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Abstract

The preparation processes and ferroelectric characteristics of barium cation-incorporated SrBi2Ta2O9 thin ®lms have been
investigated in this study. Complete solid solutions of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms are formed on Pt/Ti/SiO2/Si substrates using a

metalorganic decomposition method after annealing at 700�C. The lattice constant along the c-axis of formed solid solutions
monotonously increases with increasing the contents of barium cations. The microstructure and surface morphologies of ®lms sig-
ni®cantly vary with the composition. The grain size and the roughness of (Sr1ÿxBax)Bi2Ta2O9 ®lms increases as the contents of
barium cations increase. All prepared ®lms exhibit ferroelectric characteristics. Increasing the annealing temperature is found to

signi®cantly enhance the remanent polarization of prepared thin ®lms. In the formed solid solutions, (Sr0.5Ba0.5)Bi2Ta2O9 thin ®lms
exhibit the highest remanent polarization. This is attributed to large grain size and preferred a-axis orientation of formed ®lms.
# 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The layered-structure perovskites, also known as
Aurivillius compounds,1±3 have recently attracted con-
siderable attention for their application in low-voltage,
high-speed ferroelectric random access memory
(FeRAM).4,5 The chemical formula of Aurivillius com-
pounds is (Bi2O2)

2+(Axÿ1BxO3x+1)
2ÿ, where x indicates

the number of perovskite layers between two (Bi2O2)
2+

layers, while A and B represents cations with low and
high valances in the structure. Thin ®lms of several
Aurivillius compounds with x � 2, such as SrBi2Ta2O9,
SrBi2Nb2O9, and BaBi2Ta2O9, have been fabricated on
the Si-based substrates by di�erent chemical or physical
deposition processes.4,6±12 The reported results reveal
that these thin ®lms exhibit fatigue-free characteristics
up to 109±1012 switching cycles, low leakage current,
long data retention time and stable imprint character-
istics. Such excellent fatigue endurance of the layered
perovskites makes them superior to the Pb(Zr, Ti)O3-
based materials for the application in FeRAM.
The solid-solution system of SrBi2Nb2O9 and

BaBi2Nb2O9 has been studied previously.13,14 It is found

that Ba2+ and Sr2+ cations substitute with each other
in a solid solution, in which with increasing Ba2+ con-
tent, the lattice parameters a and c increase. Besides, the
di�erence between Sr2+ and Ba2+ radii causes a tilting
and distortion of the surrounding NbO6 octahedrons.
On the other hand, the solid-solution system of
SrBi2Ta2O9 and BaBi2Ta2O9 has not been investigated
in detail until now. BaBi2Ta2O9 has a similar layered
perovskite structure to SrBi2Ta2O9, and the formation
of solid solutions between these two compounds is fea-
sible because of the slight ionic size di�erence between
Ba2+ and Sr2+ cations. In this study, the (Sr1ÿxBax)-
Bi2Ta2O9 thin ®lms were prepared on Pt/Ti/SiO2/Si
substrates using a metalorganic decomposition method.
The in¯uence of chemical composition and annealing
conditions on crystal structure and microstructure of
thin ®lms was examined. The e�ects of the crystal
orientation as well as morphology on the ferroelectric
properties of thin ®lms were also investigated.

2. Experimental

(Sr1ÿxBax)Bi2Ta2O9 thin ®lms were fabricated via
metalorganic decomposition (MOD) method. Stron-
tium 2-ethylhexanoate [Sr(C8H15O2)2], barium 2-ethyl-
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hexanoate [Ba(C8H15O2)2], bismuth 2-ethylhexanoate
[Bi(C8H15O2)2], and tantalum ethoxide [Ta(OC2H5)5]
were used as starting materials. After thoroughly mixing
the above materials in toluene according to the designed
composition, the mixed precursors were spin-coated
onto Pt/Ti/SiO2/Si substrates. The as-deposited ®lms
were baked on the hot plate at 150�C to remove the
solvent, and were subsequently pyrolyzed at 400�C to
burn out the organic species. The pyrolyzed ®lms were
then annealed at 700 and 750�C for 2 h in ¯owing oxy-
gen for enhancing crystallinity of ®lms. Crystalline
phases of the annealed ®lms were identi®ed by X-ray
di�raction (XRD) analysis. The surface morphologies
were examined by scanning electron microscopy (SEM)
and atomic force microscopy (AFM) under tapping
mode with amplitude modulation. For measuring the
electric properties of prepared thin ®lms, the top Pt
electrodes were deposited on thin ®lms through a mask
by rf magnetron sputtering, and annealed at 400�C for
improving the adhesion between the top electrodes and
the ®lms. The ferroelectric hysteresis measurement were
conducted on ®lms in metal-ferroelectric-metal (MFM)
con®guration using a standardized ferroelectricity test
system in the virtual ground.

3. Results and discussion

3.1. Preparation and crystal structure of (Sr1ÿxBax)-
Bi2Ta2O9 thin ®lms

Fig. 1 illustrates the XRD patterns of 700�C-annealed
(Sr1ÿxBax)Bi2Ta2O9 ®lms. It is observed that thin ®lms

with the similar monophasic layered-perovskite struc-
ture are formed regardless of various contents of barium
cations. With an increase in x, the peaks (115), (020),
(0010), and (0020) are slightly shifted to the direction of
low di�raction angle. This slight shifting is caused by
gradual distortion of the unit cell. The above XRD
results con®rm that complete solid solutions of
SrBi2Ta2O9 and BaBi2Ta2O9 are formed. The similar
ionic radii of strontium and barium cations and the
same orthorhombic crystal structure of SrBi2Ta2O9 and
BaBi2Ta2O9 makes strontium and barium cation to
substitute with each other without signi®cant variation
in layered perovskite structure.
The variation of lattice parameters a, b, and c as a

function of the x value of (Sr1ÿxBax)Bi2Ta2O9 solid
solution thin ®lms is depicted in Fig. 2. As shown in this
®gure, the value of lattice parameter c increases almost
linearly with the increase in x. This indicates a pro-
gressive distortion occurs in the c-axis direction when
strontium cations are replaced by barium cations. The
size of Ba2+ (1.34 AÊ ) is larger than that of Sr2+ (1.13
AÊ ), thus the introduction of Ba2+ into SrBi2Ta2O9 cau-
ses the expansion of lattices. On the other hand, the
values of a and b axes do not linearly vary with x. When
x is less than 0.5, the lattice parameters a and b are
nearly the same as those of SrBi2Ta2O9 (x � 0). At
x>0.5, both the values of a and b increase with an
increase in x. The structure of Aurivillius compound
SrBi2Ta2O9 is composed of two perovskite-like units
between (Bi2O2)

2+ layers along the orthorhombic c-
axis. The directions of a and b axes are parallel to the

Fig. 1. X-ray di�raction patterns of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms

annealed at 700�C. Fig. 2. Lattice parameters of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms.
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(Bi2O2)
2+ layers. It is suggested that when the doping

amount of barium cations in SrBi2Ta2O9 is low, the
expansion of the unit cell in the direction of a and b axes
will be annihilated by the closed packed (Bi2O2)

2+ layer.
XRD patterns for the 750�C-annealed ®lms are simi-

lar to 700�C-annealed ®lms, except that the di�raction
intensity of ®lms increases, implying better crystallinity
of ®lms. It is revealed from these results that (Sr1ÿxBax)-
Bi2Ta2O9 solid solutions are stable after annealing at
750�C. However, an unknown phase is found to exist in
BaBi2Ta2O9 ®lms. The appearance of this unknown
phase is believed to be caused by the interaction of the
titanium di�using from the bottom electrode with the
constitutes of the BaBi2Ta2O9 thin ®lm.11

3.2. Microstructures of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms

The SEM micrographs of 700�C-annealed (Sr1ÿxBax)-
Bi2Ta2O9 thin ®lms fabricated on Pt/Ti/SiO2/Si are
shown in Fig. 3. All ®lms have uniform and dense
microstructures. At x � 0 and 0.3, no speci®c feature
can be identi®ed as the grain size of ®lms is too small. At
x50.5, the ®lm is found to consist of spheroidal grains.
The atomic force micrographs of 700�C-annealed
(Sr1ÿxBax)Bi2Ta2O9 thin ®lms are shown in Fig. 4. At
x � 0 and 0.3 the ®lms exhibit rather smooth surface,
while at x50.5 ®lms have particulate feature and the
surface of ®lms become rough. The surface roughness of
(Sr1ÿxBax)Bi2Ta2O9 thin ®lms is calculated and sum-
marized in Table 1. It is observed that the surface rough-
ness of ®lms monotonously increases with an increase in x.
The SEM micrographs of 750�C-annealed (Sr1ÿxBax)Bi2-
Ta2O9 thin ®lms are shown in Fig. 5. In comparison with
the 700�C-annealed ®lms, 750�C-annealed ®lms experience
signi®cant grain growth. All ®lms are found to contain
spheroidal grains, except that BaBi2Ta2O9 (x � 1) ®lms
comprise rod-like grains, re¯ecting its idiomorphic
morphology of orthorhombic crystal structure.
The grain sizes of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms

annealed at 700 and 750�C are listed in Table 2. Due to
limitation of resolution in SEM, the grain size of the
700�C-annealed ®lms are analyzed by AFM. Table 2
manifests that at the same composition the grain size of
thin ®lms annealed at 750�C is larger than that annealed
at 700�C. Furthermore, the grain size of ®lms increases
with an increase in x for either 700 or 750�C-annealed
(Sr1ÿxBax)Bi2Ta2O9 ®lms. It is revealed that the micro-
structure of ®lms and morphology of grains strongly
depend on the composition of ®lms and annealing con-
ditions.

3.3. Ferroelectric characteristics of (Sr1ÿxBax)Bi2Ta2O9

thin ®lms

The ferroelectric properties of (Sr1ÿxBax)Bi2Ta2O9

thin ®lms annealed at 700�C are shown in Fig. 6. It is

found that saturated polarization-electric ®eld curves
are obtained in all ®lms, revealing that all prepared ®lms
exhibit ferroelectric characteristics. The relation
between the remanent polarization (2Pr) as well as the

Fig. 3. Scanning electron micrographs of (Sr1ÿxBax)Bi2Ta2O9 thin

®lms annealed at 700�C. (a) x � 0 (b) x � 0:5, and (c) x � 0:7.
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coercive ®eld (2Ec) of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms and
the value of x is plotted in Fig. 7. The values of 2Pr of
SrBi2Ta2O9 (x � 0) and BaBi2Ta2O9 (x � 1) are 1.4 and
1.9 mC/cm2, respectively. However, the solid solutions
of the above two compounds have higher remanent
polarization than the two end members. A maximum
value of 2Pr is attained at x � 0:5. Furthermore, the

(Sr1ÿxBax)Bi2Ta2O9 solid solutions also have higher
coercive ®elds than the end members.
Fig. 8 illustrates saturated polarization-electric ®eld

curves of the 750�C-annealed (Sr1ÿxBax)Bi2Ta2O9 ®lms.
The values of the remanent polarization as well as the
coercive ®eld of 750�C-annealed ®lms are plotted
against the value of x in Fig. 9. In comparison of Fig. 7
with Fig. 9, it is revealed that 750�C-annealed ®lms have
higher remanent polarization and lower coercive ®eld
than 700�C annealed ®lms. The improvement on the
ferroelectric characteristics by high-temperature anneal-
ing is attributed to the enhanced crystallinity and larger
grain size.15,16 In addition, the ®lms at x � 0:5 exhibit a
maximum value of 2Pr (14.1 mC/cm2), which is much

Fig. 4. Atomic force micrographs of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms annealed at 700�C.

Table 1

Surface roughness of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms

Composition x=0 x=0.3 x=0.5 x=0.7 x=1

Roughness (nm) 2.6 2.9 4.7 8.6 9.7
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higher than that of pure SrBi2Ta2O9 (2Pr =3.7 mC/
cm2). The coercive ®eld (2Ec) of (Sr1ÿxBax)Bi2Ta2O9

(x � 0:3ÿ0:7) is slightly higher than that of pure
SrBi2-Ta2O9 (x � 0). However, for BaBi2Ta2O9 (x � 1),

an abnormally high coercive ®eld is observed. This
probably is ascribed to the existence of the unknown
phase in BaBi2Ta2O9 ®lms,11 which hampers the
switching process of polarization.
For the SrBi2Ta2O9-based systems, it is well known

that increasing the grain size of ®lm improves the
remanent polarization.17,18 In the present study (as
shown in Table 2), the grain size of (Sr1ÿxBax)Bi2Ta2O9

®lms increases with an increase in x; however, the
remanent polarization of prepared ®lms does not
monotonously increase with increasing x. Therefore,
besides the e�ect of grain size, other e�ects to account
for variation in remanent polarization have to be con-
sidered. For bismuth layered perovskites, usually a-axis
oriented ®lms exhibit larger remanent polarization and
larger coercive ®eld than c-axis oriented ®lms.19 For
quantifying the degree of a-axis preferred orientation

Fig. 5. Scanning electron micrographs of (Sr1ÿxBax)Bi2Ta2O9 thin

®lms annealed at 750�C. (a) x � 0, (b) x � 0:5, and (c) x � 1:0.

Table 2

Grain size of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms

Composition x=0 x=0.3 x=0.5 x=0.7 x=1

Grain size at 700�C (mm) 0.01 0.02 0.02 0.04 0.03

Grain size at 750�C (mm) 0.06 0.07 0.08 0.09 0.20 (length)

0.04 (width)

Fig. 6. Polarization electric ®eld hysteresis curves of (Sr1ÿxBax)-
Bi2Ta2O9 thin ®lms annealed at 700�C.
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(D) of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms, the following
equation is used:

D � I�200�=I�115�
ÿ �

Film
= I�200�=I 115� �
ÿ �

Powder
�1�

where (I(200)/I(115))Film/ and (I(200)/I(115))Powder are the
ratio of di�raction intensity of the (200) plane to the
dominant (115) plane of ®lms and polycrystalline pow-
ders, respectively, for each composition. The value of
I(200)/I(115) of polycrystalline powders is taken as a
reference. For random oriented ®lms, the value of D is
equal to unity; while the ®lms have certain preferred
orientation in a-axis, the value of D is larger than unity.
The degrees of a-axis preferred orientation for each
composition are listed in Table 3. The high tempera-
ture annealing seems to reduce the D value. However,
for either 700 or 750�C annealed ®lms, the solid solu-
tions of (Sr1ÿxBax)Bi2Ta2O9 exhibit a larger D value
than both end members. At x � 0:5, (Sr0.5Ba0.5)Bi2-
Ta2O9 ®lm has a maximum D value. It is worthy to
note that the maximum remanent polarization occurs
at the same value of x as shown in Figs. 7±9. Conse-
quently, the improvement on the remanent polarization
of (Sr1ÿxBax)Bi2Ta2O9 thin ®lms results from not only
the grain growth, but also a-axis preferred orientation
of ®lms.

Fig. 7. (a) Remanent polarization and (b) coercive ®eld of (Sr1ÿxBax)
Bi2Ta2O9 thin ®lms annealed at 700�C.

Fig. 8. Polarization electric ®eld hysteresis curves of (Sr1ÿxBax)Bi2-
Ta2O9 thin ®lms annealed at 750�C.

Fig. 9. (a) Remanent polarization and (b) coercive ®eld of (Sr1ÿxBax)-
Bi2Ta2O9 thin ®lms annealed at 750�C.

Table 3

Degree of a-axis preferred orientation (D) of (Sr1ÿxBax)Bi2Ta2O9 thin

®lms

Composition x=0 x=0.3 x=0.5 x=0.7 x=1

D at 700�C 1.34 1.42 1.59 1.33 1.09

D at 750�C 1.10 1.23 1.29 1.24 0.69
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4. Conclusions

The complete solid solutions of BaBi2Ta2O9-SrBi2-
Ta2O9 thin ®lms are synthesized on Pt/Ti/SiO2/Si sub-
strates by metalorganic decomposition method after
annealing at 700�C. The lattice constant along the c-axis
of the formed (Sr1ÿxBax)Bi2Ta2O9 solid solutions
monotonously increases with increasing the contents
of barium cations. The microstructure and surface
morphologies of prepared ®lms signi®cantly depend on
the composition of ®lms. The grain size as well as the
roughness of formed ®lms increases with increasing the
contents of barium cations. As for the ferroelectric
characteristics, raising the annealing temperature mark-
edly enhances the remanent polarization of prepared
thin ®lms. Furthermore, in the formed solid solutions,
(Sr0.5Ba0.5)Bi2Ta2O9 thin ®lms are found to exhibit the
highest remanent polarization, which is ascribed to large
grain size and preferred a-axis orientation of formed
®lms.
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