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Abstract

The Ta5+ ions in sol-gel derived Sr0.7Bi23Ta2O9(SBT) thin films were partially substituted by Zr4+ to form Sr0.7Bi2.3Ta1.7Zr0.309

(SBTZ) thin films and Aurivillius phase formation characteristics were compared for each thin film. X-ray diffraction (XRD)
analyses were performed on the thin films heated in the range of 730–760 �C at 10 �C intervals and it was found that phase
formation and crystal growth were greatly affected by the film composition and crystallization temperature. Johnson–Mehl–Avrami

(JMA) isothermal kinetic analyses were performed on the XRD results and activation energy and Avrami exponent values were
determined for the fluorite-to-Aurivillus phase transformation. A reduction of �82 kJ/mol in activation energy was observed for
the SBTZ thin films, which revealing the key reason of enhanced kinetics in SBTZ. XRD and scanning electron microscopy (SEM)

showed the remaining of fluorite phase in SBT and the formation of a secondary phase in SBTZ.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

SrBi2Ta2O9 (SBT) is one of the most promising
materials for non-volatile ferroelectric random-access
memory (NvFeRAM) applications because of its excel-
lent fatigue resistance up to �10�12 switching cycles,
low coercive field performance and low leakage current
densities on Pt electrodes.1,2 However, the application
of SBT thin films has been limited due to the low rema-
nent polarization (Pr) and high processing temperature
(�800 �C). Recently, Cao et al.3�5 reported improved
ferroelectric properties of cation-doped (La3+, Ca2+ for
Sr2+ and V5+ and Nb5+ for Ta5+) SBT thin films.
Also, Desu et al.6,7 have investigated the solid solution
of 0.7SrBi2.3Ta2O9–0.3Bi3TaTiO9 (SBT-BTT), which is
equivalent to Sr0.7Bi2.3Ta1.7Ti0.3O9 and reported
increased Pr and decreased crystallization temperature.
However, the basic reason for the reduction in the pro-
cessing temperature by cation doping or solid solution
formation was not investigated in detail.

In this study, an attempt has been made to reveal
the origin of lowered crystallization temperature in
cation-doped SBT ferroelectric thin films compared to
SBT. In detail, the influence of partial substitution of
Ta5+ sites by Zr4+ ions on the crystallization char-
acteristics of Sr0.7Bi2.3Ta2O9 has been analyzed using
isothermal kinetic analyses.
2. Experimental procedure

In the preparation of SBTZ sol, Zr-isopropoxide was
dissolved in Ta-methoxyethoxide by refluxing at 130 �C
and the solution was distilled. And then, this Ta–Zr
methoxyethoxide was added to the Sr–Bi methoxyeth-
oxide solution and the final Sr–Bi–Ta–Zr methoxyeth-
oxide solution was prepared. The SBT and SBTZ thin
films were prepared on a Pt/Ti/SiO2/Si wafer using spin
coating at a spin speed of 3000 rpm for 30 s. The film
was dried in air for 1 mm followed by heat-treating at
150 �C for 5 mm and pyrolysis at 450 �C for 10 min
order to remove the organics. The coating process was
repeated several times in order to achieve the desired
thickness of �400 nm. The SBT and SBTZ thin films
prepared were further heat treated at 600 �C for 1 h to
complete the fluorite formation. To investigate the
fluorite-to-Aurivillius phase transformation characteristics
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for the above films, the films were further annealed in
the temperature range of 730–760 �C at 10 �C intervals
by giving soaking time as 4–80 min. The X-ray diffrac-
tion (XRD: Rigaku-Ultima 2000, Tokyo, Japan) was
performed using a precision thin film attachment. XRD
patterns of these films were recorded and the volume
fraction values (xA) of fluorite-to-Aurivillius phase
transformation were obtained. To obtain respective
integrated intensity, a multi-peak separation program
(MDI Jade 5.0, Materials Data, Inc., Livermore, CA,
USA) was used. An isothermal kinetic study has been
carried out using these volume fraction values. Scanning
electron microscopy (SEM: Philips XL-30 E-SEM,
Eindhoven, The Netherlands) was used to examine the
crystal morphology of thin films.
3. Results

Fig. 1 shows the X-ray diffraction patterns of the SBT
and SBTZ thin films heated at 740 �C for different time
intervals. As the soaking time increases, the gradual
conversion of fluorite-to-Aurivillius phase transforma-
tion takes place in both the cases. However, the con-
version rate in the SBTZ thin films was much higher
than that in the SBT thin films. Even after heated for 80
min at 740 �C SBT films still show a remaining fluorite
phase. On the other hand SBTZ films show the forma-
tion of a small amount of secondary phase and its rela-
tive intensity seems to increase with temperature as
shown in Fig. 1. The XRD integrated intensity of the
secondary phase peak was deleted from that of the
Aurivillius (105) peak for the following volume fraction
calculation. The volume fraction of phase transforma-
tion (xA) from fluorite to Aurivillius was determined
using a conventional XRD quantitative analysis
method.8�10 The volume fraction values were applied to
the isothermal Johnson–Mehl–Avrami (JMA) kinetic
equation.11

xA ¼ 1 � exp �ktð Þ
n

ð1Þ

1n �1n 1 � xAð Þ½ �T¼ n1n kþ n1n t ð2Þ
Fig. 1. X-ray diffraction (XRD) patterns of (a) SBT and (b) SBTZ

thin films on Pt/Ti/SiO2/Si substrates heated at 740 �C. Here,

(105)A,(111)F and S denote the reflections from Aurivillius (105),

fluorite (111) and a secondary phase, respectively.
Fig. 2. JMA plots for the Aurivillius phase formation of (a) SBT and

(b) SBTZ thin films.
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where, xA is the volume fraction transformed at a
particular temperature, T is the temperature, t is the
time, k is the reaction rate constant and n is the Avrami
exponent. The Avrami exponent, n, can be calculated
from the slopes of the curves in ln [�ln (1�x)] vs. ln t
plot. The temperatures used in the present study were
730, 740, 750 and 760 �C, and as shown in Fig. 2, the
Avrami exponent values were determined as �1.12 and
�0.91 for the fluorite-to-Aurivillius phase transforma-
tion in SBT and SBTZ, respectively.

The activation energies of SBT and SBTZ thin films
were also determined using the g-intercept values of n ln
k and following Arrhenius equation was applied.

1n k ¼ 1n ko �
Q

RT
ð3Þ

Here, ko is the pre-exponential constant, R is the gas
constant, and Q is the activation energy. As shown in
Fig. 3, from the slopes of the curves, the activation
energy values for the SBT and SBTZ thin films for the
Aurivillius phase formation were found to be �264 and
�182 kJ/mol, respectively.

In Fig. 4 SEM images of both the SBT and SBTZ thin
films heat treated at 760 �C for 40 min reveal formation
of worm-like crystals on the Pt substrates. Also, SBT
films show locally inhomogeneous microstructure and
SBTZ show clusters of very fine crystals between
elongated Aunvillius crystals.
4. Discussion

The higher peak intensity and smaller full width at
half maximum (FWHM) in XRD patterns indicate a
better crystallinity and well-developed surface micro-
structure for the SBTZ thin films, compared to its
counterpart. Aurivillius phase is formed through an
intermediate phase known as fluorite and the phase
transformation from fluorite to Aurivillius includes a
certain amount of cations dissociated with oxygen ions.
Ionic bond strength of Sr–O is �134 kJ/mol12 and those
of Bi–O and Ta–O were approximated to �190 and
�365 kJ/mol, respectively using the linear relationship
between the ionic field strength and the bond strength.12

According to our recent study on SBT and SBTZ pow-
ders the activation energy associated with the formation
of the Aurivillius phase was determined as �375 and
�281 kJ/mol, respectively. Since the activation energy
value of SBT is comparable to the energy value asso-
ciated with the dissociation of Ta–O bonds (�365 kJ/
mol), it can be stated that intensive dissociation of Ta–
O bonds must be the controlling mechanism for the
phase transformation. Similarly, it can be stated that in
the SBTZ system, the activation energy (�281 kJ/mol)
involved for the transformation is associated with the
dissociation of Zr–O bonds (�256 kJ/mol). In the
SBTZ system, the Ta5+ sites are partially occupied by
Zr4+ ions. Subsequently during the heat treatment, the
breaking of Zr–O ions takes place at a lower tempera-
ture. Therefore, the rearrangement and phase transfor-
mation to the final phase take place, resulting in a low
Fig. 3. Arrhenius plots of Aurivillius phase formation in SBT and

SBTZ thin films.
Fig. 4. SEM secondary electron images of (a) SBT and (b) SBTZ thin

films heated at 760 �C for 40 min.
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temperature phase formation in the SBTZ. In the
present study, the activation energy values, associated
with the formation of Aurivillius phase from thin films
of SBT and SBTZ system, are calculated to be �264
and �182 kJ/mol respectively. In this case, also it can
be seen that the activation energy is much less for the
SBTZ system, suggesting the same mechanism for the
films as well. The low activation energy values
associated with films in comparison to powder seem to
be related with the internal energy accumulated in the
film during drying and annealing.

The Avrami exponents, indicating the nucleation and
crystal growth modes, were determined as �1.12 and
�0.91 for the fluorite-to-Aurivillius phase transforma-
tion in the SBT and SBTZ. These Avrami exponent
values can be analyzed by following relationship:12

n ¼ aþmb ð4Þ

where a refers to the nucleation rate during crystal
growth with the value of 1 for a constant nucleation
rate, 0 for a zero nucleation rate, a>1 for an increasing
nucleation rate and a<1 for a decreasing nucleation
rate; m corresponds to the dimensionality of crystal
growth; and b relates to the mechanism of crystal
growth with the value of 1.0 for an interface-controlled
process and 0.5 for a diffusion-controlled process. The
fluorite-to-Aurivillius phase transformation involves
intensive dissociation of ionic bonds and diffusion of the
cations and thus b=0.5. Then, there are two possibi-
lities; one is a=0.5 and m=1 and the other is a=0 and
m=2.

The morphological features of the SBT film annealed
at 760 �C for 40 min show a locally inhomogeneous
microstructure, possibly with fluorite-type crystals.
Therefore, an annealing time of 40 min would not be
sufficient to completely transform the SBT film into the
Aurivillius phase. In contrast, the surface morphology
of the SBTZ films at the same annealing temperature
and time shows a well developed dense grain structure
with an average grain size of �300 mm. However, in
the case of SBTZ the formation of very fine secondary
phase was found. The Aurivillius grains show worm-like
morphology in both the films indicating almost one-
dimensional crystal growth, which implies that the
decreased nucleation rate with diffusion-controlled
crystal growth is the crystal growth mechanism during
the fluorite-to-Aurivillius phase formation.
5. Conclusions

The crystallization kinetics of sol-gel derived SBT and
SBTZ thin films were studied. From the X-ray diffrac-
tion results, the activation energy for Aurivillius forma-
tion in SBT and SBTZ thin films were determined as
�264 and �182 kJ/mol, respectively. The reduced
activation energy in SBTZ thin films is associated with
the low dissociation energy of the Zr–O bonds, which
replace the Ta–O bonds. Thus, it can be concluded that
the lowered crystallization temperature in SBTZ thin
films is originated from the reduced activation energy
for the fluorite-to-Aurivillius phase transformation. The
Avrami exponent values were determined as approxi-
mately 1.0 for both SBT and SBTZ thin films, indicating
one-dimensional crystal growth with a diffusion-con-
trolled mechanism at a decreasing nucleation rate. The
remaining fluorite phase was found in SBT films and the
formation of small amount of secondary phase was
identified in SBTZ.
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