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Electrical conduction mechanism and phase transition studies using
dielectric properties and Raman spectroscopy in ferroelectric
Pb0.76Ca0.24TiO3 thin films
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We have studied the phase transition behavior of Pb0.76Ca0.24TiO3 thin films using Raman scattering
and dielectric measurement techniques. We also have studied the leakage current conduction
mechanism as a function of temperature for these thin films on platinized silicon substrates. A
Pb0.76Ca0.24TiO3 thin film was prepared using a soft chemical process, called the polymeric
precursor method. The results showed that the dependence of the dielectric constant upon the
frequency does not reveal any relaxor behavior. However, a diffuse character-type phase transition
was observed upon transformation from a cubic paraelectric phase to a tetragonal ferroelectric
phase. The temperature dependency of Raman scattering spectra was investigated through the
ferroelectric phase transition. The soft mode showed a marked dependence on temperature and its
disappearance at about 598 K. On the other hand, Raman modes persist above the tetragonal to
cubic phase transition temperature, although all optical modes should be Raman inactive above the
phase transition temperature. The origin of these modes must be interpreted in terms of a local
breakdown of cubic symmetry by some kind of disorder. The lack of a well-defined transition
temperature suggested a diffuse-type phase transition. This result corroborate the dielectric constant
versus temperature data, which showed a broad ferroelectric phase transition in the thin film. The
leakage current density of the PCT24 thin film was studied at elevated temperatures, and the data
were well fitted by the Schottky emission model. The Schottky barrier height of the PCT24 thin film
was estimated to be 1.49 eV. ©2003 American Institute of Physics.@DOI: 10.1063/1.1611269#
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I. INTRODUCTION

Recently, many ferroelectric thin films such a
Pb~Zr,Ti!O3, PbTiO3 , and Pb~Ca,Ti!O3 have been actively
investigated for application in memory integrated circuits.1–3

Lead titanate (PbTiO3) based materials are used in a bro
range of electronic devices, e.g., transducers, infrared de
tors, pulse generating devices, ferroelectric memories, et4,5

PbTiO3 has a low dielectric constant, high spontaneous
larization, and high pyroelectric coefficient. In addition, so
solutions of PbTiO3 thin films with other perovskite com
pounds enhance various interesting properties and de
feasibilities. PbTiO3 shows a first-order phase transition tem
perature at about 763 K.6 With the addition of SrTiO3 or
CaTiO3 to PbTiO3 , the phase transition temperature d
creases with increasing Ca or Sr concentration, and the fe
electric phase transition in Pb0.5Ca0.5TiO3 and Pb0.3Sr0.7TiO3

systems occurs near room temperature.7,8 It is also interest-
ing to note that many ferroelectric materials exhibit relax
behavior characteristics as a function of the dopant conc
tration by a broad maximum in the temperature depende

a!Electronic mail: derl@power.usfcar.br
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of the dielectric constant, and a strong frequency dispers
of the dielectric constant at temperatures around the ph
transition temperature.9 Lead magnesium niobate~PMN!,
lead zinc niobate~PZN!, and their solid solutions with lead
titanate ~PT! are the most widely studied relaxo
materials.10–12 In addition, the relaxor characteristics of P
with higher La concentration are reported in th
literature.13–15 Among the doped PbTiO3 systems,
Pb12xCaxTiO3 ~PCT! systems have recently received r
newed attention due to the high-piezoelectric effect and
cellent dielectric properties.16–18In addition, unlike bulk ma-
terials, thin films of PbTiO3 and Pb12xCaxTiO3 show
submicron size grains resulting in a lower value of the
electric constant. These films do not show any anomaly
the curves of the dielectric constant as a function of tempe
ture, but they present a monotonic decrease in the diele
constant. These observations suggest that the phase tran
temperature in PbTiO3 and Pb12xCaxTiO3 thin films may not
be as sharply defined as in bulk single crystals, and b
ceramics.7 Naik et al.19 reported a study on Pb0.4Sr0.6TiO3

thin films where the dielectric permittivity versus temper
ture data showed a broad peak at room temperature ind
ing a rather diffuse phase transition. On the other ha
6 © 2003 American Institute of Physics
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Tenneet al.20 studied vibrational properties of Ba0.5Sr0.5TiO3

thin films prepared by pulsed laser deposition and they
served that the temperature dependence of the Raman sp
indicates a broad ferroelectric phase transition in the t
films. Dobalet al.21 studied, by Raman scattering and diele
tric constant as a function of the temperature, the antife
electric phase transition in PbZrO3 thin films. These PbZrO3
thin films exhibited a clear temperature-dependent ph
transition from the antiferroelectric to paraelectric sta
through a ferroelectric phase. Gakhet al.22 reported the
phase transition of Pb12xCaxTiO3 thin films. The x50.15
thin film was found to undergo a tetragonal-to-cubic pha
transition at about 370 °C.

Although many authors have investigated PCT thin fil
and ceramic solid solutions, no systematic study of the te
perature dependence of the PCT conduction current beha
was discussed in the literature. Once PCT has the hig
potential for application in dynamic random access mem
ries, because of its high dielectric constant, low leakage
rent, and high breakdown field, the conduction curr
mechanism should be studied. For comparison, a large n
ber of research has focused on the leakage current beh
of PbZr0.4Ti0.6O3 ~PZT!, ~SBN!, SrBiTa2O9 ~SBT!, and
Ba12xSrxTiO3 ~BST! thin films.23–26

In this article, we have studied the temperature dep
dence of the dielectric constant and Raman spectra in
study of the phase transition of polycrystallin
Pb12xCaxTiO3 thin films. No study of the temperature de
pendence of the leakage current was reported
Pb12xCaxTiO3 thin films. We have also investigated the cu
rent conduction mechanism based on the interface lim
Schottky emission theory and estimated the possible phys
parameters involved.

II. EXPERIMENT

The Pb0.76Ca0.24TiO3 ~PCT24! thin film studied in the
present work was derived from a soft chemical process
Details of the preparation method can be found in
literature.18 The polymeric precursor solution was sp
coated on substrates @Pt (140 nm!/Ti (10 nm!/SiO2

(1000 nm!/Si# by a commercial spinner operating at 60
rev/min for 20 s~spin-coater KW-4B, Chemat Technology!,
via a syringe filter to avoid particulate contamination. Aft
spinning, the films were kept in ambient air at 150 °C on
hot plate for 20 min to remove residual solvents. A two-sta
heat treatment was carried out: initial heating at 400 °C fo
h at a heating rate of 5 °C/min to pyrolyze the organic ma
rials, and finally, followed by heating at 700 °C for 2 h for
crystallization. The film thickness was controlled by adju
ing the number of coatings, and the coating/drying opera
was repeated until the desired thickness was achieved.

The dielectric constant of the thin film was measur
using a Keithley 3330 (LCR) meter in the temperature rang
of 298–653 K. The capacitance–voltage (C–V) curves were
measured using an HP4194A impedance/gain phase ana
at the temperature range of 298–573 K. The leakage cur
at various temperatures was measured using the comp
Keitlhey 237 unit.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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The Raman measurements were performed usin
T-6400 Jobin–Yvon triple-monochromator coupled to
charge-coupled-device detector. An optical microscope w
a 503 objective was used to focus the 514.5 nm line o
Coherent Innova 90 argon laser into the sample. An o
TMS 93 from Linkam Scientific Instruments, Ltd., was us
under the microscope for measurements at the 298–87
temperature range.

III. RESULTS

Figure 1 shows the capacitance–voltage (C–V) curves
of the PCT24 thin film deposited on a Pt/Ti/SiO2 /Si sub-
strate.C–V curves were obtained at different temperatures
a frequency of 100 kHz with an oscillation amplitude of 5
mV. The capacitance of the film showed a strong depende
on the applied voltage. At 298 K, theC–V curve showed
two broad peaks, the curve was symmetric about the z
bias axis, and hysteresis behavior was observed. Increa
the temperature, the butterfly-type shape of the curves
creased: the separation between theC–V curves of the posi-
tive and negative biases decreased, and at about 573 K
C–V curves showed absence of splitting~butterfly type! for
decreasing and increasing voltages for both polarities. T
fact indicates that the 573 K temperature corresponds to
ferroelectric–paraelectric transition phase. Venkateswa
et al.27 observed a similar behavior for lead lanthanum tita
ate thin films prepared by the laser ablation technique.

The temperature and frequency variations of the diel
tric constant for the PCT24 thin film are shown in Fig. 2. W
may note that the peak of the dielectric constant versus t
perature is broader than that corresponding peak of com
sitions close to PCT24 in the bulk form. However, measu
ments at different frequencies do not show any peak sh
Such behavior indicates that the transition is relatively d

FIG. 1. Dielectric constant-voltage characteristics of the Pb0.76Ca0.24TiO3

thin film at different temperatures at 100 kHz.
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fuse, but that the ferroelectric phase is not a relaxor in
PCT24 thin film prepared by the polymeric precurs
method.

For a normal ferroelectric, in the vicinity of the trans
tion temperature, the dielectric stiffness,~1/e!, follows the
well-known Curie–Weiss law:28

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

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

In addition, the order of the ferroelectric to paraelect
phase transition can be determined from the temperature
pendence of the dielectric constant inverse~1/e!. WhenT0 is
smaller thanTC we observe a first-order transition; on th
other hand, whenT05TC , a second-order transition i
observed.29

Figure 3 shows the temperature behavior of the inve
of the dielectric constant at 10 kHz for the PCT24 thin film
The dielectric stiffness in the paraelectric phase follows
Curie–Weiss behavior. The parametersC andT0 were fitted
at a narrow temperature range nearTC . From these data, th
ferroelectric to paraelectric phase transition temperature,TC ,
and the Curie–Weiss temperature,T0 , can be obtained di-
rectly. The fitting parameters areC51.983105 K and T0

5530 K. The fact that the Curie–Weiss temperature (T0

5530 K) is lower than the transition temperature (TC

5573 K) is expected from the first-order phase transit
between the paraelectric and ferroelectric phases. Moreo
the value of the Curie–Weiss constant~C! for a regular
ferroelectric-like barium titanate and lead titanate undergo

FIG. 2. Temperature dependence of the dielectric constant for
Pb0.76Ca0.24TiO3 thin film as a function of the frequency.

FIG. 3. Inverse of the dielectric constant,~1/e!, as a function of temperature
for the Pb0.76Ca0.24TiO3 thin film. Inset shows ln(1/e21/emax) as a function
of ln(T2Te,max).
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a sharp transition is usually<23105 K, whereas for a re-
laxor ferroelectric like lead magnesium niobate undergoin
diffuse transition, this value is.43105 K.30 In our case, we
obtained the parameterC51.983105 K.

In the literature for a diffuse transition, the followin
empirical relationship for the Curie–Weiss law was propos
to describe the diffuseness of the phase transition as31

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

whereg is the critical exponent, which is a measure of t
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<2.32 We obtained
the parameterg51.33 by fitting the experimental data~the
fitting curve is shown in the inset of Fig. 3!. From these data
we may note that there is some diffuse character; but m
surements at different frequencies showed that the peak
perature is not seriously affected by the change in freque
Similar behavior was observed by Subrahmanyam and G
for the (PbxSr12x)TiO3 system.8 Pokharel and Pandey re
ported values ofg in the range of 1.25–1.50 for the diffus
behavior of the (Pb12xBax)ZrO3 system.32 In addition,
Ganesh and Goo reported values ofg in the range of 1.20–
1.34 for the diffuse behavior of the paraelectric–ferroelec
transition region for the (Pb12xCax)TiO3 system.7

In order to study the current transport mechanism in
system, the current–voltage characteristics were obtaine
different diode temperatures and the results are plotted
Fig. 4. The metal/PCT24/metal system usually constitute
back-to-back Schottky diode. The current density in suc
system is given by

J5FA* T2 expS 2q~fB2DfB!

kT D GFexpS qV

nkTD21G , ~3!

whereV is the applied voltage,T is the temperature,n is the
ideality factor,fB is the Schottky barrier height, andA*
(5120m/m0 , m0 is the free-hole mass! is the Richardson
constant. The term in the first bracket in Eq.~3! is usually
referred to as the saturation current orJ0 . When using only
the thermionic emission theory to account for the elect
transport over the barrier, the lowering term (DfB) in Eq.
~3! should be neglected.33 The barrier lowering due to the
applied voltageV depends on the depletion region widthd
and on the relative dielectric constante r as given below:

e

FIG. 4. Characteristic positiveI –V curves obtained at different tempera
tures for the Au/PCT24/Pt thin films studied in this work.
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DfB5A qV

4pee rd
. ~4!

According to Eq.~3!, it seems clear that both temper
ture and voltage dependencies ofJ should be experimentally
explored in order to explain the current mechanisms in
samples.

As expected from the Schottky current emission theo
the current increases for increasing temperatures becaus
thermally activated conduction is enhanced by the app
field. However, in the low voltage and low temperatu
ranges, the observed current cannot be explained using
Schottky mechanism. This suggests that a different cond
tion mechanism should be considered in that range. We h
investigated the use of the Poole–Frenkel and space-cha
limited current models, but the fit of the experimental curv
using these models was quite unreasonable. A similar be
ior was found in Ref. 34 indicating that a more comprehe
sive treatment is needed. This will be the object of futu
work.

In Fig. 5 we plot the ln(J0 /T2) vs 1000/T curves at dif-
ferent voltages~high field! at the temperature range from 11
to 250 °C. From these curves we can determine the activa
energy for the emission of carriers over the Au/PCT24 b
rier. The obtained values are plotted in the inset in Fig. 5
a function of the square root of the applied voltages and t
reveal a decreasing behavior as the voltage increases. T
expected from the Schottky theory and it is caused by
lowering of the field induced barrier (DfB). In fact, the
activation energy atV50 V reflects the Schottky barrie
height of 1.49 eV at the Au/PCT24 interface, considering
thermionic emission only. In addition, Scottet al.35 reported
values of the Schottky barrier atV50 V for SBT, BST, and
PZT to be about 1.6, 1.62, and 1.5 eV, respectively. D
et al.23 studied the leakage characteristics of SrBi2Ta2O6 thin
films at elevated temperatures and the data were fitted by
Schottky emission model. The Schottky barrier heights of
films on Pt and LaNiO3 substrates were estimated to be 1.
and 1.12 eV, respectively. Other authors have reported
Schottky barrier height of SrBi2Nb2O9 and (Ba,Sr!TiO3 thin
films in the range of 1.37–1.5 eV.24,36

The fitting of the activation energy versus voltage curv
provides an estimate of thee rd product present in Eq.~4!.
Our estimated value ise rd56 nm, in agreement with previ

FIG. 5. Variation of ln(J0 /T2) as a function of 1000/T for the Au/PCT24/Pt
thin film at different voltages. These curves were used to determine
activation energies of the current transport and the obtained values are
ted in the inset.
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ous reported values.34 In Ref. 34, this small value has ex
plained in terms of a very thin interfacial layer, as propos
by Mott in 1938.37 Our results confirm that Mott’s model i
also valid for the metal/PCT24/metal system.

In order to study the phase transition by Raman spect
copy for PCT24 thin films, the evolution of Raman spec
were obtained at different temperatures and the results
showed in Fig. 6. The room temperature Raman spectrum
in agreement with the literature, showing all Raman act
optic modes.38 According to the selection rules, all opti
modes become Raman inactive above the transition temp
ture.

As the temperature is increased, the Raman modes
come broad and gradually lose intensity~see Fig. 6!. How-
ever, some modes disappear completely at a certain temp
ture, which corresponds to the ferroelectric to paraelec
phase transition temperature. The lowest-frequency Ra
line, located at 83 cm21, is the soft mode belonging to
E(1TO) symmetry. We can see clearly in Fig. 7 that incre
ing temperatures cause frequency downshifts, and fina
their disappearance at about 325 °C. We attribute th
downshifts and the lack ofE(1TO) mode in PCT24 thin
films to the ferroelectric–paraelectric phase transition te
perature. The temperature dependence of the square o
soft mode frequency is shown in Fig. 8. Concerning t
E(1TO) mode, it can be noted that its frequency decrea
rapidly up to the transition temperature. Dobalet al.39,40 ob-
served similar behavior for PbTiO3 and (Pb,La!TiO3 thin
films prepared by the sol–gel method. In addition, the

e
lot-

FIG. 6. Raman spectra of the Pb0.76Ca0.24TiO3 thin film above and below the
transition temperature.

FIG. 7. Expanded view of the Raman spectra of Fig. 6 for the soft m
peak.
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trapolation of the curve in Fig. 8 to the zero-squared wa
number yields the phase transition temperature as about
K. However, we can see that in the case of PCT24 thin film
the persistence of phonon modes well beyond the trans
temperature is owed to a short-range structural disorde
the paraelectric cubic phase. This disorder destroys the
fect cubic symmetry and thus allows Raman activity in t
paraelectric phase~see Fig. 6!. A similar observation was
reported in thin films by Naiket al.41 for (Pb,Sr!TiO3 and in
bulk (Pb,La!TiO3 .42

The disappearance of the 83 cm21 soft modes at abou
598 K indicates the transformation from the ferroelectric
the paraelectric phase at this temperature, which is consis
with the Curie temperature determined by the electrical ch
acterization.

IV. CONCLUSION

In conclusion, a PCT24 thin film grown by soft chemic
processing exhibits a diffuse type of phase transition. Ho
ever, the dielectric constant values as a function of temp
ture and frequency revealed that the ferroelectric phase is
a relaxor, once the transition temperature was independe
the frequency~classical ferroelectric!. We also have used Ra
man scattering to probe the phase transition. The trans
temperature was estimated using the disappearance
wave-number variation of the soft mode belonging to
tetragonal phase. We also found that broad Raman band
seen to persist well beyond the transition temperature in
thin film. This is attributed to the breakdown of selectio
rules due the presence of disorder in the paraelectric ph
Both dielectric and Raman studies showed a diffuse type
phase transition. Also, the temperature dependence of
I –V curves of the PCT24 thin film was studied. The leaka
current data are in agreement with the Schottky emiss
model and the Schottky barrier height was estimated to
1.49 eV at the Au/PCT24 interface.
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