.033
10 3.895 4.117 1.057
20 3.891 4.139 1.064

Pb0.88Sm0.08TiO3 bulk ceramic 3.906 4.074 1.043

whereas the powders prepared with a 20 mol% excess of PbO
show a remanent PbO phase together with a well crystallized
perovskite.

Table 2 shows the cell parameters of the perovskite from
XRD data measured in films and powders derived from PTS-
B solutions, stoichiometric and prepared with different PbO
excesses.

The thickness of the films, virtually defect-free and showing
appropriate adhesion to the Pt substrate, obtained after a
single deposition followed by thermal treatment, is ca. 0.5 mm
(Fig. 8).

The scanning electron micrographs of Fig. 9 show the devel-
opment of complex microstructures in both PTS-A and PTS-Fig. 5 XRD patterns of films fired at different temperatures for 12 min

with a heating rate of 10 °C min−1 and deposited from (a) solution B derived films, consisting of rosette shaped regions surrounded
PTS-A and (b) solution PTS-B. l, Laue Bragg peaks corresponding to by a fine-grained phase. Under the same thermal treatment
silicon substrates; #, (Sm, Pb)TiO3 ; 6, second phases. conditions, a smaller amount of fine-grained phase is observed

in films derived from the solution PTS-B. This fact is clearly
shown in the micrographs of Fig. 9(a) and (b). These microstruc-
tures correspond to films PTS-A and PTS-B crystallized at

Fig. 6 XRD patterns of films deposited from the solutions PTS-B10
and PTS-B20, and fired at 700 °C (symbols as in Fig. 5) Fig. 8 Cross-section of a single coated samarium modified lead

titanate film

Fig. 7 XRD patterns of powders derived from the gels PTS-B10 and PTS-B20, and fired at 700 °C [#, (Sm,Pb)TiO3 ; 6, PbO]
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10 °C min−1 rate at different temperatures [Fig. 9(c)–( f )]. The
use of PTS-B10 and PTS-B20 solutions, with an excess of
PbO, [Fig. 9(g) and (h)] leads progressively to the formation
of films with a more homogeneous microstructure.

The results of the EDS analysis carried out on both the
rosettes and the fine grains are shown in Table 3.

Observations by TEM of the films, together with the struc-
tural analysis of the different phases by selected area electron
diffraction [SAED] are shown in Fig. 10(a) and (b) for PTS-B
films crystallized at 10 °C min−1 during 12 min, at 550 and
700 °C. The rosettes show a pattern of a textured ensemble of
nanosized single crystals with perovskite type structure. The
pattern of the fine-grained phase does not have any preferred
orientation. The d-spacings measured for this phase are 2.9,
2.5, 1.8 and 1.5 Å.

The variations of the perovskite content of the films, meas-
ured as the surface fraction occupied by rosette-shaped regions
by computerized image analysis of the SEM micrographs, are
shown in Table 4.

A ferroelectric response was not obtained for films deposited
from solutions without an excess of lead oxide. On the contrary,
hysteresis loops were measurable at 100 Hz in films prepared
from solutions with a 10 and 20 mol% excess of PbO (Fig. 11).
The variation of the dielectric permittivity with temperature
for these films is shown in Fig. 12.

Discussion

Samarium modified lead titanate precursor solutions have
been synthesized by a diol-based sol–gel route.23 Two different
methods have been used for the incorporation of samarium to
the system. In one of them, samarium acetylacetonate together
with titanium and lead reactives are dissolved in propane-1,3-
diol, PTS-A [Fig. 1(a)]. In the other method, an aqueous
solution of samarium acetate is added to a Pb, Ti–propane-
1,3-diol sol, PTS-B16 [Fig. 1(b)].

We have reported before how different is the chemistry of
diol and water–diol solutions.24 Obtention of these water–diol
solutions is possible because of the capability of the diol-based
gels25 of redissolving in water.26 Water attacks the polymer
network of the gel. As a result, the chemical characteristics of
the diol and water–diol solutions are different, affecting the
thermal decomposition processes, the microstructure and the
final properties of the films.

Three steps can be distinguished in the thermal decompo-
sition processes [Fig. 3(a) and (b), Table 1] in both systems.
An initial mass loss occurs at temperatures below 200 °C and
corresponds to the evaporation of water. The subsequent mass
loss between 200 and 400 °C is associated with the main

Fig. 9 SEM micrographs of (a) film deposited from solution PTS-A exothermic peak in the DTA curves of both systems. The
and fired at 700 °C for 12 min with a heating rate �500 °C min−1 , combustion of the majority of the organic compounds is
(b) film deposited from solution PTS-B and fired at 700 °C for 12 min produced in this temperature interval, where H2O, CO2 and
with a heating rate �500 °C min−1 , (c) film deposited from solution

CO are detected by EGA. It has to be noted that mass lossesPTS-A and fired at 550 °C with a heating rate of 10 °C min−1 and a
at these temperatures are larger in the system PTS-B than insoaking time of 12 min, (d ) film deposited from solution PTS-B and
the system PTS-A. On the contrary, at higher temperatures,fired at 550 °C with a heating rate of 10 °C min−1 and a soaking time

of 12 min, (e) film deposited from solution PTS-A and fired at 700 °C >400 °C, a mass loss of ca. 1.98% associated with two
with a heating rate of 10 °C min−1 and a soaking time of 12 min, exothermic peaks at 481 and 522 °C, are recorded in the latter
( f ) film deposited from solution PTS-B and fired at 700 °C with a system, while only a ca. 0.59 mass% is measured in the former,
heating rate of 10 °C min−1 and a soaking time of 12 min, (g) film

which is associated with a unique exothermic peak at 511 °C.deposited from solution PTS-B10 and fired at 700 °C with a heating
Thus, the majority of the volatiles are removed at tempera-rate of 10 °C min−1 and a soaking time of 12 min and (h) film

tures below 400 °C for the system PTS-B, whereas higherdeposited from solution PTS-B20 and fired at 700 °C with a heating
rate of 10 °C min−1 and a soaking time of 12 min temperatures are necessary for the system PTS-A. This pro-

duces a remaining carbon in the latter that is only removed at
high temperatures, close to that of the perovskite crystalliz-
ation.27 This thermal evolution can be explained considering700 °C for 12 min with a rapid heating (�500 °C min−1 ).

Ensembles of crystals embedded in a microcrystalline matrix the role of water in the PTS-B system that, according to
reported results,24–26 leads to a sol containing simpler poly-are observed in both micrographs, but in a larger amount in

the films PTS-B. This heterogeneous microstructure, where meric structures than in the PTS-A derived sols. This makes
pyrolysis of the polymer easier and thus combustion of organicthese ensembles have evolved to form rosette-shaped regions,

is also observed when crystallization takes place heating at a compounds in the system PTS-B occurs at lower temperatures.
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Table 3 Chemical composition of (Pb,Sm)TiO3 thin films measured by EDS

Pb/Ti molar ratioa

PTS-A PTS-B

PbO fine average fine average
excess (%) rosettesb grainsb compositionc rosettesb grainsb compositionc

0 0.84±0.02 0.62±0.01 0.75±0.01 0.86±0.02 0.67±0.01 0.83±0.01
10 — — — 0.93±0.01 0.91±0.01 0.92±0.01
20 — — — — — 0.97±0.01

aNominal Pb/Ti ratio=0.88. bLocal composition measured on ca. 0.06 mm diameter area. cAverage composition measured on an area of
ca. 100 mm diameter.

Two features are significantly different between the XRD of the perovskite structure, possibly giving rise to a PbTiO3-
enriched solid solution. The results also show that the excesspatterns of the gels and films treated in similar conditions

(Fig. 4 and 5): the amount of second phase, developed at of PbO added to the solutions inhibits the formation of the
lead deficient second phase and, also, is incorporated into thetemperatures higher than 550 °C, which is higher in the films,

and the preferred (100) orientation, also, taking place in the perovskite to approach the nominal composition, which cannot
be reached in films prepared from stoichiometric solutions.films. These second phases and the orientation of the perovskite

tend to disappear progressively as an excess of PbO is incorpor- Results of image analysis of SEM micrographs (Table 4)
show quantitatively that the content of the second phase isated into the precursor solutions (Fig. 6).

Observed differences among the PTS-A and PTS-B derived smaller in films deposited from solution PTS-B than in those
derived from the solution PTS-A, as XRD and EDS resultspowders and films are the higher relative intensity of the peaks

of the second phase for the materials derived from the PTS-A have already shown. It is also observed that a nearly constant
content of perovskite is seen in all the films derived from eachsystem, for all the crystallization temperatures tested.

From data in Table 2 another remarkable difference between system for all annealing temperatures, with the disappearance
of the second phase not being observed when using fast firingPTS-B solution derived powders and films is observed. In all

the films, lower values of the c parameter and higher values of over short times [Fig. 9(a) and (b)].13 These results are in
accord with the observations of other authors that leadthe a parameter are measured than for those of the perovskite

obtained in Sm0.08Pb0.88TiO3 ceramics.2 This means that tetra- deficient phases cannot transform into perovskite in films with
lead deficiency.33 Therefore, these films processed fromgonality of these films is always lower than that of ceramics,

as is well known, owing to the strain on the film arising from stoichiometric solutions have a considerable content of a
second phase, this being larger in the films derived from theits interaction with the substrate.21 Tetragonality of the per-

ovskite crystallized in the stoichiometric powders remains diol-solution PTS-A.
Some authors have indicated that the origin of severalbelow that of bulk ceramics, whereas, larger tetragonalities

than that of the ceramics are measured in powders prepared crystalline phases in addition to the perovskite in sol–gel
derived lead zirconate–titanate (PZT) materials is due to awith an excess of PbO. The tetragonality of the films is always

lower than that of the solution derived powders. No remanent phase separation produced in the precursor solution during
the hydrolysis/condensation reactions.33,34 This could be thePbO is detected in the X-ray patterns of the films prepared

with an excess of PbO. However, this phase is observed in the cause of the microstructures where perovskite rosettes are
embedded in a fine-grained matrix.12corresponding crystallized powders (Fig. 7). This clearly indi-

cates that volatility of lead is enhanced in the films where the These two morphological and crystalline phases are also
observed in the (Pb,Sm)TiO3 films of this work. Both seem tosurface to volume ratio is very high.

A complex microstructure is developed in the films derived appear simultaneously at low temperatures, ca. 550 °C (Fig. 5).
A larger content of perovskite rosettes is seen in the films PTS-from stoichiometric solutions as can be seen in Fig. 9(a)–( f ).

Studies carried out by TEM on the two microstructural phases B than in the films PTS-A (Table 4). According to previous
work,33,34 this could indicate a higher homogeneity of theof these films, allow us to identify the rosette-shaped textured

ensembles of single perovskite crystals of (Sm,Pb)TiO3 , sur- molecular precursor synthesized for the water–diol solution
PTS-B than for the diol solution PTS-A. Although, this mayrounded by nanocrystals of a lead deficient phase (Fig. 10).

EDS analysis (Table 3) carried out on the rosettes indicates be a possible explanation of this phenomenon, it has to be
also considered that during the crystallization of the amorph-that their composition is close to the nominal composition of

the perovskite, Pb0.88Sm0.08TiO3 , thus reinforcing the expla- ous layers, the combustion of organics leads to a depletion of
oxygen in the firing atmosphere. Therefore, formation of anation of the low tetragonality measured as due to strain in

the film. The EDS analysis of the fine grains indicates that second phase such as oxygen and/or lead deficient pyrochlores
or fluorites30,35 is enhanced in the PTS-A films where organicsthey are deficient in lead with respect to the nominal perovskite

composition. Besides, the average composition of the samples remain in the material up to temperatures close to the
crystallization of the perovskite (Fig. 3 and Table 1).seems to indicate a larger deficiency of lead in the films PTS-

A than in the films PTS-B, in agreement with the higher The formation of (100) oriented rosettes containing micro-
structures in films deposited on platinized substrates is alsocontent of the second phase detected by XRD. Usually, the

structure of these second phases found in materials with similar explained assuming that (100) perovskite and (111) Pt orien-
tations exhibit the lowest interfacial energy.36,37 This favourscompositions is regarded as a pyrochlore type.28,29 Recently,

some authors suggested instead a cubic fluorite structure, nucleation of oriented nanocrystals at the substrate interface,
providing seeds for the crystallization of adjacent amorphouswhich matches better with the experimental electron diffraction

data obtained for second crystalline phase in PZT.30–32 The d- zones. This crystallization mechanism produces the propa-
gation of a radially textured growth,38 explaining the appear-spacings that we have measured by SAED and XRD, although

obtained here for films with different composition, correspond ance of star-shaped patterns inside the rosettes [Fig. 9(g)
and 10].to those of the suggested fluorite structure.

These results indicate that the addition of an excess of PbO It has been reported that the transformation of the second
phase to perovskite is complete above 550 °C in sol–gelto the solutions tends to lead to incorporation into the powders
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Table 4 Perovskite content (%) in the films crystallized at 10 °C min−1 ,
obtained from SEM images

T /°C PTS-A PTS-B PTS-B10 PTS-B20

550 51±18 79±7 — —
650 53±5 65±7 — —
700 51±5 70±4 83±4 100±0

Fig. 11 Hysteresis loops of films fired at 700 °C and deposited from
PTS-B10 [10 mol% excess of PbO] and PTS-B20 [20 mol% excess
PbO; 6] solutions. PTS-B10: 2P r=4.8 mC cm−2 , Ec=75.8 kV cm−1 ;
PTS-B20: 2Pr=11.4 mC cm−2 , Ec=89.9 kV cm−1 .

Fig. 12 Permittivity versus temperature, (measured at 1 kHz) of films
fired at 700 °C and deposited from PTS-B10 [10 mol% excess of
PbO] and PTS-B20 [20 mol% excess PbO] solutions

produces more defined rosette boundaries with increase of
temperature (Fig. 9 and 10). This may arise from a combination
of localized densification owing to crystallization and localized
density reductions in the fine-grained phase owing to Pb
losses,40 resulting in a thermal etching effect and in a develop-
ment of porosity in the second phase.41 However, the presence
of an excess of PbO during crystallization of the perovskite
seems to break up the process of (100) oriented nanocrystal
nucleation and radial growth, inhibiting the formation of the
second phase and causing first, reduction of the rosette size
and finally, a disappearance of the rosette microstructure (see

Fig. 10 TEM micrographs and selected area electron diffraction evolution in Fig. 9).42
patterns carried out on the rosettes and on the fine grains, of films A clear ferroelectric response is obtained in films deposited
(a) deposited from PTS-B solution and fired at 550 °C, (b) deposited

from solutions containing an excess of PbO (Fig. 11). Filmsfrom PTS-B solution and fired at 700 °C
derived from solutions without an excess of PbO do not show
ferroelectric behaviour, most probably owing to the large
amount of secondary non-ferroelectric phases contained inlanthanum modified lead titanate films.39 In (Pb,Sm)TiO3 films

deposited from solutions without an excess of PbO, the exper- them. According to the XRD and SEM results, films prepared
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