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The volatility of bismuth and bismuth oxide species complicates the growth of phase-pure films of
SrBi2Nb2O9 and SrBi2Ta2O9. Films that appear phase-pure by x-ray diffraction can have
microstructural defects caused by transient bismuth nonstoichiometry, which have a significant
impact on properties. Such defects are resolved by transmission electron microscopy. Post-growth
loss of bismuth from a slowly cooled SrBi2Ta2O9 film resulted in the generation of a high density
of out-of-phase boundaries~OPBs!, which are demonstrated to be ferroelectrically inactive. In
another film, the difference in the rate of desorption of bismuth oxides from SrTiO3 versus that from
SrBi2Nb2O9 led to bismuth enrichment at the film–substrate interface, and the formation of an
epitaxial reaction layer in an otherwise stoichiometric SrBi2Nb2O9 film. This different-composition
layer would be expected to alter the electrical properties of the film as a whole. These results help
explain the scatter in electrical data reported for similarly oriented films. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1574406#

SrBi2Nb2O9, SrBi2Ta2O9, and other Aurivillius-phase
ferroelectrics are attractive candidates for use in ferroelectric
random-access memories and ferroelectric field-effect tran-
sistors due to their high fatigue resistance. Unfortunately, the
growth of both polycrystalline and epitaxial thin films of
these complex oxides is confounded by bismuth oxide spe-
cies volatility. The stability window yielding single-phase
films of high crystalline quality is narrow;1,2 an overpressure
of bismuth must be maintained during growth in order to
achieve phase-pure films. Similar processing requirements
also exist for other systems involving volatile components.3,4

It is expected that the high sensitivity to process condi-
tions may lead directly to differences in properties. Indeed,
the remanent polarization (Pr) reported for SrBi2Nb2O9 and
SrBi2Ta2O9 films5–10varies widely. The range inPr reported
in polycrystalline films could be entirely attributed to varia-
tions in orientation distribution, and for~103! films could be
attributed to an absence of 90° ferroelectric domain switch-
ing combined with different populations of transformation
twins.11,12 Such explanations cannot hold, however, for epi-
taxial SrBi2Nb2O9 or SrBi2Ta2O9/(110) SrTiO3 films.7

When bottom and top electrodes are used with such films,
Pr is independentof the details ofa–b twinning, and of
the switching mechanism~through either 90° or 180°
reorientation! of the spontaneous polarization, because
both remanent-polarization-supporting axes in the prototype
phase lie at the same;45° angle to the film normal.7

The reported value of Pr , however, in epitaxial
SrBi2Ta2O9 /(110) SrTiO3 films ranges from 4.8mC/cm2 to
11.4mC/cm2.6,8,10

In order to better understand the interrelationships

among film growth conditions, structure, and properties, the
phase assemblages and microstructures of these films must
be investigated on a fine scale. Here, we report transmission
electron microscopy~TEM! observations of two types of de-
fects present in SrBi2Nb2O9 and SrBi2Ta2O9 epitaxial films
that are a result of transient bismuth nonstoichiometry. Slight
deviations in processing conditions, in combination with the
volatility of bismuth oxide species, resulted in features that
are shown to affect film properties strongly.13,14

c-axis films of SrBi2Nb2O9 and SrBi2Ta2O9 were grown
by pulsed laser deposition~PLD! at 875– 877 °C on
(001) LaAlO3 and (001) SrTiO3 , respectively, under condi-
tions yielding epitaxy and optimal x-ray diffraction~XRD!
rocking curve widths, described elsewhere.1 Cross-sectional
TEM samples were prepared by standard sandwiching, slic-
ing, dimple grinding, and ion-beam thinning at 4.5 kV at
incidence angles from 4° to 12°. Concurrent imaging and
x-ray energy dispersive spectrometry~EDS! analysis were
performed on a Hitachi HF-2000 TEM operated at 200 kV,
and high-resolution imaging was performed on a JEOL 4000
EX-II TEM operated at 400 kV. Two of the many films we
have grown are described in this letter, so as to demonstrate
the effects of slight bismuth nonstoichiometry. The results
shown are typical of the results seen in other films.

In contrast to quenching immediately after growth,1 the
SrBi2Ta2O9 film described in this letter was cooled slowly in
the film growth chamber for 2 min~in 1 atm of O2) before
being quenched. The TEM image in Fig. 1~a! shows dark
bands of contrast oriented at;30° – 45° from thec-direction
in this film. These are out-of-phase boundaries~OPBs!,15

present in columnar groupings.~An OPB is a boundary be-
tween two regions of a crystal that are displaced by a frac-
tional translation of a unit-cell dimension.!

A high-resolution TEM~HRTEM! image and inset simu-
lation of the OPB structure atD f 50 and t53.5 nm are
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shown in Fig. 1~b!. The OPB is bismuth deficient, as indi-
cated by the unit cell of the defect, outlined in the model in
Fig. 1~c!. Tantalum octahedra share edges across the fault to
achieve charge balance. The mechanism of bismuth loss
through the film thickness is not entirely clear, but it appears
that the film crystallographically shears as bismuth is re-
moved through evaporation, thus producing the OPBs. Using
this model and the linear density of OPBs measured from the
micrographs, the film is found to be;5% Bi-deficient.

An important question is whether the material in the vi-
cinity of the OPB defects is ferroelectrically active. Although
their structure differs from that of the bulk, it could conceiv-
ably support a spontaneous polarization. One can infer, how-
ever, from their dark appearance in ferroelectric domain
maps,13 that these regions are not ferroelectrically inactive.
Further evidence is visible in Fig. 2 of Ref. 13, a@100#/@010#
electron diffraction pattern of a typical~isostructural to
SrBi2Ta2O9) SrBi2Nb2O9 film. Reflectionsh0l /0kl with h
or k50 or 2n, andl 52n arise from all regions of the image,
and are streaked perpendicular to the habit planes of the
OPBs. Reflectionsh0l , with h,l 52n21, are forbidden for
the orthorhombic phase; 0kl, with k,l 52n21, reflections
arise only from regions oriented with the polar axis@100#
parallel to the electron beam, and do not display streaking.
Two possibilities exist to explain this:~i! either these period-
icities are continuous and uninterrupted across the fault, or

~ii ! they are completely absent at the fault. Selected-area
Fourier analysis indicates that the OPBs do not give rise to
0kl, with k,l 52n21, reflections. Furthermore, group
theory classification proves that the symmetry of the defects
is such that they must be nonferroelectric. The streaked re-
flections display a plane group symmetry ofpm. The ab-
sence of additional modulation reflections, along with con-
sideration of the symmetry of this plane group, reveals no
additional symmetry breaking that would support a polar
axis; that is, reflections arising from the defects cannot be-
long to a point group that can have a polar axis. Therefore,
the OPBs, by symmetry, cannot support ferroelectricity.

We observe OPBs inall of the many SrBi2Ta2O9 and
SrBi2Nb2O9 films that we have examined by TEM,15 but
OPBs do not generally represent a significant volume of ma-
terial. This film, however, would have greatly diminished
ferroelectric properties compared to a stoichiometric film,
even though it appeared to be of adequate quality by XRD.
~Electrical measurements were not possible; the film was not
grown on an electrode. Additionally, while epitaxial
c-axis-oriented films such as this are most amenable for HR-
TEM structural analysis, ferroelectric measurements are dif-
ficult because the polar axes are parallel to the substrate sur-
face plane.! This may explain why many reported films of
apparent high quality by XRD have such poor ferroelectric
properties.

The second film in this study, (001) SrBi2Nb2O9

/(001) SrTiO3 , was grown under optimal conditions for our
system. XRD indicated that the film is phase-pure and epi-
taxial. The full width at half-maximum values of the peaks
are extremely narrow (0.21° in 2u, 0.21° inv, and 0.18° in
f, roughly the instrumental resolution of our Picker four-
circle diffractometer with a graphite incident-beam mono-
chrometer!, indicating a high-quality film. Despite this,
cross-sectional TEM examination of the film revealed a gen-
erally amorphous interface layer that was crystalline in some
areas. HRTEM examination of a crystalline region@Fig.
2~a!#, revealed two distinct layers:~i! a 3-nm disordered
layer and~ii ! a 5-nm region epitaxial with the SrBi2Nb2O9

film.

FIG. 1. TEM analysis of a bismuth-deficient slowly cooled
SrBi2Ta2O9 /SrTiO3 film. ~a! Cross-sectional TEM image taken along the
@110# zone axis of SrBi2Ta2O9 , showing a very high density of OPBs
present in column-like groupings. A HRTEM image and inset simulation~b!
of a single OPB in the film show that the Bi2O2

21 layer is discontinuous
across the OPB shown in the model~c!, with charge compensation by edge-
sharing of the tantalum octahedra at the Bi-deficient fault.

FIG. 2. Excess bismuth encapsulated at the film/substrate interface of a
(001) SrBi2Nb2O9 /(001) SrTiO3 film led to the formation of an epitaxial
reaction layer consisting of 3 nm of disordered SrO and 5 nm of Bi4Ti3O12 .
~a! HRTEM micrograph of the interface shows the structure. Phase identi-
fication of the interface layer by~b! electron microdiffraction spots areX
5SrTiO3 , O5Bi4Ti3O12 , and the remainder are SrBi2Nb2O9 .
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Electron microdiffraction and EDS analyses were under-
taken in the same area. The electron microdiffraction pattern
is shown in Fig. 2~b!, with reflections in the top left quadrant
labeled with ‘‘X’’ for SrTiO3 and ‘‘O’’ for the interface
phase; the remaining reflections belong to SrBi2Nb2O9. EDS
analysis of the region using a 15-nm probe resulted in over-
lap with film and substrate, but comparison with spectra of
pure phases indicates that the interfacial layer is rich in bis-
muth, and may contain significant amounts of strontium and
titanium. Phases fitting this diffraction and composition pro-
file are Bi4Ti3O12 or a higher-symmetry variant ofb-Bi2O3 ,
possibly stabilized by epitaxial constraint. Consideration of
the two-layer microstructure in the HRTEM image in Fig.
2~a! indicates that the crystalline interface layer is most
likely Bi4Ti3O12 imaged along@661̄#, with the disordered
layer composed of SrO. Bi4Ti3O12, detected by XRD, has
been previously observed as an interfacial layer in
SrBi2Ta2O9 films grown on Pt/Ti/SiO2 /Si,14,16 due to tita-
nium diffusion through the platinum bottom electrode.

One alternative source of the Bi4Ti3O12 interlayer is
2SrBi2Nb2O913SrTiO3→Bi4Ti3O1215SrO12Nb2O5. Al-
though all of the thermodynamic quantities required to
determine which reaction would be favored are not available,
we can infer from our study of numerous other
SrBi2Nb2O9 /SrTiO3 and SrBi2Ta2O9 /SrTiO3 films in cross
section by TEM that this is likely not the reaction that oc-
curred. This film was deposited at the low end of our tem-
perature range.

The most important aspect of this result, however, is that
although optimal film deposition conditions were used, a
transient fluctuation in stoichiometry resulted in the encap-
sulation of a bismuth-rich phase at the film–substrate inter-
face, which reacted to form the epitaxial/topotaxial interface
phases. Our film deposition conditions are optimized to com-
pensate for bismuth loss by desorption from thefilm surface
during growth, in order to produce films with narrow XRD
rocking curve widths. They are not optimized to compensate
for the difference in bismuth desorption rate from SrTiO3

versus SrBi2Nb2O9 during the initial growth stage. Adjust-
ments to initial-stage deposition parameters to allow evapo-
ration of excess bismuth eliminated these interlayers in our
films. In addition, the variability in process conditions inher-
ent in PLD and the narrow process window could have
played a role.

There have been reports of excess bismuth being incor-
porated into the Aurivillius structure asa–b-plane stacking
faults,17 and the existence of stacking faults in SrBi2Nb2O9

has been inferred by XRD;18 however, none was found in
this film. We have observed a total of five stacking faults in
the numerous films we have examined by TEM and
HRTEM.15,19 Each of these faults was nucleated by rough-
ness at internal interfaces, and was of very localized spatial
extent. Because SrBi2Nb2O9 and SrBi2Ta2O9 are composed
of alternating layers of Bi2O2

21 and Sr~Nb,Ta!2O7
22 layers,

any stacking fault would be associated with an energetically
unfavorable space charge. As supporting evidence,
SrBi2(Nb,Ta)2O9 /Bi2O3 /SrBi2(Nb,Ta)2O9 films annealed

at high temperature did not exhibit XRD peak broadening
that would have been indicative of the presence of stacking
faults.20,21

In summary, transient bismuth nonstoichiometry in the
growth of SrBi2Nb2O9 and SrBi2Ta2O9 thin films results in
microstructural defects that can have a signigicant impact on
ferroelectric properties, but that are not detectable by stan-
dard XRD analysis. Bismuth loss is accommodated through
the generation of OPBs, which are shown to be ferroelectri-
cally inactive. Transient bismuth excess during film growth
can lead to the formation of a bismuth-rich topotaxial reac-
tion layer.
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