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Dielectric and Raman scattering experiments were performed on polycrystalline Pb,_ Ba,TiO5 thin
films (x=0.40 and 0.60) as a function of temperature. The dielectric study on single phase
compositions revealed that a diffuse-type phase transition occurred upon transformation of the cubic
paraelectric to the tetragonal ferroelectric phase in all thin films, which showed a broadening of the
dielectric peak. Diffusivity was found to increase with increasing barium contents in the
composition range under study. In addition, the temperature dependence of Raman scattering spectra
was investigated through the ferroelectric phase transition. The temperature dependence of the
phonon frequencies was used to characterize the phase transitions. Raman modes persisted above
the tetragonal to cubic phase transition temperature, although all optical modes should be Raman
inactive. The origin of these modes was interpreted as a breakdown of the local cubic symmetry by
chemical disorder. The lack of a well-defined transition temperature and the presence of broadbands
in some temperature intervals above the paraferroelectric phase transition temperature suggest a
diffuse-type phase transition. © 2008 American Institute of Physics. [DOIL: 10.1063/1.2956399]

I. INTRODUCTION B sites give rise to different behaviors such as the relaxor
properties. In this case, the prototype PbMg;,;3Nb,,305 shows
a random cation distribution (Mg?* and Nb>*) on the B site
of the perovskite-type structure, which, in turn, gives rise to
local quenched electric random fields. These fields are strong
enough to prevent phase transition toward a true long range
polar ferroelectric phase.8

The Curie temperature of many ferroelectric compounds
with perovskite-type structures is nonlinearly dependent on
the concentration. Some possible reasons for the nonlinearity
may be the limited solubility of components, ion ordering,
and influence of the morphotropic phase boundary.9 Wang et
al."’ reported that Ba, ;S 3TiO5 thin films grown on LaAlO;
(001) substrate exhibited an obvious room temperature ferro-
electric state, while the film grown on SrTiOsz (001) showed

In the past few years, ferroelectric thin films, especially
those with a perovskite structure, have attracted much inter-
est due to their application in various fields such as nonvola-
tile memory cells and dynamic random access memories and
because of the continuing trend for miniaturization. In all
these applications, the fundamental properties and perfor-
mance of these films are strongly affected by their micro-
structure, including their grain size, shape, orientation, and
distribution. In addition, an important factor for most of
these applications is the control of the phase transition tem-
perature. To meet this goal, various (Ba,Sr)TiOs,
Pb(Ti,_Zr,)O3, Ba(Ti;_,Zr,)Os, Pb,_,La,TiO3,
Pb(Sc,Ta),_,Ti,O;, Pb,_,Ca,TiO;, and (Pb,_La,)
X (Ti,_,,Zr,)O; thin films have been investigated.>’ These

materials are either classical or relaxor ferroelectrics, de-
pending on the value of x as well as the occupation of A and
B sites in the perovskite structure. One of the characteristics
of a relaxor ferroelectric material is the existence of so-called
polar nanoregions, which appear far above the T},,, tempera-
ture of the peak in the dielectric constant.

PbTiO; is one of the ferroelectric compounds with the
highest transition temperatures when one considers materials
with the perovskite-type (ABOs) structure. It is well known
that homovalent and heterovalent substitutions on the A and
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a broad phase transition peak near room temperature. How-
ever, the transition is only broadened without any frequency
dispersion.

Zhong and Shiosaki'' reported a study on
Biy 55L.ay 75Ti304, thin film phase transition, in which the di-
electric constant versus temperature curves showed four peak
dielectric anomalies. The authors proposed that the peak at
483 °C indicates a phase transition paraferroelectric. Naik et
al? reported a study on Pby 4Sr¢TiO5 thin films, where the
dielectric permittivity versus temperature data showed a
broad peak at room temperature, indicating a rather diffuse
phase transition. Studies of Ito er al. 13 on bulk Pb,_,Ba,TiO;

© 2008 American Institute of Physics
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solid solution showed a diffuse ferroelectric to paraelectric
transition associated with a broad &(7) anomaly over a wide
temperature range.

The substitute PbTiO; system (mainly on A site) result-
ing in solid solutions of the PbTiO;-CaTiO; (PCT),
PbTi0O5-SrTiO5, and PbTiO;-BaTiO; types have received
considerable attention, both in thin films and bulk form, due
to a high piezoelectric effect and good ferroelectric and py-
roelectric propelrties.m_17 Additions such as Sr**, Ba®*, or
Ca”* are usually employed to decrease the Curie temperature
for particular applications and to maintain a fairly low tem-
perature dependence of the dielectric constant. CaTiO; is
paraelectric at room temperature and PbTiOj is ferroelectric;
therefore, the addition of Ca*? to PbTiO; decreases the Curie
temperature.

In this paper, we report an investigation of the tempera-
ture dependence of the dielectric permittivity and Raman
spectra of Pb,_Ba, TiO5 (PBT) thin films prepared by a soft
chemical method on Pt-coated silicon substrate.

Il. EXPERIMENTAL CONDITIONS

The Pby¢Bay,TiO; (PBT60) and Pbgy,Ba;sTiO;
(PBT40) thin films studied here were produced by soft
chemical processing. Details of the preparation method can
be found in the literature.'®

The polymeric precursor solution was spin-coated onto
substrates [Pt(140 nm)/Ti(10 nm)/SiO,(1000 nm)/Si] us-
ing a commercial spinner operating at 7000 rev/min for 30 s
(spin-coater KW-4B, Chemat Technology) and a syringe fil-
ter to avoid particulate contamination. After 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 a heating
rate of 5 °C/min to pyrolyze the organic materials, followed
by heating at 600 °C for 2 h for crystallization. The film
thickness was controlled by adjusting the number of coat-
ings; the coating/drying operation was repeated until the de-
sired thickness was achieved.

Electrical measurements were taken on PBT60 and
PBT40 thin films with 480 and 300 nm thicknesses, respec-
tively. 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 in the temperature range of 298—653 K. The
capacitance-voltage (C-V) curves were measured using an
HP4194A impedance/gain phase analyzer in the temperature
range of 298-573 K. For these measurements, circular Au
electrodes of approximately 4.9X 1072 mm? area were de-
posited (using a shadow mask) by evaporation process on the
surfaces of the heat-treated films as top electrodes.

The Raman measurements were taken with a T-64000
Jobin-Yvon triple monochromator coupled to a charge-
coupled device detector. An optical microscope with a 50X
objective was used to focus the 514.5 nm line of Coherent
Innova 90 argon laser into the sample. The power was kept at
20 mW. A TMS 93 oven (Linkam Scientific Instruments
Ltd.) was used under the microscope for the measurements
in the 298-673 K temperature range.
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FIG. 1. Variation of dielectric constant with temperature of Pb,_Ba,TiO;
thin films at 100 kHz. The inset shows the inverse of the dielectric constant
(1/¢) as a function of temperature. [l Pby c,Ba.4oTiOx; [] Pby 40Bag ¢ TiO5.

lll. RESULTS

Several interesting features are apparent from the dielec-
tric constant (&) versus temperature curves of PBT60 and
PBT40 thin films with different Ba™> concentrations (see Fig.
1). Irrespective of the Ba*? concentrations, a broad maximum
of dielectric constant (&) is observed indicating the diffuse
nature of the phase transition with increasing Ba*? concen-
tration. The strongly broadened dielectric peak indicates that
the phase transition is of a diffuse type near the transition
temperature; this may be caused by (i) inhomogeneous dis-
tribution of barium ions on lead site or (ii) mechanical stress
in the grain. In addition, Fig. 1 shows that the transition
temperatures also shift downward with increasing barium
content.

For a normal ferroelectric in the vicinity of the transition
temperature, the dielectric stiffness (1/€) follows the well-
known Curie—Weiss law'’

e=CIT-T,), (1)

where C is the Curie-Weiss constant and 7 is the Curie—
Weiss temperature.

In addition, the order of the ferroelectric to paraelectric
phase transition can be determined from the temperature de-
pendence of the dielectric constant inverse (1/&). When Ty is
lower than T, we observe a first order transition; on the
other hand, when T,=T7,, a second order transition is
observed.”

The inset in Fig. 1 shows the temperature behavior of the
inverse of the dielectric constant at 100 kHz for the PBT thin
films. The parameters C and T, were fitted in a narrow tem-
perature range near 7. Both the ferroelectric to paraelectric
phase transition temperature (T) and the Curie-Weiss tem-
perature (7)) can be obtained directly from these data. The
best fitting parameters are C=1.18 X 10° K and 7,=602 K
and C=1.34X10° K and T;=343 K for PBT60 and PBT40
thin films, respectively. The Curie-Weiss temperature for
both thin films is lower than the transition temperature, as
expected from the first order phase transition between the
paraelectric and ferroelectric phases. For PBT60 and PBT40
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FIG. 2. Plot of In(1/e—1/€,,) as a function of In(T-T,) for Pb,_,Ba,TiO3
thin films with different compositions.

thin films the transition temperatures were 673 and 563 K,
respectively. This result is congruent with the conclusion of
Guilloux—Viry et al.,*! who found that the Curie—Weiss tem-
perature was lower than T, suggesting that the transition is
of first order, as determined from dielectric measurements
taken on SrBi,Nb,Oy thin films grown by pulsed laser on Pt
electrodes. In addition, the Curie constants obtained here are
typical values for a wide variety of displacement-type ferro-
electric phase transitions. On the other hand, ordered-
disordered-type ferroelectric phase transitions tend to have a
Curie constant of about C~ 103 K." Recently, Tyunina and
Levoska® reported that Bags,S1)50Ti0O5; thin films on
Pt-Al,O5 substrates showed a relaxorlike nature of the di-
electric peak. The Curie-Weiss law behavior observed by the
authors reported values of C=0.75X 10° K and T,=245 K
for the Bay 5051y 50Ti05 thin films deposited at 1073 K by
pulsed laser deposition (PLD).

In Pb;_,Ba,TiO; thin films, an enhanced diffuse behav-
ior is expected when the amount of different substitute cat-
ions on the A site is increased. Taking into account that the
PBT40 thin film showed a broad maximum dielectric con-
stant, a modification in the Curie—Weiss law is necessary. In
the literature, an empirical modification of the Curie—Weiss
law was proposed to describe the diffuseness of the phase
transition as follows:*

Ve —1/g,=(T-T, 1) "C", (2)

where 7y is the critical exponent measuring the degree of
diffuseness of the transition and C* is a Curie-Weiss like
constant. For a sharp transition, y=1, and for a diffuse tran-
sition it lies in the range 1<y=2. The plot of In[1/e
—1/eyu] vs In[T-T,] at 100 kHz for two different compo-
sitions is shown in Fig. 2. Linear dependencies are observed.
The slopes of the fitting curve are used to determine the
value of the y parameter. The values of y at 100 kHz are
found to be 1.44 and 1.78 for PBT60 and PBT40 thin films,
respectively, indicating that the transitions are of a diffuse
nature. Pokharel and Pandey24 reported values of vy in the
range of 1.25-1.50 for the diffuse behavior of the
(Pb,_Ba )ZrO; system. In addition, Ganesh and Goo®™ re-
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FIG. 3. Curves of the e-V characteristics of the PBT60 thin film at different
temperatures at 100 kHz.

ported values of vy in the range of 1.20-1.34 for the diffuse
behavior of the paraelectric-ferroelectric transition region for
the (Pb,_,Ca,)TiO; system.

The strong diffuseness of the PBT40 thin film can be
attributed to the microscopic inhomogeneity and/or smaller
grain size that may have stress-induced the region near the
film electrode and/or grain boundary interfaces. In addition,
the large broadness observed in PBT40 thin film can also
occur due to structural disordering in the arrangement of cat-
ions in one or more crystallographic sites of the perovskite
structure. The diffuse character of the transition increases as
the grain size decreases from 140 in PBT60 to 100 nm in
PBT40 thin films. Therefore, we believe that the presence of
a submicron size grain in Pby4Baj¢TiO5 thin film causes
intergranular stress, which leads to a broadened maximum in
the temperature dependence of the dielectric constant ().
This behavior was observed mainly in the PBT40 thin films
with a grain size of approximately 100 nm. According to
Park et al.”® the particle size influences the ferroelectric
transition of the BaTiOs;. The value of T, decreases gradu-
ally, but the transition becomes diffuse as the particle size
decreases from 81 to 40 nm. Jimenez and Jimenez”’ recently
predicted a diffusive nature for the ferroelectric phase tran-
sition of x=0.45 for PCT ceramic using dielectric data. The
dielectric results for x=0.45 were y=1.62. In addition, Zhai
et al.”™ reported a diffusive phase transition accompanied by
relaxor behavior for Ba(Zr,Ti;_,)O; thin films grown by a
sol-gel process. Similar relaxor behavior to epitaxial hetero-
structures of BaggySry,(TiO5 thin film growth by PLD on
MgO (001) single-crystal substrates using Lay sSr, sCoO5 as
a bottom electrode was reported by Tyunina and Levoska.”
In addition, the authors observed a coexistence of both fer-
roelectriclike and relaxorlike behavior analyses based on the
difference in the dynamic nonlinear dielectric responses of
normal ferroelectrics and relaxors.

Figures 3 and 4 show the dielectric constant-voltage
(e-V) curves of Pb,_,Ba,TiO; thin films deposited on
Pt/ Ti/Si0O,/Si substrate. The e-V curves were obtained at
different temperatures at 100 kHz, with oscillation amplitude
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FIG. 4. Curves of the e-V characteristics of the PBT40 thin film at different
temperatures at 100 kHz.

of 50 mV. The capacitance of the films showed a strong
dependence on the applied voltage. The e-V curve showed
two broad peaks at 298 K and was symmetric about the
zero-bias axis. All the thin films displayed a hysteresis be-
havior. Increasing the temperature caused the butterfly shape
of the curves to decrease. The gap between the e-V curves of
the positive and negative biases was reduced; the curves
showed absence of splitting (butterfly type) at decreasing/
increasing voltages for both polarities at about 693 and 573
K for PBT60 and PBT40 thin films, respectively. This fact
indicates that the temperatures of 693 and 573 K correspond
to the ferroelectric-paraelectric phase transition temperatures.

To study the ferroelectric to paraelectric phase transition
by Raman spectroscopy, Raman spectra of Pb;_Ba, TiOs
thin films were obtained at different temperatures, and the
results are shown in Figs. 5 and 6. The room temperature
Raman spectra of all thin films were found to be congruent
with the literature, showing all expected Raman-active opti-
cal modes. Increasing the temperature caused a decrease in

PBT60
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FIG. 5. Raman spectra of PBT60 thin film as a function of temperature.
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FIG. 6. Raman spectra of PBT40 thin film as a function of temperature.

the intensity and a broadening of the Raman peaks. However,
some important features in Raman peaks disappear com-
pletely at a certain critical temperature corresponding to the
ferroelectric to paraelectric phase transition temperature.
Conversely, some peaks persist even at temperatures above
the transition. Figure 7 shows the temperature dependence of
the E(1TO) lowest-frequency Raman mode for PBT60 thin
films, whose frequency goes to zero at about 623 K, as indi-
cated in Fig. 5. This typical soft mode behavior is respon-
sible for the ferroelectric to paraelectric phase transition.
Furthermore, important information can be obtained from a
detailed examination of the temperature dependence of the
soft mode line shape in the light of the damped classical
harmonic oscillator model. In order to properly determine the
damping factor y as a function of temperature, the Raman
intensity was described according to the following
equation:30

soft mode 4.8
N~ E(1TO) D40
298 K x j %
WP
g
3 32
. 3.01° , |52
5 3 300 400 500 60D
© Temperature (K)
=
[12]
C
L2
£
573 K
623 K
: — T
0 100 200

Raman Shift (cm’™)

FIG. 7. Low-frequency Raman spectra of PbjgoBag4oTiO5 thin film as a
function of temperature. The inset shows the temperature dependence of the
E(1TO) mode peak frequency (w%o) and damping factor 7y as deduced from
Eq. (3).
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KTP &' (0) ywr,

(w%o - )+ Yo

I(w) = (3)
where P, is the spontaneous polarization and &'(w) is the
real part of the dielectric constant.

Equation (3) was fitted to the experimental data, and the
damping factors y were obtained for the soft mode E(1TO)
for PBT60 thin film as a function of temperature, as dis-
played in the inset of Fig. 7. With regard to the damping
factor, a remarkable increase was observed near the phase
transition temperature. Such an increase in damping is ob-
served in a wide range of solid solution perovskite ferroelec-
trics for the soft mode E(1TO). A similar finding was re-
ported by Yu et al® in SrBi,Ta,09 nanoparticles and by
Dobal et al.* in lead titanate thin films on sapphire.

A different value for the transition phase temperature
was estimated from the temperature dependence of the
damping factor using the damped classical oscillator model.
The transition temperature thus determined was about 573 K,
i.e., lower than that determined by electrical measurements.
Above this temperature, as can be seen in Figs. 5 and 7, the
temperature dependence of the damping factor of the
E(1TO) mode was not well fitted; therefore, it was impos-
sible to fit the data over 573 K. Fu et al.® reported similar
phonon mode behaviors for PbTiO; thin films deposited on
Pt/Si substrates, whose transition phase temperature was es-
timated by the damping factor. Pontes et al™ reported simi-
lar behaviors in Pb;Sr;3TiO5 thin films.

In addition, the temperature dependence of the square of
the soft mode frequency is also shown in the inset of Fig. 7.
However, we can see that, in the case of PBT60 thin film, the
persistence of phonon modes well beyond the transition tem-
perature is due to a short-range structural disorder in the
paraelectric cubic phase. This disorder destroys the perfect
local cubic symmetry, thus allowing Raman activity in the
paraelectric phase. The disappearance of the 57 cm™' soft
modes at about 573-623 K indicates that the transformation
from the ferroelectric to the paraelectric phase occurs in this
temperature range, which is consistent with the Curie tem-
perature determined by the electrical characterization (Fig.
1).

On the other hand, the structural modification of PBT40
thin film doped with 60% barium content investigated by
Raman scattering measurements shows some facts that can
be ascertained from the temperature-dependent Raman spec-
tra: (i) the tetragonal to cubic transition temperature remains
difficult to identify from the measured spectra and (ii) was
not possible to follow the evolution of the soft mode.

IV. CONCLUSIONS

We studied the temperature dependence of the dielectric
constant and Raman spectra of polycrystalline Pb,_,Ba, TiO5
(x=0.40 and 0.60) thin films over a wide range of tempera-
tures. We showed the diffuse nature of the ferroelectric to
paraelectric phase transition, which increased with increasing
Ba*? content. This behavior was attributed to the effects of
grain size and local structural disorder. The 7y parameter
showed a strong dependence on the Ba*™® content. However,

J. Appl. Phys. 104, 014107 (2008)

the dielectric study revealed that both the PBT60 and PBT40
thin films were of the classic ferroelectric type and under-
went a diffuse-type ferroelectric phase transition. We also
used Raman scattering to probe the characteristics of the
phase transition. The transition temperature was estimated
using the softening of the lowest E(1TO) transverse optical
modes, whose results were in good agreement with those of
the electric measurements. We also found that broad Raman
bands can be seen to persist above the transition temperature
in our thin films. This was attributed to the breakdown of
selection rules due to the presence of local structural disorder
in the paraelectric phase caused by inhomogeneous distribu-
tion in the A site of the ABO5-type perovskite structure. Fi-
nally, the Raman results and electrical measurements indi-
cated that the phase transition in Pb;_,Ba, TiO; thin films was
of a diffuse nature.
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