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Atomic-Scale Interface Structure in Domain Matching
Epitaxial BaBiO3; Thin Films Grown on SrTiO3; Substrates

Lei Jin,* Michael Zapf, Martin Stiibinger, Martin Kamp, Michael Sing, Ralph Claessen,

and Chun-Lin Jia

The electronic structures of BaBiO; (BBO) thin films grown on SrTiO; substrates
are found to be thickness dependent. The origin of this behavior remains under
debate and has been suggested to be attributed to the structural and composi-
tional modifications at the BBO/SrTiO; interface during the first stage of film
growth. Though a wetting layer with thickness of ~1 nm has been experimentally
identified at the interface, details on the microstructures of such a layer and their
effect on the subsequent film growth are lacking so far, particularly at the atomic
scale. Herein, atomic-resolution scanning transmission electron microscopy is
used to study the interface structure of a 30 nm-thick BBO film grown on an
Nb-doped SrTiO; (STO) substrate through domain matching epitaxy. An inter-
facial 6-Bi,O; (BO)-like phase with fluorite structure is identified, showing a layer-
by-layer spacing of ~23.2 A along the growth direction. The orientation relationship
between the BO-like phase and surrounding perovskites (P) is found to be
<001 >50||<001>p and <110>o|| < 100> 5. The presence of the BO-like phase
results in two types of interfaces, i.e., a coherent BO/STO and a semicoherent
BBO/BO interface. Thickness variations are observed in the BO-like layer,

physical properties of materials,™? due
to the possibility of tuning their structural
parameters and chemical compositions.
Such films are also of great importance
for studies of materials with emergent phe-
nomena,®> ! induced by the presence of
interfaces (either to a substrate or to neigh-
boring layers as in a multilayer or superlat-
tice system), which adds more degrees of
freedom for controlling the materials prop-
erties, e.g., by lattice strain or interface/sur-
face manipulations. For example, in the
case of BaBiO; (BBO) thin films, if a BiO,-
termination is achieved, the pseudocubic
(001)p surface, considered as one type of
interface (hereafter the subscript “P”
denotes perovskite), has been predicted to
host a 2D electron gas!® Its origin is
neither associated with the presence of

resulting in the formation of antiphase domains in the BBO films.

In addition to single crystals, high-quality thin films provide an
ideal playground to investigate the essential structural and
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oxygen vacancies nor with a polar disconti-
nuity and thus differentiates itself from
the prototypical LaAlO;/SrTiO; case.l’]

BBO, a well-known parent material for
the high-T superconducting compounds
Ba, ,K,BiO; and BaPb, Bi 0,”® adopts a monoclinically
distorted perovskite structure (space group: 12/m) at room
temperature,*'% with a pseudocubic lattice constant of
~4.36 A (e.g., ICSD-67073). Recently, BBO was used as potential
absorber for all-oxide solar cells and as photocatalyst for water
reduction.' 31 Within the pseudocubic cells of BBO, the
BiOs-octahedra show about 10° rotations™® that can be described
by the Glazer notation ap~bp~cp",**** whereas the Bi—O bond
varies between 2.11 and 2.29 A for adjacent octahedra leading to
the so-called breathing mode distortion.!”

Though considerable efforts have been made to understand
the structures and physical properties of BBO, there is an ongo-
ing debate about the origin of the breathing mode distortion.
Early on, it was attributed to the formation of Bi** and Bi’*
charge order on the BiOg-octahedra network, leading to the
insulating (or semiconductor-like) ground state for undoped
BBO.’'% Due to this charge disproportionation, the nominal
valence state of BBO was described, in an ionic picture, as
Ba?*Big5*tBig s> 03> (or Ba,” Bi**Bi*T 04> as in a double
perovskite unit cell)?®'? rather than Ba’'Bi*"0;>". Alter-
natively, it was argued that such a distortion is accompanied
by a spatial condensation of hole pairs into local, molecular-like
orbitals of A;, symmetry composed of Bi-6s and O-2p, atomic
orbitals of collapsed BiOg-octahedra, leaving Bi ions in a
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monovalent state throughout the lattice.””~** In addition, there
are also inconsistencies in the reported bandgap values. For
instance, theoretical calculations predict a 1.32% or 1.45 eV*®
direct bandgap, whereas the experimentally determined values
show variations, viz. 1.66,21 1.9,20221 2 1 and 2.04 V.23

To solve these problems and to further study doping-related
effects (such as superconductivity, photocatalysis, and so on),
high-quality BBO single crystals and thin films are demanded.
In contrast to the studies on the synthesis of BBO single
crystals,'®#*2%] reports on epitaxial growth of BBO thin films
are limited. It has been shown that, aside from the growth on
MgO substrates (lattice mismatch of ~1.4%),*”?®! smooth and
well-ordered BBO thin films can be deposited on SrTiO; sub-
strates (lattice mismatch of ~12%) through domain matching
epitaxy® ! even without the use of buffer layers such as
BaO and BaCeO;/BaZr0;.2**}] BBO films can be further used
as buffer layers for the stabilization of the energetically unfavor-
able, but electronically nontrivial perovskite phase in the
Y—Bi—O system.** In addition, it was recently reported that
the electronic structure of BBO shows a thickness dependence
for films directly grown on SrTiO; substrates,?*** whose origin
was attributed to the structural and compositional modifications
at the BBO/SrTiO; interface.*”

Although it was experimentally found that a wetting layer with
thickness of about 1 nm might exist at the interface,?*** infor-
mation on the detailed microstructures for such a layer and their
role in the subsequent film growth is lacking, particularly at the
atomic scale. For example, using high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM)
imaging, this interfacial layer was reported to possess a rock-salt
structure, whose formation can decouple the substrate from the
film, thus stabilizing the heterostructure.** However, it should
be noted that the determination of the oxygen positions is of criti-
cal importance in distinguishing fluorites®”! from rock salts,**]
as both structures appear the same in the HAADF images
(oxygen is invisible). So far, this distinction has not been achieved.

Herein, we study the interface of a 30 nm-thick BBO film
grown directly on a TiOj-terminated 0.05wt% Nb-doped
SrTiO; (STO) substrate through domain matching epitaxy.
The quality of our BBO thin-film samples grown under identical
conditions has been studied previously by X-ray diffraction
and electron microscopy,*” and is also exemplified by low-
magnification HAADF STEM of the lamella investigated in this
study (Figure S1, Supporting Information). Using atomic-
resolution scanning transmission electron microscopy, we reveal
an interfacial 6-Bi,O; (BO)-like layer with fluorite structure.
The orientation relationship between the BO-like phase and
surrounding perovskites is found to be <001>po||<001>p
and <110>p0||<100>p (hereafter the subscript “BO” denotes
the BO-like phase). The presence of the BO-like phase results
in two interfaces, i.e., a coherent BO/STO and a semicoherent
BBO/BO interface, which has been also discussed by interface
modeling. In addition, the influence of this interfacial BO-like
layer on the subsequent growth of the BBO film is demonstrated.

Figure 1a,b shows the atomically resolved HAADF images of
the BBO thin film and the corresponding atomic structures, pro-
jected along the perovskite <100>p and <110>p directions,
respectively. Due to the large difference in atomic numbers Z
between Ba (Z=56) and Bi (Z=283), the individual atomic
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Figure 1. HAADF images and corresponding atomic models of the BBO
film projected along the perovskite a) <100>p (|| monoclinic [110],,,) and
b) <110>p (|| monoclinic [010],,) directions. c) HAADF image showing
two antiphase domains.

columns associated with Ba and Bi can be clearly distinguished
according to the apparent image intensity, which are indicated by
yellow and magenta dots, respectively. The pure oxygen
columns (Z = 8), however, are not visible in the HAADF image.
In Figure 1c, an antiphase boundary (APB) is observed with a
shift of half a unit cell along the growth direction between the
two adjacent domains (see overlaid models). The intensity differ-
ence between Ba- and Bi-related columns is no longer evident at
the APB due to overlap of the two domains with their boundary
inclined to the viewing direction. This is a very common feature
in the BBO film used in this study.

Figure 2a shows a very typical HAADF image of the interface
area taken along the <110>p direction, whereas Figure 2b shows
the corresponding image intensity profile (averaged along the
[110]p direction) plotted along the [001]p direction. Based on the
abrupt intensity change, the interface between the film and STO
substrate can be determined, as is marked by the magenta arrow.
In the following, we call this interface as the lower interface.

Three misfit dislocations (MDs) are indicated by the label “T”
in Figure 2a. The separation between them amounts to about
2.48 nm for the observed BBO/STO interface, meaning that eight
BBO (110)p planes are in registry with nine STO (110)p planes at
the interface (see lattice planes between the two vertical arrows).
This leads to the so-called domain matching epitaxy growth.?!

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) HAADF image showing the interface structure. The viewing
direction is [110]p. The indicated Burgers circuit shows that the vector of
MDs is ap[110]/2, where dp=4.13 A is the mean lattice constant of the
unit cells of BBO and STO. b) Corresponding image intensity profile
(averaged along the [170], direction) plotted along the [001]s direction,
showing the presence of a §-Bi,O; (BO)-like interface layer. For details
see text.

Further examinations reveal that the termination plane of the
MDs is not right at the film/substrate interface (lower interface),
but two atomic planes above, which is called stand-off
behavior.*® A similar phenomenon was observed in a recent
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study.’Y Hereafter, we denote the dislocation-defined plane as
the upper interface.

The domain matching epitaxy can be well understood within a
near coincidence site lattice (CSL) model proposed for large-
misfit systems,?? as the natural lattice misfit between BBO
and STO is =~12%. In this model, given that n spacings of
BBO bulk match (n+1) spacings of STO at the interface, the
unit cell dimension of the interface superstructure requires
n X dppo = (n+ 1) X dgro for an arbitrary interface structure.
Here, dgpo~4.36/v/2=3.08A and dsto~3.91/v2=2.76A
for the (110)p planes, therefore, only (n + 1) is valid. This yields
n~ 8.6, which is slightly larger than the value n =28 measured
from the APB-free interface areas. As the STO substrate is
thought to be rigid, the reduction in n therefore necessitates
an in-plane lattice expansion of the BBO film from the bulk
value to ~4.39 A (according to v/2 x 2.76 x 9/8 A by supposing
that the in-plane lattice parameter ap = bp). This is consistent to
the measured value reported in the study by Zapf et al.?V for
the same sample used. The minimum CSL misfit F, as defined
by 1— ((n+1) X dsto)/(n X dppo), approaches zero. All of the
results are indicative of the formation of a semicoherent
BBO/STO interface, which is energetically favorable.

In addition, we note an interface wetting layer in Figure 2, as
evidenced by the unexpected lattice spacing, i.e., 3.2 A, in the
intensity profile. This value is much larger than the values for
half of the unit cells of BBO and STO. The wetting layer is found
to be very sensitive to the Ga ion beam milling, which usually
leads to the local thickness reduction or sample amorphization
before HAADF imaging (Figure S1, Supporting Information).

To understand the structure of the interface wetting layer, we
further magnified the coherent parts that are located between two
MD cores (e.g., positions marked by vertical arrows in Figure 2a).
The images are shown in Figure 3ab, respectively, for

Figure 3. Magnified HAADF images from the coherent parts between two MDs, showing the atomic configurations of the interface wetting layer along
a) <100>p and b) <110>p. The wetting layer in (a) shows reduced intensity due to the local thickness reduction caused by preferential ion beam milling.
c,d) Atomic models of 6-Bi,O; projected along the <110>p5 and <100>go directions, respectively. e) ABF image taken from the BO/STO interface
along <110>p||<100>g0. All atomic columns, including O, are imaged. (Bi: magenta, Ba: yellow, Sr: green, Ti/Nb: red, O: cyan). Scale bar: 0.5 nm.

For details see text.
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projections along the <100>p and <110>p directions of BBO.
Considering the Z-contrast of the atomic columns (which is
related to the chemical element) together with their arrangement
(see zigzag line in Figure 3a and rectangle in Figure 3b) in the
interface structure, one can deduce that the interface wetting
layer possesses a 5-Bi,Os-like structure with a fluorite configura-
tion. This is evident from the comparison with the corresponding
projections of 6-Bi, 03, as shown in Figure 3c,d, which match our
findings almost perfectly. Inconsistent with a recent report,**l
the interfacial layer was reported to possess a rock-salt structure
based on the HAADF image alone. The orientation relationship
between the interface BO-like layer and surrounding perovskites
(i.e., STO and BBO) is found to be <001>po||<001>p and
<110>p0l[<100>p.

From Figure 3d, one can also see that the heavy cations
(i.e., Bi, magenta dots) in the fluorite structure are no longer
aligned in the same columns with anions (i.e., O, cyan dots)
in the <100>p0 projection, in contrast to the rock-salt structure.
The fluorite structure can be directly recognized from our atomic
resolution annular bright-field (ABF) image (Figure 3e), which
reveals all atomic columns including O. However, it is still
challenging to determine the exact composition of the interface
layer, because of its extreme sensitivity to the electron beam.
This leads to a failure when using any spectroscopic technique
that is available in a transmission electron microscope.

Based on these results, we construct a rigid model to under-
stand the interface structure. The model consists of three phases,
viz. NDb-STO, BO, and BBO, in a fully relaxed strain condition
(Figure 4a). In this model, we assume that all the phases are stoi-
chiometric. For clarity, the Nb dopants are not considered, and the
oxygen atoms are not displayed. From experiment (Figure 3a,b), we
infer that the thickness of the interface BO-like layer varies from 2
to 4 Bi layers throughout the entire film. Nevertheless, we use two
layers in the model shown in Figure 4 without loss of generality.

In Figure 4a, it is shown that due to the stand-off behavior of
the dislocations the lower BO/STO interface becomes coherent.
In contrast, the upper BBO/BO interface is semicoherent due to
the MDs, as is predicted by the CSL theory. This interface further
dissociates into two parts: the coherent part (marked by dashed
ellipses) and the misfit part, where the MDs are terminated
(marked by the labels “T”). The configurations at both upper
and lower interfaces indeed match our experimental observa-
tions shown in Figure 2a.

To better understand the interface structure, we project the
interface area as indicated by the bracket in Figure 4a along
the interface normal (i.e., growth direction). This projection is
shown in Figure 4b. It is evident that the coherent part (denoted
“terrace” in the study by Dholabhai et al.*)) can be further
grouped into two types according to the local stacking sequence
along the growth direction. Specifically, if we take the atom
positions in STO (i.e., X-site corresponds to Sr and Y-site to Ti)
as a reference, the stacking sequence can be described as
~~-XSrYTi_XBiYBi_YBaXBi~~~ for type I and ~--XSrYTi_XBiYBi_XBaYBi-~~
for type II terraces, as shown by the dotted lines in Figure 4c.

We further note that the observed thickness variations of the
BO-like layer (see, e.g., Figure 3) can be considered as surface
steps (of a new “substrate”) for the subsequent growth of the
BBO films. As the Bi-Bi layer distance is about half of the perov-
skite unit cell, the presence of these surface steps inevitably leads
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Figure 4. a) Rigid structure model consisting of STO, BO, and BBO in a
fully relaxed strain condition. The arrow marks the BO/STO interface
(lower interface). The coherent and misfit parts are indicated by dashed
ellipses and labels “T,” respectively. b) Model projected along the normal
of the interface plane (in this view, STO is above BBO). Only one unit
cell of STO and one of BBO next to the interface are shown for clarity.
Two types of coherent parts (“terraces”) are recognized. c) Local stacking
sequences at type | and type |l terraces. The sequences are ... Xs, Y1i—Xg;Yai—
YgaXgi... for type | and ...Xs,Y1i—Xg;iYsi—XgaYgi... for type Il terraces, as
shown by the dotted lines. For clarity, the Nb dopants are not considered
and the oxygen atoms in (a) and (b) are not displayed.

Figure 5. HAADF image showing the relationship between the nucleation
position of antiphase domains in the BBO film and the thickness
variation of the interfacial BO layer. The termination planes of MDs are
marked by labels “T.” The position of the inclined APB is marked by
the dotted lines.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

S:S™
b= =
Swdg

physica

www.advancedsciencenews.com

to the formation of antiphase domains in the BBO film. This can
be clearly seen in the image of Figure 5, where the interface layer
changes from 3 (left) to 2 (right) Bi layers, as evaluated on the
basis of the lattice coherency at both the BBO/BO and BO/STO
interfaces (see also the positions of the MDs marked by “T”).
Similar observations were also reported in the study by
Bouwmeester et al.,’? however, no direct evidences were
provided. By controlling the thickness variations of the interface
layer (e.g., by deliberately depositing a BO-like layer prior to the
BBO growth), the film quality may be further improved.

Yet, there are still several issues that are not well understood.
First, supposing that BO (ago = 5.655A) is fully strained and
maintains its cell volume on STO, the out-of-plane Bi—Bi layer
distance would be expected to amount to ~2.98 A, which is ~7%
less than the observed value in Figure 2b. One possible reason for
this deviation is the interface relaxations (or reconstructions)
induced by the local electrostatic interactions, which are reported
to be very sensitive to the nearest neighbor arrangements
between cations and anions across the interface.l*”) In addition,
for a full understanding, the following aspects also need to be
considered: 1) The direct Bgi—Bg, connections at type I terraces
(Figure 4c) may cause strong repulsive interactions, leading
to a lattice expansion; 2) Given that all atomic sites of interface
BO are occupied, the local composition can be deduced as
—Bi,—0,—Bi,—. To keep charge neutralization, this may result
in a reduction of the Bi valence (from Bi*" to Bi**, with the ionic
radius r changing from 1.03 A for Bi’" to 1.61 A for Bi**)*" or
the introduction of Bi vacancies (with respect to O) to maintain a
Bi’" state as in BO; 3) the polar discontinuities at the TiO,—Bi
and Bi—BaO interfaces require additional charge compensation,
which, due to the coupling between lattice and polarization as in
ferroelectrics and other systems,**? may lead to an expansion of
the lattice; and 4) a possible intermixing of Ba®* (r=1.35 A)**]
and Sr** (r=1.18 A)* cannot be excluded. To fully resolve
these problems, atomistic simulations, as, e.g., used in the
case of a similar MgO/STO semicoherent system (mismatch:
~7%),1* should be considered in the future.

We finally note that similar phases have been widely reported
in thin films of Bi,Ti;0,,!*" and BiFeO; when they were grown
at high growth rates and/or at high oxygen pressures.l’”*>~*"]
This implies that the formation of the BO-like phase is probably
a common phenomenon in the growth of Bi-containing perov-
skites associated with the high volatility of Bi. In addition, the
stoichiometry of the target, film thickness, and deposition
temperature affect the phase purity as well.*~*”] Further system-
atic investigations are therefore needed.

In summary, the structure of the interfaces between domain
matching epitaxial BBO films and STO substrates has been stud-
ied using atomic-resolution scanning transmission electron
microscopy and related modeling. We find that the interface
is mediated by a 5-Bi,O5-like layer with fluorite structure, which
shows <001>p0||<001>p and <110>pc||<100>p orientation
relationships with reference to the surrounding perovskite film.
The presence of the BO-like phase results in two types of
interfaces occurring in parallel/simultaneously, i.e., coherent
BO/STO and semicoherent BBO/BO interfaces. Thickness
variations are observed in the interface BO-like layer, resulting
in the formation of antiphase domains in the BBO films.
As §&-Bi,O; was reported to have metal-like electrical
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characteristics,** its contribution to the thickness-dependent
conductivity of BBO films has to be considered.

Experimental Section

BBO films were deposited on TiO,-terminated 0.05wt% Nb-doped
STO substrates by pulsed laser deposition. The detailed procedure is
described in previous studies.*"! The thickness of the film used in this
study was about 30 nm. Cross-sectional specimens for STEM investiga-
tions were prepared by focused Ga ion beam milling on a Dual-Beam
System (FEI Helios Nanolab), followed by a gentle surface cleaning using
a 500 eV Ar ion beam in a Fischione Nanomill 1040 system. The HAADF
and ABF STEM imaging were conducted on an FEI Titan G* 80-200
ChemiSTEM microscope equipped with a high-brightness field-emission
gun, an spherical aberration correction system for the probe forming sys-
tem and a super-X energy dispersive X-ray spectroscopy attachment 8!
The microscope was operated at 200 kV with spatial resolution better than
80 pm. The convergence semiangle for STEM imaging was ~22 mrad,
whereas the collection semiangle was 11-21 mrad for ABF imaging and
70-200 mrad for HAADF imaging. Structural modeling was carried out
using VESTA software.*® (Further details of the crystal structure
investigation(s) may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quoting the
depository number ICSD-67073.)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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