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Effect of lead additive on the ferroelectric properties and microstructure
of Sr xPbyBi2zTa2O9 thin films

San-Yuan Chena) and Ving-Ching Lee
Department of Materials and Science Engineering, National Chiao-Tung University,
300 Hsinchu, Taiwan, People’s Republic of China

~Received 30 November 1999; accepted for publication 21 February 2000!

Ferroelectric thin films of bismuth-containing layered perovskite SrxPbyBi2zTa2O9 have been
prepared using the metalorganic decomposition method. The effect of both Sr and Pb content on the
crystal structure, microstructure, and ferroelectric properties of SrxPbyBi2.3Ta2O9 films was
investigated. A maximum remanent polarization of 2Pr519.2mC/cm2 was obtained for the
SrxPb0.2Bi2.3Ta2O9 film with 20 mol % Sr-deficient composition as prepared at 800 °C, which could
be the compromising effects of Sr content on both grain growth and second phase formation of
BiTaO4. The substitution of Pb for Bi is accompanied by the occurrence of oxygen vacancies to
compensate the charge balance, which is responsible for grain growth mechanism in
Sr0.8Pb0.2Bi2.3Ta2O9 films. Fatigue endurance of Sr0.8Bi2.3Ta2O9 films becomes problematic after 109

cycles with a decrease in remanent polarization to 85% of the original value. This phenomenon was
related to electron injection and creation of electron traps due to the occupation of Sr vacancies by
Bi cations. It is demonstrated that the fatigue endurance of Sr0.8Bi2.3Ta2O9 film can be improved by
doping with 20 mol % PbO. ©2000 American Institute of Physics.@S0021-8979~00!01311-6#
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I. INTRODUCTION

Bismuth-containing layered perovskites were found
be ferroelectric by Smolenskiiet al.1,2 They belong to the
family of Aurivillius compounds with a general formula o
(Bi2O2)

12 (Am21BmO3m11)22, consisting of m-perovskite
units sandwiched between bismuth oxide layers.~Here A and
B are the two types of cations that enter the perovskite u
A is Bi13, Ba12, Sr12, Pb12, or K11; B is Ti41, Ta15, Nb51,
Mo61 or W61.!

Ferroelectric thin films of SrBi2Nb2O9 ~SBN!,
SrBi2Ta2O9 ~SBT! and their solid solutions are being wide
investigated for applications in high density nonvolat
ferroelectric random access memories because of their e
lent ferroelectric properties, characterized by limited pol
ization fatigue and low coercive field.3,4 Various deposition
methods have been used to produce Bi layer-structured fe
electric thin films, such as rf sputtering,5 laser ablation,6 met-
alorganic chemical vapor deposition,7 and wet-chemical pro-
cesses@sol–gel or metalorganic decomposition~MOD!#.8–10

Ferroelectric properties, crystal structure, and mic
structure are remarkably influenced by the composition fl
tuation in the bismuth layer structured compounds. Ats
et al.11 reported that the remanent polarizationPr of
SrxBi2zTa2O9(0.7<x<1.0, 2.0<2z<2.6) increased with
the decrease of the Sr/Ta mole ratio for films annealed
800 °C. A maximum remanent polarization was obtained
the 20 mol % Sr-deficient and 10 mol % Bi-exce
composition.12 Noguchiet al. attributed the enhancement
Pr with decreasing Sr content fromx51.0 to 0.8 to the in-
crease in grain growth. On the other hand, the decrease oPr

value with further decreasing Sr content is due to the dis

a!Author to whom correspondence should be addressed.
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pearance of the SBT phase and the formation of a BiTa4

second phase.13 On the other hand, Watanabeet al.14 re-
ported that the dependence ofPr on Sr content in SBN films
was entirely due to the sensitivity of grain orientation to
content. The randomly oriented Sr-deficient SBN films ha
larger remanent polarization thanc-axis oriented stoichio-
metric SBN films. An asymmetric hysteresis loop was a
observed in Sr-deficient SBT films. Excess Bi is usually
quired to achieve stoichiometry due to the high volatility
Bi during processing15 and Bi diffusion into the bottom elec
trode during annealing.16 Watanabeet al.17 reported that the
SBT films grown with an excess bismuth of around 20
(2z52.4) yields a maximumPr value and a lower coercive
field.

PbBi2Nb2O9 is another ferroelectric compound that has
layered perovskite structure.1 It has a pseudotetragonal un
cell with lattice parametersa55.492 Å, b55.503 Å, c
525.53 Å, andZ54.18 Subbaraoet al.19 found well-defined
hysteresis loops for PbBi2Nb2O9-based capacitors at 200 °C
but its relatively high coercive field made it difficult to ob
tain ferroelectric switching at room temperature.20 From the
viewpoint of the general formula of Aurivillius compound
Pb, similar to Sr in the SrBi2Nb2O9, occupies theA site in
the perovskite unit of PbBi2Nb2O9. However, Pb and Bi are
known to have 6s2 lone pair electrons and tend to form
layered structures, thus promoting strong ferroelectricity
recent study by Millanet al.21 reported that when the
SrBi2Nb2O9 ceramic was doped with PbO, the Pb21 cation
was incorporated into the orthorhombic structure, leading
a monoclinic distortion, which increases with the increas
substitution of Bi31 by Pb21. From literature reports, it was
found that vacancies usually play an important role in gr
growth and have a remarkable effect on electrical proper
of materials, especially for electronic ceramics such
4 © 2000 American Institute of Physics
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BaTiO3.
22 Therefore, it is also relevant to study the effect

Pb12 incorporation in the composition SrxBi2zTa2O9 com-
pound in order to identify its role in the structure of th
compound. In this work, we explore the correlation betwe
the Sr deficiency in SBT films and the observed enhan
polarization from the viewpoint of defect chemistry. Bas
on the similar structures of PbBi2Ta2O9 and SrBi2Ta2O9, the
effect of Pb21 substitution on remanent polarization and f
tigue properties of SrxBi2yTa2O9 composition was also inves
tigated.

II. EXPERIMENT

The starting materials for the MOD process were b
muth 2-ethylhexanoate@Bi~CH3~CH2!3CH~C2H5!COO!3#,
strontium 2-ethylhexanoat
@Sr~CH3~CH2!3CH~C2H5!COO!2#, lead 2-ethylhexanoate
@Pb~CH3~CH2!3CH~C2H5!COO!2#, and tantalum ethoxide
@Ta~OC2H5!5# with 2-ethylhexanoic acid as the solvent. Th
metalorganic precursors were mixed to form solutions w
compositions of SrxPbyBi2zTa2O9. Prior to film deposition,
the substrate (Pt/Ti/SiO2/Si) was cleaned in acetone and a
cohol ultrasonic baths, then blown dry with N2 gas. The so-
lutions were spin coated onto the substrate at a speed of
rpm. After each coating, the as-deposited film was dried o
hot plate at a temperature of about 350 °C to remove
solvent before application of the next coating. After the p
cess was repeated four times, the as-deposited films w
sintered at 750– 800 °C in air for 30 min by directly placin
the coated substrate into a preheated tube furnace.

The crystal structures of the films were analyzed by
ing Siemens D5000 x-ray diffraction~XRD! with Cu Ka ra-
diation and a Ni filter. The chemical composition of the film
was determined using inductively coupled plasma~ICP!
mass spectroscopy~Perkin Elmer, SCIEX ELAN 5000!. The
film thickness was measured by Dektak surface profilome
Field-emission scanning electron microscopy Hitachi S40!
was performed to investigate the surface morphology of
films. Patterned top Au electrodes through a shadow mas
an area of 8.031024 cm2 area were sputter deposited on
the SBT layers to define capacitors in order to perform e
trical measurements. A ferroelectric testing system~RT-66A,
Radiant Technologies Inc.! operating in the virtual-ground
mode was used to obtain the remanent polariza
(Pr)-coercive field (Ec) hysteresis characteristics and f
tigue properties. Fatigue tests of the films were conduc
using a bipolar square wave of 5 V at 1 MHz.

III. RESULTS

A. SrxBi2zTa2O9 thin films

1. Microstructure and phase evolution

XRD analysis was used to investigate the effect of
content on the phase development of SrxBi2Ta2O9 film (0.5
<x<1.2) annealed at 800 °C for 0.5 h. As shown in Fig.
an unknown phase at 2u529.5° was observed fo
Sr0.6Bi2Ta2O9 film and the peak intensity increased with i
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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creasing Sr deficiency. This peak might originate from t
formation of BiTaO4 ~JCPDS 16-0906! according to the re-
port of Haseet al.13

Table I lists the chemical compositions of SrxBi2Ta2O9

films annealed at 800 °C for 0.5 h. The molar numbers of
Ta, and Bi in those films are very close to the compositio
in the precursor solutions for Sr-deficient SrxBi2Ta2O9 films.
In other words, the films with Sr deficiency show no obvio
Bi loss. However, for the films with Sr (x)51, a partial loss
of Bi was found compared to those in precursor solutio
This might indicate that the occupation of Sr vacancies by
cations reduces the evaporation of Bi2O3 or Bi loss. Simi-
larly, for Sr-deficient Sr0.8Pb0.2Bi2.3Ta2O9 films, except for
the loss of Pb, the reduction of Bi was also observed.

The microstructure evolution of SrBi2.3Ta2O9 films
changes substantially as a function of Sr content, as show
Fig. 2. The grain size is larger for Sr-deficient films than f
film with stoichiometric Sr content and the Sr-rich film. Th
microstructure of Sr0.6Bi2.3Ta2O9 film presents a rod-like
grain matrix interposed with a few smaller microcrystals
dicated by the arrows in Fig. 2~a!. The microcrystals were
regarded to be the secondary phase~probably BiTaO4! as
inferred from the XRD patterns~Fig. 1!. In addition, with
increasing Sr content from Sr50.6 to 1.2, grains become
finer and rounder. The average grain sizes were measure

FIG. 1. XRD patterns of SrxBi2Ta2O9 films annealed at 800 °C for 0.5 h

TABLE I. Sr/Pb/Bi/Ta ratio normalized in Ta52 for SrxPbyBi2zTa2O9

films.

Precursor solution
Sr/Pb/Bi/Ta

Films prepared at 800°C
Sr/Pb/Bi/Ta

0.8/0/2.0/2 0.787/0/2.05/2
0.8/0/2.3/2 0.793/0/2.31/2
1.0/0/2.0/2 0.977/0/2.04/2
1.0/0/2.3/2 0.969/0/2.24/2
0.8/0.2/2.0/2 0.792/0.183/1.98/2
0.8/0.2/2.3/2 0.789/0.186/2.24/2
1.0/0.2/2.0/2 0.971/0.175/1.97/2
1.0/0.2/2.3/2 0.976/0.172/2.19/2
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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be about 190, 145, 100, and 70 nm forx50.6, 0.8, 1.0, and
1.2, respectively.

2. Electrical properties

Figure 3 shows the P–E hysteresis curves of b
SrBi2Ta2O9 and Sr0.8Bi2.3Ta2O9 films annealed at 800 °C
The 2Pr value of Sr0.8Bi2.3Ta2O9 film was measured to be
about 15.9mC/cm2, which is larger than that of SrBi2.3Ta2O9

films (2Pr56.7mC/cm2) for an applied voltage of 5 V.
Here, the hysteresis curves of Sr-deficient SBT film of
exhibit little horizontal shifts along the voltage axis as co
pared with that of stoichiometric SBT film. ThePr value was
also found to be strongly dependent on Sr content
SrxBi2.3Ta2O9 compositions for a variety of Bi content (2y
52.0– 2.3)~Fig. 4!. When the Sr content exceeded 20%x
51.2), there is no hysteresis curve. However, the 2Pr value
increased with the decrease in Sr content from Sr51.1 to
Sr50.8 and then decreased with further decreasing Sr c
tent from Sr50.8 to Sr50.6. The maximum value of 2Pr

FIG. 2. Dependence of Sr content on microstructure of:~a! x50.6, ~b! x
50.8, ~c! x51.0, and~d! x51.2 compositions in SrxBi2.3Ta2O9 films an-
nealed at 800 °C for 0.5 h.

FIG. 3. P-E hysteresis loops of:~a! SrBi2Ta2O9 and~b! Sr0.8Bi2.3Ta2O9 films
annealed at 800 °C for 0.5 h under applied voltage of 5 V.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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was obtained at the SrxBi2.3Ta2O9 films with Sr50.8. A simi-
lar phenomenon was also observed for the SrxBi2.0Ta2O9

films.
Fatigue endurance was tested with 1 MHz bipolar pul

at 5 V. Figure 5 shows the fatigue behavior of SrxBi2zT2O9

films prepared at 800 °C for 0.5 h. Most of the SrxBi2.3Ta2O9

films show no appreciable fatigue after 109 cycles. However,
a partial loss of 2Pr after fatigue was observed fo
Sr0.8Bi2.3Ta2O9-based capacitors. The percentage of the re
anent polarization after 109 cycles was approximately 87%
of the initial value. Similar dependence of fatigue enduran
on composition was also observed by Noguchiet al.12

B. PbyBi2Ta2O9 thin films

Figure 6 shows the XRD patterns of PbyBi2Ta2O9 ~PBT!
films fired at 800 °C for 0.5 h. Some peaks at 2u529.4,
32.6, and 34.1, corresponding to BiTaO4 phase in
Sr0.6Bi2Ta2O9 film, began to develop. Furthermore, the
peak intensities increased with decreasing Pb conten
PbyBi2Ta2O9 films. The dependence of grain size on Pb co
tent in PBT films was completely different from that of Sr
SBT films. As shown in Fig. 7, a fine-grained microstructu
was developed in the PbyBi2Ta2O9 film with Pb50.6 and

FIG. 4. Remanent polarization 2Pr values in SrxBi2zTa2O9 and
SrxPbyBi2zTa2O9 films fired at 800 °C for 0.5 h.

FIG. 5. Fatigue behavior of SrxBi2zTa2O9 films with an applied voltage of 5
V at 1 MHz.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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accompanied with the formation of pores because of volu
shrinkage during the amorphous/crystalline transformat
With increasing Pb content, clusters appeared@for stoichio-
metric PBT films, Fig. 7~c!#, probably originated from a
single nucleus, similar to spherulites commonly seen
amorphous-to-crystalline transitions. Some clusters w
pores appear located near the center of each cluster an
the grain boundaries. Even for Pb-rich PBT films, the cl
ters are still seen@Fig. 7~d!#.

The hysteresis curve of PbyBi2Ta2O9 films with y50.7
and 1.0 were further measured under an applied voltage
V. The film with y51.0 displayed a remanent polarizatio
Pr of 3.3mC/cm2 but the remanent polarization could not b
measured for Pb-deficient PbyBi2Ta2O9 films such asy
50.7. The fatigue behavior of PbBi2Ta2O9 films were also
tested and no appreciable loss after 109 cycles was observed

C. SrxPb1ÀxBi2.3Ta2O9 thin films

Both SrBi2Ta2O9 and PbBi2Ta2O9 are Aurivillius-
structure layered bismuth compounds of (Bi2O2)

21

FIG. 6. XRD patterns of PbyBi2Ta2O9 films annealed at 800 °C for 0.5 h

FIG. 7. SEM plan views of PbyBi2Ta2O9 films with: ~a! y50.6, ~b! y
50.8, ~c! y51.0, and~d! y51.3 compositions annealed at 800 °C for 0.5
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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(Am21BmO3m11)22 with m52. However, both SrxBi2Ta2O9

and PbyBi2Ta2O9 films have completely different microstruc
ture evolution and electrical properties with changingA site
content. The optimal remanent polarization occurs for
Sr-deficient Sr0.8Bi2.3Ta2O9 but a very poor polarization wa
observed in the Pb deficient Pb0.8Bi2.3Ta2O9 films. This find-
ing suggests that theA-site atom~such as Sr or Pb! in the
Aurivillius-structure layered bismuth compounds plays
very important role in the electric properties. In order
clarify the relative effect, the composition o
SrxPb12xBi2zTa2O9 films was chosen as a basis to compa
its role in polarization and microstructure.

When SrxPb12xBi2.3Ta2O9 films were annealed a
750 °C for 0.5 h, a maximum value of 2Pr , as shown in Fig.
8, occurs at the film withx50, i.e., PbBi2.3Ta2O9. Moreover,
as the Sr content increases, the 2Pr changes little up tox
50.7 and then a sharp drop of 2Pr is observed atx51.
When the annealing temperature was raised to 800 °C, a
ond phase was detected in the Pb-rich SrxPb12xBi2.3Ta2O9

composition as observed in Pb-deficient PbyBi2.0Ta2O9 film
~Fig. 6!, therefore, causing the remanent polarization to
apparently reduced, especially for a PbBi2.3Ta2O9 film. Con-
sequently, a maximum remanent polarization (2Pr

516.7mC/cm2) was obtained near the composition
Sr0.7Pb0.3Bi2.3Ta2O9 film (x50.7). In this case, the result
also reflect the fact that the minor addition of Pb in
SrxBi2.3Ta2O9 films does not strongly influence the depe
dence of Sr content onPr value.

In order to further clarify the role of Pb additive i
SrxBi2.3Ta2O9 films, the electrical properties and microstru
tural morphology of SrxBi2.3Ta2O9 films doped with 20
mol % PbO were studied. The XRD results show that
changes in the diffraction pattern were observed except f
slight variation in the intensity of some diffraction peak
The dependence of film morphology on Sr content in
SrxPb0.2Bi2.3Ta2O9 compositions is shown in Fig. 9. As th
Sr0.6Bi2.3Ta2O9 film is doped with 20 mol % PbO, i.e.
Sr0.6Pb0.2Bi2.3Ta2O9, the grains begin to grow and coales
with each other. Therefore, some large grains were form
along with finer pores located near the center of a large g
or at the grain boundaries. Obviously, the addition of P
promotes the grain growth of Sr0.6Bi2.3Ta2O9 film. Further-
more, as compared with the grain size of SEM micrograp

FIG. 8. Dependence of Sr content on remanent polarization
SrxPb12xBi2.3Ta2O9 films annealed at 750– 800 °C.
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in Fig. 2 for SrxBi2.3Ta2O9 films, a larger-grain microstruc
ture was obtained for SrxPb0.2Bi2.3Ta2O9 films. The average
grain size of SrxPb0.2Bi2.3Ta2O9 films, similar to
SrxBi2.3Ta2O9 compositions, decreases with the increase
Sr content. The average grain size was measured to
around 210 nm at the compositions ofx50.8 and 150 nm at
x51.0.

In order to compare the effect of 20 mol % PbO on t
remanent polarization of SrxBi2.3Ta2O9 films, the 2Pr values
of SrxPb0.2Bi2.3Ta2O9 films were measured at 5 V. As show
in Fig. 4, the film with 20% Sr deficiency (x50.8) still gives
a maximum 2Pr of 19.2 mC/cm2 for SrxPb0.2Bi2.3Ta2O9

compositions. Figure 10 shows the fatigue behavior
SrxPb0.2Bi2.3Ta2O9 films excited with 5 V pulses. The fatigue
of Sr0.8Bi2.3Ta2O9 film is also placed in Fig. 10 for compari
son. Most of the SrxPb0.2Bi2.3Ta2O9 films exhibit good fa-
tigue endurance except for Sr0.6Pb0.2Bi2.3Ta2O9 films having
a slight degradation of 9%. The fatigue endurance
Sr0.8Bi2.3Ta2O9 film was obviously enhanced by 20 mol %
PbO additions.

FIG. 9. SEM plan views of SrxPb0.2Bi2.3Ta2O9 films with: ~a! x50.6, ~b!
x50.8, ~c! x51.0, and ~d! x51.2 compositions annealed at 800 °
for 0.5 h.

FIG. 10. Effect of 20 mol % Pb additive on the fatigue characteristics
SrxBi2.3Ta2O9 films under applied voltage of 5 V.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Thu, 0
f
be

f

f

IV. DISCUSSION

A. Microstructure and polarization properties

The 2Pr values increased with the decrease in Sr cont
from Sr51.1 to Sr50.8 for SrxBi2.3Ta2O9 films annealed at
800 °C. The enhancedPr could be attributed to the grain
growth and grain orientation as reported in the literature.12–14

However, in our case, no preferred orientation was obser
in the XRD pattern for SrxBi2.3Ta2O9 films, but the micro-
structure of Fig. 2 indeed revealed a grain morphology tr
sitioned from rod- to round-like as the Sr content increas
For Sr-deficient SrxBi2.3Ta2O9 compositions, the BiTaO4
phase was identified according to the XRD analysis of Fig
Furthermore, the number of Sr defects would increase w
the decrease in Sr content and therefore, the probability
domain pinning would increase, resulting in a reduced 2Pr .
Although the Sr0.6Bi2.3Ta2O9 film has larger grain size, both
Sr vacancy concentration and second phase formation
BiTaO4 microcrystals overcame the grain-size effect. The
fore, a maximum polarization was obtained at Sr50.8 for
both SrxPb0.2Bi2.3Ta2O9 and SrxBi2.3Ta2O9 films. The en-
hanced remanent polarization of the former composit
could be attributed to the larger grain size compared to
latter composition without Pb.

As compared to SrBi2Ta2O9, the PbBi2Nb2O9 ceramic
has a lower crystallization temperature and sintering te
perature. Therefore, at the lower annealing temperature
750 °C, Pb-rich composition ~i.e., x50! in
SrxPb12xBi2.3Ta2O9 (0,x,1) films gives a larger remanen
polarization as compared to the film withx51. At 800 °C,
however, a second phase was observed in the Pb-rich fi
as shown in the XRD pattern of Fig. 6 for PbBi2Ta2O9 com-
position, and thus, the remanent polarization was stron
reduced for increasing Pb content~or decreasing Sr content!.
An optimal 2Pr of 16.7mC/cm2 was attained around th
composition of Sr0.7Pb0.3Bi2.3Ta2O9. Here, further increasing
Sr content leads to the decrease of remanent polariza
since grain size was remarkably reduced.

B. Role of Pb in Sr xPbyBi2zTa2O9 films

From electronic structure, both Pb and Bi have a lo
pair of out-shell electrons of 6s2. This chemical aspect could
be significant since the lone-pair electrons of Pb and Bi
known to have a large polarizability and to promote stro
ferroelectricity. However, from the viewpoint of ferroelec
tricity, Pb in PbBi2Ta2O9, as similar to Sr in SrBi2Ta2O9,
i.e., it occupies the A site in Aurivillius compounds and th
radii of Pb ~1.18 Å!, Sr ~1.16 Å! and Bi ~1.02 Å! are very
close.23 It will be interesting to study the role of Pb in
SrBi2Ta2O9 film in order to identify the key chemical an
structural elements that lead to optimal polarization and
larization fatigue.

Assuming Pb can completely substitute for Sr in t
SrBi2Ta2O9 composition, the PbBi2Ta2O9 film should display
a specific ferroelectricity. However, since PbO, after be
annealed at high temperature, is easily evaporated,
PbBi2Ta2O9 composition probably became PbzBi2Ta2O9 (z
,1). Furthermore, if the role of Pb is similar to Sr, th
measured polarization of PbzBi2Ta2O9 film should have been

f

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1 May 2014 07:50:47



Pb

is

o

bO
of
nt

-
ec

u-
b

b

d

o

-

th
i-
-
ri
n
th
tio
tig
as
ro

du
th
y
e
n

of
le

o-
th

s

Bi
s:

nce
e

wit-
ith

r of
and
.

do
evi-
the
pro-
-
c
o-
ble

t
e

ily
res-
in

e
be
e to
om
tion

nd

ain

-
in-
n-

ase
Pb

8029J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 S-Y. Chen and V-C. Lee

 [This a
comparable with that of SrxBi2Ta2O9 (x,1) films. However,
there was no appreciable polarization observed for
deficient films such as Pb0.7Bi2Ta2O9. Obviously, the role of
Pb content in PBT film in polarization and microstructure
completely different from that of Sr in SrxBi2.3Ta2O9 film.

With the addition of 20 mol % PbO, the dependence
grain size on Sr content in SrxPb0.2Bi2.3Ta2O9 films shows
similar tendency as the SrxBi2.3Ta2O9 films. However, we
found that the grain size of Sr0.8Pb0.2Bi2.3Ta2O9 film ~Fig. 9!
was larger as compared with Sr0.8Bi2.3Ta2O9 film ~Fig. 2!.
This observation indicates that the incorporation of P
plays an important role in promoting grain growth
Sr0.8Bi2.3Ta2O9 film. That is the reason why the remane
polarization of Sr0.8Pb0.2Bi2.3Ta2O9 film is enhanced com-
pared to Sr0.8Bi2.3Ta2O9 film. According to the defect chem
istry, if the ionic defects were produced and the overall el
troneutrality was kept, the substitution of Pb21 for Bi31 will
create oxygen vacancies as follows:

2PbO——→
Bi2O3

2PbBi8 1Vo
••12Oo

x , ~1!

As reported for BaTiO3 ceramics, the grain growth was us
ally observed with increasing acceptor concentrations
cause oxygen vacancies will be produced.22 These phenom-
ena reflected that the small amount of Pb was proba
incorporated into the Bi site in the Sr0.8Pb0.2Bi2.3Ta2O9 films.

C. Fatigue behavior of Sr 1ÀxPbxBi2.3Ta2O9 films

Ferroelectric thin films of bismuth-containing layere
perovskite such as SrBi2Ta2O9 and SrBi2Nb2O9 have been
reported to have excellent good fatigue resistance. In
results, although Sr-deficient SrBi2.3Ta2O9 film shows an op-
timal remanent polarization of 2Pr515.9mC/cm2, a loss of
Pr of 15% was measured after 109 cycles. A similar phenom-
enon was also reported by Noguchiet al.12 In contrast, the
SrBi2.3Ta2O9 or SrBi2Ta2O9 films show no appreciable po
larization loss under the same applied voltage of 5 V.

There are several proposals that attempt to explain
fatigue behavior of ferroelectric thin films especially for p
ezoelectric transducers~PZTs!. These proposals are all re
lated to defects, which may be trapped at domain bounda
to lower their mobility. However, there have been differe
views of the species of the defects and the location of
trapping sites. Oxygen vacancy and electron/hole injec
have been suggested as possible mechanisms for the fa
of PZT films.24,25Support for the oxygen vacancy model w
drawn from the observation that oxygen vacancy was p
duced in PZT film because PbO was easily evaporated
ing high temperature annealing. In our case, however,
Sr0.8Bi2.3Ta2O9 film prepared with both 20 mol % deficienc
Sr and 15 mol % excess Bi should have very few oxyg
vacancies. Therefore, the oxygen vacancy mechanism is
applicable in explaining the fatigue behavior
Sr0.8Bi2.3Ta2O9 film. In the other model, the electron/ho
mechanism states that the injection of charge carrier~mainly
electrons! will be trapped at domain boundaries to pin d
mains. The tendency for this to occur increases when
material is donor doped.25 For Sr0.8Bi2.3Ta2O9 film, it was
considered that Sr deficiency was compensated by exces
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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since both radius of Sr~1.16 Å! and Bi ~1.02 Å! are very
close.11,26 The electron can be produced by substituting
for Sr vacancy according to the defect reaction as follow

Bi2O3 ——→
2SrO

2BiSr
• 12Oo

x12e2. ~2!

With 15 mol % excess Bi, the Sr-deficient Sr0.8Bi2.3Ta2O9

film is probably considered as donor doped and the cha
for electron injection is high. Therefore, after cycling, th
injected electron was trapped by the ions BiSr* , which in turn
could pin the domain boundary movement, causing the s
chable polarization to decrease. This is in agreement w
our fatigue data shown in Fig. 5. Furthermore, the numbe
Sr defects would increase with the decrease in Sr content
therefore, cause a larger coercive field to polarize the film

Although Pb is a volatile species, the anion~oxygen!
vacancies accompanied by the substitution of Pb for Bi
not seem to adversely affect the fatigue resistance as
denced in Fig. 10. This gives clearer evidence to rule out
oxygen vacancy mechanism for fatigue that has been
posed for PZT films.24 According to the fatigue model pro
posed by Warrenet al.25 and Eq.~2!, the released electroni
charge trapping at domain walls can inhibit the domain m
tion and lead to the partial suppression of the switcha
polarization in Sr0.8Bi2.3Ta2O9 film. However, as indicated in
Table I, Sr0.8Bi2.3Ta2O9 film shows almost no loss of Bi, bu
the addition of Pb induces the reduction of Bi in th
Sr0.8Pb0.2Bi2.3Ta2O9 film. It is plausible for Pb to occupy the
Sr vacancies and produce free Bi which will be read
evaporated from the surface because of the high vapor p
sure of Bi at high temperatures. Therefore, the reaction
Eq. ~2! is probably partially inhibited by doping Pb into th
Sr0.8Bi2.3Ta2O9 film so that the electronic charge cannot
easily released. Alternatively, the released electrons du
the Bi substitution for Sr can be possibly compensated fr
the hole or oxygen vacancies produced from the substitu
of Pb for Bi as shown in Eq.~1!. Consequently, the fatigue
behavior of Sr0.8Pb0.2Bi2.3Ta2O9 film can be improved by in-
corporating 20 mol % PbO into Sr0.8Bi2.3Ta2O9 film.

V. CONCLUSIONS

SrxBi2.3Ta2O9 and PbyBi2.3Ta2O9 films have shown com-
pletely different dependence of microstructure evolution a
ferroelectric properties on A site~Sr or Pb! content in Au-
rivillius compounds of (Bi2O2)

21 (Am21BmO3m11)22.
Ferroelectric properties of SrxBi2.3Ta2O9 films could be

further enhanced by the addition of 20 mol % Pb.
The addition of Pb is responsible for the enhanced gr

growth in Sr0.8Pb0.2Bi2.3Ta2O9 films.
Fatigue endurance of Sr0.8Bi2.3Ta2O9 films in this study

become problematic after 109 cycles with decreasing Sr con
tent. This was proposed to originate from with electron
jection and traps due to the occupation of Bi for Sr vaca
cies.

Fatigue behavior of Sr0.8Bi2.3Ta2O9 film can be im-
proved by incorporating 20 mol % PbO because the rele
of electronic charge could be partially inhibited by doping
to occupy the Sr vacancies.
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