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We have carried out dielectric and Raman spectroscopy studies at the 298–623 K temperature range
in polycrystalline Pb0.70Sr0.30TiO3 thin films grown by a soft chemical method. The diffuse
phase-transition behavior of the thin films was observed by means of the dielectric constant versus
temperature curves, which show a broad peak. Such behavior was confirmed later by Raman
spectroscopy measurements up to 823 K, indicating that a diffuselike phase transition takes place at
around 548–573 K. The damping factor of theE(1TO) soft mode was calculated using the damped
simple harmonic oscillator model. On the other hand, Raman modes persist above the tetragonal to
cubic phase transition temperature although all optical modes should be Raman inactive. The origin
of these modes was interpreted in terms of a breakdown of the microscopic local cubic symmetry
by chemical disorder. The lack of a well-defined transition temperature and the presence of broad
bands at some temperature interval above the ferroelectric-paraelectric phase-transition temperature
suggested a diffuse nature of the phase transition. This result corroborates the dielectric constant
versus temperature data, which showed a broad ferroelectric phase transition in this thin film.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1758314#

I. INTRODUCTION

Recently, many ferroelectric thin films such as
(Pb,Ca!TiO3 , Ba~Zr,Ti!O3, PbTiO3 , and (Pb,Sr!TiO3 have
been actively investigated for application in memory inte-
grated circuits.1–3 Lead titanate (PbTiO3) based materials are
used in a wide range of electronic devices, e.g., transducers,
infrared detectors, ferroelectric memories, etc.4,5 In addition,
thin films of solid solutions of PbTiO3 with other perovskite
compounds exhibit an enhancement in various interesting
properties and are, thus, feasible to be used in several de-
vices. With the addition of strontium to PbTiO3 , the phase-
transition temperature decreases with the increasing stron-
tium concentration. It is also interesting to note that many
ferroelectric materials, such as thin films or bulk material,
exhibit phase-transition relaxor behavior characteristics that
appear mainly in oxygen octahedron families, i.e., in the
perovskite-type structure and in the tungsten-bronze-type
structure ~TKWB!.6,7 Among the perovskite-type structure
compounds, complex lead-based structures with two differ-
ent cations in the same crystallographic site are particularly
concerned. Well-known examples are lead magnesium nio-
bate ~PMN!, lead zinc niobate~PZN!, and their solid solu-
tions with lead titanate~PT!, which are the most widely stud-
ied relaxor materials.8–11 However, some lead-free
compounds were also recently found to present a relaxor

behavior. In BaZrxTi12xO3 compounds, the relaxor behavior
depends on the zirconium content.12 One of the characteris-
tics of the relaxor ferroelectrics is the strong influence of the
frequencyf of the electric field on the curvese –T, i.e., when
f increases,e decreases, and thee maximum temperature
increases. In addition, the relaxor characteristics of PT with
higher La concentration are reported in the literature.13 The
typical phase-transition phenomenon in materials, either
classical or relaxor ferroelectrics, has been extensively inves-
tigated in the literature by electrical measurements or Raman
spectroscopy. Naik et al.14 reported a study on a
Pb0.4Sr0.6TiO3 thin film, in which the dielectric permittivity
versus temperature data showed a broad peak at room tem-
perature, indicating a rather diffuse phase transition. Studies
of Ito et al.15 on bulk Pb12xBaxTiO3 solid solutions showed
a diffuse ferroelectric to paraelectric transition, associated
with a broade(T) anomaly over a wide temperature range.
On the other hand, Tenneet al.16 studied vibrational proper-
ties of Ba0.5Sr0.5TiO3 thin films prepared by pulsed laser
deposition and they observed that the temperature depen-
dence of the Raman spectra indicates a broad ferroelectric
phase transition in the thin films. Dobalet al.17 studied, by
Raman scattering and dielectric constant as a function of the
temperature, the antiferroelectric phase transition in PbZrO3

thin films. These PbZrO3 thin films exhibited a clear
temperature-dependent phase transition from the antiferro-
electric to the paraelectric state, through a ferroelectrica!Electronic mail: liec@power.ufscar.br
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phase. Gakhet al.18 reported the phase transition of
Pb12xCaxTiO3 thin films. Thex50.15 thin film was found to
undergo a tetragonal-to-cubic phase transition at about
370 °C. Although many authors have investigated
Pb12xSrxTiO3 ~PST! thin films and ceramic solid solutions,
no systematic study of the temperature dependence of dielec-
tric constant and Raman spectra in the study of phase tran-
sition of polycrystalline Pb0.7Sr0.3TiO3 thin films was dis-
cussed in the literature.

In this paper, we report an investigation on the tempera-
ture dependence of the dielectric permittivity and Raman
spectra of Pb0.70Sr0.30TiO3 thin films prepared by a soft
chemical method on Pt-coated silicon substrate.

II. EXPERIMENT

The Pb0.70Sr0.30TiO3 ~PST30! thin films studied in
the present work were derived from a soft chemical
processing. Details of the preparation method can be
found in the literature.19 The polymeric precursor
solution was spin-coated on substrates
@Pt(140 nm!/Ti (10 nm!/SiO2 (1000 nm!/Si# by a commercial
spinner operating at 6000 rpm for 30 s~spin-coater KW-4B,
Chemat Technology!, via a syringe filter to avoid particulate
contamination. After the spinning, the films were kept in
ambient air at 150 °C on a hot plate for 20 min to remove
residual solvents. A two-stage heat treatment was carried out:
initial heating at 400 °C for 4 h at aheating rate of 1 °C/min
to pyrolyze the organic materials and finally followed by
heating at 600 °C for 2 h for crystallization.

The temperature-dependent dielectric constant of the
thin film was studied in metal-ferroelectric-metal configura-
tion and the film was characterized using a Keithley 3330
~LCR! meter at the temperature range of 298–653 K. The
capacitance–voltage (C–V) curves were measured using an
HP4194A impedance/gain phase analyzer at the temperature
range of 298–573 K. The leakage current–voltage (I –V)
characteristic was determined with a voltage source measur-
ing unit ~Keithley 237!. For these measurements, circular Au
electrodes of 3.1531022 mm2 area were deposited by
evaporation process on the surfaces of the heat-treated films
as top electrodes, through a shadow mask.

Particularly, the ferroelectric materials present a close
relationship between ferroelectricity and lattice dynamics.
Therefore, Raman spectroscopy has been a valuable tech-
nique to characterize phase transitions in these materials, be-
cause the structural changes associated with the ferroelectric
to paraelectric phase transition usually present a large influ-
ence on the Raman spectra. The Raman measurements were
performed using a T-6400 Jobin-Yvon triple-monochromator,
coupled to a charge-coupled device~CCD! detector. An op-
tical microscope with a 503 objective was used to focus the
514.5 nm line of Coherent Innova 90 argon laser into the
sample. The power was kept at 22 mW. A TMS 93 oven from
Linkam Scientific Instruments Ltd. was used under the mi-
croscope for the measurements at the 298–823 K tempera-
ture range.

III. RESULTS AND DISCUSSION

The temperature and frequency variations of the dielec-
tric constant for the PST30 thin film are shown in Fig. 1. We
may notice thatTC , the temperature corresponding to the
peak of the dielectric constant versus temperature is broader
than that corresponding peak of compositions, close to
PST30 in the bulk form. However, measurements at different
frequencies do not show any peak shift. For a normal ferro-
electric, in the vicinity of the transition temperature, the di-
electric stiffness~1/e! follows the well-known Curie-Weiss
law:20

1/e5~T2T0!/C, ~1!

whereC is Curie-Weiss constant andT0 is the Curie-Weiss
temperature.

In addition, the order of the ferroelectric to paraelectric
phase transition can be determined from the temperature de-

FIG. 1. Variation of dielectric constant with temperature of Pb0.70Sr0.30TiO3

thin film at different frequencies. The inset shows the variation of the di-
electric constant of Pb0.70Sr0.30TiO3 thin film as a function of temperature,
during heating and cooling cycles at 100 kHz.

FIG. 2. The inverse of the dielectric constant,~1/e!, as a function of tem-
perature for the Pb0.70Sr0.30TiO3 thin film. The inset shows ln(1/e21/emax)
as a function of ln(T2Te,max).
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pendence of the dielectric constant inverse~1/e!. WhenT0 is
smaller thanTC , we observe a first-order transition; on the
other hand, whenT05TC , a second-order transition is
observed.21

Figure 2 shows the temperature behavior of the inverse
of the dielectric constant at 100 kHz for the PST30 thin film.
The parametersC andT0 were fitted at a narrow temperature
range nearTC . From these data, the ferroelectric to paraelec-
tric phase transition temperatureTC and the Curie-Weiss
temperatureT0 can be obtained directly. The fitting param-
eters areC54.583106 K and T05430 K. The fact that the
Curie-Weiss temperature (T05430 K) is lower than the tran-
sition temperature (TC5573 K) is expected from the first-
order phase transition between the paraelectric and ferroelec-
tric phases. Furthermore, the inset in Fig. 1 shows that the
ferroelectric phase of PST30 transforms into the paraelectric
phase at 573 K during the heating cycle. A thermal hysteresis
of about 10 K in the transition temperatures, obtained using
heating and cooling cycles can be observed. This behavior is
indicative of a first-order phase transition. In the literature,
for a diffuse transition, the following empirical modification
of the Curie-Weiss Law was proposed to describe the dif-
fuseness of the phase transition as:22

1/e21/em5~T2Te max!
g/C* , ~2!

whereg is the critical exponent, which is a measure of the
degree of diffuseness of the transition, andC* is a Curie-
Weiss-like constant. For a sharp transition,g51 and for a
diffuse transition it lies in the range 1,g<2.23 We obtained
the parameterg51.47 by fitting the experimental data~the
fitting curve is shown in the inset of Fig. 2!. From these data,
we may note that there is some diffuse character, but mea-
surements at different frequencies showed that the peak tem-
perature is not seriously affected by the change in frequency
~see Fig. 1!. Such a behavior indicates that the transition is
relatively diffuse, but that the ferroelectric phase is not re-
laxor in the PST30 thin film. The observed broad curve be-
havior displayed by the thin film, unlike the bulk behavior,
suggests that the smaller grain size of thin film~about 120

nm! relative to bulk causes some type of strain between the
grain boundary interfaces, which is generally responsible for
the observed transition. Similar behavior was observed by
Subrahmanyam and Goo for the (PbxSr12x)TiO3 system.24

Pokharel and Pandey reported values ofg in the range of
1.25–1.50 for the diffuse behavior of the (Pb12xBax)ZrO3

system.25 In addition, Ganesh and Goo reported values ofg
in the range of 1.20–1.34 for the diffuse behavior of the
paraelectric-ferroelectric transition region for the
(Pb12xCax)TiO3 system.26

Figure 3 shows the dielectric constant–voltage (e –V)
curves of the PST30 thin film deposited on Pt/Ti/SiO2 /Si
substrate. Thee –V curves were obtained at different tem-
peratures at the frequency of 100 kHz with an oscillation
amplitude of 50 mV. The capacitance of the film showed a

FIG. 3. Dielectric constant-voltage characteristics of the Pb0.70Sr0.30TiO3

thin film at different temperatures at 100 kHz.
FIG. 4. The x-ray diffraction pattern of Pb0.70Sr0.30TiO3 thin film prepared
on platinum-coated silicon substrate. The inset shows a selected 2u region of
the ~101!/~110! diffraction peak.

FIG. 5. Raman spectra of Pb0.70Sr0.30TiO3 thin film above and below the
transition temperature.
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strong dependence on the applied voltage. At 298 K, the
e –V curve showed two broad peaks and the curve was sym-
metric about the zero-bias axis and a hysteresis behavior was
observed. Increasing the temperature, the butterfly-type
shape of the curves was decreased: the separation between
the e –V curves of the positive and negative bias was de-
creased and, at about 573 K, thee –V curves showed the
absence of splitting~butterfly-type! for the decreasing and
the increasing voltage for both polarities. This fact indicates
that the temperature 573 K corresponds to the ferroelectric-
paraelectric phase transition.

The crystal structure of the thin film was examined by a
Rigaku x-ray diffractometer with CuKa radiation. Figure 4
shows that the thin film was well crystallized without any
unexpected phases.

In order to study the phase transition by Raman spectros-
copy, the spectra were obtained at different temperatures and
the results are shown in Fig. 5. The room temperature Raman
spectrum is in agreement with those reported in the litera-
ture, showing all Raman active optical modes.19 According
to the Raman selection rules, all optical modes become Ra-
man inactive above the transition temperature. With the in-
crease of the temperature a decrease in the intensity and a
broadening of the Raman peaks can be observed. There are,
however, some important features in some Raman peaks,
which disappear completely at a certain critical temperature,
which corresponds to the ferroelectric to paraelectric phase-
transition temperature. Conversely, some peaks persist even
at temperatures above the transition. Figure 6 shows the tem-
perature dependence of theE(1TO) lowest frequency Ra-
man mode, whose frequency goes to zero at about 570 K, as
shown in Fig. 5. This typical soft mode behavior is respon-
sible for the ferroelectric to paraelectric phase transition.
Furthermore, important information can be obtained by a de-
tailed examination to the temperature dependence of the line
shape of the soft mode, in the light of the damped classical

harmonic oscillator model, to properly determine the damp-
ing factorg as a function of temperature. According to fol-
lowing equation,27,28

I ~v!}
KTPse8~0!gvTO

2

~vTO
2 2v2!21g2v2

, ~3!

wherePs is the spontaneous polarization ande8~v! is the real
part of the dielectric constant. A computer fitting of Eq.~3!
of the line shape was carried out and the damping factorsg
were obtained for the soft modeE(1TO), as a function of
temperature, as displayed in Fig. 6~inset!. Concerning the
damping factorg, a marked increase is observed near the
phase-transition temperature. Such an increase of the damp-
ing is observed in a wide range of solid solution perovskite
ferroelectrics for the soft modeE(1TO). A similar observa-
tion was reported by Yuet al.29 in SrBi2Ta2O9 nanoparticles
and in lead titanate thin films on sapphire, reported by Dobal
et al.30 A different value for transition-phase temperature was
estimated from temperature dependence of the damping fac-
tor using the damped classical oscillator model. The transi-
tion temperature determined was at about 523 K, smaller
than the one obtained by electrical measurements. Above this
temperature, as can be seen in Figs. 5 and 6, the temperature
dependence of the damping factor of theE(1TO) mode has
not been experimentally well fitting, so it is impossible to fit
the data over the whole temperature range. Fuet al.31 re-
ported phonon mode behaviors similar to PbTiO3 thin films
deposited on Pt/Si substrates where the transition-phase tem-
perature was estimated by damping factor.

In addition, the temperature dependence of the square of
the soft mode frequency is also shown in Fig. 6~inset!. How-
ever, we can see that in the case of PST30 thin film, the
persistence of phonon modes well beyond the transition tem-
perature is owed to a short-range structural disorder in the
paraelectric cubic phase. This disorder destroys the perfect
cubic local symmetry and thus allows Raman activity in the
paraelectric phase. Due to the persistence of the broad bands
at temperature intervals above the phase transition, we be-
lieve that the phase transition in PST30 thin films is of dif-
fuse nature. Similar observation was reported in thin films by
Naik et al.32 for (Pb,Sr!TiO3 and in bulk (Pb,La!TiO3 .33 The
disappearance of the 62 cm21 soft modes at about 548–573
K indicates that the transformation from the ferroelectric to
the paraelectric phase occurs at this (Pb,La!TiO3 .33 The dis-
appearance of the 62 cm21 soft modes at about 548–573 K
indicates that the transformation from the ferroelectric to the
paraelectric phase occurs at this temperature range, which is
consistent with the Curie temperature determined by the
electrical characterization.

IV. CONCLUSIONS

In summary, Raman spectroscopy and dielectric proper-
ties were used to examine the ferroelectric phase transition in
a Pb0.70Sr0.30TiO3 thin film as grown by a soft chemical
method. We found that a diffuse phase transformation was
observed in the prepared thin film, as the dielectric constant
as a function of temperature curves shows a broad peak. It is
revealed that the ferroelectric phase transition is not a

FIG. 6. Low-frequency Raman spectra of Pb0.70Sr0.30TiO3 thin film as a
function of temperature. The inset shows the temperature dependence of the
E(1TO) mode peak frequency (vTO

2 ) and damping factorg as deduced
from Eq. ~3!.
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relaxor-type transition, once the phase-transition temperature
was independent of the frequency~classical ferroelectric!.
Raman spectroscopy results confirm the existence of a
diffuse-type phase transition around 548–573 K. This tran-
sition type is accompanied by the gradual disappearance of
the overdampedE(1TO) soft mode. We also found that
broad Raman bands are seen to persist above the transition
temperature. This is attributed to the breakdown of selection
rules due to the presence of a microscopic local structural
disorder in the paraelectric phase. Both dielectric and Raman
scattering studies showed a diffuse nature of the phase tran-
sition.
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