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Epitaxial Sr-Bi-Ta Oxide Films of Cubic Fluorite-Like Structure
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Abstract. Epitaxial Sr-Bi-Ta oxide ®lms of a cubic ¯uorite-like structure were grown by pulsed laser deposition.

As the laser ¯uence increased, the lattice constant decreased. It was revealed that the Ta ion concentration was

closely related with the change in the lattice constant. From selected area electron diffraction measurements, it was

observed that the ®lms had a superstructure which seemed to come from ordering of metal ions.
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1. Introduction

In recent years, there have been lots of interests in

ferroelectric SrBi2Ta2O9 (SBT) thin ®lms [1]. Since

SBT has a high fatigue resistance compared to other

ferroelectric materials such as (Pb,Zr)TiO3, many

groups tried to use SBT thin ®lms for nonvolatile

random access memory applications [1]. SBT is also

known to have good electrical properties, such as a

low coercive ®eld and a low leakage current [2].

However, it has a high deposition temperature

(typically above 700�C), which can cause severe

problems in actual fabrication of real devices.

Therefore, reducing the deposition temperature is

one of the most important issues in SBT thin ®lm

applications. Unfortunately, the efforts to grow the

SBT ®lms at low temperature have not been

successful, since several phases have been reported

to appear at a low temperature [3]. Table 1 shows the

summary of phases which have been reported to

appear in the low temperature deposited ®lms.

A few groups, including our group, reported that

the Sr-Bi-Ta oxide appeared at the low temperature

seemed to have a structure very similar to so-called

the cubic ¯uorite [3,4,8]. However, this ¯uorite-like

phase has rarely been investigated and its properties

have not been well understood yet. Moreover, its

reported properties were somewhat varied from one

group to another. For an example, the reported values

for the lattice constants of the ¯uorite-like phase are

varied between 5.37
�
A and 5.446

�
A. Therefore, more

systematic investigations on this phase are highly

desirable.

To resolve the controversies on existence and

properties of the Sr-Bi-Ta oxide ®lms grown at a low

temperature [6±8], we systematically investigated the

Sr-Bi-Ta oxide ®lms deposited at 550�C. In this paper,

we will provide numerous evidences that our Sr-Bi-Ta

oxide ®lms are composed of the ¯uorite-like phase

without other impurity phases. We will also report on

how laser ¯uence will affect chemical stoichiometries

and lattice constants of the ®lms. In addition, we will

show our new ®nding on an ordering phenomenon in

the epitaxial Sr-Bi-Ta oxide ®lm, which was observed

by the selected area electron diffraction (SEAD)

measurements.

2. Experimental

Epitaxial Sr-Bi-Ta oxide ®lms with the ¯uorite-like

structure were grown by pulsed laser deposition

(PLD) on LaAlO3 (0 0 1) substrates with 3rd



harmonics (wavelength: 355 nm) of a Q-switched

Nd:YAG laser. The pulse duration time and the

repetition rate of the laser were 6*7 ns and 10 Hz,

respectively. The laser beam was focused onto a target

through a lens and the distance between the target and

the substrate was about 4 cm. To grow the Sr-Bi-Ta

oxide ®lms with the ¯uorite-like structure, a commer-

cially available stoichiometric ceramic target of SBT

was used. Before each deposition, the target was

polished. This oxide layer was grown at oxygen partial

pressure of 200 mTorr and substrate temperature of

550�C. Laser ¯uence was varied from 1.9 to 4.3 J/cm2.

Structural properties of the ®lms were investigated

by X-ray diffraction (XRD) methods using the Cu Ka
line. Orientations of the thin ®lms were investigated

by the XRD y±2y scan method, and in-plane

alignments were investigated by the XRD f scan

method. Further structural information was obtained

from selective area electron diffraction (SAED)

pictures, which were taken by a Philips CM20T/

STEM microscope operating at 200 kV. The SAED

specimens were prepared using a standard procedure

of cutting, gluing, slicing, grinding, and ion milling.

And, the SAED patterns were carefully analyzed to

investigate structural relations between substrate and

grown ®lm. Chemical stoichiometries, i.e., metal ion

ratios, of the Sr-Bi-Ta oxide ®lms were measured by

an electron probe microanalysis (EPMA), and their

surface morphologies were investigated by an atomic

force microscope (AFM).

3. Results and Discussion

3.1. Epitaxial Growth of the Films

Figure 1(a) shows the XRD y±2y pattern of the Sr-

Bi-Ta oxide ®lms grown on LaAlO3 (0 0 1) substrate

at 550�C with the laser ¯uence of 2.7 J/cm2. In

addition to LaAlO3 (0 0 1) peaks, there appear two

more peaks which can be indexed as ¯uorite-like

structure (0 0 2) and (0 0 4) [8]. This shows that the

®lms were highly oriented with their c-axes normal

to the substrates. The lattice constant calculated

from this XRD data was about 5.37
�
A. [We also

found that c-axis oriented epitaxial SBT ®lms can be

grown at an identical conditions but with a

temperature higher than 650�C [8].] Figure 1(b)

shows the XRD f scan result of cubic ¯uorite-like

structure {111} re¯ections. The XRD f scan pattern

Table 1. Reported phases in Sr-Bi-Ta oxide ®lms deposited at low temperature

Crystal structure Lattice constant (
�
A) Reference Characteristics

Fluorite Fcc a � 5:446 [3] MO2 (M � Sr, Bi, Ta)

a � 5:4 [4]

Bi-de®cient pyrochlore Cubic a � 10:51 [5]

Strained SrBi2Ta2O9 Orthorhombic a � 5:361, c � 26:83 [6] c � 5a, a-axis oriented

Impurity phase Cubic a � 5:54 [7] d -Bi2O3

Epitaxial Sr-Ta-Bi oxide Fcc a � 5:39 [8] Fluorite-like structure

Fig. 1. (a) XRD y±2y scan patterns and (b) XRD f scan pattern

of {111} re¯ection of the ®lms grown on LaAlO3 (001) substrates

at 550�C.
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clearly demonstrates a four-fold symmetry. From

these results, we can say that the Sr-Bi-Ta oxide ®lm

was grown epitaxially.

3.2. Effects of Laser Fluence

To investigate physical properties more system-

atically, we deposited the Sr-Bi-Ta oxide ®lms under

numerous values of laser ¯uence. Figure 2 shows the

XRD patterns of the Sr-Bi-Ta oxide ®lms deposited

under laser ¯uences of 1.9*±4.3 J/cm2. In spite of the

differences in laser ¯uence, all of the deposited ®lms

were found to be epitaxial. The peaks located near the

square symbol come from the LaAlO3 (0 0 3)

diffraction peak of the Cu Kb line. Estimated lattice

constants for the Sr-Bi-Ta oxide ®lms were found to

be varied from 5.381
�
A to 5.365

�
A. As the laser ¯uence

increases, the lattice constant of the ¯uorite-like phase

decreases, as shown in Fig. 3(a).

It was revealed that the change of the lattice

constant was closely related with relative metal ion

ratio in the Sr-Bi-Ta oxide ®lms. Figure 3(b) shows

the relative change of �Bi� Sr� ions compared with

Ta ions, which was measured from EPMA. As the

laser ¯uence increases, the relative concentration of

�Bi� Sr� ions decreases. The lattice constant change,

shown in Fig. 3(a), can be ascribed to different ionic

sizes of the metal ions in the cubic ¯uorite structure.

Generally, the ideal cubic ¯uorite structure, whose

chemical formula is MO2 (M�metal ions), should

have one equivalent metal site. Since the Ta5� ion is

much smaller than the Bi3� and the Sr2� ions [10], the

increase of the Ta5� ion concentration will effectively

provide the decrease in the lattice constant.

Figure 4 shows the AFM image of the Sr-Bi-Ta

oxide ®lms deposited with various laser ¯uences. It is

clearly observed that the surface morphology changes

systematically with the laser ¯uence. As the laser

¯uence increases, the ®lm surface becomes smoother.

When the laser ¯uences were 1.9, 2.7, 3.5, and

Fig. 2. XRD y±2y scan patterns of the ®lms grown on LaAlO3

(001) substrates with the laser ¯uence of (a) 1.9 J/cm2, (b) 2.7 J/

cm2, (c) 3.5 J/cm2, and (d) 4.3 J/cm2.

Fig. 3. Dependence of (a) the lattice constants and (b) the

(Bi�Sr)/Ta ion ratios on the laser ¯uence.
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4.3 J/cm2, the root mean square roughnesses were

19.4, 12.3, 9.46, and 7.17
�
A, respectively. The origin

of the morphology dependence on the laser ¯uence is

not clear at this moment.

3.3. Effect of Post-Annealing

This ¯uorite-like phase is found to be quite stable up

to 650�C and can be transformed into a layered

perovskite SBT phase by post-annealing at a higher

temperature [9]. Understanding such a transformation

is really important in some real processing techniques,

such as chemical vapor deposition, where the

deposition is typically made at a low temperature

and a further thermal annealing is required at a higher

temperature. In order to obtain more insights on the

transformation, we performed post-annealing experi-

ments.

Figure 5 shows the XRD y±2y patterns of the ®lms

which were post-annealed at various temperatures for

1 h in an oxygen atmosphere. As shown in Fig. 5(b),

the ®lm annealed at 650�C didn't show a large change

in the crystal structure, except its c-axis lattice

constant was decreased from 5.37
�
A to 5.34

�
A. As

the annealing temperature increased, the ®lms were

turned into the layered perovskite SBT phase. Figure

5(c) shows that, in the ®lm annealed at 750�C, most of

the ¯uorite-like phase materials were transformed into

the layered perovskite phase. However, the XRD

pattern also shows that a small amount of the ¯uorite-

like phase still exists. As shown in Fig. 5(d), all the

peaks from the ¯uorite-like phase disappeared for the

®lm annealed at 800�C, and the ®lm was transformed

into a c-axis oriented polycrystalline SBT ®lm. From

these results, we can conclude that the ¯uorite-like

phase is stable up to 650�C and that it can be

transformed into SBT at a higher temperature.

3.4. Ordering in Sr-Bi-Ta Oxide Film of Cubic
Fluorite-Like Structure

To obtain further insights on the crystal structure, we

performed SAED measurements. Figure 6(a) shows

the SAED pattern of the Sr-Bi-Ta oxide ®lm post-

annealed at 650�C for 1 h. Figures 6(b) and 6(c) show

the SAED patterns of the bare LaAlO3 substrate and

Fig. 4. AFM images of a cubic ¯uorite-like Sr-Bi-Ta oxide ®lm deposited with the laser ¯uence of (a) 1.9 J/cm2, (b) 2.7 J/cm2,

(c) 3.5 J/cm2, and (d) 4.3 J/cm2.
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the ®lm with the substrate, respectively. From these

diffraction patterns, it is clearly seen that the Sr-Bi-Ta

oxide ®lm is epitaxially grown with a face-centered

cubic (fcc) structure. The epitaxial relation is such that

the [1 0 0] direction of the Sr-Bi-Ta oxide ®lm is

parallel to LaAlO3 [1 1 0], which is in agreement with

the XRD f scan result, shown in Fig. 1 (b).

In addition to the diffraction peaks which come

from the face-centered cubic structure, we could

observe some additional superstructure peaks. It can

be easily realized by comparing Fig. 6 (a) with the

diffraction pattern of the ideal fcc structure, shown in

Fig 6(d). The superstructure peaks appear in the

directions of {1/2,1/2,1/2} and {1,0,0}. The former

peaks are much stronger than the latter peaks. The

superstructure peaks seem to come from an ordering

of the metal ions [11]. The ordering distance is about

two times larger than the corresponding lattice

constant.

The origin of this ordering is not clear at this

moment. One possibility is that there exists an intrinsic

defect ¯uorite structure where the metal ions are
Fig. 5. XRD y±2y scan patterns (a) of as-grown ®lm, and after

annealing for 1 h at (b) 650�C, (c) 750�C, and (d) 800�C.

Fig. 6. SAED pattern of (a) the ¯uorite-like phase ®lm, (b) LaAlO3 substrate and (c) the ®lm with the substrate after annealing at 650�C for

1 h. (d) SAED pattern of ideal face-centered cubic structure.
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ordered. Using an extended edge X-ray absorption ®ne

structure spectroscopy, Hartmann et al. [12] claimed

that the oxygen environment for the Ta ion should be

closely related to that of the TaO6 octahedra of the

SBT. Since the Ta ion is much smaller than other

metals, such a claim seems to be plausible. The other

possibility is that such a metal ion ordering do occur

during the annealing process. We also observed similar

superstructure peaks in the SAED pattern of an as-

grown epitaxial Sr-Bi-Ta oxide thin ®lm. However, the

superstructure peaks are somewhat weaker than those

in Fig. 6(a). At this moment, it is not certain whether

this superstructure is an intrinsic phenomenon of the

¯uorite-like phase or an ordering effect during heat

treatments. Further experiments are now in progress.

4. Summary

We grew epitaxial Sr-Bi-Ta oxide thin ®lms of a

¯uorite-like structure on LaAlO3 (0 0 1) substrates by

the pulsed laser deposition method. The lattice

constant of the ¯uorite-like phase decreases as the

laser ¯uence increases, which is closely related to size

differences of the metal ions. From SAED patterns, it

was also observed that the ¯uorite-like phase had a

superstructure whose ordering distance was two times

larger than its lattice constant.
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