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ABSTRACT: Distinct dopant behaviors inside and outside dislocation cores are
identified by atomic-resolution electron microscopy in perovskite BaSnO; with
considerable consequences on local atomic and electronic structures. Driven by
elastic strain, when A-site designated La dopants segregate near a dislocation core,
the dopant atoms accumulate at the Ba sites in compressively strained regions. This
triggers formation of Ba vacancies adjacent to the core atomic sites resulting in
reconstruction of the core. Notwithstanding the presence of extremely large tensile
strain fields, when La atoms segregate inside the dislocation core, they become B-
site dopants, replacing Sn atoms and compensating the positive charge of the core
oxygen vacancies. Electron energy-loss spectroscopy shows that the local electronic
structure of these dislocations changes dramatically due to segregation of the
dopants inside and around the core ranging from formation of strong La—O
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hybridized electronic states near the conduction band minimum to insulator-to-metal transition.
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B INTRODUCTION

Dislocations, which are topological 1D defects in crystals," are
the most common extended defects in crystalline materials
and, when present at high concentrations, play a critical role in
determining the overall properties of materials ranging from
mechanical to electronic."” In thin films, high density of
dislocations can form as misfit dislocations (MDs) at the film—
substrate interface to accommodate lattice mismatch and as
threading dislocations (TDs) propagating along the film
growth direction to accommodate local strain or small-angle
grain tilts. In-depth characterization of these dislocations and
understanding their effects on the properties in perovskite
oxide thin films is in high demand as they are linked to the
factors limiting novel functionalities of these perovskites.”>
Zhang et al.>” have identified the basic core atomic structures
of the two main TDs in the prototypical perovskite oxide
SrTiO;: single ([001]/(100)-type) and dissociated ([001]/
(110)-type) edge dislocations. The core structure of edge
dislocation, formed at the edge of an extra half-plane, is
susceptible to modifications in these perovskites because the
extra half-plane here is a set of atomic planes allowing wide-
range structural possibilities. In particular, understanding the
effects of doping on structural and electronic changes in these
edge TDs is of broad interest, which are not well-studied in
perovskite oxides even though they have been studied
theoretically”®’ and experimentally in other oxides,"’
nitrides," "> and metals'® with micro- and nanoscale probes.
The lack of understanding of the atomic-level specifics of
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dislocation-dopant interaction limits both dopant engineering
for electronic purposes and dislocation engineering for
mechanical purposes.

In this report, we present an atomic-level study of
dislocation-dopant interaction in perovskite oxide BaSnO;
(BSO) thin films using aberration-corrected scanning trans-
mission electron microscopy (STEM) with sub-A resolution
imaging combined with energy dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS), which is
an excellent method for both dopant identification'*™"” and
dislocation studies.”””'®'" The selection of BSO for this
dislocation-dopant interaction study was based on several
favorable factors: 3.0 eV wide band gap with tunability using
strain,””*! excellent thermal stability, and outstanding electron
mobility when doped in La, which is also known to be limited
due to charged TDs**~*° suggesting active interaction between
La dopants and TDs. Here, STEM measurements of undoped
and La-doped (2%) BSO (LBSO) films grown by hybrid
molecular beam epitaxy (MBE) allowed precise identification
of the dislocation core structures and dopant atom locations
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Figure 1. STEM images of edge dislocations in an LBSO thin film. (a) Cross-sectional HAADF-STEM image of an LBSO thin film on a SrTiO,
substrate. Scale bar is 100 nm. (b) Plan-view HAADF- and LAADF-STEM images of an LBSO thin film. A single ([001]/(100)-type) dislocation
and a dissociated ([001]/(110)-type) dislocation are highlighted in yellow and green boxes. Scale bars are 10 nm. (c, d) Atomic structures of single
(c) and dissociated (d) dislocations. Simplified atomic models are shown on the left where the core is indicated with a dislocation symbol, and extra
half atomic planes are indicated by a dark gray shade. HAADF-STEM images acquired from edge dislocations in LBSO and BSO thin films are
displayed on the right. Unique structures observed only in LBSO are indicated by yellow arrows. Scale bars are 0.5 nm.

inside and around dislocations using high-angle annular dark-
field (HAADF) images and EDX maps. Core-level EELS
measurements from oxygen atoms and complementary ab initio
calculations were also employed linking La dopant effects to
the changes in local electronic structure.

B RESULTS AND DISCUSSION

A cross-sectional HAADF-STEM image of an LBSO thin film
grown by a hybrid MBE method on a SrTiO; substrate is
shown in Figure 1(a) (see the Supporting Information (SI),
Materials and Methods). Here, vertical line contrasts across the
film indicate TDs in the film. The TDs, particularly edge
dislocations, are clearly visible in plan-view STEM images
(Figure 1(b)). They appear as dark spots in the HAADF image
due to the lower density of atomic columns and as strong
bright spots in the low-angle annular dark-field (LAADF)
image due to the strong strain field around the dislocations.
Two common edge dislocations®” observed in these films are a
single dislocation with a Burgers vector b = ago(100), which
appears as a single spot in the STEM images (yellow box, in
Figure 1(b)), and a dissociated dislocation with b = aggo(110),
which appears as paired spots (green box, in Figure 1(b)). In
the case of a single dislocation, an extra half-plane is a set of
two atomic planes, BaO and SnO,, running along one of the
(100) directions (Figure 1(c)). On the other hand, the extra
half-plane in a dissociated dislocation is composed of two
BaSnO and two O, planes running along one of the (110)
directions. This dislocation is formed from two “dissociated”
partial cores connected by a few-unit-cell-long antiphase
boundary (APB) (Figure 1(d)).

STEM image analysis, based on more than 200 individual
TDs in LBSO and BSO films (SI, Figure S1), indicates that the
effects of La dopants on the structure of these edge TDs are
quite dramatic. First, in LBSO films, single dislocations with a
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unique reconstructed-core structure featured by five atomic
columns arranged in a “cross” shape were observed in 18% of
single dislocations (Figure 1(c), while they were not observed
in undoped BSO films. Second, the fraction of Sn-terminated
(referring to the edge composition of the extra half-plane)
single dislocations has jumped to 89% in LBSO films from only
65% in undoped BSO films. Additionally, at the APB of
dissociated dislocations in LBSO films, unexpected atomic
displacements were observed; pairs of the atomic columns
from the opposite side of the boundary have moved closer to
each other (indicated by arrows in Figure 1(d)). While 46% of
dissociated dislocations in LBSO showed such an atomic shift,
none was observed in undoped BSO. These aberrant features
of TDs observed only in LBSO films implicate that La dopants
have considerable impact on the atomic structures of the
dislocations and, possibly, on their electronic characteristics.

Single [0011/(100)-Type Edge Dislocation. For in-depth
evaluation of the effects of La dopants, chemical composition
of more common Sn-terminated single dislocations in LBSO
was determined using atomic-resolution EDX elemental
mapping (Figure 2(a)). The maps of individual elements
identify the location of Ba and Sn atoms at the structure and,
more importantly, the atomic sites of La dopants. They
revealed that the “cross” structure at the center of the
reconstructed-core dislocation is comprised of Sn atomic
columns. This reconstructed-core structure appears to be
rocksalt phase SnO, similar to TiO observed at dislocation
cores in SrTiO;.”” However, formation of other SnO,
compounds, such as SnO,, cannot be ruled out (SI, Figure
S1). This observation reinforces results from STEM image
analysis that Sn-rich (Ba-depleted) core structures are favored
in the presence of La dopants.

La dopant segregation at the core and in the area around the
extra half-plane of the dislocation is clearly visible in EDX
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Figure 2. Structural and compositional analyses of single dislocations in LBSO. (a) Atomic-resolution HAADF-STEM images and EDX elemental
maps of single dislocations with a simple-core (top) and a reconstructed-core (bottom). The cores are encased by dashed lines. Scale bars are 0.5
nm. Color code of EDX maps: Ba-green, Sn-purple, La-yellow. Ba, Sn, and La maps were acquired using both L, and Ly signals. (b) Simplified
atomic models of the dislocations illustrating the locations of La atoms (yellow outlines). The color code is the same as in panel (a). (c) Strain field
(&, where x is the slip plane direction [010]) maps around the dislocations constructed using GPA. In the core (inside the box with dashed lines),
HAADF-STEM images are overlaid. In the core region, GPA analysis is not reliable due to the different atomic configurations from the bulk, and
the analysis here is complemented with direct strain evaluation from the interatomic distances. Tensile (+) and compressive (—) strained regions
are represented by red and blue colors, respectively. (d) Strain evaluated based on the local lattice constant. The atomic sites utilized to evaluate the
local lattice constant are outlined on the schematic on the left. The strains across three single-type dislocations are shown on the right. The core

region is indicated by a gray shade.

maps (Figure 2(a,b)). It has markedly different characteristics
inside and around the core regardless of the core-type. At the
dislocation cores, nominally A-site dopant La atoms are
concentrated at Sn sites, which is the B-site, forming antisite
defects, Lag,'™. The oxygen vacancies Vo>* that are known to
form at the dislocation core in perovskite oxides®**™*° are
positively charged and, therefore, can attract La dopants and
promote formation of the negatively charged Lag,'”. Outside
the core, while being predominantly located at Ba sites (A-
site), La atoms distinctly segregate in the compressively
strained region near the extra half-plane with the La/Ba ratio
up to 0.24 (S, Figure S2). The strain field maps, constructed
from the HAADF-STEM images via geometric phase analysis
(GPA)*! (Figure 2(c)), show direct correlation between
locations of the Lag,'" dopants and the zones of the
compressive strain around the dislocation. This asymmetric
accumulation of Lag,'* dopants around the dislocation
resembles strain-driven dopant segregation observed in other
semiconductors.¥'°”'? The size of the La®*" ion is 1.36 A,
which is about 15% smaller than that of the Ba?* ion (1.61
A).** Thus, by occupying Ba sites in the compressive strain
zone of the dislocations, La dopants lower the elastic strain
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energy. To further confirm that the La dopant segregation
around the dislocations in BSO is indeed driven by
compressive strain,” other extended defects—Ruddlesden-
popper faults and MDs at the BSO-LaAlO; interface—in
these LBSO films were also investigated. No visible La
accumulation was observed around these defects (Figure S3),
which is consistent with the absence of compressive strain
fields around them. It should be noted that such elastic strain-
driven accumulation of substitutional dopants around dis-
location in oxides has only been computationally predicted”
but has not been directly demonstrated.

Quantification of the strain fields at these single dislocations
(Figure 2(d)), performed using a combination of GPA and
interatomic distance analysis methods, showed heavily
asymmetric strain distribution across the dislocations with
much larger tensile strains in the core due to open spaces there.
While outside the core 0.laggy strains are present in both
tensile and compressive sides, at the core, the level of tensile
strain is as high as 0.7apgo. aggo is the lattice parameter of
BSO. Whereas the change in the lattice parameter due to La
substitution in the compressive region, which is expected to be
small, less than 0.02a55, (depending on the level of La
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Figure 3. EELS O K edge analysis of single dislocations. (a) O K edge spectra acquired across a reconstructed-core dislocation in LBSO.
Acquisition areas are indicated by boxes on the HAADF-STEM image shown on the right with the color of the boxes matching the line colors of
the spectra. The reference O K edge obtained from a nearby dislocation-free region (labeled “bulk”) is also plotted. The energy windows near the
edge onset (i) and the postedge region (ii) are marked. (b) O K edge difference spectra obtained from compressive and tensile zones in three single
dislocations—simple-core and reconstructed-core dislocations in LBSO and simple-core dislocation in undoped BSO (colored lines). The fits to the
difference spectra due to the energy shift are shown as black lines. The energy windows showing a discrepancy between the experimental and the
computed spectra due to Lag,'* dopants are highlighted with yellow and green shades. (c) The energy-shift amounts determined from analysis of
local O K edges (scatter plots) are compared to the corresponding values from the uniaxial strain-band gap relationship (band plots). (d) O K edge
difference spectra from the defect-core (area ‘0’) from all three dislocations. A peak due to the presence of La dopants is indicated by a yellow
shade, and the enhanced signal of the Sn M, 5 edge accruing only in BSO is highlighted with a brace with an asterisk.

occupancy), cannot be accurately quantified here, strain
relaxation around the reconstructed-core dislocations was still
detected (Figure 2(d)). Based on these results, it can be
predicted that due to higher tensile strains at and around the
core of single dislocations, doping with bigger cations than
Ba® or Sn*" can lead to even stronger attraction and heavier
accumulation of dopants in BSO films.

The local electronic structures of these single dislocations
and the effect of La segregation were probed with core-loss
EELS. Here, the O K edge was measured as the fine structure
of this edge is highly sensitive to local density of states (DOS)
of O 2p orbitals, and these O 2p states are the dominant states
in the lower conduction bands of BSO.*” O K edges with an
onset at about 529 eV"" were obtained across both simple-core
and reconstructed-core dislocations in LBSO films, as well as
across simple-core dislocations in undoped BSO (Figure 3(a)
and SI, Figure S4). In the series of O K edges, spectral shape
modifications are visible; at the dislocation core, changes
appear near the edge onset (i), and outside the core, the
changes are in the postedge region (ii). These changes are
better visualized in the difference spectra between the local
edges and bulk edge (SI, Figure S4).

Our DFT calculations along with recent computational
studies”””" predict that the band gap of BSO should increase
under compressive strain and decrease under tensile strain with
no significant changes in DOS of the conduction band (SI,
Figure SS). Hence, the changes in O K edges recorded from
strain zones outside the core can be evaluated by energy shifts
(Figure 3(b)) (for details see SI, Figure S6). In tensile strain
zones, which are free of dopants, energy shifts fully describe
the changes in the O K edge. In compressive strain zones
where La dopants are segregated, there are two notable
deviations from pure energy shifts: a rise of a peak at around
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534 eV (yellow bands) and a decline of a peak at around 540
eV (green band). Ba substitution with La causes the emergence
of La-hybridized O 2p states at around 5 eV above the
conduction band minimum (CBM) and loss of Ba-hybridized
states at around 11 eV above the CBM,** which explains the
observed deviations. The energy shifts determined from the
difference spectra show blue-shift in the compressive zone and
red-shift in the tensile zone confirming predicted band gap
changes under strain.”””" However, when compared quantita-
tively with the energy shift values expected from the strain data
across the dislocations (Figure 3(c)), additional blue-shift is
noticed in La-concentrated compressive zones in LBSO films.
Due to the high density of La in this compressive region, La
could be acting more like an alloying element increasing local
band gap and inducing considerable electron doping, which, in
turn, causes the additional blue-shift in the O K edge. Such
blue-shift of core-level spectra associated with local electron
doping has been observed in n-doped semiconductors.’> ™’
These results also suggest that in BSO it is possible to have
band gap closing at and near the dislocation core due to the
presence of high tensile strain.

Because the atomic bonding configurations at the dislocation
core are different from those in the bulk crystal, the fine
structure of the O K edge recorded from the core is expected
to be different, particularly at the energies close to the edge
onset. Indeed, considerable fine structure changes are observed
in EELS O K edges measured from the core of the three single
dislocations (Figure 3(d)). While the O K edge spectra (or the
difference spectra) from simple-core and reconstructed-core
dislocations in LBSO are similar, differences between the O K
edges from BSO and LBSO are apparent. One of the major
differences is, as before, the appearance of a peak at 534 eV
(yellow shade) in LBSO films is due to La—O bonds and O 2p
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Figure 4. Structural and compositional analyses of dissociated dislocations. (a) HAADF-STEM images and EDX elemental maps of a dissociated
dislocation. Two partial cores are indicated by dashed boxes, and displaced Ba atoms at the antiphase-boundary (APB) are indicated by arrows.
Scale bars are 1 nm. (b) Strain field (&,,, where «x is the slip plane direction [110]) map around the dislocation constructed using GPA. (c) Strain
evaluated from interatomic distances. A simplified atomic model of a dissociated dislocation is shown on the left. La segregation sites are indicated
with yellow outlines. Interatomic distances were measured from the atomic sites in the dashed boxes, and the evaluated strain distributions in LBSO
and BSO films are presented on the right. (d) Calculated relaxed APB structures with a Ba vacancy at the APB (labeled “i”) and outside the APB
(labeled “ii”). Ba vacancy sites are indicated by dashed open circles, and the Ba atom exhibiting the inward displacement is indicated with an arrow.
(&) Relative amount of Ba across a dissociated dislocation evaluated using EELS Ba M, 5 edges. Colored boxes on the HAADF-STEM image show
the quantification area. In the plot, the positions of Ba and Sn pairs are indicated by green and purple shades, and the one with high Ba deficiency is

filled by the dashed shade. The large oscillations of the Ba amount are due to alternating Ba and Sn pairs at the APB.

state hybridization. The second is an increase of the intensity
below the 529 eV onset (marked by an asterisk) in undoped
BSO. The enhanced signal at these energies is a direct
indication of a higher Sn-to-O ratio and red-shift of the Sn M, 5
edge due to reduction in the oxidation state of Sn,*® both of
which are consistent with the presence of Vo in these
dislocation cores. Also, Lag,'” dopants not only reduce the
relative amount of Sn per O but also compensate V**, thus
suppressing an increase of the signal in the Sn M, ¢ region.
Dissociated [001]/(110)-Type Edge Dislocation. As
described earlier, in doped LBSO films, dissociated dislocations
show unusual close pairing of some atomic columns at the
APB. To determine its correlation with La doping, elemental
STEM-EDX analysis was performed (Figure 4(a)). The EDX
maps reveal that those uniquely displaced pairs are Ba atomic
columns with highly concentrated La columns nearby.
Additionally, the strain maps (Figure 4(b)) show that while
La segregation at and around two partial cores is similar to
those observed in the single dislocations (Figure 2(ab)),
narrow localization of the compressive strain from a lower
partial core (core(2)) in the APB region causes heavy La
dopant segregation in a few Ba sites available in this region
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(Figure 4(a—c)). When the degree of uniaxial strain in the
compressive and tensile zones was quantified (Figure 4(c)), it
was found that with dissociation of the core the level of tensile
strain in these dislocations reduces by about 30—40% relative
to those in single dislocations (Figure 2(a,b)), whereas the
level of compressive strain stays comparable.

To examine the effect of La dopants on the Ba rearrange-
ment, several DFT-based structure optimizations were
performed. First, a supercell containing an APB was
constructed and optimized. Then, within this supercell several
structural and compositional modifications (including intro-
ducing La at different Ba sites) were made and optimized again
(S, Figures S7 and S8). The results show that to induce the
inward displacement of Ba atoms at the APB, Ba deficiency is
needed at neighboring sites (Figure 4(d)) and that Ba vacancy
formation at the APB is energetically favorable compared to
others located further from the APB by about 0.8 eV.
Therefore, it can be argued that La dopants promote formation
of Ba vacancies in nearby Ba sites favorably at the APB, which,
in turn, results in a formation of the shifted Ba—Ba pairs
bridging the APB. The Ba depletion at the APB due to the
presence of La dopants was verified by EELS Ba M, s analysis
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(Figure 4(e) and SI, Figure S9). Local Ba content at the APB
in both LBSO and BSO films was evaluated from the intensity
of Ba M, 5 edges, and the resulting Ba profiles show strong Ba
depletion throughout the APB in LBSO films compared to
those in undoped BSO. This observation along with analysis of
the effects of La dopants on single dislocations discussed
earlier highlights a pattern: La segregation around edge
dislocations stimulates formation of Ba vacancies, which
manifest themselves as prevalence of Sn-terminated cores
and formation of the SnO, phase in single dislocations, and Ba
deficiency at the APB in dissociated dislocations. It should be
noted that such an increase of Ba vacancies at TDs in LBSO
films, which leads to acceptor-like behavior of TDs, was
predicted based on electron transport measurements.”>

The electronic structure of the APB in dissociated
dislocations was investigated with core-loss EELS by analyzing
O K edges recorded along the APB in LBSO and BSO films
(Figure 5(a) and SI, Figure S10). Also, site-projected O partial
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Figure S. EELS O K edge analysis of a dissociated dislocation. (a) O
K edge spectra acquired across a dissociated dislocation in an LBSO
film. The EELS acquisition areas are indicated by boxes with the same
color codes as the spectra. (b) Comparison of calculated O 2p-DOS
at the APB and in the bulk BSO. The site of the oxygen atom at the
APB is marked with a circle in the inset atomic model. The electronic
states that are responsible for the changes in the O K edge fine
structure at the APB are indicated by gray and green shades. (c) O K
edge difference spectra obtained from the APB (averaged over all
spectra from the APB) and two cores of dissociated dislocations in
both LBSO and undoped BSO films. The energy windows with visible
changes due to changes in DOS at the APB are shaded purple and
green, and the window with an increased signal due to La-hybridized
O states is shaded yellow.

DOS of the conduction band for the oxygen atoms at the APB
and in the bulk undoped BSO were calculated for comparison
(Figure 5(b) and SI, Figure S11). Based on these calculations,
a rise in the DOS near the onset (gray shade) and reduction of
states at about 8 eV above the onset (green shade) are
expected at the APB sites. Both of these predictions were
confirmed by EELS measurements; the O K edge difference
spectra from the APB in undoped BSO (Figure 5(c)) showed
the increase of the intensity at 528—535 eV (gray shade) and
dampening at 535—537 eV (green shade). However, when the
same measurements were performed in LBSO films, the results
were different; the intensities at about 534 eV are intensified
consistent with La hybridization of O 2p states, and notably,
intensities near the onset are suppressed suggesting La-driven
filling of the first 1—2 eV of CBM due to donation of electrons
from La dopants. Therefore, it can be argued that these APBs
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of the dissociated dislocations in LBSO films are metallic-like,
which is a result of La doping and changes in the local
electronic band structures.

Precise identification of the locations of dopant atoms inside
and around dislocation cores in La-doped BSO films, achieved
using atomic-resolution STEM imaging and elemental
mapping, shed light onto the details of dopant-dislocation
attraction. STEM-EELS measurements further clarified the
consequences of dopant segregation on the electronic
properties of the dislocations. For both single and dissociated
dislocations, La dopants are largely located at Ba sites (Lag,"),
thus reducing the stress in the compressively strained regions.
However, inside the core, they are located at Sn antisites
(Lag,”) to compensate oxygen vacancies (Vo>*). This stark
difference is a result of the long-range, strain-driven attraction
of dopants around the dislocation, and the shorter-range,
Coulombic interaction-driven attraction inside the core. When
La dopants segregate around the dislocation core and
substitute Ba, they also promote Ba vacancies at the edges of
the dislocation core. Consequently, this gives rise to a Sn-
terminated core and formation of a 1-D SnO phase in single
dislocations and displacement of Ba atoms at the APB in
dissociated dislocations. Analysis of the EELS O K edges shows
that La doping also causes changes to the conduction band by
the introduction of new La—O hybridized states. The effect of
La doping is even more dramatic for dissociated dislocations,
where it causes electron accumulation in the lower conduction
band at the APB making it metallic. These results show that
dopant-based dislocation engineering in perovskite oxides has
enormous potential ranging from strain control to dislocation-
limited carrier mobility improvements to turning dislocations
into metallic lines and much more.
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