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ABSTRACT
Three types of domains in epitaxial films of layered perovskites have been investigated
by transmission electron microscopy (TEM) and high-resolution TEM (HRTEM). The phases
studied belong to two homologous series, Aurivillius phases (SrBi2Nb2O9 and SrBi2Ta2O9) and
Ruddlesden-Popper phases (Sr2RuO4). Both contain perovskite crystallographic units,
alternating along c, with close-packed Bi2O22+ or AO rock-salt layers, respectively, for the two
series. Films grown on SrTiO3, LaAlO3, and NdGaO3 substrates, as well as on epitaxial SrRuO3
bottom electrodes, with orientations of (100), (110), and (111), were studied. Two domain types,
growth twin domains and out-of-phase domains, exist in epitaxial films of layered complex
oxides, and the ferroelectric phases also have ferroelectric domains.
The morphology, nucleation mechanisms, and effects on properties of two types of
domains, growth twin domains and out-of-phase domains, were determined. Growth twin
domains occur in complex oxide films grown on substrates for which multiple, equivalent
epitaxial orientations exist, and are the result of local continuation of the perovskite sublattice of
the substrate, resulting in one, two, and three possible growth twin variants on (001), (110), and
(111) perovskite substrates. Out-of-phase domains are common in complex oxides due to their
highly anisotropic crystal structure. Out-of-phase domain boundaries (OPBs) are shown to
impact material properties, and to have a range of possible offsets as a result of multiple
nucleation mechanisms, three during growth and one post-growth, in layered complex oxides.
Steps on substrates or at internal surfaces can cause misregistry along the long unit cell direction
between neighboring regions of an epitaxial film, resulting in the generation of an OPB. In
phases with multiple structurally-equivalent occurrences of the preferred nucleation layer, OPBs
are generated at the film substrate interface by the preferred nucleation-growth order mechanism.
Substrate surface features of only one or two atomic layers can result in the generation of OPB
defects that propagate through an entire film of over 0.5 µm in thickness. In epitaxial films with
the long unit cell axis inclined to the substrate surface, mismatch of the coincident-site lattice
generates OPBs. Post-growth, loss of a volatile component through evaporation at elevated
temperature leads to the generation of OPBs by crystallographic shear.
The ferroelectric domain structure of SrBi2Nb2O9, a unique zero-strain oxide
ferroelectric, has also been determined. The ferroelastic distortion of SrBi2Nb2O9 is four orders
of magnitude less than that of prototypical oxide ferroelectrics. Thus, it serves as an end point in
the spectrum of oxide ferroelectric materials. Imaging of the ferroelectric domain structure has
allowed the first experimental separation of the energetic terms controlling ferroelectric domain
structure: strain, space charge, and dipole-dipole interactions.
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Chapter 1

INTRODUCTION

Thesis Statement
As the epitaxial growth of an ever-increasing number of layered complex oxides is
pursued, it has become clear that the interplay between these highly anisotropic phases and the
more simply-structured, often cubic, single-crystal substrates leads to specific types of domain
and defect structures. Similarities exist in the domain and defect structures created in the
epitaxial growth of a wide variety of layered complex oxides. The primary aim of this thesis is
to develop an understanding of these defect structures, and to describe them in a generic manner
that will be broadly applicable.
Additionally, because the dimensionality of some fundamental material properties is
reduced in some (highly anisotropic) layered complex oxides, such phases allow the study and
experimental separation of effects in ways that previously have not been possible. The second
aim of this thesis is to demonstrate how this principle can be applied.

Oxide Epitaxial Films
The fabrication of epitaxial films entails the growth of a crystalline material on a crystalline
substrate material, in which the growing crystal adopts a specific orientation in relation to that of
the substrate. Epitaxy in materials systems has long been known, but with the advent of
improved vacuum systems, the deposition of thin epitaxial films of has become common. More
recent improvements in techniques, and new techniques, for the delivery of matter to the surface
of a substrate have led to the widespread use of epitaxial film growth as a means of fabricating
materials for laboratory studies, and increasingly for industrial fabrication of electronic and
optical devices. Oxide epitaxial films of numerous compositions routinely are grown by a
variety of techniques, such as pulsed laser deposition (PLD), molecular beam epitaxy (MBE),
chemical vapor deposition (CVD), and sputtering techniques.

Layered Complex Oxides
Complex oxides are those with large unit cells, composed of two or more types of atomic
layers built up in a specific sequence along one or more crystal axes. These phases often have
highly anisotropic unit cells, with lattice parameters in the stacking direction (the c axis by
convention in the field of epitaxial growth) of five or more times that of the a and b lattice
parameters. One manner of describing these structures is by polysomatic series, which describe
them as consisting of basic crystallographic units (e.g., perovskite, rock salt) interleaved along a
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crystalline axis. Complex oxides are more commonly referred to as members of homologous
series. Homologous series formulae describe the chemical composition of members
(homologues) as a fraction of a varying integer parameter n. Layered complex oxides consist of
atomic or structural layers interleaved along a single crystalline axis. Complex oxides with
higher-dimensionality ordering exist,2,3 but are not the focus of this dissertation. Two examples
of layered complex oxides, the Ruddlesden-Popper and Aurivillius homologous series phases,
are shown in Fig. 1.-7 Many homologous series layered complex oxides have unique magnetic
and electronic properties, and are the subject of intense experimental investigation.8
At first glance, layered complex oxides may appear similar to some other types of phases,
such as polytypes and crystallographic shear (CS) phases. Such systems, however, are
chemically simpler. Polytypes result from variations in the stacking sequence of layers of a
simple structure, with no change in stoichiometry between polytypes; the classic example is SiC.
Polytypes consist of variations in the order of atomic layers, often of cubic close-packed layers
(e.g., ABCABC versus ABACABAC) for which both fcc and hcp phases exist. Some polytypes
have unit cells of over 100 nm, believed to be the result of screw dislocations with a very large
cumulative Burgers vector.9-11 These structures differ from homologous series in that they
consist of a single type of atomic layer, and are the result of stacking variation, so different
polytypes of these phases have the same stoichiometry. CS phases consist of the modulation of a
base structure, in which integral intervals of planes are translated along a direction perpendicular
to a fault plane, resulting in a shift in composition. Typical examples are vacancy-intolerant
binary oxides. Slight changes in the amount of one atomic constituent results in different
stacking sequences. For example, as oxygen content in SnO2 is decreased (SnO2-δ), some cornersharing octahedral layers collapse to share edges. This can occur during or after crystal growth.
CS defects are formed in a similar manner in Nb2O5.12
Although layered complex oxides can be described in some manners as polysomatic series1
or even as crystallographic shear phases, the author will refer to them by the more commonly
used descriptive framework of homologous series. Reference will occasionally be made to
crystallographic units, but these are not the sole domain of polysomatism. And while layered
complex oxides can conceivably be described as CS phases with multiple-atom variations in
chemistry of a prototype layered phase, this would complicate the discussion of these phases.
Additionally, the descriptions of CS faults within layered complex oxide phases would become
less clear.
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Figure 1. (a) The Ruddlesden-Popper homologous series of phases, An+1BnO3n+1,
consist of n number of alternating AO and BO2 layers (ABO3 perovskite-type units)
interleaved with AO double layers (rock salt-type units) along the c direction. (b)
The Aurivillius homologous series of phases, (Bi2O2)(An-1BnO3n+1), consist of
interleaved Bi2O2 (or Pb2O2) and n number of ABO3 perovskite crystallographic
units.

Planar Defects in Layered Complex Oxide Epitaxial Films
Epitaxial growth provides a viable route to the synthesis of layered complex oxides in
chemically pure, epitaxial form, enabling investigation of the anisotropy of their properties.
Bulk synthesis, on the other hand, often proves difficult. Growth is slow due to the complexity
of the structures. If insufficient time for atomic rearrangement is given, highly defective crystals
can result.13 Crystallographic faults can alter both the cation and the anion stoichiometry. Even
with sufficient kinetic activation, thermodynamics can limit the formation of pure materials. The
enthalpy of formation of larger-unit-cell homologues (n t 3) converges to an effectively constant
value,14 meaning there is no single, energetically preferred crystalline phase. Numerous layered
complex oxides have been synthesized by bulk methods, but attaining pure crystals is elusive for
many phases. Bulk-synthesized crystals often contain a significant proportion of c stacking
faults, syntactic intergrowths of other-n compositions, often of only one-half of a unit cell,
especially for large values of n.4,15-23 The formation of a stacking fault represents a small local
shift in stoichiometry, but shifts in both directions (enrichment and deficiency) can occur so that
a crystal synthesized from a homologous series composition of n may contain only n-1 and n+1
phases, or some other combination of phases other than that described by n. An example is
attempts to synthesize Sr4Ru3O10 (n = 3), which have been unsuccessful;19,24 synthesized material
contained mainly Sr3Ru2O7 (n = 2) and SrRuO3 (n = infinity).
Epitaxial film growth methods can get around these problems because the orientation
constraints of epitaxy can stabilize phase formation. In layer-by-layer film growth methods,
such as molecular beam epitaxy (MBE), the chemistry problems can be circumvented by
depositing one layer at a time, such that surface layers of the desired composition are deposited
one after another. After many layers, the result is a layered complex oxide phase. Other factors
can come into play, such as the effects of multi-dimensional epitaxial constraints on the local
ordering of Srn+1TinO3n+1, where syntactic intergrowths of certain n-members of the series with a
minimum c-direction lattice mismatch preferentially form.25
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Stacking faults also occur in epitaxial films, but can be avoided through tight control of
deposition parameters for small values of n using parallel deposition techniques such as PLD.
Recent advances in MBE25,26 have allowed the synthesis of superlattices that are impossible to
synthesize by bulk means,21,26 extending the variety of possible epitaxial phases and
superlattices.
Although lattice-matched substrates provide a structural template to promote high-quality
growth, the constraints of epitaxial growth and the large unit cells of layered complex oxides
lead to the generation and propagation of translation boundary defects along the growth front.
Crystallographic defects prevalent in epitaxial thin films of layered complex oxide phases are
known to be deleterious to useful properties. One might expect some of these types of defects in
layered complex oxides to be more persistent, due to the potentially much greater possible
Burgers vectors of such defects. As study progresses to phases with larger and larger unit cells,
small-scale interactions causing large-scale defects will play a greater role in affecting the
crystalline perfection and quality of films.

The Out-of-Phase Boundary
One class of planar defects common in layered complex oxides is that of out-of-phase
boundaries,27,28 which consist of a translation along the long axis (c by convention), with the
boundary plane oriented with components along c and along a, b, or a and b. In simple, isotropic
phases, the only type of OPB possible is an APB (e.g., in GaAs), an OPB of exactly half of a
lattice translation vector. In highly anisotropic phases, however, a much broader range of offsets
is possible.
The earliest reports of OPBs, in bulk crystals of the layered complex oxide Ba2Bi4Ti5O18,
observed by HRTEM, are by Hutchison et al., in 197529 and 1977,30 reproduced here in Fig. 2.
This OPB has an offset of one perovskite crystallographic unit. OPBs have not yet been
extensively investigated, perhaps because they have not been observed to be present in sufficient
concentration to warrant extensive investigation. Also, the extensive structural rearrangement
that occurs in bulk synthesis allows for the elimination of many such defects, which is not
generally the case for the more constrained epitaxial films. An example of this is shown in the
HRTEM image in Fig. 3, in which an edge dislocation due to the insertion of an extra unit cell of
Ba2Bi4Ti5O18 is shown. The authors propose that the perovskite units can slip sideways to
accommodate the lattice strain of the defect, which would eventually heal the defect out of the
crystal.
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Figure 2. The earliest report of an out-of-phase boundary found in the literature, in the
ferroelectric phase Ba2Bi4Ti5O18. Image reproduced from Ref. 29.

Figure 3. An edge dislocation in a bulk-synthesized layered complex oxide. The authors
proposed that this type of defect could heal by slipping of the perovskite layers, as jogging
of the Bi2O2 layers is clearly visible when the atoms are clearly resolved. Image
reproduced from Ref. 29.
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Epitaxial growth of layered complex oxides contributes to the formation of OPBs due to a
combination of high crystalline anisotropy, the unidirectional growth front of epitaxial growth,
and the limited atomic rearrangement at film growth temperatures. Haage et al. predicted that
unit cell steps in perovskite substrate surfaces could nucleate OPBs in epitaxial YBa2Cu3O7-δ
(YBCO).31 Theis et al. predicted the same for Bi4Ti3O10.32 These have indeed been observed by
HRTEM in YBCO,33,34 reproduced here as Fig. 4. Large surface asperities have also been
observed to nucleate OPBs in some cases for YBCO-type phases,33,35 although not all.36,37 An
example is reproduced in Fig. 5. Tietz et al. first predicted that multiple occurrences of the
preferred nucleation layer within the unit cell in YBCO films could yield multiple growth
orders.38 This was suggested again by Haage et al.,31 and has been observed as well.39-41 An
example is reproduced in Fig. 6(a), in which two neighboring nuclei were misaligned, and
generated an OPB where they met. The mechanism has also been shown by the author to be
active in Sr2RuO4 (see Chap. 4),27 and appears to have been active in the work of Wen et al. on
epitaxial La2CuO4 / YBCO / La2CuO4 / SrTiO3,33 reproduced in Fig. 6(b). OPBs emanate from
the SrTiO3 surface, but not from the YBCO surface. Recent attention given to the preferred
nucleation layers for various film-substrate combinations should provide insight into which
systems may be candidates for study of OPBs, or for which OPBs may provide some potential
explanation for divergence of observed properties from those expected.
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Figure 4. OPB nucleated by a step edge in a YBCO / CeO2 epitaxial film. Image
reproduced from Ref. 34.

Figure 5. OPB in YBCO, nucleated by a substrate surface asperity (step). Image
reproduced from Ref. 35.

8

(a)

(b)

Figure 6. (a) HRTEM image of OPB nucleation by multiple possible nucleation layers in
DyBa2Cu3O7-δ. (b) This same mechanism may have led to the nucleation of OPBs in
La2CuO4. The material grown epitaxially on SrTiO3 (bottom layer) clearly contains OPBs,
but the layer on YBCO (top layer) does not. Images are from Refs. 39 and 33,
respectively.

OPBs have been observed in many different epitaxial systems, and have been referred to by
several different terms, such as APBs,39,33,40-42 wavy c/6 translational boundaries,43,44 and c/3
translation boundaries.35 The author makes a distinction between APBs and OPBs. APBs are
translational boundaries with a magnitude of exactly half of a lattice translation vector (“anti’
phase alignment), but many possible offsets can exist for OPBs, since layered complex oxides
consist of many atomic layers. An analogy to waves can be made, shown in Fig. 7. Two waves
are in antiphase alignment when offset from one another by 1/2 of the wavelength, λ, just as two
regions of a crystal on either side of a defect (an APB) are in antiphase alignment when offset
from one another by 1/2 of the unit lattice vector. Two regions of a crystal on either side of an
OPB are offset by an arbitrary fraction of the lattice vector, just as two waves can be offset by an
arbitrary fraction of λ.
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Figure 7. APBs are a special case of OPBs, described here by analogy to waves. The
offset is 1/2 of the wavelength, or unit cell dimension. OPBs lie between crystalline
regions with an arbitrary misalignment.

While c/n labeling of OPB magnitudes is informative for phases such as YBCO that
contain crystallographic units of nearly equal dimension, the naming scheme is less useful with
other layered complex oxide systems for which the c parameter of the crystallographic units
varies significantly. All of these defects have a number of similarities, so a single term
describing this class of defects in epitaxial films is part of a general approach to characterizing
and understanding the epitaxial growth of layered complex oxide thin films.
Evidence indicates that specific, preferred offsets for OPBs do indeed exist. The OPBs in
Ba2Bi4Ti5O18, described by Hutchison et al. had an offset equal to one perovskite unit.30 OPBs
in SrBi2(Ta,Nb)2O9 exhibit a multi-modal statistical distribution, with values centered around
dimensions corresponding to the c-dimensions of atomic layers and crystallographic units of the
structure, suggesting structurally related nucleation mechanisms for OPBs (see Chap. 3).45
Although their structures are complex, layered complex oxides share just a few common
structural units. Thus, the author suggests that OPBs be referred to by the absolute linear
magnitude of their c-direction offset (e.g., 0.39 nm, 0.45 nm), rather than by a ratio (c/n), which
can be related easily to the c-dimension of atomic layers or crystallographic units. In this
manner, the possible nucleation mechanisms (see Chap. 2) may be implicated by the magnitude
of the offset.
OPBs influence the properties of layered complex oxides, and therefore deserve attention.
They have been demonstrated to quench superconductivity in Sr2RuO4.27 In YBCO, OPBs act as
strong vortex pinning sites.46 OPBs have recently been demonstrated to be volumes of
ferroelectrically inactive material in SrBi2Nb2O9.47
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Contribution of the Author
The dissertation consists of a series of articles that have been published, or are expected
soon to be published, in refereed journals. This author’s role in all of the works was the
utilization of transmission electron microscopy (TEM) to investigate domains by bright-field
(BF), dark-field (DF), and high-resolution TEM (HRTEM) imaging, electron diffraction, energy
dispersive spectroscopy (EDS), structure modeling and HRTEM simulation, and Fourier analysis
of HRTEM images. All TEM sample preparation, microscopy, modeling, and analysis of TEM
data presented in the articles was performed by the author. Additionally, the experiment to
investigate ferroelectric domain energetics using the unique crystallography of SrBi2Nb2O9 was
conceived and carried out by the author.

Arrangement of Material
This dissertation describes the investigation of the morphologies, nucleation mechanisms,
and effects on the properties of domain and defect structures in epitaxial films of layered
complex oxides. Two homologous series were studied. These phases are considered
representative of layered complex oxides containing perovskite crystallographic units. The
findings presented here are believed to be applicable generally to epitaxial films of layered
complex oxides.
The articles contained herein describe the morphology, nucleation mechanisms, and effects
on the properties of: growth twin domains (Chaps. 2-3), out-of-phase domains (Chaps. 1-7), and
ferroelectric domains (Chaps. 6-7). Specifically, the chapter contents are ordered as follows:
Chapter 2. This chapter describes the structure of the layered complex oxides
studied, and gives a background description of the general crystallography of layered
complex oxides in relation to that of other highly anisotropic phases. The
morphology and nucleation mechanisms of out-of-phase boundaries (OPBs) in
layered complex oxides are described in detail, with experimental evidence of the
step-edge, nucleation layer-growth order, and coincident site lattice mismatch OPB
nucleation mechanisms. A simple XRD method useful for measuring OPB density is
also described.
Chapter 3. The primary objective of this chapter is to describe the growth twin
domain morphology of an Aurivillius-phase film grown on a (111) perovskite
surface, as well as its out-of-phase domain morphology. The text also provides a
description of the technological importance of the ferroelectric phases studied, and
discusses their crystal symmetry in relation to the observed film properties.
Statistical evidence implying that several nucleation mechanisms contribute to OPB
formation is presented.
Chapter 4. This chapter details the experimental determination of OPB nucleation
by the preferred nucleation-growth order mechanism in a Ruddlesden-Popper phase,
generally applicable to layered oxides.
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Chapter 5. This chapter presents evidence that OPBs destroy superconductivity in a
Sr2RuO4 film that is of sufficient purity to be superconducting. The correlation
between higher resistivity ratios and narrower x-ray diffraction rocking curve widths
implied a crystallographic cause. High-resolution TEM revealed that out-of-phase
boundaries in such a film exist with a spacing comparable to the in-plane
superconducting coherence length, implying that this structural disorder was the
cause of the lack of superconductivity in the films.
Chapter 6. This chapter relates bismuth stoichiometry to the domain structure of the
Aurivillius phases studied, and demonstrates that OPBs are ferroelectrically inactive
volumes of material. A claim in the literature of the incorporation of excess bismuth
into an Aurivillius phase in the form of stacking faults is refuted. The effect of
transient bismuth non-stoichiometry on the out-of-phase domain structure and
morphology of Aurivillius phases is described. Experimental evidence of the postgrowth nucleation of OPBs by crystallographic shear (CS) is presented.
Chapter 7. This chapter presents the first experimental separation of the energetic
terms controlling ferroelectric domain structure, achieved by investigation of the
ferroelectric domain structure of SrBi2Nb2O9, a zero-strain ferroelectric.
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Chapter 2

OUT-OF-PHASE BOUNDARY NUCLEATION MECHANISMS IN COMPLEX-OXIDE
THIN FILMS

This chapter provides a description of the structure of the layered complex oxides
studied, in the context of other highly anisotropic phases. The chapter also discusses the
nucleation mechanisms and morphology of OPBs, summarizing and building upon previouslypublished articles describing the morphology, materials property affects, and nucleation
mechanisms of out-of-phase boundary defects, providing further experimental evidence and
presenting structural models. These OPB nucleation mechanisms observed in the Aurivillius and
Ruddlesden-Popper phases studied are believed to be broadly applicable to epitaxial films of
layered complex oxides.
The first experimental evidence of the step-edge OPB nucleation mechanism in
Aurivillius phases is presented. The first direct image of the nucleation-layer growth-order OPB
nucleation mechanism in a Ruddlesden-Popper phase is presented. The first image of the
coincident-site lattice mismatch OPB nucleation mechanism is presented. A simple XRD
method useful for measuring OPB density is also described.
The contents of the chapter consist of a journal article, to be submitted for publication:
“Out-of-phase boundary nucleation mechanisms and morphology in epitaxial complexoxide thin films,” M. A. Zurbuchen, J. Lettieri, G. Asayama, Y. Jia, S. K. Knapp, A. H.
Carim, D. G. Schlom, X. Q. Pan, and S. K. Streiffer, to be submitted to the Journal of
Materials Research (2002).
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ABSTRACT
The term out-of-phase boundary (OPB) describes a class of translational defects that are often
present in epitaxial films of complex oxides. The morphology and nucleation mechanisms of
OPBs in two layered complex oxides, Aurivillius and Ruddlesden-Popper phases, are described,
and examples from experiments are shown. Three nucleation mechanisms active during growth
are identified: step-edge, growth order, and coincident site lattice mismatch. Sharp substrate
surface steps can cause a misalignment along the long axis direction (c-axis by convention) of the
unit cell of growing nuclei. The large-displacement defect continues through the film as it grows,
resulting in an OPB. Other types of steps exist in films: at the surface of an inclusion phase, at a
c stacking fault, or at a growth twin (grain) boundary in a film on a non-(001)-cut perovskite
substrate. In the second mechanism, multiple structurally-equivalent occurrences of the preferred
nucleation layer within the unit cell of a complex oxide lead to multiple growth orders, and the
subsequent generation of OPBs. The third mechanism active during growth occurs for films with
c inclined to the substrate surface, in which coincident site lattice mismatch generates OPBs. One
post-growth mechanism, crystallographic shear, is also described. Decomposition at high
temperature through evaporative loss of a constituent element causes OPBs as the structure
shears to accommodate the loss. The relative density of OPBs in a film can be estimated from
the degree of splitting of peaks in θ-2θ x-ray diffraction scans.
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I. INTRODUCTION
Many one-dimensionally ordered (layered) complex oxide phases, such as Aurivillius and
Ruddlesden-Popper phases, have unique superconducting, magnetoresistive, and ferroelectric
properties, and have been intensively studied over the past fifteen years. Large single crystals of
many of these phases are difficult to grow in pure form. Epitaxial thin films are often grown in
order to prepare them in a chemically pure form that allows investigation of the anisotropy of the
physical properties. Although lattice-matched substrates provide a structural template to
promote high-quality growth, the constraints of epitaxial growth and the large unit cells of
complex oxides lead to the generation and propagation of translation boundary defects along the
growth front. Crystallographic defects prevalent in epitaxial thin films of complex oxide phases
are known to be deleterious to useful properties. As study progresses to phases with larger and
larger unit cells, small-scale interactions causing large-scale defects will play a greater role in
affecting the crystalline perfection and quality of films.
A. Complex oxides
Layered complex oxides consist of coherent intergrowths of composition planes, typically
square and close-packed planes. Regularly alternating sequences along a crystallographic axis (the
c axis by convention) result in innumerable possible phases. Layer sequences of regular recurrent
intergrowth result in crystallographic units, such as the alternating cubic perovskite and rock salttype layers in Ruddlesden-Popper phases. Syntactic intergrowth of integral numbers of these
repeating units results in polysomatic series of phases, with the incremental changes in chemical
composition described by homologous series formulae.1-3 Intergrowth along one, two, or three
dimensions is possible. Schematics of oxides with one dimensional ordering, Aurivillius4,5 and
Ruddlesden-Popper6 phases, are shown in Fig. 1. These structures lend themselves well to
epitaxial growth, especially with the c axis perpendicular to the substrate surface.
Layered complex oxides are similar to many chemically simple systems such as polytypes
and binary crystallographic shear (CS) phases (e.g., Nb2O5).7 Polytypes result from variations in
the stacking sequence of layers, for example hexagonal and cubic close-packing of atomic layers in
SiC. Some have unit cells of over 100 nm, believed to be the result of screw dislocations with a
very large cumulative Burgers vector.8-10 Because the structures consist of one type of atomic
plane with only a variation in stacking between layers, different polytypes of these phases have
the same chemical stoichiometry. CS phases consist of the modulation of a base structure, in
which integral intervals of planes are translated along a direction perpendicular to that fault plane,
resulting in a shift in chemistry. Typical examples are vacancy-intolerant binary oxides. Slight
changes in the amount of one atomic constituent result in different stacking sequences. For
example, in SnO2, as oxygen content is decreased, some corner-sharing octahedral layers collapse
to share edges. This can occur during or after crystal growth.
Although layered complex oxides can be described as CS phases, it is useful to discuss them
in terms of polysomatic series, structures consisting of syntactic intergrowths of two or more
crystallographic units. Complex oxide homologous series compositions contain two or more
cation species, and changes in stacking result in a change in cation and anion stoichiometry. The
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enthalpy of formation of larger-unit-cell homologues (n t 3) converges to an effectively constant
value,11 so the thermodynamic driving force can be insufficient to allow the bulk synthesis of
pure phases. Homologous series compositions of a parameter n, therefore, often contain a
significant proportion of c stacking faults, syntactic intergrowths of other-n compositions,
especially for large values of n.12-21 The formation of a stacking fault represents a local shift in
stoichiometry. When present in low concentrations, their overall affect on bulk stoichiometry is
minimal. Stacking faults also occur in epitaxial films, but can be avoided through tight control of
deposition parameters for small values of n using parallel deposition techniques such as PLD.
Recent advances in atomic layer-by-layer film growth techniques, such as molecular beam epitaxy
(MBE),22,23 however, have allowed the synthesis of superlattices that are impossible to
synthesize by bulk means,19,22 extending the variety of possible epitaxial phases and
superlattices. OPBs are prominent microstructural features in these films. As the growth of
more complex phases is pursued, the crystalline perfection of the layering of composition planes
becomes increasingly important.

B. The Out-of-Phase Boundary
A second class of defects common in complex oxides is that of out-of-phase boundaries
(OPBs),24,25 which consist of a translation along c, with the boundary plane oriented with a
component along c. Due to the highly anisotropic nature of layered complex oxides, the character
and effect on material properties of OPBs is markedly different from that of c stacking faults. In
simple, isotropic phases, the only type of OPB possible is an antiphase boundary (APB) (e.g., in
GaAs), an OPB of exactly half of a lattice translation vector. In highly anisotropic phases,
however, a much broader range of offsets is possible. Because growth of an epitaxial film of a
layered oxide proceeds roughly along a single crystallographic direction, normal to the substrate
surface, an analogy can be made to two waves that are out of phase. Neighboring nuclei that are
misaligned are out of phase by some fraction of the unit cell dimension, just as two neighboring
waves can be out of phase by a fraction of λ.
OPBs influence the properties of complex oxides. They have been demonstrated to quench
superconductivity in Sr2RuO4.24 In YBa2Cu3O7-δ, OPBs act as strong vortex pinning sites.26
OPBs have recently been demonstrated to be volumes of ferroelectrically inactive material in
SrBi2Nb2O9.27
Although OPBs have been observed in bulk samples as early as 1977,28 they have not yet
been extensively investigated, perhaps because they have not been observed to be present in
sufficient concentration to warrant extensive investigation. Also, the extensive structural
rearrangement that occurs in bulk synthesis allows for the elimination of many defects; this is not
generally the case for epitaxial films. OPBs are much more likely to occur in epitaxial films due
to a combination of high crystalline anisotropy, the unidirectional growth front of epitaxial
growth, and the lack of rearrangement at film growth temperatures. Nucleation of OPBs by
single unit cell steps in substrate surfaces has been predicted29,30 and observed by HRTEM31,32
for YBCO, predicted in Bi4Ti3O12,33 and observed by HRTEM in Ba2Bi4Ti5O18.34 Multipleunit-cell substrate surface features have also been observed to nucleate OPBs in YBCO-type
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phases,31,35 although not consistently.36,37 Nucleation on flat substrates due to the existence of
multiple occurrences of the preferred nucleation layer within the unit cell in YBCO-type films
yielding multiple growth orders, has also been predicted29 and observed.30,38,39 It has also been
observed in Sr2RuO4 films.24
In the multiple descriptions of OPBs in many different epitaxial systems, they are referred
to by several different terms, such as APBs,30,31,38-40 wavy c/6 translational boundaries,41,42 and
c/3 translation boundaries.35 While c/n labeling is informative for phases such as YBCO that
contain crystallographic units of nearly equal dimension, the naming scheme is less useful with
other complex oxide systems for which the c parameter of the crystallographic units varies
significantly. APBs are translational boundaries with a magnitude of half of a lattice translation
vector. All of these defects have a number of similarities, and a single term describing this class
of defects in epitaxial films is part of a more general approach to characterizing and understanding
the epitaxial growth of complex oxide thin films.
Although numerous offset magnitudes are possible, the offsets observed for OPBs in
SrBi2(Ta,Nb)2O9 exhibit a multi-modal statistical distribution, with values centered around
dimensions corresponding to the c-dimensions of atomic layers and crystallographic units of the
structure, suggesting structurally related nucleation mechanisms for OPBs.43 Most complex
oxides share common structural units. Thus, it is suggested to refer to absolute linear magnitude
of OPB offsets in complex oxides by their c-direction offset (e.g., 0.39 nm, 0.45 nm), rather than
by a ratio (c/n). It is important to keep in mind the dimensions of the crystallographic units of
which structures are composed when considering these values for a given phase.
In this manuscript, we describe the morphology and structure of OPBs in three Aurivillius
and Ruddlesden-Popper phases, as investigated by transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and x-ray diffraction (XRD). Nucleation mechanisms of OPBs
in these epitaxial films are also presented. A method of estimating the relative density of OPBs
by XRD in an epitaxial film is also described.
II. EXPERIMENTAL
All films used for this study were grown by pulsed laser deposition on perovskite-type
(001) and (110) substrates, polished to be atomically smooth. Thorough treatments of the
growth processes and optimizations thereof are available in the literature.43-46,51,57 Briefly, films
were grown in a radiatively-heated sample chamber47 using a KrF excimer laser (248 nm, Lambda
Physik EMG103MSC). Parameters for Sr2RuO4 growth were: 1000°C, 3.5 µTorr oxygen
ambient, 104 pulses, 160 mJ/pulse, 2.7 J/cm2 fluence, 2 Hz pulse rate, and a target-to-substrate
distance of 7.5 cm with a stoichiometric target. Parameters for SrBi2Nb2O9 and SrBi2Ta2O9
growth were: ≈877 °C, 110-150 mTorr O2/O3 atmosphere (≈8 % O3), 1000 pulses, 150 mJ per
pulse, 2–3 J/cm2, a 4 Hz pulse rate, and a target-to-substrate distance of 7.5 cm with a bismuthrich oxide target with a Sr:Bi:Nb or Sr:Bi:Ta ratio of 1:2.3:2. SrBi2Nb2O9 and SrBi2Ta2O9 films
were quenched immediately after growth, in the atmosphere used for growth. The relative purity
and crystallinity of films was evaluated by four-circle x-ray diffraction scans using a Picker fourcircle x-ray diffractometer with Cu Kα radiation and a graphite incident-beam monochromator.
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Samples for cross-sectional TEM examination were prepared by standard sandwiching,
slicing, dimpling or wedge polishing, and argon ion milling on either a liquid nitrogen-cooled stage
at 4 kV and 8° to 11°, or on an uncooled stage at 3.0-4.5 kV and 4° to 7°. Microscopy was
performed using Hitachi HF-2000 and JEOL 4000-EX transmission electron microscopes at
200-400 keV. For HRTEM imaging, regions of appropriate and consistent thickness were
selected, and through-focus image series were acquired. For defect modeling and HRTEM
simulation, supercells of sufficient size to avoid edge effects were constructed, and simulations
were compared with the acquired imaging series to achieve a good match.
Geometric phase analysis48 was utilized to map the phase offset in one image. The
technique consists of calculating the power spectrum (fast Fourier transform, FFT) of a HRTEM
image, masking a single spot corresponding to a specific spatial frequency (a lattice reflection),
removing the lattice fringe frequency, inverse transforming to real space, and mapping the phase
component. Each spot in a power spectrum contains low-frequency spatial information,
corresponding to the region of an image from which the intensity arose. Removal of the highfrequency information (the lattice fringe spacing) reveals this information clearly.
Care must be taken in interpreting HRTEM images of complex oxides. In addition to the
usual steps to avoid excessive damage, bending, or thickness variation in particular should be
avoided, and the degree of contrast delocalization due to defocus condition should be minimized.
It is possible to mistake thickness variation for out-of-phase regions of crystal, or to mistake
OPBs for other features due to poorly-defined imaging conditions.24,49 In order to identify a
defect confidently, regions with the same type of contrast on either side of the defect should be
visible. This indicates that the neighboring regions are of a similar thickness, and, therefore, that
the material in between is likely to be of a similar thickness. This procedure also simplifies the
measurement of phase offsets.

III. RESULTS AND DISCUSSION
A. Characterization
The morphology of out-of-phase boundaries varies with the long unit cell dimension, and
the number of possible OPB offsets increases with increasing anisotropy of phases. The simple
atomic layer stacking of Sr2RuO4 consists of three composition planes, two of which are
structurally-equivalent, yielding only one possible offset. OPBs in Sr2RuO4 are straight-walled
with a regular structure, and have simple interactions. The stacking of SrBi2Nb2O9 and
SrBi2Ta2O9 consists of five composition planes, of which two pairs are structurally-equivalent,
yielding several possible phase offsets. OPBs exhibit a high variability in orientation, with many
possible structures and complex cumulative interactions.
Unless otherwise noted, cross-sectional TEM images are oriented with the substrate
surface (not visible in all images) horizontal and toward the bottom of the image frame. The film
growth direction is along the vertical direction in these images. All substrate planes and
directions in the text will be referred to using the perovskite subcell, denoted by a subscript “p”
for substrates with slight distortions from cubic.
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1. Morphology
In (001) films of the n = 1 Ruddlesden-Popper phase, Sr2RuO4, many straight boundaries
of abrupt transition in contrast, oriented 17° from c, are observed throughout films.24,50 The large
frequency of occurrence and narrow range of orientations of these features indicates that a
microstructural feature is likely to be the cause. To rule out ion milling artifacts, several samples
were prepared by different means, and the same type of microstructural features were observed
in each sample.
A [100] Cross-sectional TEM image of a Sr2RuO4 film is shown in Fig. 2(a), with a
schematic of its defect structure shown in Fig. 2(b). OPBs emanate from the film-substrate
interface. The two OPBs in the center appear to have annihilated where they met, while the two
on the right penetrate the film thickness. A HRTEM image of a different pair of intersecting
OPBs in the same film is shown in Fig. 3(a). Fig. 3(b), calculated from the image by geometric
phase analysis48 using 002-period contrast, demonstrates the offset of the out-of-phase region in
a graphical manner. The intensity of the gray-scale in the image corresponds to the magnitude of
phase offset, ranging from -π (black) to π (white), or -0.318 to +0.318 nm.
In (001) films of the n = 2 Aurivillius phases, SrBi2Nb2O9 and SrBi2Ta2O9, a wide range of
OPB morphologies is observed. The cross-sectional TEM images of (001) films in Figs. 4(a-e)
contain dark, undulating bands of contrast. These features were initially thought to possibly
have been artifacts of sample preparation, but the lack of any similar features in the substrates
indicated that this was unlikely. After observing the features consistently in each of several
films, it became clear that they were common microstructural features in the films. The dark
bands of contrast are OPBs. The planes of OPBs in SrBi2Nb2O9 and SrBi2Ta2O9 exhibit variable
orientation about c, as evidenced by the variation in apparent width of OPBs in regions of
material with no discernable thickness variation. HRTEM images of individual defects in two
such regions, shown in Fig. 5, show this variability clearly, indicating that the dark bands of
contrast do indeed arise from meandering planar defects. The OPB in Fig. 5(a) is viewed nearly
edge-on, and appears narrow, while the OPB in Fig. 5(b) is inclined to the viewing direction, and
thus appears broad. Nearby lattice fringes on either side of the defects have the same
appearance, indicating that the dark contrast at the OPB is not a thickness effect. Dark contrast
at the OPBs is due to increased scattering caused by the overlapping of crystals and by disorder
at the OPB, contrary to previous reports.24,49 Measuring the c offset is straightforward.
Three general OPB morphologies are observed in the films. In the Type A morphology,
shown in Figs. 4(a), (d), and (e), weakly correlated OPBs of low density have a ribbon-like
appearance. The OPBs are continuous across the films, with low curvature at peaks and high
curvature in valleys, nested in a roughly “egg crate”-type morphology. Contrary to intuition,
these are not the outlines of growth islands seen in AFM images of SrBi2Ta2O9.51 The peak-tovalley height of growth islands is ~10 nm, an order of magnitude less than the height of the OPBs.
Note that the as-grown film surface is shown in Figs. 4(a), (c), (e), and (f), demonstrating the
planarity of the growth front. It has been suggested that OPB nucleation and growth could be
due to a screw dislocation with a large Burgers vector;8,12 AFM images of (001) SrBi2Ta2O9
reveal growth spirals.51 The nucleation mechanism of such a screw is unknown, but it appears
that the Type A OPB morphology in SrBi2(Ta,Nb)2O9 epitaxial films is probably not
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attributable to this. The growth fronts on all terraces of a spiral extend during growth, so spirals
become larger until the point that they merge with other spirals. OPBs could be the result of the
intersections between growth spirals.
Figures 4(b) and (c) show two films with the Type B OPB morphology, with strongly
correlated OPBs of low density, and regions of high curvature that intersect along columnar
regions of disordered material. This morphology is believed to result from procedural variation in
thin film growth experiments. In the PLD chamber used for growth, films are quenched
immediately after the last laser pulse, in the same atmosphere used for film growth. Specifically,
the substrate stage is rotated 180° to allow the substrate to drop onto a heat sink. This has been
observed to result in decreased rocking curve widths in θ-2θ XRD scans.51 Because the films fall
in an uncontrolled manner, some land film-up and others land film-down, resulting in a slight
difference in quenching rates, and, therefore, in a slight loss of bismuth for some films.
In order to observe the effects of extensive bismuth loss, an otherwise typical film was
allowed to remain on the substrate stage to cool slowly in the growth atmosphere over a period
of two minutes.51 A cross-sectional TEM image of this film is shown in Fig. 4(f), exhibiting the
Type C morphology. Narrow columns of closely-spaced OPBs converge into columns of further
disordered material. This decomposition indicates that SrBi2Ta2O9 is not stable at the film
growth temperature and atmosphere without the supply of excess bismuth from the bismuth-rich
laser target.
The as-grown surfaces of films with Type A morphology are very smooth, and OPBs do
not penetrate to the film surface. No easy diffusion path to the surface is evident, indicating that
the OPBs were likely formed in situ, during growth. The columnar features in the Type B films
are the result of the intersection of many OPBs, and are not grain boundaries. The Type B film
for which the as-grown surface is visible, in Fig. 4(c), exhibits roughness that is correlated with
the locations of the defective, columnar regions. The film has receded in the regions of these
columns, from which the greatest amount of bismuth has been lost. In the Type C film, the
columnar features intersect at secondary columnar regions of defective material, which serve as
fast diffusion paths for the evaporating bismuth.
All of the images in Fig. 4 are arranged in order of increasing linear OPB density, as
measured along c in cross-sectional TEM micrographs. As-grown films have an intrinsic OPB
density generated during growth, and insufficiently quenched films undergo further OPB
generation.
Splitting of peaks in θ-2θ XRD scans of all of these films is observed, and the degree of
peak splitting is an indication of the relative OPB density in the films. The 008, 0014 and 0020
peaks exhibit this splitting most strongly. Extensive peak splitting has been shown to be the
result of insufficient quenching.51 A region of a θ-2θ XRD scan of the slowly-cooled film in
Fig. 4(f), and described in Ref. 51, is shown in Fig. 6(a), demonstrating the high degree of peak
splitting of the 008. Peak splitting arises from constructive interference of diffuse scattering from
OPBs, due to their fairly regular spacing. The degree of 2θ peak splitting (peak-to-peak) is
plotted against the OPB density, measured from HRTEM micrographs along c. A strong linear
correlation is observed. (Instrumental resolution is @0.20°, λ = 0.154 nm.) Thus, (assuming that
other defects are negligible, or do not vary significantly in concentration from sample to sample)
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one can estimate the relative OPB defect density in Aurivillius-phase films by θ-2θ XRD scans.
It should be noted that one would expect the degree of peak splitting to vary with 2θ. The fact
that this does not appear to be the case in the plot in Fig. 6(b) is attributed to the small statistical
sample size. The correlation between offset and splitting, however, is clear.
Due to the small degree of splitting in typical films, splitting is only evident in θ-2θ XRD
scans with intensity plotted with intensity on a log scale. Although many θ-2θ XRD scans of
SrBi2(Ta,Nb)2O9 reported in the literature are plotted on linear scales, or truncate peaks, peak
splitting is evident in some published works.52-54 All of the films in Fig. 4 have similar FWHM
of corresponding XRD peaks, even though the OPB density ranges over an order of magnitude.
Therefore, differing OPB densities in otherwise high-crystalline-quality films, which can be
measured by the degree of θ-2θ peak splitting, could be the cause of the wide distribution of
remanent polarizations (Prs) for such films reported in the literature.27,55-61
2. Structure
HRTEM imaging and simulation have been used to determine the atomic structure at OPBs
in both Aurivillius and Ruddlesden-Popper phases.27,50 A change in composition exists across
the defects in both types of films. Due to bismuth deficiency, tantalum coordination octahedra
share edges across the OPB in SrBi2Ta2O9. An extra close-packed layer of SrO exists at Sr2RuO4
OPBs.
The cross-sectional HRTEM image in Fig. 7(a) shows an epitaxial (001) SrBi2Ta2O9 film,
with an OPB that is oriented parallel to the imaging axis, making it possible to model the
structure in this region. The region on the right is shifted by two composition planes along c.
Simulations of the model, shown on the right, are consistent with observed images. Calculation
of the stoichiometry of the unit cell of the defect indicates that it is deficient in bismuth. Charge
imbalance is compensated by half of the niobium octahedra sharing edges across the fault. This
also maintains continuity of the structure in this orientation. OPBs in SrBi2Nb2O9 and
SrBi2Ta2O9 show a high variability in orientation, implying a low difference in the energy
associated with mixed edge and corner-sharing niobium oxygen coordination octahedra across
these faults. Nb2O5 is known to exhibit this type of mixed stacking in response to slight
variations in oxygen activity.7
The cross-sectional HRTEM image in Fig. 7(b) shows a region of an epitaxial
(001) Sr2RuO4 film with a single OPB. A close-packed layer of SrO exists along the fault.
Although the OPB is strontium-rich, the density of OPBs in the film is low, so that nonstoichiometry induced by the defects would constitute a change in composition of less than 1 %.
B. Nucleation Mechanisms
Epitaxial films are physically constrained by the substrate, with a nearly planar growth
front proceeding along a single direction. This limits the amount of structural reorganization
possible and amplifies the effects of substrate-film interactions, further leading to the prominence
of microstructural features not commonly observed in bulk samples. Substrate surface
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topography and film-substrate interface chemistry play key roles in the generation of
crystallographic defects such as OPBs. Faults nucleated by a single atomic-scale feature at the
film-substrate interface can propagate through an entire film of half a micron or more in thickness.
Four mechanisms have been observed to nucleate out-of-phase boundaries in the Aurivillius
and Ruddlesden-Popper-phase layered phases examined, three during growth and one postgrowth. These are shown schematically in Fig. 8. Mechanisms causing a c phase shift between
neighboring nuclei in a growing film can nucleate OPBs. If the preferred nucleation layer for a
given system has more than one structurally-equivalent occurrence in the unit cell, neighboring
regions can nucleate out-of-phase, as shown schematically for (001) Sr2RuO4 / (001)p LaAlO3 in
Fig. 8(a). Atomic-scale steps on substrate and other surfaces encountered by the growth front
can generate OPBs, as shown Fig. 8(b). For films with the c axis inclined to the substrate normal,
mismatch in the coincident site lattice (CSL) at phase and twin boundaries can nucleates OPBs,
Fig. 8(c). Complex interactions between these three mechanisms are also possible. After growth,
films with a volatile component crystallographically shear if that component is lost through
evaporation, resulting in OPBs, shown schematically in Fig. 8(d).
1. Nucleation layer-Growth order
Complex oxides consist of alternating sequences of composition planes. For a given filmsubstrate system, nucleation by one of the composition planes will generally be energetically
preferred, depending upon substrate termination and thermodynamic parameters. If the
nucleating layer has more than one structurally equivalent occurrence in the unit cell, growth after
the nucleating layer can proceed in more than one order, resulting in the generation of OPBs.
This mechanism has been observed in (001) Sr2RuO4 / (001) LaAlO3,50
(001) YBCO / (001) MgO,62 and RBCO / (001) SrTiO3,29,30,38 where R = Y, Dy, Nd, and Ga, but
is applicable to any epitaxial films of layered phases. For the growth of the Sr2RuO4 described in
Ref. 50, the (001)p LaAlO3 substrate was terminated by AlO2 at the film growth temperature.
SrO was determined by modeling and HRTEM imaging and simulation to be the preferred
nucleation layer. Because two structurally-equivalent SrO layers exist within the Sr2RuO4 unit
cell, growth could then continue with either a RuO2 or a SrO layer, resulting in the generation of
superconductivity-quenching OPBs in the film.
A HRTEM image of a single OPB nucleated by the growth order mechanism is shown in
Fig. 9(a), with a highly-compressed version of the same image clearly showing the offset in
Fig. 9(b). On the left, growth has proceeded with a SrO-SrO-RuO2 growth order, and on the right
with a SrO-RuO2-SrO growth order. The OPB has an offset of ~0.24 nm, equal to the dimension
of a single SrO layer in the unit cell. The dark contrast in the LaAlO3 is believed to be strain
contrast, or possibly due to a local thickness variation of the sample. The LaAlO3 is not
disrupted in the region. Because only two growth orders are possible, OPBs of differing growth
order nucleated on the same plane will annihilate if they intersect, as observed in Fig. 2. Also,
because these OPBs occur at the intersection of neighboring film nucleation sites, the OPB
density would be expected to scale negatively with increasing deposition temperature.
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2. Step edges
Because of the large difference in unit cell parameter between a cubic perovskite substrate
and the c axis of a (001) complex oxide film, steps in the surface of substrates can generate outof-phase boundaries. OPBs present as a result of this mechanism have been observed in
YBCO.29,31,38,63 The cross-sectional HRTEM image in Fig. 10 shows such an OPB in a
(001) SrBi2Nb2O9 / (001)p NdGaO3 film. The step edge is not aligned identically with the
imaging axis, so some apparent disorder due to phase overlap exists at the step. The OPB is also
inclined to the viewing axis. The epitaxial relationship of the two regions of the crystal is clearly
visible at the interface on the far left and right of the image. The offset is clearly seen in the
highly compressed version of the image in Fig. 10(b). This mechanism is expected to be active
for any system for which the film has a significantly different lattice parameter than the
substrate.
Several other examples of this same OPB nucleation mechanism are shown in Figs.11(a-d).
Chemical nonstoichiometry has led to the encapsulation of a bismuth-rich epitaxial reaction layer
in the (001) SrBi2Ta2O9 and SrBi2Nb2O9 films in Figs. 11(a) and (b), with the subsequent
nucleation of OPBs at steps on the inclusion surfaces. A stacking fault in a SrBi2Nb2O9 film on
(110) SrTiO3 has terminated in OPBs, which were generated at the step-edges of the stacking
fault in Fig. 11(c). The roughness of the growth twin boundary in a
SrBi2Nb2O9 / (110) SrRuO3 / (110) SrTiO3 film has resulted in the generation of several OPBs.
Note that these OPBs proceed along the film growth direction (towards the top of the page) from
the twin boundary, clearly indicating that they were nucleated at the twin boundary. Considering
the nearly planar progression of the growth front, it is clear that OPBs which intersect a twin
boundary, and for which that intersection is the farthest point from the substrate surface, have
terminated at the twin boundary, and, therefore, have nucleated elsewhere.
3. Coincident site lattice mismatch
If the long axis of a complex oxide film is inclined to the substrate surface, OPBs can be
generated due to CSL mismatch if the commensurate modulation of the complex oxide structure is
not equal to an integral multiple of the substrate structure, in a direction parallel to the substrate
surface. In this case, two neighboring nuclei that are identically oriented but misaligned along a
substrate surface-parallel direction can generate an OPB where they meet This mechanism has the
added complication of being influenced by the nucleation layer mechanism. Depending upon the
orientation relationship between the substrate and film, varying numbers of nucleation registries
can be possible, and this will in turn influence the number of CSL mismatch-generated OPBs.
Like OPBs generated by the nucleation layer-growth order mechanism, the frequency of
occurrence of OPBs generated by the CSL mismatch mechanism would be expected to scale with
the nucleation frequency (negatively with increasing deposition temperature). This mechanism
might also be active in OPB generation of c-axis films, although it has not been directly observed.
An OPB generated in a SrBi2Nb2O9 / (110)p SrRuO3 / (110) SrTiO3 film by this mechanism is
shown in Fig. 12. (SrRuO3 is isostructural with SrTiO3 at the film growth temperature.)
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4. Stoichiometry
After growth, loss of a volatile component through evaporation leads to the generation of
OPBs. Epitaxial films of SrBi2(Ta,Nb)2O9 films are not stable at the film growth temperature and
atmosphere without the overpressure of bismuth supplied by the PLD target, and begin
decomposing with the evaporation of bismuth and bismuth oxide species. A cross-sectional
TEM image of the slowly-cooled SrBi2Ta2O9 film is shown in Fig. 13. As bismuth is lost, the
structure crystallographically shears to form OPBs. In the image, columns of similarly-oriented
OPBs feed into larger columns of defective material (dark regions), which act as fast diffusion
paths for volatilizing bismuth.
C. Nucleation mechanism interactions
Interactions between nucleation mechanisms are possible in films with the c axis inclined to
the film growth direction. Such interactions are also possible in c-axis films, such as the
interaction of the step-edge and growth order mechanisms, but are unlikely to be observed
considering their low frequency of occurrence. Non-(100) perovskite substrates often have rough
surfaces and may undergo faceting at film growth temperatures. The pre-deposition of an
epitaxial bottom electrode also yields a rough surface.
An unfaulted region of SrBi2Nb2O9 has grown over a very rough (110) SrRuO3 bottom
electrode in Fig. 14(a). Even though the surface has a high density of step edges, no OPBs were
nucleated. In this case, the high degree of roughness may have functioned to relieve CSL
mismatch by introducing a limited amount of structural disorder at the interface.
Roughness at internal boundaries can also lead to OPB generation. The roughness of a
growth twin boundary in SrBi2Nb2O9 / (110) SrTiO3 has resulted in the generation of two OPBs
in Fig. 14(b). However, it is not the step-edge nucleation mechanism that has caused the fault,
but mismatch of the CSL, indicated by the presence of strain contrast at the nucleation sites of
the two OPBs; OPBs nucleated by a simple step-edge do not have a large associated strain field.
The large c-plane step on the left side of the twin boundary provides essentially a cubic
perovskite surface. The strain contrast (dark regions surrounding the nucleation sites) is due to
the structural and lattice mismatch of the (110) and (001) planes of SrBi2Nb2O9.
A similar mechanism has generated a complex defect structure in the same SrBi2Nb2O9 film,
pictured in Fig. 15(a). Once again, a rough SrRuO3 surface has nucleated few OPBs. At the top
right of the image (near the substrate), a large growth twin has overgrown a differently-oriented
growth twin in the early stages of growth, providing a cubic perovskite surface. (It should be
noted that this image is oriented with the film growth direction toward the left of the image.) In
this case, the CSL mismatch has resulted in the generation of a pair of closely-correlated
c-direction stacking faults, shown clearly in the magnified version in Fig. 15(b). Near the center
of the image, one stacking fault jogs along an OPB to intersect the other, Fig. 15(c). Soon after,
the large combined stacking fault jogs to form an OPB with the same c-direction offset, which
continues through the full thickness of the film, shown previously in Fig. 11(c). Another pair of
stacking faults lies at the bottom right of the image, with one jogging along an OPB to join the
other. They also soon terminate.
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Stacking faults along the c direction are not common in SrBi2(Ta,Nb)2O9 films.64,65
SrBi2(Ta,Nb)2O9 annealed in contact with excess bismuth does not exhibit XRD peak broadening
that would be indicative of the presence of stacking faults.66,67 The resistance of
SrBi2(Ta,Nb)2O9 to the formation of a-b plane stacking faults could be due to energetic and
kinetic barriers posed by the charge and packing differences of the Bi2O22+ and SrNb2O72crystallographic units. A stacking fault consisting of an extra layer of either would be associated
with an energetically-unfavorable space-charge. A stacking fault also represents a shift in the
local-scale stoichiometry. The observed stacking faults are of limited spatial extent, and a single
stacking fault is energetically unfavorable; therefore, it is reasonable that so few are observed in
SrBi2(Ta,Nb)2O9 films.
The stacking fault in Fig. 15 appears to consist of extra perovskite crystallographic units.
Charge imbalance of a such a stacking fault in SrBi2Nb2O9 could be compensated by
crystallographic shear to yield edge-sharing niobium octahedra at the fault. This configuration,
however, would create an antiphase relationship along a and b for material after the stacking fault.
For a pair of such faults, only the region between the faults would have this antiphase
relationship with the surrounding crystal, so it seems reasonable that these stacking faults are
observed in a closely correlated pair, and that lone stacking faults are rarely observed. Once the
two individual faults combine, the large stacking fault, in phase in the a-b plane, terminates
quickly due to its difference in stoichiometry from the arriving material in the laser plume.
All of the atomic layers in some Aurivillius and Ruddlesden-Popper phases are charge-neutral
(e.g., SrO and RuO2 in Sr2RuO4), while some layers in others have an associated charge (e.g., SrO,
BiO+, and NbO2- in SrBi2Nb2O9). Any stacking fault (of other than a unit translation vector)
represents a local shift in stoichiometry, but the generation of a stacking fault in a charged-layer
complex oxide has an additional space charge energy cost. Thus, taking into account that the
enthalpy of formation of many homologues of a series are effectively identical,11 one would
expect that complex oxides with charge-neutral atomic layers are more likely to contain stacking
faults than those with charged layers. For example, the Ruddlesden-Popper series Srn+1RunO3n+1
is frequently observed to have other-n polysomatic stacking faults.13,64
A defect consisting of a metallic Sr2 plane in SrBi2Ta2O9 has also been reported.68 But, due
to high oxygen activity during film growth, it is unlikely that a two-atom-thick metallic Sr layer
would exist in an oxide film. Rather, some sort of stacking defect would be a more likely
explanation. Indeed, the image in Ref. 68 appears to show a half-unit cell Ruddlesden-Poppertype defect.
V. CONCLUSIONS
Out-of-phase boundaries (OPBs) are prevalent in epitaxial films of layered complex oxides
due to their high anisotropy and to the constraints of epitaxial film growth. The general
morphology of OPBs in two prototypical homologous series complex oxides, Aurivillius and
Ruddlesden-Popper phases, has been described. The density of OPB defects in films has been
correlated to XRD peak splitting, providing a simple method for estimating relative OPB density
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in films. The atomic-scale structure of OPBs in these systems has also been determined, and is
found to be non-stoichiometric in both systems.
The mechanisms of OPB nucleation in layered complex oxide systems have been detailed.
Multiple occurrences of the preferred film nucleation layer for a given system leads to the
generation of OPBs as different-growth-order nuclei meet. Atomic-scale steps at internal
interfaces, for example for two nuclei located on different terraces in a stepped substrate, generate
an OPB where they meet. Mismatch in the coincident site lattice (CSL) between film and
substrate, or at internal interfaces in the film, lead to the generation of OPBs. CSL mismatch can
also lead to the nucleation of short-range and closely-correlated pairs of c stacking faults, which
are observed to terminate in OPBs. Interactions between these nucleation mechanisms leads to
more complicated defect structures. Post-growth, loss of a volatile component leads to
crystallographic shear to compensate for the loss, generating OPBs.
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FIGURE CAPTIONS
Figure 1. Schematics of the Aurivillius, (Bi2O2)(AnBn+1O3n+1), and Ruddlesden-Popper,
An+1BnO3n+1, complex oxide homologous series. (a) Ruddlesden-Popper phases are composed of
interleaved close-packed AO and n number of ABO3 perovskite crystallographic units. (b)
Aurivillius phases have a similar structure, composed of interleaved Bi2O2 or Pb2O2 and n
number of ABO3 perovskite crystallographic units.
Figure 2. (a) Cross-sectional TEM image of a (001) Sr2RuO4 / (001)p LaAlO3 film. OPBs are
straight and oriented 17° from c. Those viewed edge-on are indicated by arrows, and are shown
schematically in (b).
Figure 3. (a) [100] HRTEM image of a pair of intersecting OPBs in (001) SrRuO4. (b) The
c-direction phase offset at the boundary is made clearly apparent by geometric phase analysis
using 002. The grayscale of the image corresponds to a range of -π (black) to π (white), with the
matrix surrounding the OPBs defined as 0.
Figure 4. (a-f) Cross-sectional TEM images of (001) SrBi2Nb2O9 and SrBi2Ta2O9 films on
(001) perovskite substrates. Dark, ribbon-like features are OPBs. Three basic morphologies are
observed. Type A, in (a), (d), and (e), ribbon-like OPBs are weakly correlated (note that (d) and
(e) are scaled differently). Type B, in (b) and (c), OPBs meet at columnar regions of defective
material, which are depressed at the surface. Type C, in (f), the morphology is the result of
allowing an otherwise typical film to cool slowly in the furnace after growth. All films are
imaged along the [110] zone axis, except for (c), imaged along [100]/[010]. Images are arranged in
order of increasing OPB density.
Figure 5. HRTEM images of individual OPBs in (a) SrBi2Ta2O9 and (b) SrBi2Nb2O9 clearly
indicate that the dark bands of contrast correspond to a phase shift between the regions of a
crystal. The OPB in (a) is viewed nearly edge-on, and in (b) is inclined to the viewing direction,
and thus appears broad.
Figure 6. θ-2θ XRD scans of (001) films of SrBi2(Ta,Nb)2O9 exhibit peak splitting. The 008
peak of a θ-2θ scan of the film shown in Fig. 4(f) is shown here in (a). The peak splitting arises
from constructive interference of diffuse scattering from OPBs, due to their fairly regular spacing.
Plotting the degree of 2θ peak splitting versus the OPB density, as measured from TEM images
of the films shown in Fig. 4, reveals a clear trend, (b).
Figure 7. HRTEM images of OPBs in (a) SrBi2Ta2O9 and (b) Sr2RuO4, with models and
simulations inset, showing a very good match to the images. The OPB in the SrBi2Ta2O9 is
bismuth-deficient. NbO6 octahedra share edges across the boundary in every other layer to
achieve charge balance. In (b), a SrO layer exists at the OPB. Both of these OPBs disrupt the
structure that results in properties of interest (ferroelectricity and superconductivity) in the
phases.
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Figure 8. Four primary mechanisms of OPB nucleation in epitaxial films of layered complex
oxides. (a) Growth order mechanism. Multiple occurrences of the preferred nucleation layer
within the unit cell, in this case SrO in Sr2RuO4, leads to neighboring nuclei that are out of phase.
(b) Step-edge mechanism. Nuclei of complex oxides formed on different terraces of a surface
generate an OPB where they meet. (c) Coincident site lattice mismatch mechanism. Layered
structures with the c axis inclined to a surface generate OPBs as a result of incommensurate
lattice sites. (d) Crystallographic shear mechanism. Complex oxides containing a volatile
component and held at a temperature and volatile component pressure for which they are not
stable can undergo crystallographic shear as material is lost, resulting in the generation of OPBs.
Figure 9. (a) Cross-sectional HRTEM image of a (001) Sr2RuO4 / (001)p LaAlO3 film with a
single OPB nucleated by the growth order mechanism. The film nucleated with the preferred SrO
atomic layer. Growth on the left continued with a RuO2-SrO-SrO growth order, while growth on
the right continued with a SrO-RuO2-SrO growth order. The resulting ~0.24 nm c-direction
offset resulted in the generation of an OPB where the nuclei met. The change in contrast in the
LaAlO3 at the OPB is strain contrast. (b) A highly compressed version of the same image clearly
shows the c-direction offset. The image has been enhanced slightly by Fourier techniques.
Figure 10. Cross-sectional HRTEM image of a (001) SrBi2Nb2O9 / (001)p NdGaO3 film with a
single OPB nucleated by the step-edge mechanism. Neighboring nuclei meeting at a single-unitcell step in the NdGaO3 surface are out of phase by ~0.39 nm along c, resulting in the generation
of an OPB.
Figure 11. Cross-sectional HRTEM images of OPBs nucleated by the step-edge nucleation
mechanism at (a) and (b) steps at the interface between the film and an epitaxial interface layer,
(c) the termination of a c stacking fault, and (d) a rough growth twin boundary resulting in the
nucleation of OPBs.
Figure 12. Cross-sectional HRTEM image of an OPB generated by the coincident site lattice
mismatch mechanism in a SrBi2Nb2O9 / (110)p SrRuO3 / (110) SrTiO3 film.
Figure 13. Cross-sectional TEM image of an otherwise typical film allowed to cool slowly in
the growth chamber after growth, resulting in bismuth loss from the film. A very high density of
OPBs was generated by crystallographic shear to compensate for the bismuth loss. Charge
imbalance is compensated by some NbO6 octahedra sharing edges across the OPBs (see
Fig. 7(a)).
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Figure 14. The roughness of internal interfaces influences OPB generation. (a) A very rough
SrRuO3 surface resulted in significant structural disorder at the interface, which has allowed the
film to heal over asperities, with no OPB generation. (b) The roughness of a growth twin
boundary has resulted in the generation of an OPB. The step-edge mechanism, however, was not
involved. Rather, a c-plane terrace at the twin boundary provided a (001) perovskite surface on
the left, and the coincident lattice site mismatch with the SrBi2Nb2O9 (110) plane on the right
resulted in the strain contrast and OPBs (arrowed) visible in the image.
Figure 15. The interaction of OPB nucleation mechanisms can lead to complicated defect
structures. A large growth twin has overgrown a differently-oriented growth twin in the early
stages of growth (arrowed at the top right of the image), providing a (001) perovskite surface.
(Note that this image is oriented with the film growth direction toward the left of the image.) In
this case, the CSL mismatch has resulted in the generation of a pair of closely-correlated c
stacking faults, indicated by arrows. One stacking fault jogs along an OPB to intersect the other
stacking fault near the center of the image, arrowed. Soon after, the large combined stacking fault
jogs to form an OPB, which continues through the full thickness of the film. Another pair of
stacking faults lies at the bottom right of the image, with one jogging along an OPB almost
immediately from the substrate surface. This combined pair also jogs to form an OPB soon after.
Enlarged views of the arrowed regions are shown in (b), (c), and Fig. 11(c), respectively.
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Chapter 3

MICROSTRUCTURE OF EPITAXIAL FILMS OF THE AURIVILLIUS PHASES
SrBi2Ta2O9 AND SrBi2Nb2O9

The primary objective of this chapter is to describe the growth twin morphology of an
epitaxial Aurivillius-phase film grown on a (111) perovskite surface. The text also provides a
description of the technological importance of the ferroelectric phases studied, and provides a
discussion of their crystal symmetry in relation to the observed film properties. Out-of-phase
boundaries (OPBs) are introduced, and evidence implying that several nucleation mechanisms
contribute to their formation is presented.
The contents of the chapter consist of two published journal articles:
“Microstructure and electrical properties of epitaxial SrBi2Nb2O9 and SrBi2Ta2O9 films,”
M. A. Zurbuchen, J. Lettieri, S. K. Streiffer, Y. Jia, M. E. Hawley, X. Q. Pan, A. H.
Carim, and D. G. Schlom, Integrated Ferroelectrics 33, 27 (2001).
“Transmission electron microscopy study of (103)-oriented epitaxial SrBi2Nb2O9 films
grown on (111) SrTiO3 and (111) SrRuO3 / (111) SrTiO3,” M. A. Zurbuchen, J. Lettieri,
Y. Jia, D. G. Schlom, S. K. Streiffer, and M. E. Hawley, Journal of Materials Research
16, 489 (2001).
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SrBi2Nb2O9 (and in some cases SrBi2Ta2O9) epitaxial thin films were deposited
on (001), (110), and (111) SrTiO3 substrates by pulsed laser deposition (PLD),
both with and without epitaxial SrRuO3 bottom electrodes. Films grow
epitaxially with the c–axis inclined by 0°, 45°, and 57° from the substrate
surface normal, respectively. Greater tilts of the c–axis into the plane of the
substrate surface provide a greater component of the polar axis (the a–axis of
the orthorhombic unit cell) perpendicular to the substrate surface, leading to
increased remanent polarization (Pr) values. Portions of the same films used
for electrical characterization were examined by transmission electron
microscopy (TEM). Films have a single c–axis tilt angle and are fully
crystalline with no observable second-phase inclusions. All films are observed
to have a high density of out–of–phase boundaries (OPBs).

Keywords: transmission electron microscopy (TEM); epitaxial growth; SrBi2Nb2O9;
SrBi2Ta2O9; out-of-phase boundaries (OPBs); microstructure of SrBi2Nb2O9 and
SrBi2Ta2O9
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INTRODUCTION
Although there is considerable interest in thin films of the Aurivillius phase
ferroelectrics SrBi2Nb2O9 and SrBi2Ta2O9 for use in ferroelectric memories,[1]
interest in oriented or epitaxial films of these materials for such an application
has been relatively low. This is primarily because epitaxial films deposited on
{001} perovskite subcell surfaces of the most commonly-used perovskite
substrates, i.e., SrTiO3, LaAlO3, NdGaO3, and LaAlO3–Sr2AlTaO6 (LSAT),
grow with their c–axis normal to the surface.[2,3] Such an orientation is
inherently problematic, as no component of the spontaneous polarization exists
along the c–axis of these particular phases, for the reasons described below.
The room temperature structures of SrBi2Nb2O9 and SrBi2Ta2O9 belong to
the space group A21am.[4,5] That is, a mirror plane lies perpendicular to the
c–axis, and a glide plane lies perpendicular to the b–axis. Both of these
operations involve reflection, so from Neumann’s Law, no remanent
polarization can exist along either the b–axis or the c–axis. Therefore, the
polar axis in orthorhombic SrBi2Nb2O9 (and isostructural SrBi2Ta2O9) lies
entirely along the a–axis.[6] When the c–axis is perpendicular to the substrate
surface (a c–axis film), the a–axis lies in the plane of the substrate,
perpendicular to the applied electric field of the traditional high-density
capacitor geometry with top and bottom electrodes. Thus, no remanent
polarization can be switched in the out-of-plane directions in c–axis films.
In order to produce films with a ferroelectric response perpendicular to the
film surface (e.g., for devices), it is necessary to grow films with some
component of the polar axis (the a–axis) out of plane. Polycrystalline films
grown by various techniques exhibit Pr values ranging from about 3.0 to 12.5
µC/cm2.[7] However, randomly-oriented films are limited to a maximum Pr of
Ps 2 ,[8] where Ps is the magnitude of the spontaneous polarization vector.
Oriented films offer the possibility of achieving films with greater remanent
polarization (Pr) than is possible in randomly-oriented films. In order to
achieve higher Pr values, SrBi2Nb2O9 and SrBi2Ta2O9 films must be oriented
with a greater projection of the polar axis perpendicular to the surface plane.
One route of achieving this goal is through epitaxy. SrBi2Ta2O9 has been
grown on (100) LaSrAlO4, with the c–axis in the plane of the substrate
surface,[3] providing a 1 2 component of the spontaneous polarization vector
out of plane. Unfortunately, attempts to grow this orientation with a bottom
electrode[9] have been unsuccessful. A way in which we have been able to tilt
the c–axis away from the substrate surface normal and to incorporate a bottom
electrode is by growing SrBi2Ta2O9 and SrBi2Nb2O9 on non–{001} perovskite
substrates.[10,11]
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We have grown SrBi2Nb2O9 (and in some cases SrBi2Ta2O9) by pulsed
laser deposition (PLD) on three types of SrTiO3 substrates: (001), (110), and
(111), both with and without an epitaxial SrRuO3 bottom electrode. Complete
growth conditions,[2,3,10-12] electrical measurement results,[10,11] atomic force
microscopy (AFM) analysis,[2,8,12,13] 4–circle x–ray diffraction plots,[2,3,8,10,11]
and transmission electron microscopy (TEM) characterization[2,8,10,11,13,14] are
presented elsewhere. We present here an overview of our results, with an
emphasis on TEM investigations of all three film orientations, describing
microstructural features of potential significance to ferroelectric memory
devices.

ORIENTATION RELATIONSHIPS
SrBi2Nb2O9 and SrBi2Ta2O9 grow epitaxially on a (001) SrTiO3 surface with
the c–axis parallel to the substrate surface normal, as shown in Fig. 1. The
spontaneous polarization vector in this film orientation lies entirely in the plane
of the substrate surface, so no remanent polarization is measured perpendicular
to this type of film.[15]
SrBi2Nb2O9 grows epitaxially on (110) SrTiO3 with the c–axes of twins
tilted ±45° from the surface normal and with an irrational plane, (116.44),
parallel to the substrate surface; this irrational plane is tilted 2.0° from (116).
This orientation relationship is schematically shown in Fig. 1. The equivalent
tilts of the a and b–axes with respect to an electric field applied perpendicular
to the film allows us to calculate a lower bound for Ps from the Pr of the
film.[11] Because of the special geometry of this orientation, this result is
independent of a/b twinning and is independent of whether domain switching
in SrBi2Nb2O9 is limited to 180° domain switching or also occurs via 90°
domain switching (i.e., via the interchange of the a and b–axes).
SrBi2Nb2O9 films deposited on (111) SrTiO3 surfaces grow with a threefold, 120° twin structure, with the SrBi2Nb2O9 (103) plane parallel to the
substrate surface. This orientation relationship is schematically shown in
Fig. 1. The c–axes of the twins are tilted 57° from the substrate surface normal,
bringing a large component of the a–axis (the polar axis) out of the surface
plane.
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FIGURE 1 SrBi2Nb2O9 and SrBi2Ta2O9 grow epitaxially on (001) SrTiO3
with the c–axis parallel to the substrate surface normal, on (110) SrTiO3 in a
two-fold twin structure with the c–axes tilted by ±45° from the surface
normal, and on (111) SrTiO3 in a 3–fold twin structure with the c–axes tilted
by 57° away from the surface normal.

MICROSTRUCTURE OF FILMS GROWN ON (001) SrTiO3
While c–axis films grown on {001} perovskite substrates display no out-ofplane polarization, and thus are not useful for conventional ferroelectric
memory devices,[15] their untwinned structure and simple orientation geometry
make them useful for investigating the microstructure of SrBi2Nb2O9 and
SrBi2Ta2O9 films deposited by PLD under the same conditions as the films
grown on (110) and (111) SrTiO3 substrates.
The films are untwinned (ignoring a–b twinning), and no evidence of
second-phase inclusions can be found. A single early sample showed evidence
of an 80 Å-thick epitaxial β–Bi2O3 layer at the interface,[14] but subsequent
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adjustment of the deposition parameters, allowing the extra Bi to desorb
resulted in films free of this layer. Figure 2 shows a cross-sectional TEM
image of a typical region of SrBi2Ta2O9; SrBi2Nb2O9 films exhibit a similar
structure. Dark, wavy bands of contrast are out-of-phase boundaries (OPBs),
consisting of an offset of a fraction of the unit cell c–dimension between the
two regions of the grain on either side of the OPB.

FIGURE 2 Cross-sectional high-resolution TEM image of
(001) SrBi2Ta2O9 / (001) SrTiO3 viewed along the [100] SrTiO3 zone axis.
Dark, undulating bands of contrast are out–of–phase boundaries (OPBs).
We observe OPBs in all of our SrBi2Nb2O9 and SrBi2Ta2O9 films examined
by TEM. High-resolution TEM images of two OPBs are shown in Fig. 3. The
OPB in Fig. 3(a) is viewed nearly edge-on. Bright spots corresponding to the
bismuth oxide double layers are continuous across the grain, except for the
offset of the OPB. The OPB in Fig. 3(b) is tilted with respect to the viewing
direction, so it appears broad in this image.
TEM observation indicates that multiple mechanisms contribute to the
nucleation of these defects. One mechanism is shown in Fig. 4. As two
SrBi2Nb2O9 nuclei nucleated on different terraces of a SrTiO3 substrate meet,
their misregistry will result in an OPB. A full analysis of OPB nucleation
mechanisms can be found elsewhere.[13]
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FIGURE 3 High-resolution TEM images along the [100] SrTiO3 zone axis of
OPBs in c–axis oriented films. (a) an OPB viewed edge-on in SrBi2Ta2O9 /
(001) SrTiO3 and (b) an OPB tilted with respect to the viewing direction in
SrBi2Nb2O9 / (001) SrTiO3.

FIGURE 4 Schematic of one of the formation mechanisms of OPBs in
SrBi2Nb2O9 as two nuclei formed on opposite sides of a unit cell step on a
(001) perovskite surface coalesce. The arrows mark the positions of the
Bi2O2 layers which are vertically offset from each other by the lattice
parameter of the substrate.
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MICROSTRUCTURE OF FILMS GROWN ON (110) SrTiO3
A cross-sectional high-resolution TEM image of a SrBi2Nb2O9 film grown on
(110) SrTiO3 with an epitaxial SrRuO3 bottom electrode is shown in Fig. 5.
The electrode surface exhibits some roughness due to faceting at the
SrBi2Nb2O9 growth temperature (~880 °C). The film has a peak-to-valley
surface roughness of 65 nm, ~20% of the full film thickness. Along this
viewing direction, [001] SrTiO3, the columnar grains range from 50 to 800 nm in
width, although it is important to keep in mind the anisotropy of the twin
structure. Corroboration of this data with AFM data and other TEM views
allows a full description of the three-dimensional grain structure.[13]

FIGURE 5 Cross-sectional high-resolution TEM image of a piece of the
same ~(116) SrBi2Nb2O9 / (110)subcell SrRuO3 / (110) SrTiO3 sample used
for electrical characterization, viewed along the [001] SrTiO3 zone axis. The
±45° tilted c–axis twin structure is apparent. Arrows indicate the direction
of the c–axes in the twins.
OPBs in SrBi2Nb2O9 grown on (110) SrTiO3 have the same type of
structure as the OPBs in SrBi2Nb2O9 grown on (001) SrTiO3, but due to the
c–axis tilt tend to penetrate the full thickness of the film. A close-up of a single
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twin boundaries in the films are atomically clean; two are shown in Figs. 6(b)
and 6(c). The Pr of the film shown in Figs. 5 and 6 is 11.4 µC/cm2.[11] From
this, we can calculate Ps to be at least 22.8 µC/cm2.[11]

FIGURE 6 Cross-sectional high-resolution TEM images of
~(116) SrBi2Nb2O9 / (110)subcell SrRuO3 / (110) SrTiO3 viewed along the
[001] SrTiO3 zone axis. (a) and (b) are taken from the same sample shown in
Fig. 5, showing (a) an OPB, (b) an atomically-clean twin boundary, and (c)
the interface between SrBi2Nb2O9 and the underlying faceted SrRuO3
bottom electrode.
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MICROSTRUCTURE OF FILMS GROWN ON (111) SrTiO3
A cross-sectional high-resolution TEM image of a SrBi2Nb2O9 film grown on
(111) SrTiO3 with an epitaxial SrRuO3 bottom electrode is shown in Fig. 7.
The c–axis in these films is tilted 56.6° away from the substrate surface normal,
with the (103) SrBi2Nb2O9 plane parallel to the surface of the substrate. As
expected, this large tilt results in high polarizations: Pr = 15.7 µC/cm2.[10] A
high density of OPBs is observed in these films, and due to the large tilt many
OPBs penetrate the full film thickness.

FIGURE 7 Cross-sectional high-resolution TEM image of a piece of the
same (103) SrBi2Nb2O9 / (111)subcell SrRuO3 / (111) SrTiO3 sample used for
electrical characterization, viewed along the 110 SrTiO3 zone axis. A high
density of OPBs penetrating the full thickness of the film is apparent.

[ ]

Figure 8 shows high-resolution TEM images of two views of twin
boundaries in the same film: (a) a vertical twin boundary between two
columnar grains in a cross-sectional image and (b) the meeting of the three
twin variants in a plan-view image. The two grains in the cross-sectional view
are equivalently oriented with respect to the substrate, but are viewed down
different zone axes in the image due to the 120° rotational twinning. Twin
boundaries observed in both orientations are
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free of second phases. Integral multiples of half unit-cell steps, due to the
growth of the film in charge-neutral formula units, are visible in both views.

FIGURE 8 High-resolution TEM images of twin boundaries of the same
(103) SrBi2Nb2O9 / (111)subcell SrRuO3 / (111) SrTiO3 sample shown in
Fig. 7: (a) in cross-section ( 110 SrTiO3 zone axis) showing the boundary
between the two equivalently-tilted twins, and (b) in plan-view ( [111] SrTiO3
zone axis) showing the intersection of three equivalently-tilted twinned
grains. Twin boundaries viewed in both directions are observed to be free
of second phases.

[ ]
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Portions of the same epitaxial (103)-oriented SrBi2Nb2O9 film grown on (111) SrTiO3
for which we recently reported the highest remanent polarization (Pr) ever achieved in
SrBi2Nb2O9 (or SrBi2Ta2O9) films, i.e., Pr ⳱ 15.7 C/cm2, have been characterized
microstructurally by plan-view and cross-sectional transmission electron microscopy
(TEM) along three orthogonal viewing directions. SrBi2Nb2O9 grows with its c axis
tilted 57° from the substrate surface normal in a three-fold twin structure about the
substrate [111], with the growth twins’ c axes nominally aligned with the three 〈100〉
SrTiO3 directions. (103) SrBi2Nb2O9 films with and without an underlying epitaxial
SrRuO3 bottom electrode have been studied. Dark-field TEM imaging over a 12 m2
area shows no evidence of second phases (crystalline or amorphous). A high density
of out-of-phase boundaries exists in the films.

I. INTRODUCTION
1

Due to their high fatigue resistance, the ferroelectric
materials SrBi2Nb2O9 and SrBi2Ta2O9 have become important for ferroelectric device applications including
nonvolatile random access memories2 and ferroelectric
field-effect transistors.3 To make devices with higher integration densities, uniform film properties are needed on
an increasingly finer length scale. Epitaxy is one approach to achieving such uniform film properties. However, epitaxial SrBi2Nb2O9 and SrBi2Ta2O9 films have
had remanent polarization (Pr) values much lower than
randomly-oriented polycrystalline films because of the
low (often zero) component of their spontaneous polarization (Ps) parallel to the applied electric field for the
particular epitaxial orientations and electrode geometries
studied. Epitaxy also allows the anisotropy in the dielectric and ferroelectric properties to be studied, and this is
the focus of our research.
We recently reported4 the growth and electrical characterization of an oriented epitaxial SrBi2Nb2O9 film
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grown on (111) SrTiO3 with an epitaxial SrRuO3 bottom
electrode. The film had a remanent polarization of
15.7 C/cm2. This is the highest Pr reported to date for
SrBi2Nb2O9 (or SrBi2Ta2O9) films of any kind, polycrystalline or epitaxial. In this article, we present transmission electron microscopy (TEM) characterization of the
same (103) SrBi2Nb2O9 /(111) SrRuO3/(111) SrTiO3 film
that was used for the reported electrical characterization,4
as well as a (103) SrBi2Nb2O9 /(111) SrTiO3 film without
an underlying SrRuO3 electrode layer. After introducing
the crystal structure of SrBi2Nb2O9, we describe the epitaxial relationship between the SrBi2Nb2O9 film and the
underlying (111) SrTiO3 substrate. Then, the grain size
and microstructure, as revealed by TEM imaging along
three orthogonal viewing directions and by atomic force
microscopy (AFM) imaging of the as-grown film surface, are presented. Finally, the major crystallographic
defects in the films, out-of-phase boundaries (OPBs), are
characterized.
SrBi2Nb2O9 has a highly anisotropic crystal structure.
It is comprised of alternating Bi2O2 layers and SrNb2O7
perovskite double layers. Figure 1 shows a schematic of
the tetragonal unit cell of SrBi2Nb2O9, applicable at the
film growth temperature. SrBi2Nb2O9 is an n ⳱ 2 member of the Aurivillius homologous series of phases.5–9 At
room temperature, SrBi2Nb2O9 is orthorhombic, having
© 2001 Materials Research Society
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the space group A2 1 am and lattice parameters
a ⳱ 5.5094(4) Å, b ⳱ 5.5094(4) Å, and c ⳱
25.098(3) Å.10 Views along the a, b, and c axes of the
orthorhombic structure are shown in Fig. 2, along with
the crystal symmetry elements. The orthorhombic phase
involves tilt and rotation of the niobium oxygen coordination octahedra. The A21am space group10–12 involves a
mirror plane perpendicular to the c axis and a glide plane

FIG. 1. A schematic representation of the SrBi2Nb2O9 unit cell,
shown in its high-temperature (ⲏ 430 °C, Ref. 22) tetragonal state,
applicable at the film growth temperature. The NbO6 oxygen coordination octahedra and Bi2O2 layers are indicated. Strontium atoms are
represented by dark spheres. The structure is built up by alternating
Bi2O2 layers and SrNb2O7 perovskite double layers.

FIG. 2. The orthorhombic unit cell of SrBi2Nb2O9, relevant for temperatures ⱗ 430 °C (Ref. 22), viewed along the three unit cell axes.
Tilt and rotation of the niobium oxygen coordination octahedra is
apparent. The (001) mirror plane (
and———), the (010) a-glide
plane (ⱍ➝, — — —, and •••••••• ), and the [100] 21 screw axis (
and ) are indicated in the appropriate views. Due to reflection across
planes perpendicular to the b and c axes, no remanent polarization
exists along those axes; the spontaneous polarization of the material
lies completely along the a axis (Ref. 13).
490

(reflection + translation along the a axis) perpendicular
to the b axis,10 so the spontaneous polarization of
SrBi2Nb2O9 (and SrBi2Ta2O9) lies completely along
the a axis.13
II. EXPERIMENTAL

SrBi2Nb2O9 films were grown by pulsed laser deposition (PLD) using a KrF excimer laser (248 nm, Lambda
Physik EMG103MSC, Göttingen, Germany) in an onaxis geometry using a bismuth-rich oxide target with a
Sr:Bi:Nb ratio of 1:2.3:2. The growth parameters of the
films were identical to those found to be optimal for the
growth of structurally-analogous SrBi2Ta2O9 on bare SrTiO3 substrates.14 The SrTiO3 substrate15 was heated by
a radiative heater 16 to 877 °C during growth in a
110 mtorr O2/O3 atmosphere (approximately 8% O3). A
laser pulse energy of 150 mJ, a fluence of 2–3 J/cm2, and
a pulse rate of 4 Hz were used to grow the approximately
500 nm-thick films. Immediately after growth, the films
were quenched to room temperature in 1 atm O2. Complete details describing the PLD growth parameters and
ferroelectric characteristics of these films can be found
elsewhere.4
The epitaxial SrRuO3 bottom electrode (approximately 22 nm thick) was deposited by PLD from a stoichiometric target at 600 °C in 100 mTorr O2 immediately
prior to the SrBi2Nb2O9 deposition. (The PLD chamber
was vented between growths to exchange targets.) All
other growth parameters were the same as for the growth
of the SrBi 2 Nb 2 O 9 film. SrRuO 3 , which has an
orthorhombically-distorted perovskite structure, 17
(Pseudo cubic indexing is used for SrRuO3 throughout
this article.) is structurally and chemically compatible
with both substrate and film, making it an excellent
choice for the bottom electrode.18
The epitaxial relationship between film and substrate
was analyzed with a Picker four-circle x-ray diffractometer (XRD) using Cu K␣ radiation and a graphite incident-beam monochromator. Tapping-mode AFM
amplitude and phase plots of the film and bare substrate surface topography were recorded using a multimode AFM (Digital Instruments, Santa Barbara, CA) in
air at room temperature with a silicon tip on a 100 m
cantilever.
All TEM work reported in this article was completed
using two SrBi2Nb2O9 films—one with and one without
an epitaxial SrRuO3 bottom electrode. Portions of the
same film (with the bottom electrode) analyzed by TEM
in this article were also used for the electrical characterization described elsewhere.4 Cross-sectional [110] and
[112] SrTiO3 zone axis TEM samples19 were prepared by
slicing the substrate along the (112) and (110) SrTiO3
planes, respectively, sandwiching, dimpling, and argonion thinning with a precision ion polisher at 4–5 kV and
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4–7°, depending upon sample geometry. The locations of
optical interference fringes due to film thickness variation were noted prior to sectioning, in order to use the
TEM measurements of the film thickness to estimate the
thickness of the film most accurately in the region characterized electrically. From electrical measurements,4 the
total variation in capacitance per unit area from the center
to the edge of the film (a 5 × 10 mm region) was 10–
20%, placing an upper bound on the possible systematic
thickness error used in the analysis of the electrical data.4
Plan-view TEM samples were prepared along the
[111] SrTiO3 zone axis19 by mounting the specimens
film-side-down on supporting rings before dimpling
from the substrate side. To remove surface roughness
(Grain dropout had been a problem in earlier samples
because the grain boundary regions had thinned before
the rest of the material, due to the surface roughness.) to
obtain a uniformly thin specimen, the film surface was
argon-ion milled with a defocused ion beam to remove
≈100 nm from the (103) SrBi2Nb2O9/(111) SrRuO9/
(111) SrTiO3 film and approximately 450 nm from the
(103) SrBi2Nb2O9/(111) SrTiO3 film prior to argon-ion
milling from the substrate side to electron transparency.
TEM imaging was performed using a JEOL 4000 EXII
(Tokyo, Japan) operated at 400 kV and using a Philips
CM30 (Hillsboro, OR) operated at 100 kV or 300 kV. To
image each of the three growth-twin variants20 of the
SrBi2Nb2O9 individually in plan-view, centered darkfield (DF) imaging was used. In an electron-transparent
region with no underlying SrTiO3 or SrRuO3, the sample
was tilted to the coincidence of the 020 Kikuchi bands21
of the three growth-twin variants. This direction is
equivalent to the [111] SrTiO3 zone axis,19 0.3° from the
[701] SrBi2Nb2O9 zone axis21 of each of the three
growth twins. The 020 reflection21 of the SrBi2Nb2O9
was used to collect the DF images. However, as the
conditions used do not correspond to two-beam DF imaging conditions, one must be careful in interpreting contrast within the grains in the DF TEM images. The DF
imaging conditions used here are not sensitive to transformation twins.
III. RESULTS AND DISCUSSION
A. Epitaxial orientation relationship

Four-circle XRD was used to establish the orientation
relationship between the SrBi2Nb2O9 film, the underlying SrRuO3 electrode, and the (111) SrTiO3 substrate.
The orientation relationship was corroborated by subsequent TEM analysis. A -2  XRD scan of the
(103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3 film21 is
shown in Fig. 3(a). The full width at half-maximum
(FWHM) of the SrBi2Nb2O9 206 peak21 is 0.22° in 2 
and 0.80° in . A  scan of the 002 SrBi2Nb2O9 peak
taken at  ⳱ 33.5° (where  ≡ 90° aligns the diffraction

FIG. 3. (a) -2 XRD plot of the (103) SrBi2Nb2O9/(111) SrRuO3/
(111) SrTiO3 film (Ref. 21). Substrate peaks are labeled as (*). (b) 
scan of the 002 SrBi2Nb2O9 reflection of the same film, indicating that
the film is epitaxial.

vector perpendicular to the substrate surface) of this same
film is given in Fig. 3(b); the FWHM of the 002 peak in
 is 1.1°. Together, these XRD scans indicate that the
film is epitaxial, consists of three growth twins of approximately equal population, related to each other by a
120° in-plane rotation, and that the SrBi2Nb2O9 film has
lattice constants a ≈ b ⳱ 5.55 ± 0.05 Å and c ≈ 24.7 ±
0.2 Å. Analogous XRD scans of the film grown without
the SrRuO3 electrode layer are published elsewhere.4
The FWHMs of the film without the SrRuO3 electrode
were 0.23° in 2  and 0.39° in  for the SrBi2Nb2O9 206
peak21 and 1.1° in  for the 002 SrBi2Nb2O9 peak. All
of these FWHMs were larger for the film with the underlying SrRuO3 electrode than for the film grown on
bare SrTiO3.
The orientation relationship for both of the films with
respect to the substrate is (103) SrBi 2 Nb 2 O 9 㛳
(111) SrTiO 3 (Ref. 21) and (approximately)
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(a) [001] SrBi 2 Nb 2 O 9 㛳 [100] SrTiO 3 , (b) [001]
SrBi2Nb2O9 㛳 [010] SrTiO3, and (c) [001] SrBi2Nb2O9 㛳
[001] SrTiO3 for the three growth twins. The c axes of
the three growth twins are nominally aligned with the
three 〈100〉 SrTiO3 directions. The  value of the 200
reflection21 in the  XRD scan was measured to be 33.5°,
corresponding to the (103) plane21 lying parallel to the
substrate surface. If there were exact alignment between
the c axis of SrBi2Nb2O9 and the 〈100〉 SrTiO3 directions, we would expect a  value of 35.3°. On the other
hand, exact alignment between the (103) SrBi2Nb2O9
plane21 and the (111) SrTiO3 plane would correspond to

a  value of 33.4°, which is within experimental error of
the measured value. Clearly, the SrBi2Nb2O9 c axes are
not exactly aligned with the 〈100〉 SrTiO3 directions;
rather, the (103) SrBi2Nb2O9 plane is aligned with the
(111) SrTiO3 plane.
The three-fold growth-twin structure of SrBi2Nb2O9
on (111) SrTiO3 results in a complex microstructure that
complicates microstructural characterization. A perspective view of the structural alignment of the three-fold
growth-twin structure of the film with the substrate is
shown in Fig. 4(a). The near continuity of the cornersharing octahedral network between substrate and film

FIG. 4. The orientation relationship of the three SrBi2Nb2O9 growth twins on the (111) SrTiO3 substrate. The tetragonal unit cells of SrBi2Nb2O9
(relevant at the growth temperature) are outlined. The SrBi2Nb2O9 indices correspond to the orthorhombic unit cell (relevant at the temperature
of the TEM, AFM, and XRD characterization). (a) A perspective view in which the SrTiO3 axes and the orthorhombic axes of one of the three
SrBi2Nb2O9 growth twins are labeled. Due to transformation twins (Ref. 20), a total of six different orientations of SrBi2Nb2O9 are present in the
films. (b) A top view in which the film and substrate are viewed along the [1 1 1] SrTiO3 zone axis. The SrBi2Nb2O9 growth twins are viewed
approximately along their [701] zone axes (Ref. 21). This view is relevant to the plan-view TEM images. (c) A cross-sectional view along section
A–A, corresponding to the [112] SrTiO3 zone axis. The three growth-twin orientations can be distinguished in this view by correlated electron
diffraction analysis. (d) A cross-sectional view along section B–B, corresponding to the [110] SrTiO3 zone axis. The SrBi2Nb2O9 growth twin on
the right is viewed along its [010] SrBi2Nb2O9 zone axis (Ref. 21), making it possible to image OPBs and stacking faults in cross-section in the
film. The other two SrBi2Nb2O9 growth twins, i.e., those viewed along their approximately [3 3 1] or approximately [3 31] zone axes (Ref. 21),
are indistinguishable from one another in this view by TEM.
492
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indicates that the epitaxial orientation relationship involves a local continuation of the perovskite sublattice,
resulting in the three growth twins that we observe due to
the three-fold symmetry of the (111) SrTiO3 substrate
surface. A top view along the [111] SrTiO3 zone axis is
shown in Fig. 4(b). This view is equivalent to the viewing direction in a plan-view TEM image of the film. The
three-fold growth-twin structure is clearly seen here.
Figures 4(c) and 4(d), corresponding to sections A–A
and B–B, respectively, depict the orientations of the three
SrBi2Nb2O9 growth twins in the two types of crosssectional TEM samples prepared. In section A–A, a view
along the [112] SrTiO3 zone axis, the three SrBi2Nb2O9
growth twins are viewed down irrational zone axes. The
electron microdiffraction patterns from individual grains
allow one to distinguish among the three growth-twin
variants in this type of sample. Section B–B depicts a
cross-sectional view along the [110] SrTiO3 zone axis. In
this view, two growth twins (those viewed along the
approximately [33 1] and approximately
[331] SrBi2Nb2O9 zone axes)21 are indistinguishable
from one another. The third growth twin, however, is
imaged down the [010] SrBi2Nb2O9 zone axis,21 which is
useful for HRTEM imaging of stacking faults and outof-phase boundaries (OPBs) in the film.
Although XRD analysis shows that the films are epitaxial and nearly free of crystalline impurity phases, it
can provide little information about the existence of
amorphous inclusions. For this reason, DF TEM imaging
of the growth twins was used to search for small amounts
of amorphous or non-epitaxial second-phase inclusions.
A plan-view bright-field (BF) TEM image of the
SrBi2Nb2O9 film grown on (111) SrTiO3, taken along the
[111] SrTiO3 zone axis (although the SrTiO3 substrate
has been removed from most of the area imaged),19 is
shown in Fig. 5(a), and a selected-area diffraction pattern taken from the same area is shown in Fig. 5(b).
The 020 reflections21 of the growth twins were used for
DF imaging. The area imaged is near the substrate interface, and shows the growth twin morphology at an early
stage of development.
The three DF images shown in Fig. 5(c)–5(e) show the
shape and distribution of the three growth-twin variants.
The images were collected by selecting the
020 SrBi2Nb2O9 reflection21 of each of the three growth
twins, as labeled in the diffraction pattern. The reflections from the {117} planes of a growth-twin variant are
located 120° from this reflection. Consequently, the 020
reflection of a growth-twin variant is overlapped by
reflections from the {117} planes of the other two
growth-twin variants. However, these overlapping reflections are much weaker than the 020, so useful image
contrast between the growth twins can be obtained by DF
imaging using 020 near the zone axes, greatly simplifying image collection. The anomalous contrast seen along

all of the grain boundaries between adjacent dark grains
in these images is caused by double diffraction of the 020
reflections. Grain boundaries in cross-sectional images
(see Sec. C) are observed to be atomically clean and free
of second phases (including amorphous ones). The imaging axis is 0.3° from the [701] SrBi2Nb2O9 zone axis21
of each of the SrBi2Nb2O9 growth twins, but it coincides
with the intersection of the 020 Kikuchi bands21 of the
growth twins. This tilt away from the SrBi2Nb2O9 zone
axes caused the diffraction pattern in Fig. 5(b) to exhibit
three-fold symmetry, rather than the six-fold symmetry
that would be expected from the 120° superposition of
three [701] SrBi2Nb2O9 zone axis diffraction patterns,21
each having two-fold symmetry. Because the three superimposed approximately [701] diffraction patterns are
not viewed down their exact zone axes, the intensity
distribution of the patterns is asymmetric (i.e., in these
diffraction patterns, I200 ⫽ I200).
The composite image of the three DF images in
Fig. 5(f) reveals that the film is nearly phase pure. Four
small dark grains, indicated by arrows, are bright in the
BF TEM image, indicating that they are second-phase
inclusions or non-epitaxial SrBi2Nb2O9 encapsulated at
triple points. (The ≈250 nm-long small dark feature on
the left side of all of the images is a particle on the TEM
sample surface; it is dark in both the BF and DF images.)
Dark-field imaging of the (103) SrBi 2 Nb 2 O 9 /
(111) SrRuO3/(111) SrTiO3 film21 used for electrical
measurements reveals no second phases over a 3 × 4 m
area, and is shown in Fig. 6. The images were collected
in the same manner as the corresponding images in Fig. 5
and are scaled identically. This TEM sample was argonion milled from the top to remove only the surface roughness, about 100 nm of the 520 nm-thick film, before
argon-ion milling from the substrate side to electron
transparency. The grain-size distribution observed here is
located closer to the film surface. Bands of contrast
within the grains are believed to be OPBs, discussed in
more detail in Sec. C. A composite of the three DF images, Fig. 6(f), clearly demonstrates the phase purity of this
film. No dark areas which would indicate the presence of
second phases (amorphous or crystalline) are observed.
B. Grain structure

A cross-sectional TEM view of the (103) SrBi2Nb2O9 /
(111) SrRuO 3 /(111) SrTiO 3 film 2 1 along the
[110] SrTiO3 zone axis is shown in Fig. 7(a). The average thickness of the SrBi2Nb2O9 film is 520 nm, with a
peak-to-valley surface roughness of approximately
65 nm. Dark bands of contrast, indicated by braces, running nearly vertically through the grains imaged along
the [010] SrBi2Nb2O9 zone axis21 are OPBs, discussed in
detail in Sec. C. Examination of the film grown on bare
(111) SrTiO3, Fig. 7(b), reveals a similar grain structure
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FIG. 5. Plan-view TEM images of the (103) SrBi2Nb2O9 /(111) SrTiO3 film (Ref. 21), taken along a viewing direction of mutual intersection of
the 020 SrBi2Nb2O9 Kikuchi bands (Ref. 21) of the three growth-twin variants. This corresponds to the orientation shown schematically in
Fig. 4(b). The sample was argon-ion milled from the film side to remove ≈450 nm of the 475 nm-thick SrBi2Nb2O9 film, and shows the
microstructure at an early stage of development. (a) A BF image and, (b) a selected-area diffraction pattern taken from the same area, showing
the 020 SrBi2Nb2O9 reflections (Ref. 21) used for the three DF images. Useful image contrast was obtained despite the overlap of the relatively
faint reflections from the {117} planes of the other two growth twins with the 020 reflection (Ref. 21) of each growth twin imaged.
(c– e) 020 SrBi2Nb2O9 DF images (Ref. 21) of the three growth-twin variants. (f) Composite of the three DF images, showing the phase purity
of the film. Four small second-phase or non-epitaxial SrBi2Nb2O9 inclusions, located at triple points where three types of growth twins meet, are
indicated by arrows. They are visible as dark areas in this image, and, correspondingly, as bright areas in the BF image. The small dark region
on the left is a particle on the TEM sample surface.
494
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FIG. 6. Plan-view TEM images of the (103) SrBi2Nb2O9 /(111) SrRuO3/(111) SrTiO3 film (Ref. 21), taken along a viewing direction of mutual
intersection of the 020 Kikuchi bands (Ref. 21) of the three growth-twin variants. The images were acquired in a similar manner to, and are scaled
identically with, the corresponding images in Fig. 5. The TEM sample imaged here was argon-ion milled from the film side to remove ≈100 nm
of the 520 nm-thick SrBi2Nb2O9 film, and shows the microstructure at a late stage of film growth. (a) Bright-field TEM image, and
(b) selected-area diffraction pattern taken from the same area. (c– e) 020 SrBi2Nb2O9 DF images (Ref. 21) of the three growth-twin variants.
(e) Composite image of the three DF images. No dark areas that would correspond to second phases or non-epitaxial SrBi2Nb2O9 are visible,
demonstrating the phase and orientation purity of the SrBi2Nb2O9 film.
J. Mater. Res., Vol. 16, No. 2, Feb 2001
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FIG. 7. Cross-sectional TEM images of (a) the (103) SrBi 2 Nb 2 O 9 /(111) SrRuO 3 /(111) SrTiO 3 and (b) the (103) SrBi 2 Nb 2 O 9 /
(111) SrTiO3 films (Ref. 21) viewed along the [110] SrTiO3 zone axis. The geometry of this view is shown schematically in Fig. 4(d). Braces
indicate regions of high OPB density in the grains that are imaged down their [010] zone axes (Ref. 21).

and surface morphology, with a band of OPBs indicated
by the brace. This film has an average thickness of
475 nm, with a peak-to-valley surface roughness of approximately 100 nm.
Figure 8 is an isometric montage of three TEM images
taken along orthogonal viewing directions of the
(103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3 film.21
This view is useful for visualizing the complex grain
structure of the films. TEM samples for all three views in
this image were prepared from the same film that was
also characterized electrically,4 and whose XRD patterns
are shown in Fig. 3. The cross-sectional images reveal
the film to be free of porosity and second phases. Competitive grain growth between the three growth twins is
apparent in the first approximately 200 nm of
SrBi2Nb2O9 of the film, with a mostly columnar grain
structure above that. The as-grown film surface is shown
in both of the cross-sectional views, as indicated by the
presence of the adhesive used in TEM sample preparation above the film in the areas imaged.
Although cross-sectional TEM imaging reveals the relationship between the surface roughness and the grain
structure, AFM imaging allows a more detailed look at
the surface morphology. Figures 9(a) and 9(b) show
height and phase AFM images of an epitaxial
(103) SrBi2Nb2O9/(111) SrTiO3 film21 deposited under
the same conditions as the two films characterized here
by TEM. The shape of the grains seen at the film surface
by AFM is analogous to that seen within the film by
plan-view TEM. Dark regions in the phase plot, some of
which are indicated by arrows, are probably secondphase inclusions. This underscores the reproducibility
problem of PLD growth within a narrow optimizedparameter window.
The surface topography revealed by the height plot
does not correspond intuitively to the locations of the
growth-twin boundaries revealed by the phase plot. The
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growth-twin boundaries run along the bottoms of troughs
and near the crests of raised regions of the surface. This
spatial correlation is revealed clearly in Fig. 9(c), a composite image of the outlined regions of Figs. 9(a) and (b),
(0.6 Iphase × Iheight), which is scaled identically with the
plan-view DF TEM images in Figs. 5 and 6 for comparison. Preferred (001) SrBi2Nb2O9 ledge growth of the
growth twins leads to this ridge-and-valley topography.
C. Defects

Pits in the SrTiO3 substrate surface were observed
approximately every 2 m in cross-sectional TEM
samples of both films, and averaged 90 nm wide by
20 nm deep. The underlying epitaxial electrode SrRuO3
layer is discontinuous across the pits, and a grain boundary between two SrBi2Nb2O9 growth twins typically
formed at one edge of each pit. Two such pits are shown
in Fig. 10, acquired along the (a) [110] SrTiO3 and
(b) [112] SrTiO3 zone axes of the bottom-electroded film.
To establish the surface morphology of the
(111) SrTiO3 substrate at the beginning of SrBi2Nb2O9
growth, a bare (111) SrTiO3 substrate was exposed to the
same growth conditions (atmosphere and temperature
cycle) used for SrBi2Nb2O9 growth, except that the substrate was quenched in 1 atm O2 at the moment the
SrBi2Nb2O9 growth would have been initiated. AFM examination of the substrate, the results of which are shown
in Fig. 11, revealed a generally smooth surface with steps
approximately 2.4 Å high, consistent with a vicinal tilt of
0.1° of the substrate. A high density of pits in this surface, 7/m2, was observed with a size and spacing consistent with that observed in cross-sectional TEM
examination, but the depths of the pits as measured by
AFM are only 0.4 to 0.7 nm. Thus, the pits are present at
the beginning of our film growth, apparently due to substrate faceting at the film growth temperature and atmos-
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FIG. 8. Isometric montage of three TEM images of the (103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3 film (Ref. 21), taken along three orthogonal
viewing directions corresponding to the [111], [112], and [110] SrTiO3 zone axes, as shown schematically in Fig. 4(b – d), respectively. Axes for
one of the six SrBi2Nb2O9 twins (Ref. 20) are indicated on the upper left. All three views are from a portion of the same film used for electrical
characterization (Ref. 4), and whose x-ray diffraction patterns are shown in Fig. 3. The as-grown film surface is shown in both cross-sectional TEM
views.

phere. (111) SrTiO3 has been reported to facet at elevated
temperatures,23–25 and the pits we observed by AFM
appear to have a similar morphology to those seen by
Sekiguchi et al. on (111) SrTiO3.23 The reasons why SrRuO3 is discontinuous over the pits or how such deep pits
form during film growth are unclear.
The most prevalent crystallographic defects in these
films are OPBs. An OPB is a translation boundary consisting of an offset of a fraction of the crystalline repeat
distance between two crystals. These defects are similar
to antiphase boundaries (APBs), except that an APB is a
special case of an OPB in which the offset is exactly half
of the crystalline repeat distance, as observed in GaAs
films. For example, OPBs with c-direction offsets of c/3
and c/6 have been observed in YBa2Cu3O7–␦ films,26 and
c/12 OPBs have been observed in Ba2Bi4Ti5O18 films.27
We and others observed undulating OPBs in TEM
examination of all of the SrBi2Nb2O9 and SrBi2Ta2O9
epitaxial thin films we have grown on (001), (110), and
(111) SrTiO3 substrates, both with4,28 and without29–32

epitaxial bottom electrodes, as well as in films grown on
(110) NdGaO3 substrates.32 In Figs. 7(a) and 7(b), the
groups of OPBs visible in the grains imaged along the
[010] SrBi2Nb2O9 zone axis21 lie adjacent to areas that
are relatively free of OPBs. The other grains are not
viewed along directions that would clearly reveal the
OPBs. A greater density of OPBs is observed in the film
grown with a bottom electrode than in the film grown on
bare (111) SrTiO3.
OPBs may affect material properties. It is probable
that the disorder and strain surrounding OPBs alters the
ferroelectric response of the material. The high density of
OPBs that extend from the bottom to the top electrode,
through the full thickness of the SrBi2Nb2O9 film, could
contribute to leakage current through the film.
Several mechanisms, a complete study of which is
underway, contribute to the nucleation of OPBs in
SrBi 2 Nb 2 O 9 films. One mechanism is depicted in
Fig. 12, where (001) SrBi2Nb2O9 grains have nucleated
on two terraces of a (001) SrTiO3 surface. The constraint
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FIG. 9. Tapping-mode AFM (a) height and (b) phase plots of a (103) SrBi2Nb2O9 /(111) SrTiO3 epitaxial thin film (Ref. 21). (c) Composite image
(0.6 Iheight × Iphase) of the outlined region of (a) and (b), cropped to an identical scale as the DF TEM images shown in Figs. 5 and 6. This composite
image clearly resolves the spatial correlation of the surface topography in (a) and the grain boundary locations revealed in (b). Grain boundaries
run along ridges and valleys, due to the interaction between preferred-growth directions in the three-fold growth-twin structure. The height range
is 200 nm.

imposed by the nucleation and growth on a SrTiO3 surface that contains steps will result in the generation of
OPBs where two growth fronts meet incoherently at
step edges, with a misregistry of 3.9 Å in the c direction
(the SrTiO 3 unit cell height). In our growths, the
(111) SrTiO3 substrate did not facet on {100} faces at the
SrBi2Nb2O9 growth temperature; however, the SrRuO3
surface was very rough (it varied from approximately
498

10–25 nm in thickness) and presented a much higher
density of step edges than the bare, polished SrTiO3,
possibly causing the generation of the higher density of
OPBs observed in the SrBi2Nb2O9 films with a bottom
electrode versus those without.
A cross-sectional HRTEM view of the boundary between two growth twins in the (103) SrBi2Nb2O9/
(111) SrRuO 3 /(111) SrTiO 3 film 2 1 is shown in
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Fig. 13(a). OPBs are apparent in the SrBi2Nb2O9 grain
viewed down the [010] SrBi2Nb2O9 zone axis21 due to
increased electron scattering by the greater structural disorder along the OPBs. These OPBs are inclined slightly
with respect to the viewing direction, so they appear
broad here. The other grain in Fig. 13(a) is viewed along
an irrational direction (the approximately [331] or approximately [331] SrBi2Nb2O9 zone axis21), so OPBs in
that grain are not viewed close to edge-on and do not
produce interpretable contrast. The boundaries between
growth twin grains are clean and free of amorphous layers or second phases.
The c-direction offset of a single OPB is clearly visible
when a region of the OPB is parallel to the
[010] SrBi2Nb2O9 zone axis viewing direction21 so that it

is viewed edge-on, as shown in Fig. 13(b). The
c-direction offset of this OPB is 4.7 Å. OPB offsets of
2.3 to 5.3 Å are observed in the epitaxial (103)
SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3 films.21 Their

FIG. 11. AFM image of the surface of a (111) SrTiO3 substrate subjected to the same heat-up schedule and atmosphere used for
SrBi2Nb2O9 film growth, quenched in 1 atm O2 at the time film
growth would have begun. Dark spots, some indicated by arrows, are
surface pits, similar to those visible in Fig. 10. These pits are ≈0.4–
0.7 nm deep.

FIG. 10. Surface imperfections led to discontinuities in the SrRuO3
bottom electrode in the (103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3
film (Ref. 21), shown here in cross-section, viewed along the
(a) [110] SrTiO3 zone axis and along the (b) [112] SrTiO3 zone axis.
The lines in each image indicate the thickness of the SrRuO3 layer.

FIG. 12. Schematic representation showing an OPB nucleation
mechanism. Two SrBi2Nb2O9 nuclei on adjacent terraces of a (001)
SrTiO3 surface will form an OPB where they meet due to the mismatch
in the step height of the substrate [3.9 Å for (001) SrTiO3] with the
repeat length in the growth direction of the film [25 Å for (001)
SrBi2Nb2O9].
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distribution over the range of 0 to 6.3 Å (0 to c/4
due to the crystal symmetry) is shown in Fig. 14(a).
Clearly, the OPB offsets are not limited only to the previously-observed c/6,30 but are present in varying offsets.
The two highest peaks in this histogram, located at approximately 4.5 Å and approximately 3.8 Å, correspond
roughly to the spacing of a Bi2O2 layer and to the
c-direction dimension of a SrNbO3 perovskite sub-unit
(e.g., of SrNbO3, SrRuO3, or SrTiO3), respectively. To
construct the histogram shown in Fig. 14, the averages of

FIG. 13. (a) HRTEM images of a SrBi2Nb2O9 /SrBi2Nb2O9 growthtwin boundary in the (103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3
film (Ref. 21). Broad OPBs, two indicated by braces, are visible in the
grain viewed down its [010] zone axis (Ref. 21). (b) HRTEM image of
a single OPB in the same film. Viewing the image from the bottom left
corner brings out the offset clearly to the eye. OPB offsets in the (103)
films we examined ranged from 2.3 to 5.3 Å. The large arrows indicate
the location of the growth twin boundary in (a) and the OPB in (b), and
are perpendicular to the plane of the (111) SrTiO3 substrate, the surface of which is horizontal and below the frame of the images.
500

FIG. 14. (a) Histogram of the occurrence of the different offsets of 61
OPBs (each the average of five individual measurements) measured in
HRTEM images of the (103) SrBi2Nb2O9/(111) SrRuO3/(111) SrTiO3
film (Ref. 21). The distributions of the measured values of the two
most commonly occurring offsets are centered around values (≈3.8 Å
and ≈4.5 Å) corresponding to the thickness of a Bi2O2 layer and to the
c-direction dimension of a SrNbO3 perovskite sub-unit. (b) To evaluate the precision of the measurement technique, the same markings
used to measure the OPB offsets also were used to measure the c-axis
dimension of the SrBi2Nb2O9 unit cell (a constant value). Sixty-one
c-axis measurements (each the average of four to six individual measurements) were used to construct the histogram, revealing the precision of the measurement technique. It is clear from comparison of the
spread of the c-axis values in (b) to the distribution of OPB offsets
shown in (a) that several OPB offsets exist in this material.
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five measurements each of the offsets of 61 OPBs were
calculated and plotted. As a check of the accuracy of the
measurement technique, the same markings used for
measuring OPB offsets were also used to measure the
c-axis lattice dimension of SrBi2Nb2O9. The averages of
four to six measurements each for the 61 c-axis dimensions measured were used to construct the histogram in
Fig. 14(b), which is plotted over the same 6.3 Å range as
Fig. 14(a), revealing the precision of the measurement
technique.
Figure 15 shows a cross-sectional view of a growth
twin with a great number of OPBs, viewed down the
[010] zone axis. This type of structure appears to result from the generation of many OPBs around a
central core as growth progresses. These OPBs are
viewed nearly edge-on, and thus run approximately
along the (103) planes21 of SrBi2Nb2O9 in this very
thin region. The mechanism of this OPB generator is thus
far unclear.
IV. CONCLUSIONS

Epitaxial SrBi2Nb2O9 films grow in a three-fold twin
structure (growth twins) on (111) SrTiO3, as expected
from the three-fold symmetry of the substrate surface.
The growth twins undergo a phase transformation from
the tetragonal high temperature polymorph of
SrBi2Nb2O9 to the orthorhombic polymorph upon cool-

ing to room temperature after growth, resulting in further
twinning (transformation twins) of each of the three
growth twins, for a total of six twin variants. The orientation relationship between film and substrate is
(103) SrBi2Nb2O9 㛳 (111) SrTiO3 (Ref. 21) and (approximately) (a) [001] SrBi 2 Nb 2 O 9 㛳 [100] SrTiO 3 ,
(b) [001] SrBi2Nb2O9 㛳 [010] SrTiO3, and (c) [001]
SrBi2Nb2O9 㛳 [001] SrTiO3 for the three growth twins.
Either the a or the b axis of the transformation twins can
lie in plane with the substrate surface. TEM along three
mutually-orthogonal directions of the same film for
which we recently reported4 the highest Pr ever achieved
in SrBi2Nb2O9 (or SrBi2Ta2O9) films revealed no evidence of second phases, amorphous or crystalline. Crosssectional TEM imaging reveals an early competitive
grain growth stage, transitioning to a more regular
structure after approximately 200 nm of film growth. The
surface of the film has a ridge-and-valley morphology,
with boundaries between growth twins in the troughs
and near the crests due to the more rapid growth of the
(001) SrBi2Nb2O9 plane. A range of OPB offsets from
2.3 to 5.3 Å was observed, indicating that more than
one mechanism contributes to their nucleation. Although
this paper is limited to SrBi2Nb2O9, due to the analogous
crystallography and growth conditions of SrBi2Ta2O9,
we would expect epitaxial (103) SrBi 2 Ta 2 O 9 /
(111) SrTiO 3 films 2 1 , 3 3 and (103) SrBi 2 Ta 2 O 9 /
(111) SrRuO3/(111) SrTiO3 films21 to have similar
microstructures.
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Chapter 4

OUT-OF-PHASE BOUNDARIES BY PREFERRED NUCLEATION IN AN EPITAXIAL
RUDDLESDEN-POPPER PHASE

This chapter describes the atomic structure of OPBs and the film-substrate interface in
epitaxial Sr2RuO4 / LaAlO3 films. The preferred nucleation-growth order mechanism in a
Ruddlesden-Popper phase, generally applicable to layered oxides, is described.
The contents of the chapter consist of a journal article, submitted for publication:
“Defect generation by preferred nucleation in epitaxial Sr2RuO4 / LaAlO3,” M. A.
Zurbuchen, Y. Jia, S. K. Knapp, A. H. Carim, D. G. Schlom, and X. Q. Pan, submitted
to Materials Letters (2002).
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The atomic structure of the film-substrate interface of a (001) epitaxial film of the
superconductor Sr2RuO4, grown on (01•2) LaAlO3, as determined by high-resolution
transmission electron microscopy (HRTEM) imaging and simulation, is reported. Growth on the
La-terminated surface nucleates with a SrO layer. The structure of superconductivity-quenching
~c/5 out-of-phase boundaries (OPBs) in the film is also reported. Because two structurallyequivalent SrO layers exist within the unit cell, two neighboring nuclei with differing growth
order (SrO-SrO-RuO2 vs. SrO-RuO2-SrO) will nucleate an OPB where their misaligned growth
fronts meet. Strategies to avoid OPB generation by this mechanism are suggested.
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Sr2RuO4 is the only known copper-free layered perovskite superconductor,1 and is believed
to have an unconventional spin-triplet (p-wave) symmetry of the superconducting order
parameter.2 Electrical transport studies of Sr2RuO4 are expected to further the understanding of
the superconducting state.3 Sr2RuO4 is well lattice-matched to YBa2Cu3O7–δ and other cuprate
superconductors. Epitaxial heterostructures would be useful for probing the interaction between
d–wave and p–wave superconductors. The growth of single crystals large enough for a-b plane
transport measurements is extremely difficult. Epitaxial growth is an attractive alternative, but a
greater understanding of the nucleation and growth of Sr2RuO4 is needed. The epitaxial growth
of Sr2RuO4 films,12,13,4-7 and YBa2Cu3O7–δ on Sr2RuO4,8, and on Sr2RuO4 films,9-11 has long been
demonstrated, but no superconducting Sr2RuO4 films have been reported.12-16
Both impurities and crystallographic defects16,17 can quench superconductivity in Sr2RuO4.
As little as 300 ppm of aluminum is sufficient to destroy superconductivity.18 Crystallographic
defects that quench superconductivity, out-of-phase boundaries (OPBs), are translation
boundaries consisting of a fractional misalignment in the long axis (c-axis) direction between
two neighboring regions of the same crystal. Because any interruption of the structure can act as
a pair-breaker, a linear density of OPBs on the order of 1 / the a-b superconducting coherence
length, ξab(0) ≈ 66 nm,19 renders a high-purity film non-superconducting.17 Although OPBs are
common defects in complex oxides, little is known about their nucleation mechanisms or impact
upon properties.20-24
In the heteroepitaxial growth of layered structures, substrate surface quality has a great
effect on final film quality.25 Advances in substrate engineering have enabled the preparation of
substrates with known atomic terminations.25-27 Some disagreement currently exists regarding
the atomic termination of LaAlO3.28-31
Sr2RuO4 is an n = 1 Ruddlesden-Popper phase, and is tetragonal at room temperature.
Ruddlesden-Popper phases, shown in Fig. 1, consist of interleaved layers of rock-salt-structured
AO and perovskite-like ABO3.32
It would be useful experimentally to determine which atomic layers are energetically
preferred for the nucleation of Sr2RuO4 on a given substrate, so that high quality films can be
grown by sequential deposition techniques (e.g., MBE). Few studies of the preferred nucleation
layer of epitaxial thin films of complex oxides on substrates with known termination have been
reported.33-36 Understanding defect nucleation mechanisms and microstructural development in
the growth of complex oxide films will allow greater control over their growth. Substrate
surface features have been demonstrated to result in micron-scale crystallographic defects in
some similarly-structured layered perovskites (n = 2 Aurivillius phases).37-39 In this letter, the
structure of the film-substrate interface of an epitaxial (001) Sr2RuO4 / (01•2) LaAlO3 film is
reported, and the mechanism whereby the preferred nucleation layer can lead to the generation of
superconductivity-quenching OPBs is described.
(001) Sr2RuO4 epitaxial films were grown on (01•2) LaAlO3 (pseudo-cubic (001))
substrates by pulsed laser deposition at 1000°C in a radiatively-heated sample chamber.40
Specifics of the film growth are described in detail elsewhere.12,17 Briefly, a KrF excimer laser
(248 nm, Lambda Physik EMG103MSC) was used for growth in 3.5 µTorr oxygen, and the film
chosen for this study was grown using the following parameters: 104 pulses, 160 mJ/pulse,
2.7 J/cm2 fluence, 2 Hz pulse rate, and a target-to-substrate distance of 7.5 cm with a
stoichiometric target. The relative purity and crystallinity of films is evaluated by four-circle
x-ray diffraction scans. The film described here was a high-quality film, judged by the full width
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at half-maximum (FWHM) of the 006 peak of approximately 0.23° in 2θ , and 0.33° in
ω (Instrumental resolution is @0.20°). Samples for cross-sectional transmission electron
microscopy TEM examination were prepared by standard sandwiching, slicing, dimpling, and
argon ion milling on a liquid nitrogen-cooled stage at 4 kV and 8° to 11°.
High-resolution TEM (HRTEM) imaging was performed using JEOL 4000-EX and Hitachi
HF-2000 field emission microscopes. Regions of appropriate and consistent thickness of the
film-substrate phase boundary and an individual OPB were located, and through-focus image
series were acquired. Appropriate multislice simulation parameters were determined by
matching of images to simulated images of the individual phases, and supercells based on
possible interfacial and defect structures were constructed. HRTEM images of supercells were
simulated using sufficiciently large supercells so that cell-edge distortions caused by their nonrepeating nature did not affect the appearance of the region of interest. Bulk values for a and b
of Sr2RuO4 and LaAlO3 were used in constructing the interfacial models, with cells aligned in
the center. The 2.1% a–b plane lattice mismatch between (01•2) LaAlO3 and (001) Sr2RuO4 at
room temperature resulted in negligible variation in alignment (0.12 Å) over the length scale of
the supercell. As a check, simulations with the a and b lattice parameters of Sr2RuO4 set equal to
those of the LaAlO3 pseudo-perovskite lattice parameter were also performed, with identical
results. Only the non-normalized supercell simulations are presented here.
Figure 2(a) shows a typical region of the Sr2RuO4 / LaAlO3 epitaxial film. It is free of a-b
plane stacking faults observed in slightly non-stoichiometric Ruddlesden-Popper phases,
indicating that the target stoichiometry was maintained. The film is not defect-free, however. A
number of ~c/5 OPBs (∆c @ 0.25 nm), inclined at 17° from the c direction are present. The
generalized OPB morphology in the film is shown schematically in Fig. 2(b).
A [100] HRTEM image of a single OPB, showing a (011) habit, is shown in Fig. 3. A
model and HRTEM simulation of the model are inset, showing an excellent match with the
image. Both chemical and physical interruptions of the structure exist at the OPB. A distorted
rock-salt SrO layer is incorporated along the OPB. This lattice interruption acts as a phonon
scatterer to quench superconductivity in this material.17 This layer also interrupts the continuity
of the a-b plane RuO2 layers, believed to be responsible for superconductivity in the material.
Figure 4(a) shows a [100] HRTEM image of the film-substrate interface, with a Fourierfiltered region of the image on the right. Bright spots correspond to atomic columns. Models
and HRTEM simulations for each of the possible termination-nucleation layer pairs are shown in
Fig. 4(b-f), with the exception of growth beginning with RuO2 on an AlO2-terminated surface,
which was ruled out because no known phases with the corresponding structure could be found.
It is reasonable to assume that the local interface structure represents a low-energy state,
considering the high temperature and surface bombardment during PLD growth.
Close examination of the images reveals that only the model in Fig. 4(d), with a chargeneutral SrO layer nucleating on a LaO-terminated surface, matches the HRTEM image. This
result is consistent with the previous determination of a LaO surface termination of LaAlO3
above @300 °C in vacuum or near-vacuum.28,30,31 Growth proceeds with a SrO-RuO2-SrO layer
ordering. The Sr2RuO4 unit cell contains two structurally-equivalent SrO layers, and only one
RuO2 layer. The model in Fig. 4(c) also nucleates with SrO on a LaO-terminated surface,
however, it grows with a SrO-SrO-RuO2 layer ordering. Growth proceeding in either manner
after nucleation of the initial SrO layer would reasonably be expected to occur, depending on
local fluctuations in the composition of the laser plume. The energetics of continuing growth
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with a layer of either SrO or RuO2 would be expected to be quite similar, considering the close
lattice match and the fact that each layer is charge-neutral, so electrostatic effects do not affect
growth ordering.
The c-direction misregistry of the OPBs is 0.25 nm, equal to the c dimension of a single
SrO layer within the unit cell. This implies that OPBs nucleated at the film-substrate interface
(almost all of the OPBs observed) were formed by the meeting of two nuclei which had
nucleated with SrO, but continued growth with different ordering (SrO-RuO2-SrO and
SrO-SrO-RuO2). The OPB nucleation mechanism is shown schematically in Fig. 5, with the
coordination octahedra of the ruthenium cations shown for clarity. Bearing this model in mind,
we reconsider the general OPB morphology depicted in Fig. 2(b).
Because neighboring out-of-phase nuclei have only one possible offset, 0.25 nm
(~c/5),OPB interaction is uncomplicated. Two OPBs with opposing inclinations, like those
shown on the right in Fig. 2(b), will annihilate when the film growth front proceeds past the
point where they meet. The two nuclei with parallel inclinations, like those shown on the left,
penetrate the full film thickness.
The same OPB nucleation mechanism has been shown to be active in R1+xBa2-xCu3O7-δ
films grown on perovskite substrates.33,35,36 Two structurally-equivalent barium layers and three
structurally-equivalent copper layers exist within the unit cell, which is nominally composed of
three perovskite-like structural sub-units, so the possible interactions of OPB nuclei is
commensurately more complex.
This same mechanism also could have nucleated the OPBs in the La2CuO4 film in Fig. 1 of
Ref. 41. La2CuO4 and Sr2RuO4 are isostructural, as are SrTiO3 and LaAlO3 at the film growth
temperatures. Many OPBs are prominently visible in the La2CuO4 nucleated on SrTiO3, but few
are apparent in the La2CuO4 nucleated on YBa2Cu3O7–δ , for which a different nucleation
behavior exists. Pairs of OPBs with opposing inclinations have terminated within the film, and
neighboring OPBs with parallel inclination penetrate the full film thickness.
Several strategies that might suppress the nucleation-layer OPB generation mechanism in
Sr2RuO4 films are possible, and could lead to lower OPB densities and possibly to the first
superconducting Sr2RuO4 films. A strontium-terminated SrTiO3 substrate42 might force all
nuclei to assume the SrO-SrO-RuO2 growth order of Fig. 4(c). Alternatively, an atomic layerby-layer growth, such as molecular beam epitaxy (MBE),43,44 could be used to engineer the
growth order, for example beginning growth with the energetically-preferred SrO layer on a
LaO-terminated substrate, and continuing with either sequence. With either of these techniques,
OPBs could still form through a step-edge nucleation mechanism45 at the unit-cell step edges in a
perovskite substrate surface, but this could be controlled through careful selection of a substrate
with a very low miscut and therefore a low density of surface steps. Lastly, extra kinetic
activation (e.g., higher temperature, higher laser fluence) during PLD growth of the first few
atomic layers could increase surface diffusivities, increasing the average nuclei diameter46 and
therefore reducing the density of OPBs. Growth could then be continued using growthoptimized parameters.
In conclusion, an epitaxial Sr2RuO4 film grown by PLD on (01•2) LaAlO3 has been shown
by HRTEM imaging, modeling and simulation to have nucleated with a SrO layer. The asreceived substrate was termianted by La-O at the film growth conditions. The structure of a
superconductivity-quenching OPB in the same film was determined by the same techniques. An
extra SrO layer exists along the OPB, constituting both physical interruption of the structure and
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a chemical interruption of the superconductivity-supporting RuO2 layers. Consideration of the
OPB c-direction misregistry and of the existence of two crystallographically-equivalent SrO
layers within the Sr2RuO4 unit cell indicates that differences in layer ordering of adjacent nuclei
could have nucleated OPBs in the film. Strategies to avoid this OPB nucleation mechanism,
such as growth by MBE, are suggested.
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Figure Captions
Figure 1. Ruddlesden-Popper phases, An+1BnO3n+1, consist of interleaved AO rock-salt (circles)
double layers and n number of ABO3 perovskite (coordination octahedra) layers. Sr2RuO4 is an
n = 1 Ruddlesden-Popper phase. The unit cell consists of one RuO2 and two SrO structurallyequivalnet layers.
Figure 2. (a) TEM image of the Sr2RuO4 / LaAlO3 film in cross-section, showing a high density
of OPBs, oriented ± 17° from c. (b) Schematic of the morphology of OPBs in the film; diagonal
lines represent OPBs. Two OPBs with opposing inclinations, on the right, have annihilated
where they met. On the left, two OPBs with parallel inclinations penetrate through the full
thickness of the film.
Figure 3. HRTEM image of a single OPB in the same film shown in Fig. 2, with a model and
simulation of the defect inset. (Large, light circles represent strontium, dark circles represent
ruthenium.) An extra SrO layer is incorporated along the OPB. The c-direction misregistry
across the OPB is 0.25 nm, equal to the c-direction dimension of a single layer of SrO, within the
Sr2RuO4 unit cell.
Figure 4. (a) HRTEM image of the interface of the (001) Sr2RuO4 / (01•2) LaAlO3 film, taken
at Scherzer defocus. A Fourier-filtered region of the image is overlaid on the right. (b-f) Models
of the termination-nucleation layer pairs for the film, shown with HRTEM simulations
(∆f = -58 nm, t = 4.5 nm). The model in (d) shows the only reasonable match with the image.
The film nucleated with a SrO layer on a LaO-terminated substrate.
Figure 5. Nucleation layer-growth order OPB nucleation mechanism in the
(001) Sr2RuO4 / (01•2) LaAlO3 film. Because two structurally-equivalent SrO layers exist in the
Sr2RuO4 unit cell, adjacent nuclei can grow with either SrO-RuO2-SrO or SrO-SrO-RuO2
ordering, resulting in the generation of an OPB where they meet.
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Figures

Figure 1. Zurbuchen et al.

Figure 2. Zurbuchen et al.
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Figure 3. Zurbuchen et al.
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Figure 4. Zurbuchen et al.
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Figure 5. Zurbuchen et al.
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Chapter 5

INFLUENCE OF OUT-OF-PHASE BOUNDARIES ON THE SUPERCONDUCTING
PROPERTIES OF A RUDDLESDEN-POPPER-PHASE SUPERCONDUCTOR

This chapter presents evidence that OPBs destroy superconductivity in a Sr2RuO4 film
that otherwise would be expected to be superconducting.
The contents of the chapter consist of the journal article:
“Suppression of superconductivity by crystallographic defects in epitaxial Sr2RuO4
films,” M. A. Zurbuchen, Y. Jia, S. K. Knapp, A. H. Carim, D. G. Schlom, L-N. Zou,
and Y. Liu, Applied Physics Letters 78 2351 (2001).
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Suppression of superconductivity by crystallographic defects in epitaxial
Sr2 RuO4 films
Mark A. Zurbuchen,a) Yunfa Jia,b) Stacy Knapp, Altaf H. Carim, and Darrell G. Schlom,a),c)
Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16803-6602

Ling-Nian Zou and Ying Liu
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

共Received 12 October 2000; accepted for publication 21 February 2001兲
Epitaxial Sr2RuO4 thin films grown by pulsed-laser deposition from high-purity 共99.98%兲 Sr2RuO4
targets on 共001兲 LaAlO3 were found to be not superconducting down to 0.4 K. Structural disorder
is believed to be responsible. A correlation was observed between higher resistivity ratios in
electrical transport measurements and narrower x-ray diffraction rocking curve widths of the
Sr2RuO4 films. High-resolution transmission electron microscopy revealed that the dominant
structural defects, i.e., the defects leading to the observed variation in rocking curve widths in the
films, are 兵011其 planar defects, with a spacing comparable to the in-plane superconducting
coherence length of Sr2RuO4 . These results imply that minimizing structural disorder is the key
remaining challenge to achieving superconducting Sr2RuO4 films. © 2001 American Institute of
Physics. 关DOI: 10.1063/1.1364659兴

Sr2RuO4 is the only known Cu-free layered perovskite
superconductor.1 Recently, the issue of the pairing-state symmetry of Sr2RuO4 has attracted considerable attention.2 Rice
and Sigrist predicted that the pairing state of Sr2RuO4 is
odd-parity, possibly p-wave,3 and this possibility has received wide experimental support from nuclear magnetic
resonance, muon spin relaxation, and tunneling measurements, among others.2,4–6 Other relevant parameters of the
Sr2RuO4 superconducting state, notably the superconducting
energy gap, are still unknown, and thus the exact pairing
state of Sr2RuO4 remains unresolved.
Phase-sensitive measurements similar to those carried
out on high-T c cuprates7,8 would help to identify the superconducting pairing state, but are lacking for Sr2RuO4 . To
facilitate such experiments, an important step is the growth
of superconducting epitaxial films. Although epitaxial
Sr2RuO4 films have been prepared,9–12 superconductivity has
not been achieved in Sr2RuO4 films.
Both impurities and structural disorder can quench superconductivity in Sr2RuO4 . For example, 300 ppm of aluminum impurity are sufficient to destroy superconductivity.13
The suppression of superconductivity in Sr2RuO4 by structural disorder has been established using the same highpurity source materials and floating-zone 共FZ兲 crystal growth
method used to make Sr2RuO4 single crystals with the highest T c reported.14 A correlation of T c with the residual resistivity (  0 ), a measure of disorder in equivalent-purity crystals, was observed. Thus, in order to grow superconducting
Sr2RuO4 films, it is important to minimize both impurities
and structural disorder.
To date, there has been little characterization of struca兲

On leave at the Institute of Physics, Augsburg University, D-86159 Augsburg, Germany.
b兲
On leave from Qingdao University, People’s Republic of China.
c兲
Electronic mail: schlom@ems.psu.edu

tural defects in Sr2RuO4 single crystals and films. Consequently, the particular type of structural defects that suppress
superconductivity in Sr2RuO4 is not established. Inoue et al.
investigated the microstructure of FZ Sr2RuO4 single crystals by transmission electron microscopy 共TEM兲 and electron
microdiffraction. They observed striations in lowmagnification bright-field images, and streaking in electron
microdiffraction patterns indicative of planar faults, but these
defects were not further characterized. No TEM study of the
defects present in Sr2RuO4 films has been reported.
In this letter, we present the results of high-resolution
TEM 共HRTEM兲 imaging, electronic transport studies, and
x-ray diffraction 共XRD兲 analysis of high-purity, but nonsuperconducting, c-axis-oriented Sr2RuO4 films grown by
pulsed-laser deposition 共PLD兲. Although superconductivity
was not found in the series of films grown, it appears that the
transport properties of our films are dominated by disorder
rather than by impurities.
All of the epitaxial Sr2RuO4 films reported have been
synthesized by PLD.9–12 Impurities introduced during traditional target preparation methods 共i.e., from the grinding media兲 are of great concern considering the low concentration
of impurities that can destroy superconductivity in Sr2RuO4 .
While such impurities have likely been sufficient to completely suppress superconductivity in prior epitaxial Sr2RuO4
films made by PLD, the high-purity Sr2RuO4 target used in
the present work was made without the use of grinding
media.10 A lower-purity PLD target, fabricated by conventional solid-state grinding methods,9 was also used for comparison.
The ⬃200-nm-thick Sr2RuO4 films were grown on 共001兲
LaAlO3 substrates at 1000 °C in a radiatively heated sample
chamber15 by PLD. A KrF excimer laser was used for
growth with the following parameters: 104 pulses,
160 mJ/pulse, 2.7 J/cm2 fluence, 2 Hz pulse rate, and a
target-to-substrate distance of 7.5 cm. Background pressures
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FIG. 1.  –2 x-ray diffraction scan of a high-purity PLD-grown Sr2RuO4
film. This 210-nm-thick film was grown in a background oxygen partial
pressure of 3.5 Torr. The substrate peaks are marked with an asterisk 共*兲.

from 0.8 to 5.0 Torr oxygen were maintained during
growth and post-growth cooling.
Film thicknesses were computed from the number of laser pulses during film growth, calibrated by measuring the
thickness of a representative film using TEM. The in-plane
resistivity (  ab ) of the Sr2RuO4 films was measured as a
function of temperature with a dip probe from 300 to 4.2 K,
or to 0.4 K in a 3 He evaporation refrigerator, using the fourwire dc current bias method.
The  –2 XRD scan of a Sr2RuO4 film is shown in
Fig. 1. Peaks in the -2 scan are sharp, indicating that the
film is single phase and is oriented with its c axis perpendicular to the plane of the substrate. The full width at halfmaximum 共FWHM兲 of the 006 peak is approximately 0.23°
in the 2 direction, and 0.33° in the  direction. 共Instrumental resolution is ⬃0.20°.兲 A -scan of the 103 Sr2RuO4 peak
共not shown兲 indicated that the film is epitaxial with the 具100典
directions of the film aligned with the 具100典 directions of the
pseudocubic perovskite subcell of the substrate. TEM examination 共Fig. 2兲 revealed a well-ordered film with a sharp
substrate interface. These structural characteristics are comparable to those of high-quality epitaxial films of cuprate
superconductors.
All but one of the films on which electrical measurements were made showed metallic  ab (T) behavior, but
crossed over to semiconducting behavior at low temperatures, a behavior which is not seen in Sr2RuO4 single crys-

FIG. 3. Resistivity versus temperature plots for seven high-purity 共filled
symbols兲 and five low-purity 共hollow symbols兲 Sr2RuO4 films grown by
PLD at oxygen partial pressures from 0.8 to 5.0 Torr. As all of the highpurity samples have lower resistivities than the low-purity samples, only two
of the high-purity samples are shown in 共a兲 to allow comparison yet avoid
an overlap of data points. The vertical scale in 共b兲 is expanded by a factor of
five compared to 共a兲. Triangles indicate two pairs of high- and low-purity
films grown under oxygen partial pressures of 3.0 Torr 共䉱䉭兲 and
2.5 Torr 共䉲䉮兲, and show the effect of impurities on resistivity in
Sr2RuO4 . The solid squares correspond to the same film characterized in
Figs. 1 and 2. One film remained metallic down to 0.4 K, exhibiting a T 2
temperature dependence below 15 K, as shown in the inset in 共a兲.

tals. Figure 3 shows the temperature dependence of the inplane resistivity for several Sr2RuO4 films grown from highpurity 共filled symbols兲 and low-purity 共hollow symbols兲
targets at oxygen partial pressures from 0.3 to 3.5 Torr.16
Films grown from the low-purity target exhibited
semiconductor-type  ab (T) behavior at low temperature due
to impurities. The fully metallic film exhibited a T 2 temperature dependence below 15 K, shown in the inset in Fig. 3.
This behavior is also seen in the in-plane conduction of superconducting single-crystalline Sr2RuO4 .
None of our Sr2RuO4 films, however, showed signs of
superconductivity. The fully metallic film had a residual resistivity of  ab,0⫽32 ⍀ cm, while the maximum residual
resistivity for observing superconductivity in Sr2RuO4 is
about 1 ⍀ cm.13 Likewise, the fully metallic film had a
resistivity ratio 关  ab (300 K)/  ab,min兴⬇10, while the resistivity ratios of superconducting Sr2RuO4 single crystals are
at least 120.13 The films grown from the high-purity target
clearly are superior to the films grown under similar conditions from the low-purity target. Given the qualitative similarity in  ab(T) of the high-purity films to that of the lowpurity films, impurities may not be the only factor destroying
superconductivity in these films.

FIG. 2. A HRTEM image of the same high-purity c-axis Sr2RuO4 film
whose XRD analysis is shown in Fig. 1. The inset shows a diffraction
pattern of the Sr2RuO4 film viewed along the 关100兴 Sr2RuO4 zone axis.
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FIG. 4. The resistivity ratios 关  ab (300 K)/  ab,min兴 of the high-purity films
shown in Fig. 3, plotted vs the rocking curve FWHM of the 006 peak.
High-purity, but crystallographically less-perfect, films exhibit lower resistivity ratios. Symbols correspond to those in Fig. 3.

The degree of crystalline imperfection also affects the
resistivity of Sr2RuO4 films. In Fig. 4, the resistivity ratios of
the high-purity Sr2RuO4 films are plotted versus the FWHMs
of the rocking curve widths of the 006 Sr2RuO4 peak, a
measure of the ‘‘flatness’’ of the RuO2 planes where in-plane
transport takes place. The resistivity ratio is an indication of
the level of quenched disorder in these films 共including impurity effects兲 and characterizes the film’s quality as a metal.
Although there is significant scatter in the plot, the correlation between the resistivity ratio and the 006 FWHM is apparent. More defective films exhibit lower resistivity ratios.
This strong correlation was only observed for the high-purity
films: a regime where lattice imperfection effects dominate
in limiting in-plane resistivity.
Although the crystalline perfection of these Sr2RuO4
films is comparable to superconducting films of the high-T c
cuprates, the much longer superconducting coherence length
of Sr2RuO4 and its unusual pairing symmetry make Sr2RuO4
more sensitive to defects. These epitaxial films do have defects. Planar defects are indicated by arrows in Figs. 2 and 5.
Note that the spacing between these planar defects is not
significantly greater than the in-plane superconducting coherence length of Sr2RuO4 ,  ab (0)⬇66 nm.17 These planar
defects, known as crystallographic shear defects, are inclined
by 73° from the 共001兲 Sr2RuO4 plane, which corresponds to
the 兵011其 Sr2RuO4 plane. In all images covering a sufficiently large area, at least one such defect was observed over
any a – b plane interval of 66 nm. And, since any lattice
defect can be a pair-breaker, these planar defects that disrupt
the RuO2 planes are likely responsible for the suppression of
superconductivity in these high-purity Sr2RuO4 films.
Other factors could be responsible for the suppression of
superconductivity in these epitaxial films, including offstoichiometry or interdiffusion from the LaAlO3 substrate at
the high deposition temperatures used. These factors, however, should be the same for films grown from low- or highpurity Sr2RuO4 targets on LaAlO3 substrates, since the same
growth conditions were used, and they would not explain the
correlation seen in Fig. 4.
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FIG. 5. A 关100兴 TEM image of a different region of the same Sr2RuO4 film
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Sr2RuO4 film revealed at least one of these defects 共e.g., the arrowed region
in Fig. 2兲 over any interval of the in-plane superconducting coherence
length,  ab (0), of Sr2RuO4 , indicating that they are present in a density
sufficient to quench superconductivity in the films. The magnitude of  ab (0)
is indicated by the scale bar.
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Chapter 6

OUT-OF-PHASE BOUNDARIES CAUSED BY TRANSIENT BISMUTH
STOICHIOMETRY IN AN EPITAXIAL AURIVILLIUS PHASE
AND
INFLUENCE OF OUT-OF-PHASE BOUNDARIES ON THE FERROELECTRIC
PROPERTIES OF AN AURIVILLIUS-PHASE FERROELECTRIC

This chapter relates bismuth stoichiometry to the domain structure of the Aurivillius
phases studied, and demonstrates that OPBs are ferroelectrically inactive volumes of material. A
claim in the literature of the incorporation of excess bismuth into an Aurivillius phase in the form
of stacking faults is refuted. The effect of transient bismuth non-stoichiometry on the out-ofphase domain structure and morphology of Aurivillius phases is described. Experimental
evidence of the post-growth nucleation of OPBs by crystallographic shear (CS) is presented.
The contents of the chapter consist of a journal comment and a journal article that has
been submitted for publication:
“Comment on ‘High-resolution electron microscopy investigations on stacking faults in
SrBi2Ta2O9 ferroelectric thin films’ [Appl. Phys. Lett. 78, 973 (2001)],” M. A.
Zurbuchen, D. G. Schlom, and S. K. Streiffer, Appl. Phys. Lett. 79, 887 (2001)
“Bismuth volatility effects on the perfection of SrBi2Ta2O9 and SrBi2Nb2O9 films,” M. A.
Zurbuchen, J. Lettieri, S. J. Fulk, Y. Jia, A. H. Carim, D. G. Schlom, and S. K. Streiffer,
Applied Physics Letters (in press).
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COMMENTS

Comment on ‘‘High-resolution electron microscopy investigations
on stacking faults in SrBi2Ta2O9 ferroelectric thin films’’
†Appl. Phys. Lett. 78, 973 „2001…‡
M. A. Zurbuchen and D. G. Schloma)
Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16803-6602

S. K. Streiffer
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

共Received 30 March 2001; accepted for publication 4 June 2001兲

Recently Zhu et al.1 reported a high-resolution transmission electron microscopy 共HRTEM兲 investigation of
SrBi2Ta2O9 films grown on Pt/TiO2 /SiO2 /Si substrates.
Their principal finding—direct HRTEM observation of planar stacking faults consisting of extra Bi–O planes normal to
the c axis—is not supported by the data. The lattice image,
Fig. 4 in Ref. 1, contains little information, and the information that it does contain does not support the conclusions.
Below, we present a Fourier analysis of their image, which
quantifies the spatial periodicities present.
The imaging conditions for Fig. 4 of Ref. 1 are not well
defined, and a combination of significant thickness variation
across the area imaged, overlap of neighboring crystallites,
and a high amorphous background mask the interpretable
information. The grain was imaged along a direction parallel
to the c planes, but not down the 关110兴 zone axis as claimed
by the authors, revealed below in the fast Fourier transform
共FFT兲 of the image 关Fig. 1共a兲兴. 共Figure labels were removed
by feathered masks prior to calculating the FFT, in order to
avoid spurious contributions to the power spectrum.兲 The

00 l Bragg peaks are clearly resolved, but hk l Bragg peaks
that would indicate imaging along the 关110兴 zone axis are
absent.
Cycling of the phase contrast, due to thickness variation,
confounds straightforward interpretation. Direct observation
or reliable measurement of the c-direction spacing of potential stacking faults in the image is not possible. The region of
the crystal in the image marked specifically as containing a
planar fault共s兲 is overlapped by a differently oriented neighboring crystal, which makes image interpretation difficult
even under well-defined imaging conditions.
It is unclear whether the authors believe their image
shows a single stacking fault or an array of stacking faults.
Evidence for either case is, however, completely absent in
the FFT. This would appear as streaking or as superlattice
reflections perpendicular to the fault plane 共c direction兲 for
the two cases, respectively, but, this is absent, as shown in
the inset of Fig. 1共a兲. For comparison, Fig. 1共b兲 shows a FFT
of the HRTEM image in Fig. 2 of a single stacking fault in
SrBi2Nb2O9 from our own work.2 The FFT was calculated
from a digital image of equivalent area and resolution as the
image presented by Zhu et al.,1 in order to confirm that evi-

FIG. 1. 共a兲 FFT of Fig. 4 from Ref. 1. No c-direction streaking or superlattice peaks that would indicate the presence of an individual or of multiple
c-plane stacking faults are found in the image. 共b兲 FFT of the HRTEM
image in Fig. 2, showing streaking 共see inset兲 due to the presence of a single
stacking fault. Data are shown on a log scale to enhance low-level contrast;
spatially nonsignificant high-k information has been cropped from the FFTs
for presentation.

a兲

Electronic mail: schlom@ems.psu.edu

FIG. 2. 关110兴-zone-axis HRTEM 共Ref. 2兲 image of a region of a SrBi2Nb2O9
film containing a single stacking fault. The image is scaled identically to
Fig. 4 of Ref. 1, and contains an equivalent sampling area and spatial information density.
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dence of even a single fault would be visible in the FFT.
Streaking in the c direction from this single stacking fault is
evident.
The ‘‘significantly dark background’’ contrast they describe could also be attributed to out-of-phase boundaries
共OPBs兲 inclined to the viewing direction. HRTEM images of
SrBi2Ta2O9 and SrBi2Nb2O9 generally reveal OPBs,3– 6
which typically have the same type of ‘‘significantly dark
background’’ contrast, due to the overlap of two identically
oriented but spatially out-of-phase crystals. Their presence
does not cause c-direction streaking in a FFT. We observe
OPBs in all of the SrBi2Ta2O9 and SrBi2Nb2O9 epitaxial and
polycrystalline films we have examined by HRTEM.2,5,6
Therefore, the authors’ claim that excess bismuth incorpora-

tion 共via stacking faults兲 leads to improved properties, is also
unsubstantiated.
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Bismuth volatility effects on the perfection of SrBi2Nb2O9 and SrBi2Ta2O9 films
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(Received
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The volatility of bismuth and bismuth oxide species complicates the growth of
phase-pure films of SrBi2Nb2O9 and SrBi2Ta2O9. Even in films that appear phase-pure
by the techniques typically used to measure film quality (e.g., x-ray diffraction),
microstructural defects caused by transient bismuth non-stoichiometry can exist that 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 bismuthenrichment at the film-substrate interface, and the formation of an epitaxial reaction layer
in an otherwise stoichiometric SrBi2Nb2O9 film. This layer nucleated OPBs by a stepedge mechanism. These results help explain the significant discrepancy in remanent
polarization (Pr) values reported for thin films of these materials of a given orientation.
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SrBi2Nb2O9, SrBi2Ta2O9, and other Aurivillius-phase ferroelectrics are attractive
candidates for use in ferroelectric random-access memories1 and ferroelectric field-effect
transistors2 due to their high fatigue resistance.3 Unfortunately, the growth of both
polycrystalline and epitaxial thin films of these complex oxides is confounded by the
volatility of bismuth and bismuth oxide species. The stability window that yields singlephase and high crystalline quality films is narrow for films grown by many methods, such
as pulsed laser deposition (PLD)4 and metalorganic chemical vapor deposition
(MOCVD).5 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 a volatile component, such as GaAs,6 PbTiO3,7 Bi2Sr2CuO6,8 and Bi4Ti3O12.9
It is further expected that the high sensitivity to process conditions may lead
directly to differences in properties. Indeed, the remanent polarization (Pr) reported for
both polycrystalline and epitaxial SrBi2Nb2O9 and SrBi2Ta2O9 films10-16 varies widely.
The range in Pr reported in polycrystalline films could be entirely attributed to variations
in orientation distribution, and the range in Pr reported for epitaxial films of a particular
orientation could be attributed to an absence of 90° ferroelectric domain switching
combined with different populations of transformation twins.17,18 Such explanations
cannot hold, however, for epitaxial SrBi2Nb2O9 or SrBi2Ta2O9 films grown on
(110) SrTiO3.13 When bottom and top electrodes are used with such films, Pr is
independent of the details of a-b twinning, and of the switching mechanism (through
either 90° or 180° reorientation of the polar axis) of the spontaneous polarization,
because both remanent polarization-supporting axes in the prototype phase lie at the same
~45° angle to the film normal.13 The value of Pr, however, in epitaxial
SrBi2Ta2O9 / (110) SrTiO3 films has been reported to be as low as 4.8 µC/cm2 and as
high as 11.4 µC/cm2.11,14,16
In order to better understand the interrelationship between 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 defects present in SrBi2Nb2O9 and SrBi2Ta2O9 epitaxial
films, that are a result of transient bismuth nonstoichiometry. Slight deviations in
processing, in combination with the volatility of bismuth oxide species, resulted in
features that are shown to affect film properties strongly.19,20
c-axis films of SrBi2Nb2O9 and SrBi2Ta2O9 were grown by PLD at 875-877 °C on
(001) LaAlO3 and (001) SrTiO3, respectively, under optimal conditions for our system
(those found to result in the lowest x-ray diffraction (XRD) rocking curve widths), as
described elsewhere.4 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 as well.
Epitaxy was confirmed using a four-circle x-ray diffractometer using Cu Kα
radiation and a graphite monochromator. Cross-sectional TEM samples were prepared
by standard sandwiching, slicing, 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.
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As the first example, films are usually quenched immediately after growth, as this
has been shown to yield a more ideal XRD pattern.4 The SrBi2Ta2O9 film described in
this letter, however, was cooled slowly in the film growth chamber for two minutes (in
1 atm of O2) before being quenched. Figure 1(a) is a TEM image of the slowly cooled
sample, showing dark bands of contrast oriented at ~30-45° from the c-direction. These
are out-of-phase boundaries (OPBs), present in columnar groupings.18 (An OPB is a
boundary between two regions of a crystal that are displaced by a fractional translation of
a unit cell dimension.)
A high-resolution TEM (HRTEM) micrograph and image simulation of the OPB
structure at ∆f = 0 and t = 3.5 nm are shown in Figs. 1(b) and (c). The OPB is bismuth
deficient, as indicated by the unit cell of the defect, outlined 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 from the morphology
apparent in Fig. 1(a), it appears that that the Aurivillius structure crystallographically
shears as bismuth is removed 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 vicinity of the OPB defects is
ferroelectrically active. Though their structure differs from that of the bulk, it could
conceivably support a spontaneous polarization. One can infer, however, from their dark
appearance in ferroelectric domain maps19 that these regions are not ferroelectrically
active. Further evidence of this is visible in Fig. 2, a [100]/[010] electron diffraction
pattern of a typical (isostructural to SrBi2Ta2O9) SrBi2Nb2O9 film ([adapted from [19]).
Reflections h0l/0kl with h or k = 0 or 2n, and l = 2n arise from all regions of the image,
and are streaked perpendicular to the habit planes of the OPBs. Reflections h0l,
h,l = 2n–1 are forbidden for the orthorhombic phase; 0kl, k,l = 2n–1 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 periodicities
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,
k,l = 2n–1 reflections. Furthermore, group theory classification proves that the symmetry
of the defects is such that they must be non-ferroelectric. The streaked reflections display
a plane group symmetry of pm. The absence of additional modulation reflections, along
with consideration of the symmetry of this plane group, reveals no additional symmetry
breaking that would support a polar axis; i.e., reflections arising from the defects cannot
belong to a point group that can have a polar axis. Therefore, the OPBs, by symmetry,
cannot support ferroelectricity.
We observe OPBs in all of the many SrBi2Ta2O9 and SrBi2Nb2O9 films that we
have examined by TEM,21 but OPBs do not generally represent a significant volume of
material. This film, however, would have greatly diminished ferroelectric properties
compared to an identical film that was quenched after growth, 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 performing high-resolution imaging and therefore most
useful for structural analysis, ferroelectric measurements are difficult because the ploar
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axes are parallel to the plane of the substrate.) These results also confirm that in the
absence of a bismuth overpressure SrBi2Ta2O9 is not thermodynamically stable under our
growth conditions. This result may explain why many films reported in the literature to
be of apparent high quality by XRD have such poor ferroelectric properties.
θ-2θ and φ XRD scans of the second film in this study,
(001) SrBi2Nb2O9 / (001) SrTiO3, grown under optimal conditions for our PLD system,
are shown in Fig. 3(a) and (b). The film is phase-pure and epitaxial, and the FWHMs of
the peaks are extremely narrow (0.21° in 2θ, 0.21° in ω, and 0.18° in φ—all comparable
to the instrumental resolution of our diffractometer), indicating a high-quality film.
Despite this, cross-sectional TEM examination of the film, Fig. 4(a), revealed a generally
amorphous interface layer that was crystalline in some areas. HRTEM examination of a
crystalline region, Fig. 4(b), revealed two distinct layers: (i) a 3 nm disordered layer and
(ii) a 5 nm region epitaxial with the SrBi2Nb2O9 film. Surface steps of the interlayer have
nucleated OPBs.
Electron microdiffraction and EDS analyses were undertaken in the same area
shown in Fig. 4(b). An electron microdiffraction pattern is shown in Fig. 5(a).
Reflections in the top left quadrant are labeled with “¥” for SrTiO3 and “Á” for the
interface phase; the remaining reflections belong to SrBi2Nb2O9. EDS spectra collected
from (i) SrBi2Nb2O9, (ii) the interface phases (The probe diameter was ~15 nm, so some
overlap of the beam with the film and substrate occurred.), and (iii) SrTiO3 are shown in
Fig. 5(b). These data indicate that the interfacial layer is rich in bismuth, and may also
contain significant amounts of strontium and titanium. Phases fitting this diffraction and
composition profile are Bi4Ti3O12 or a higher-symmetry variant of β-Bi2O3, possibly
stabilized by epitaxial constraint. Consideration of the two-layer microstructure in the
HRTEM image in Fig. 4(b) indicates that the crystalline interface layer is most likely
Bi4Ti3O12 imaged along [661] , with the disordered layer composed of SrO. Bi4Ti3O12,
detected by XRD, previously has been observed as an interfacial layer in SrBi2Ta2O9
films grown on Pt/Ti/SiO2/Si,20,22 due to titanium diffusion through the platinum bottom
electrode.
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
encapsulation of a bismuth-rich phase at the film-substrate interface, which reacted to
form the epi/topotaxial interface phases. Our film deposition conditions are optimized to
compensate for bismuth loss by desorption from the film 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 vs. SrBi2Nb2O9
during the initial growth stage. Adjustments to initial-stage deposition parameters to
allow evaporation of excess bismuth eliminated these interlayers in our films. In
addition, the variability in process conditions inherent in PLD and the narrow process
window could have played a role.
There have been reports of excess bismuth being incorporated into the Aurivillius
structure as a-b-plane stacking faults,23 and the existence of stacking faults in SrBi2Nb2O9
has been inferred by XRD;24 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.21,25 Each of these faults was nucleated by roughness at internal interfaces, and
was of very localized spatial extent. Because SrBi2Nb2O9 and SrBi2Ta2O9 are composed
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of alternating layers of Bi2O22+ and Sr(Nb,Ta)2O72– 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.26,27
In summary, transient bismuth nonstoichiometry in the growth of SrBi2Nb2O9 and
SrBi2Ta2O9 thin films results in microstructural defects that can have a significant impact
on ferroelectric properties, but that are not detectable by standard XRD analysis.
Bismuth loss is accommodated through the generation of out-of-phase boundaries
(OPBs), which are shown to be ferroelectrically inactive. Transient bismuth excess
during film growth can lead to the formation of a bismuth-rich epitaxial reaction layer.
The authors gratefully acknowledge the financial support of the National Science
Foundation through grant DMR-0103354 and, for the work performed at ANL, the U.S.
Department of Energy through contract W-31-109-ENG-38. TEM analysis was
performed at the Electron Microscopy Collaborative Research Center at Argonne
National Laboratory and at the Penn State Materials Characterization Laboratory.
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Figure Captions
Fig. 1. TEM analysis of a bismuth-deficient slowly-cooled SrBi2Ta2O9 / SrTiO3 film,
imaged along the [110] zone axis of SrBi2Ta2O9. (a) Cross-sectional TEM image
showing a very high density of OPBs present in column-like groupings. A HRTEM
image (b) and simulation (c) of a single OPB in the film show that the Bi2O22+ layer is
discontinuous across the OPB, with charge compensation by edge-sharing of the tantalum
octahedra at the Bi-deficient fault.
Fig. 2. Electron diffraction pattern taken along the [100]/[010] zone axis (due to 90°
twins) of the SrBi2Ta2O9 film, adapted from Ref. 19. Reflections corresponding to both
orientations are streaked perpendicular to the habit planes of the OPBs. Reflections
corresponding only to regions with polarization directions parallel to the imaging axis
(0kl, k,l = 2n-1) do not exhibit streaking. Indexing of the plane group of the streaked
reflections indicates that the material bordering the OPBs cannot support a spontaneous
polarization.
Fig. 3. Log-scale XRD scans of the (001) SrBi2Nb2O9 / (001) SrTiO3 film described in
this letter: (a) θ-2θ and (b) φ scan of the 115 SrBi2Nb2O9 peak. φ = 0 is aligned to be
parallel to the [100] in-plane direction of SrTiO3. The scans show narrow FWHMs in 2θ,
ω, and φ, indicating a high-quality film, and no evidence of second phases.
Fig. 4. Cross-sectional (a)TEM and (b) HRTEM micrographs of a
(001) SrBi2Nb2O9 / (001) SrTiO3 film grown under growth conditions optimized to
achieve narrow XRD rocking curve widths, as shown in Fig. 3. The difference in the
desorption rates of bismuth from SrTiO3 versus that from SrBi2Nb2O9 led to the
encapsulation of excess bismuth at the interface, with the subsequent formation of an
epitaxial reaction layer consisting of 3 nm of disordered SrO and 5 nm of Bi4Ti3O12.
Two OPBs in the SrBi2Nb2O9, indicated by arrows, have nucleated at the interface by the
step-edge nucleation mechanism. Horizontal lines on the right indicate the c-direction
offset of one OPB.
Fig. 5. Phase identification of the interface layer. (a) Electron microdiffraction pattern
of the same region shown in Fig. 4(b). Due to probe size limitations, diffracted beams
arise from film, substrate, and epitaxial reaction layer. Diffraction spots in the upper left
quadrant are ¥ = SrTiO3, Á = Bi4Ti3O12, and the remaining spots correspond to
SrBi2Nb2O9. (b) EDS spectra from (i) SrTiO3, (ii) the epitaxial reaction layer, and (iii)
SrBi2Nb2O9. All spectra were collected from the same general area shown in Fig. 4(b).
Probe size limitations resulted in some overlap of the probe with the SrTiO3 and
SrBi2Nb2O9 in (b), but the data clearly show the epitaxial reaction layer to be bismuthrich.
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Chapter 7

FERROELECTRIC DOMAIN STRUCTURE IN A ZERO-STRAIN FERROELECTRIC
MATERIAL

The chapter describes the ferroelectric domain structure of SrBi2Nb2O9, a ferroelectric
material with effectively zero ferroelastic distortion. This work reports the first experimental
separation of the energetic terms controlling ferroelectric domain morphology: strain, space
charge, and dipole-dipole interactions. The uniqueness of the SrBi2Nb2O9 crystal structure leads
to < 0.0018 % ferroelastic distortion, four orders of magnitude less than that of prototypical
oxide ferroelectrics, meaning the elastic free energy term is essentially zero. Additionally,
because no spontaneous polarization can exist along the c axis, interaction between ferroelectric
domains along c is controlled by space-charge effects alone.
A key point of this chapter is that it describes how the reduced dimensionality of
fundamental material properties in layered complex oxides can be exploited in order to study
those properties and their interactions in a more geometrically simple manner than is possible in
more isotropic materials.
The contents of the chapter consist of the journal article:
“Ferroelectric domain structure of SrBi2Nb2O9 epitaxial thin films,” M. A. Zurbuchen,
G. Asayama, D. G. Schlom, and S. K. Streiffer, Physical Review Letters 88, (10),
107601-1 (2002).
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Ferroelectric Domain Structure of SrBi2 Nb2 O9 Epitaxial Thin Films
M. A. Zurbuchen,* G. Asayama, and D. G. Schlom
Department of Materials Science and Engineering, The Pennsylvania State University, University Park, Pennsylvania 16803-6602

S. K. Streiffer
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 4 September 2001; published 25 February 2002)
The domain structure in a ferroelectric with well-defined crystallography and negligible ferroelastic
distortion 共,0.002%兲 is reported. In contrast to prototypical ferroelectrics in which long-range elastic
strain dictates the domain structure, in SrBi2 Nb2 O9 the elastic term is insignificant, allowing dipoledipole interactions and domain wall energies to dominate in determining the domain structure. Electron
microscopy reveals ferroelectric domains that are irregularly shaped and highly curved. Out-of-phase
boundary defects are shown to be weakly correlated with 90± ferroelectric domain structure.
DOI: 10.1103/PhysRevLett.88.107601

PACS numbers: 77.80.Dj, 61.72.Nn, 68.37.Lp, 77.84.Dy

The ferroelastic distortions accompanying ferroelectricity range from several percent to vanishingly small. Thus,
the contribution of elastic energy to the morphology of
ferroelectric domains and to the processes by which they
reorient varies by several orders of magnitude for different
ferroelectric material systems. Domain wall orientations
dictated by spontaneous strain alone are relatively well
understood, and can be predicted based on group-theory
arguments or using the mechanical compatibility analytical methods of Fousek and Janovec [1]. Indeed a great
deal of work on the domain structure of high-ferroelasticdistortion systems has been done [2 –5]. In contrast, only
very few preliminary studies on crystallographically welldefined ferroelectric systems of low ferroelastic distortion
have been performed [6–8], particularly by experimental
techniques. Recent simulations [9–12] have addressed
some issues concerning the relative magnitudes of
long-range elastic strain, domain wall, and electrostatic
and dipole-dipole contributions to ferroelectric domain
structure [13–15], but a consensus remains to be reached.
Little is known about the three-dimensional domain
morphologies that form in ferroelectrics with minimal
ferroelastic distortion, or about changes in domain reorientation processes relative to high spontaneous strain
systems. Of particular interest is switching in constrained
geometries, in that it is desired to control all reorientation
mechanisms that are active in a ferroelectric thin film.
The clamping effect of a constraint has been qualitatively
shown to suppress some reorientation mechanisms, e.g.,
90± rotation domain switching in high-distortion tetragonal Pb共Zrx Ti12x 兲O3 thin films [16 –18]. Additionally, the
nature of the interaction of crystallographic defects with
domains in low-ferroelastic-distortion systems remains
an open question, and is also expected to vary with the
scale of elastic energies particular to a given ferroelectric
system.
SrBi2 Nb2 O9 [as well as other isostructural
共Ca, Sr, Ba兲Bi2 共Ta, Nb兲2 O9 phases with very low ferroelastic distortion] serves as an end point in the spectrum

of ferroelectric materials, allowing experimental investigation of domain structure with a nearly zero contribution of
elastic strain energy to the free energy balance controlling
the structure. Prototypical perovskite ferroelectrics have a
high ferroelastic distortion (e.g., 6.4% for PbTiO3 [19])
and faceted 90± domains with high aspect ratios. The
ferroelastic distortion of Bi4 Ti3 O12 , 0.82% [20] is 1 order
of magnitude lower, and 90± domains [21] are faceted, but
with a low aspect ratio [22]. The ferroelastic distortion
of SrBi2 Nb2 O9 is ,0.002% [20], thus the elastic strain
energy is several orders of magnitude smaller than for
these other perovskite-based systems.
SrBi2 Nb2 O9 is an Aurivillius phase [23,24] consisting of
alternating layers of SrNb2 O7 22 perovskite and Bi2 O2 21 .
It belongs to the space group A21 am, with lattice parameters a 苷 5.5094共4兲 Å, b 苷 5.5094共4兲 Å, and c 苷
25.098共3兲 Å at room temperature [20]. Given this crystallographic setting, the existence of centric symmetry elements means that neither the b nor the c axis can support
components of the spontaneous polarization; the spontaneous polarization lies entirely along the a axis of the
orthorhombic cell [25]. Polar and nonpolar directions
orthogonal to the c axis are distinguished solely on the
basis of symmetry, with negligible accompanying distortion of the unit cell. Group theory has been used to deduce possible domain variants for this space group [5]; of
particular interest are 90± rotation twins about c. In this
work, the 90± ferroelectric domain structure of epitaxial
SrBi2 Nb2 O9 films is resolved by Bragg filtering of highresolution transmission electron microscope (HRTEM)
images.
Epitaxial (001) SrBi2 Nb2 O9 films were grown on (001)
SrTiO3 by pulsed laser deposition as described elsewhere
[26–28]. Great care was taken to avoid the introduction
of sample artifacts by minimizing mechanical and thermal
treatments during TEM sample preparation, and by
minimizing beam exposure in the TEM during imaging.
A JEOL 4000-EX II operated at 400 kV was used for
high-resolution imaging at room temperature. HRTEM
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phase contrast images were acquired using a 100 mm condenser aperture (convergence semiangle 苷 0.85 mrad),
along separate, orthogonal zone axes:
(1) along
关100兴兾关010兴, or 具110典 of the high-temperature tetragonal phase, in cross section, and (2) along 关001兴, in plan
view. Standard bright-field TEM techniques typically
employed to image ferroelectric domain structures rely
on strain or d-fringe-type contrast. However, these
methods are exceedingly difficult to apply to this very-low
ferroelastic distortion material because only a change in
symmetry exists across a domain boundary. Instead, we
rely on imaging using reflections unique to a given polar
orientation.
A HRTEM image typically contains several spatial
periodicities, roughly corresponding to the lattice planes
from which diffracted beams arise. The Fourier transform
(power spectrum) of a HRTEM image reveals these
periodicities as spots, analogous to a diffraction pattern.
It is possible to obtain a map of the regions of a HRTEM
image containing specific spatial periodicities by selecting
those frequencies in the Fourier transform with a mask,
and performing a back transformation. Resolution of such
maps is then limited by, and inversely proportional to,
the aperture size of the mask. Conversely, signal-to-noise
ratio is roughly proportional to the aperture size of the
mask, such that an optimum aperture can be empirically
determined for a given image.
4096 3 4096 pixel scans of real-space images were filtered with circular feathered masks in Fourier space to retain only intensity occurring at Bragg peaks unique to a
specific ferroelectric domain type. These were 011 and 013
reflections with aperture radius r 苷 0.4 nm21 for cross
section samples, and 100 and 120 with r 苷 0.2 nm21
for the plan-view samples. Peaks were selected from
symmetry-allowed reflections [25] unique to one polar orientation; note, however, that the 100 results from double
diffraction. This reflection has a high signal-to-noise ratio
due to its low diffraction angle, and strong contrast transfer
of the corresponding spatial periodicity at the chosen defocus. The reflection is unique to a specific domain type,
and the spatial information it contains is considered significant due to the geometry of diffraction in the TEM.
Note also that contrary to intuition, unique reflections in
cross section arise from momentum transfer with no component along the polar axis. Masked regions were inverse
transformed, and the amplitude components of the resulting complex images are presented here.
Figure 1 shows a representative 关100兴兾关010兴 phasecontrast TEM image obtained by cross section (a) and the
corresponding ferroelectric domain map (b), generated
using the 011 and 013 Bragg peaks. Bright regions are
domains with spontaneous polarization perpendicular to
the plane of the image. Dark regions are either domains
with spontaneous polarization in the plane of the image,
or are ferroelectrically inactive regions. Image features
smaller than ⬃1兾r are attributable to the amorphous
background.
107601-2
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FIG. 1. A cross-sectional phase-contrast TEM image of a
SrBi2 Nb2 O9 epitaxial film along 关100兴兾关010兴. (Some regions
are viewed along 关100兴, and others along 关010兴, due to the
presence of ferroelectric domains. See Ref. [28].) (b) Bragg
filtering to retain only the 011 and 013 periodicities reveals the
90± ferroelectric domain structure. Regions of bright contrast
correspond to domains with the polarization axis perpendicular
to the plane of the image. Dark areas are either regions
polarized horizontally in the image plane, or are out-of-phase
boundaries (examples arrowed).

The morphology of the 90± ferroelectric domain structure, as viewed along this axis, is controlled by essentially
dipole-dipole effects and domain wall energy only. It is
clear that the domain walls for this configuration are not
faceted, but are instead highly irregular. This is in contrast to the morphology of 90± ferroelectric domains in
high-distortion materials, which display a high aspect ratio with strongly crystallographically faceted domain walls
[14,29,30]. 180± domain structures, on the other hand, do
not have an associated strain energy component, and exhibit domain walls with a surface normal that meanders
in the plane perpendicular to the spontaneous polarization [31], yielding morphologies similar to those imaged
in SrBi2 Nb2 O9 along this azimuth.
Dark bands (examples arrowed) in Fig. 1 correspond to
out-of-phase boundaries (OPBs) [32]. Figure 2 shows a
关100兴兾关010兴 electron diffraction pattern of the same region
shown in Fig. 1. The intensities of h0l兾0kl reflections corresponding to h or k 苷 0 or 2n, and l 苷 2n, arise from all
regions of the image. These spots are streaked in directions
107601-2
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FIG. 2. Electron diffraction pattern taken along the
关100兴兾关010兴 SrBi2 Nb2 O9 zone axis of the same film shown in
Fig. 1. Reflections arising from both orientations are streaked
40± relative to 关001兴ⴱ , and along 关100兴ⴱ or 关010兴ⴱ , perpendicular
to the habit planes of the defects. Reflections corresponding
only to regions with polarization directions perpendicular to
the image plane of Fig. 1 共0kl, k, l 苷 2n 2 1兲 do not show
streaking.

40± to 关001兴ⴱ and weakly along 关100兴ⴱ 兾关010兴ⴱ , indicating habit planes of ⬃共014兲兾共104兲 and 共100兲兾共010兲 for the
OPBs. Reflections with h0l, h, l 苷 2n 2 1 are forbidden.
0kl, k, l 苷 2n 2 1 reflections arise only from regions
of the specimen oriented with 关100兴 parallel to the electron beam; these reflections do not display streaking. Selected-area Fourier analysis of the real space image, along
with the fact that OPBs are dark in the domain image,
indicate the OPBs do not contribute to these nonstreaked
reflections. Therefore, it is likely that, at least along this
azimuth, OPBs display a higher symmetry than the bulk
crystal (as evidenced by more systematic absences, indexed using the unfaulted crystal’s reciprocal lattice), and
may not reflect the polarity of bulk SrBi2 Nb2 O9 . Figure 3
shows a low-magnification image of the same film shown
in Figs. 1 and 2. A ferroelectric domain map of the type
shown in Fig. 1(b) is overlaid on the region of the image
from which it was derived. This figure demonstrates the
lack of preferred orientation for 90± ferroelectric domain
walls on a greater length scale, and also shows the weak
spatial correlation of domain walls and OPBs, which may
be due to OPBs acting as nucleation sites for ferroelectric
domains.
A high-resolution TEM image of a SrBi2 Nb2 O9 film,
viewed in plan-view along 关001兴, was Bragg filtered to
reveal the two 90± ferroelectric domain types, shown
in Figs. 4(a) and 4(b). Bright regions are ferroelectric
domains with their polar axes as indicated in the figures.
Contrast in this azimuth is reduced (1) because of the
highly irregular domain structure projected along this
viewing axis, which corresponds to the film thickness
共c-兲 direction of Figs. 1 and 3, and (2) because the hk0
reflections used for imaging are quite weak in comparison
107601-3

FIG. 3. TEM image along 关100兴兾关010兴 of the same film shown
in Figs. 1 and 2. A Bragg-filtered image of the center region is
overlaid on the image, showing the ferroelectric domain structure
on a large scale, and also showing the weak correlation between
90± ferroelectric domain walls and the out-of-phase boundaries,
which are visible as diagonal bands of contrast in the image.

to those used for imaging along the previously described
azimuth. Comparison of Figs. 4(a) and 4(b) reveals that
the domains are almost entirely complementary. Thus,
this method successfully distinguishes the two domain
variants, despite the poor contrast. Again, domain walls
are not constrained to specific crystallographic orientations and appear to be highly curved.
The morphology of the 90± ferroelectric domain structure, as viewed along this axis, is controlled by electrostatic
energy, as well as by dipole-dipole interactions and domain
wall energy. For this orientation, 90± ferroelectric domain
walls of any orientation other than 45± with respect to the
polar axis have an associated space charge due to divergence in the component of the polarization normal to the
domain wall. The fact that walls are so curved in this section therefore implies that SrBi2 Nb2 O9 is fairly tolerant of
such space charge.
In conclusion, the 90± ferroelectric domain structure of
SrBi2 Nb2 O9 has been resolved. Out-of-phase boundary
(OPB) defects are shown to be weakly correlated with
the domain morphology. Ferroelectric domain walls are

FIG. 4. Ferroelectric domains in a SrBi2 Nb2 O9 epitaxial film,
viewed along 关001兴. Bragg filtering of a phase contrast image
to retain only the 100 and 120 periodicities reveals the two 90±
ferroelectric domain types, (a) and (b). Regions of bright contrast correspond to domains with the spontaneous polarization
oriented as indicated in the images.
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highly curved both in the a-b plane, and perpendicular
to that plane. The vanishingly small ferroelastic distortion of SrBi2 Nb2 O9 has enabled experimental observation
of a ferroelectric domain structure that is determined by
dipole-dipole interaction and domain wall energies, both
with and without an electrostatic energy contribution, and
with a negligible contribution from strain energy. These
results provide experimental separation of the effects of
the energetic contributions dictating ferroelectric domain
structure. An as-yet unaddressed technological benefit of
this low ferroelastic distortion is that mechanically constrained devices fabricated from these materials are expected to be less susceptible to strain-induced polarization
clamping. These results also demonstrates that the highly
faceted nature of typical ferroelectric domain structures is
primarily a result of strain energy.
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Chapter 8

SUMMARY AND CONTRIBUTIONS

Summary
This thesis has presented the details of defect and domain structures in epitaxial thin films
of layered complex oxides. It has shown how OPBs influence properties, and has presented a
description of their nucleation mechanisms in a generic manner. The reduced dimensionality of
material properties in layered complex oxides has also been applied to produce the very first
images of ferroelectric domains in a zero-strain ferroelectric material. In the process of
characterization of films, a great deal of information about the morphology of OPBs in several
layered complex oxides has been learned. This is also communicated here. The author
anticipates that many future instances of OPBs influencing the properties of layered complex
oxide epitaxial films will be reported in the literature, and it is hoped that this work will be of
some value in evaluating these systems in order gain a better understanding of their behavior.
The author also hopes that using layered complex oxides to observe aspects of materials in a
reduced dimensionality (simpler to interpret) manner will yield some insight into the
understanding of some fundamental material properties.
OPBs are translation boundary defects frequently found in layered complex oxides, most
often when in epitaxial thin film form. They consist of an offset that is a fraction of the long
unit-cell axis (usually the c axis) between two regions of a single crystal or grain of a layered
complex oxide. More details can be found in Chaps. 3 and 4. This type of translation boundary
has not previously been reported on in detail. The author believes that this is because the
epitaxial growth of a great number of various layered complex oxides has only become
widespread in the past ten or so years. These defects are not observed in simpler systems, which
may consistently exhibit only one possible alternative offset – an APB. Over the past 28 years,
HRTEM observation occasionally revealed OPBs, but, because they were not common, they
were often explained away as “sample preparation artifacts” or as “thickness variation.” It is
hoped that perhaps revisitation of some of these systems will yield some fresh insight into
unexplained correlations that may have not been fully explained by microstructural or other
observations.
OPBs have been observed to quench superconductivity (Chap. 5), and to be
ferroelectrically inactive regions in ferroelectric materials (Chap. 7). The morphology of OPBs
varies from those that lie straight and at a particular angle, to those having a meandering
morphology with a wide range of angles and a rounded morphology. From the few systems
imaged directly in this work, it appears that a correlation exists between the anisotropy of the
unit cell and the meander of the OPBs, although other chemical and structural factors doubtless
play a role.
OPBs are nucleated by four mechanisms — three during growth: step edge, growth
order, and coincident site lattice mismatch, and one post-growth: crystallographic shear. The
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step edge mechanism causes an OPB where adjacent nuclei, growing on different terraces of a
substrate surface, meet, and are out of phase by the height of the terrace edge height (Chap. 2).
The growth order mechanism is active in systems where there is more than one occurrence of the
energetically-preferred atomic layer in the crystal structure of the layered complex oxide. An
example is described in Chaps. 2 and 4. The coincident site lattice mismatch mechanisms occurs
in instances where the long unit cell axis is not perpendicular to the substrate surface. This
generally results in a coincident site lattice mismatch, and neighboring nuclei are therefore
generally out of phase with respect to the c direction (Chap. 2). These OPBs can penetrate
through the full film thickness. Post-growth, the loss of a volatile component of a layered
complex oxide can result in the generation of OPBs, in a manner similar to that by which
multivalent binary oxides undergo crystallographic shear to accommodate a change in pO2.
(Chaps. 2 and 6).
The reduced dimensionality of the zero-strain ferroelectric SrBi2Nb2O9 allowed the
separation of the energetic contributions to ferroelectric domain morphology in this perovskitebased ferroelectric material. The three energetic terms separated are elastic stain energy, dipoledipole interactions, and space-charge effects. Domain wall energy functions basically as a
scaling factor for domain size, and does not affect the morphology otherwise. Because no
spontaneous polarization can exist along c, the ferroelectric domain structure in SrBi2Nb2O9
viewed in a direction parallel to c is one with no elastic strain energy contribution. The
dimensions of the other two axes are equal, a = b, even though the spontaneous polarization lies
along a. (A 90° switch would involve the exchange of the a and b axes.) More importantly that
a c-axis view is an a/b-axis view. The ferroelectric domain structure observed here is
independent of strain, but additionally, because no spontaneous polarization can exist along c,
the morphology along this direction is the result of space charge effects alone, and is independent
of dipole-dipole effects, along with strain. Recent simulation work shows that current models
can accurately predict a domain structure like that observed, when energetic terms are selectively
removed. This work, at the least then, serves as confirmation of this model. Further details can
be found in Chap. 7, and in a soon-to-be published journal article.

Contributions of this Thesis
This thesis contains several important contributions. The most important contributions are:
• OPBs are shown to influence the properties of layered complex oxides, and thus must
be considered in measuring the quality of layered complex oxide films. Because standard
XRD scans may not reveal their presence, steps must be taken to reveal their presence.
• The nucleation mechanisms of OPBs in epitaxial films of layered complex oxides are
described in a generic manner, allowing researchers to consider whether OPBs are likely
to be present in various epitaxial layered complex oxide systems.
• The principle of reduced dimensionality of certain fundamental material properties in
layered complex oxides is described. Use of this concept is expected to yield significant
advances in the fundamental understanding of optical, mechanical, and electrical
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properties of material systems. An example of the principle revealed for the first time the
ferroelectric domain structure of a zero-strain ferroelectric material.
Other significant contributions of this thesis are:
• Growth twin domains in epitaxial films of layered complex oxides are shown to be the
result of local continuation of the perovskite sublattice.
• The nucleation mechanisms of out-of-phase domains in layered complex oxides are
described.
• The first experimental evidence of the step-edge OPB nucleation mechanism in an
Aurivillius phase is presented.
• The first experimental evidence of the preferred nucleation-growth order OPB
nucleation mechanism in a Ruddlesden-Popper phase is presented. The interaction of the
chemically-preferred nucleation layer for epitaxial oxide films with the number of
structurally-equivalent atomic layers in the unit cell of a layered complex oxide can result
in the nucleation of OPBs, even on perfectly flat substrates. For example, because the
preferred nucleation layer for Sr2RuO4 on LaAlO3 is SrO, and because two structurallyequivalent SrO layers exist in the Sr2RuO4 unit cell, OPBs will be generated by this
mechanism. The OPB density would be expected to vary with deposition parameters that
affect the size of nuclei, such as temperature. A greater number of nuclei will result in
more OPBs in such a system.
• The first experimental evidence of the coincident site lattice mismatch OPB nucleation
mechanism in an Aurivillius phase is presented.
• The first experimental evidence of the generation of OPBs by crystallographic shear
due to volatile component loss in an Aurivillius phase is presented.
• OPBs are shown to destroy superconductivity in Sr2RuO4.
• OPBs are shown to be ferroelectrically inactive volumes of material in SrBi2Nb2O9.
• The first experimental separation of the energetic terms controlling ferroelectric
domain structure in an oxide ferroelectric is presented.
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Future Directions
Several possible directions to further our understanding of defect structures in layered
complex oxides exist. It would be useful to correlate the properties of other layered complex
oxide phases with OPB density. Experimental work demonstrating the described nucleation
mechanisms in other material systems would also be useful. Knowledge of the extent to which
each of the OPB nucleation mechanisms contributes to the observed OPB density in a given
phase would enable researchers to take appropriate steps to control their nucleation and growth.
An experiment originally planned for this work, the use of a spherically-polished substrate for
epitaxial growth, would demonstrate the correlation of substrate miscut (i.e., step-edge density)
with the density of OPBs generated by the step-edge mechanism. In a similar manner,
experiments varying the atomic-layer termination of substrates will allow investigation of OPB
nucleation by the preferred nucleation-growth order mechanism. The growth of phases
susceptible to this OPB nucleation mechanism by a serial deposition technique, such as MBE,
could allow control over this mechanism. Evidence suggests that some disorder at the filmsubstrate interface in non-c-oriented films aids in the prevention of OPB nucleation, and this
could also be investigated.
Combined polarization-imaging studies of ferroelectric domains in these phases will aid
in developing an understanding of the switching dynamics of ferroelectric domains in Aurivillius
phases, which are not well understood. It is also not known why these phases are resistant to
ferroelectric switching fatigue; in situ studies are expected to provide some insight into this.
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Appendix A

NOTES ON TEM SPECIMEN PREPARATION

The preparation of thin foils for examination in the TEM is an art that is difficult to
master. Oxide single crystals are particularly difficult, due to their tendency to cleave easily
when thinned to < 10 µm. However, new devices have become available in recent years that
greatly reduce the effect of the human hand’s lack of fine control. The author has prepared a
great number of TEM samples of epitaxial films by a variety of techniques in several different
laboratories. In doing so, some tricks that help to increase the odds of achieving a good TEM
sample have become apparent. These are by no means the only way to do things. This is what
works for me. Others have their own particular voodoo that they follow to make good
specimens. The following are some of mine, many of which I have learned from others:
For cross-sections, glue a piece of silicon to the film surface before sectioning. This will
provide structural stability (Silicon is tough!), and will also give a visual indication of thickness
once you thin below 10 µm. The glue-line between silicon and film is critical. Sand the surface
oxide off of the silicon with 15 µm sandpaper prior to gluing. This step alone will save you from
an uncountable number of failures. Also, the glue line must be thin and free of any bubbles.
Practice gluing silicon to a piece of glass. Image the glue line through the glass with an optical
microscope, at ~ 70 x, both before and after curing.
For gluing TEM specimens, I prefer M-Bond adhesive because I have used it for a long
time and know its behavior. No matter your preference, practice is key. M-Bond is an epoxy
dissolved in solvents to give it a very low viscosity. Cure it at 150 °C, but don’t just heat it
straight up. The solvents begin to evaporate rapidly at around 90 °C. There is a point in between
these two temperatures at which all of the carrier solvent has evaporated, but the epoxy has not
yet begun to set. At this point, the epoxy no longer bubbles and has a low viscosity.…you get
about a five second window. Apply pressure to ensure a thin, bubble-free bond. With practice,
you can routinely achieve glue layers of < 1 µm in thickness.
When slicing cross-sections, apply thermal wax (I use Crystal Bond.) on top of the stack
as well as using it to adhere it to the cutting platen of the saw. Cut slowly. The wax on top will
give a much softer start to the cut than if you just slammed the blade down on the naked single
crystals, yielding less chipping.
Buy an Allied High Tech Multiprep system. The Multiprep automates the last remaining
step of TEM sample preparation, polishing, and provides perfectly planar and gentle sample
thinning. It doesn’t get bored and switch to a rougher grit, like humans do. Use it to polish one
side of your cross-section to a mirror finish, preferably using 0.01 µm diamond on a no-nap
“cloth.” Polish the other surface in the same manner. For plan-view samples, polish the back
side of the substrate, after thinning, to the same type of finish. This eliminates surface cracks
that concentrate stresses and cause sample failures during dimpling. Use lapping film from
Allied High Tech (3M) only. They’re $30 each, but last for a year or longer with proper care.
Also, use a glycol lubricant instead of water when polishing, and always use less than you think
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you need. Glycol lubricants have a much lower surface tension, and a slightly higher viscosity,
than water. This provides a bit of cushioning against film surface asperities, and results in less
“grabbing” of the sample by the film.
Dimpling is the best method to thin samples before ion milling. Don’t listen to anyone
who tells you that wedge polishing is going to give you nice samples, especially using a tripod.
It won’t. It only works well for tough materials like silicon. It is possible to wedge polish
beautiful samples that need less than a minute of ion milling, but if you’ve read this far in this
section, you are not ready to try it. I have no experience using a focussed ion beam (FIB) to
prepare samples. It may be easier and provide better results in for some samples.
Use diamond suspensions with the dimpler, not diamond paste. Two drops is enough.
Dimpling tools wear over time and become uneven. Don’t buy a new one, just dimple a penny
with 1 µm diamond suspension and ~ 50 g of “force” to re-spherize the tool surface. Do this
with new dimpling tools, too, because they are only flat-polished. I bought a lot of dimpling
wheels and wrecked many samples before I figured this out. Check the calibration of the
dimpler, and use only a few grams of force when dimpling your sample.
Sandwiching with silicon is invaluable for determining the thickness of a sample below
~ 10 µm. It becomes transparent and red, changing color with decreasing thickness. For clear
samples, use an optical microscope to measure the thickness in the center by focussing on the top
and bottom surfaces and measuring the difference. Once a specimen is less than 10 µm thick,
switch to a cloth dimpling tool. If you will be preparing several samples of nominally the same
material, it will be worth your time to measure the material removal rate with 1 µm diamond and
a cloth tool, given a particular force (I use 5-10 g). Once this rate is determined, it’s possible to
set a dimpler for a specific time to achieve a certain thickness. Stop once the center is < 3 µm
thick. Physically polishing any further will introduce defects into the material.
Get access to a PIPS. Low angles and focussed beams make for quick material removal
and huge areas that are thin enough for HRTEM imaging. If a film has some roughness (e.g.,
plan-view sample) thin areas may drop out as they are thinned. Determine or estimate the
material removal rate for your specimen, and remove about twice the roughness using a very low
angle before continuing ion milling from the substrate side. Baby-sit the ion mill. Never
become impatient. Check a sample in the PIPS every 30 seconds when it’s almost ready. The
extra time spent babysitting will be repaid when ion milling is halted before the thin area is gone.
A sample is “done” when the edge of the hole just touches the material of interest. It is possible
to judge whether a TEM sample is thin enough for HRTEM by using a high-power optical
microscope and looking for partial-wave optical interference fringes. For example, a transparent
oxide sample that appears to have colorless or grey material beyond the thin areas with rainbows
of optical interference fringes is perfect. The more widely-spaced the fringes are, the wider the
thin area is.
Experience is key. It is not possible to learn the art of TEM sample preparation without
extensive practice. And, talk to other people who make TEM samples. They are your best
resource.
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Steps in Preparing a Cross-section TEM Specimen of a Thin Film
(a)

Section the a 2.5 mm-wide piece of the film/substrate.

(b)
Use M-Bond to adhere the film-side of the substrate to a piece of silicon that is more than
three mm in width. Be careful heating from 50 – 90 °C, the temperature range in which the
carrier solvent of the M-Bond boils away. Heat slowly to avoid bubbles at the interface.

(c)
Section the stack into pieces 0.7 mm thick. Polish a single section to a final polish using
0.1 µm lapping film, or 0.05 µm diamond suspension and Allied Final A cloth, removing a total
of at least 200 µm to eliminate all material damaged in cutting.
(d)
Use M-Bond to adhere the polished side of the section to a 3 mm molybdenum support
ring. Thin the section from the other side to a thickness of 90-120 µm (ring + section) and
polished finish using 1 µm lapping film to eliminate stress-concentrating surface cracks.
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(e)
Chip away the silicon from the sides of the ring to make the entire assembly 3 mm in
diameter using a scalpel and a stereo microscope.
(f)
Dimple the center of the stack, with the dimple centered on the interface, until the center
of the section is less than 10 µm thick. Ion mill to perforation at the interface.
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Appendix B

TEM SAMPLE PREPARATION CONSUMABLES AND EQUIPMENT SUPPLIERS

The following are the companies I have found to provide high-quality equipment for the
preparation of TEM specimens:

Allied High Tech Products, Inc. – sectioning and polishing equipment and consumables
2376 East Pacifica Place
Rancho Dominguez, California 90220
(800) 675-1118 (phone)
(310) 635-2466 (phone)
(310) 762-6808 (fax)
http://www.alliedhightech.com/
Buehler, Ltd. – sectioning and polishing equipment and consumables
41 Waukegan Road
Lake Bluff, IL 60044
(800) 283-4537 (phone)
(847) 295-6500 (phone)
(847) 295-7979 (fax)
http://www.buehler.com/
Gatan, Inc. – TEM sample preparation equipment
5933 Coronado Lane
Pleasanton, CA. 94588
(925)224-7300 (phone)
(925)463-0204 (fax)
http://www.gatan.com/
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Structure Probe, Inc. – Electron microscopy laboratory supplies and equipment
P.O. Box 656
West Chester, PA 19381-0656
(800) 242-4SPI (phone)
(610) 436-5400 (phone)
(610) 436-5755 (fax)
http://www.2spi.com/
Struers, Inc. – sectioning and polishing consumables
810 Sharon Drive
Westlake, OH 44145
(440) 871-0071 (phone)
(440) 871-8188 (fax)
http://www.struers.com
Ted Pella, Inc. – Electron microscopy laboratory supplies and equipment
P.O. Box 492477
Redding, CA 96049-2477
(800) 237-3526 (phone)
(530) 243-2200 (phone)
(530) 243-3761 (fax)
http://www.tedpella.com/
Vishay Measurements Group, Inc. – M-Bond Adhesive
P.O. Box 27777
Raleigh, NC 27611
(847) 426-4446 (phone)
(847) 426-4489 (fax)
http://www.vishay.com/brands/measurements_group/
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