SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Metallic line defect in wide-bandgap transparent

perovskite BaSnO;

Hwanhui Yun', Mehmet Topsakal? Abhinav Prakash'3*, Bharat Jalan', Jong Seok Jeong'*,

Turan Birol', K. Andre Mkhoyan'#

A line defect with metallic characteristics has been found in optically transparent BaSnOj3 perovskite thin films.
The distinct atomic structure of the defect core, composed of Sn and O atoms, was visualized by atomic-resolution
scanning transmission electron microscopy (STEM). When doped with La, dopants that replace Ba atoms prefer-
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entially segregate to specific crystallographic sites adjacent to the line defect. The electronic structure of the line
defect probed in STEM with electron energy-loss spectroscopy was supported by ab initio theory, which indicates
the presence of Fermi level-crossing electronic bands that originate from defect core atoms. These metallic line
defects also act as electron sinks attracting additional negative charges in these wide-bandgap BaSnOs films.

INTRODUCTION

In crystals, imperfections exist as various forms of defects covering
a full dimensionality spectrum ranging from zero-dimensional (0D)
point defects, such as vacancies and dopants, to more extended de-
fects, such as 1D dislocations and disclinations, 2D grain boundaries
and stacking faults, and, last, 3D voids and inclusions. Of particular
interest for new technologies are extended 1D and 2D defects be-
cause they run across the macroscopic crystal in certain directions
and are atomically small in others. Thus, they can provide nanoscale
and, in some cases, atomic-scale tunability of material properties
without altering the overall structure of the crystal (1). Perovskite
crystals (ABX3) have been shown to be suitable hosts for various
conventional and nonconventional 1D and 2D defects with un-
expected properties. A large diversity of elements can be incorpo-
rated at each of the three A, B, and X sites of perovskites, engendering
with a wide range of phases and functionalities (2-4). Because the
structure of perovskites, especially perovskite oxides, are highly
flexible, it accommodates various types of distortions including
octahedral BOg tilt (5, 6), uniaxial and biaxial strains (7), orbital
ordering (8, 9), and cation ordering (10). The structural flexibility of
perovskites allows formation of unique extended defects such as in-
trusion of related phases, e.g., Ruddlesden-Popper faults and phases
(11, 12) or Aurivillius phase (13), nanorods, and line defects (14-16).
Analytical atomic-resolution scanning transmission electron micro-
scopes (STEMs) equipped with various spectrometers (17-19) are
uniquely suitable for discovery of previously unidentified extended
1D and 2D defects and characterization of their atomic structure, com-
position, and electronic properties (15, 20-22). Here, using STEM
imaging, energy-dispersive x-ray (EDX), and electron energy-loss spec-
troscopy (EELS), in combination with ab initio calculations, we report
on the identification of a new kind of 1D line defect with metallic
characteristics in otherwise transparent, wide-bandgap perovskite
BaSnO; thin films. While only a few nonconventional (not dislocation
or disclination type) line defects have been reported, e.g., a semi-
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conducting line defect in insulating NdTiOs (15), the field of non-
conventional line defects in perovskites is still largely unexplored but
hugely promising.

Perovskite BaSnQj; is one of the alkaline earth stannates (ASnQOs,
A = Ca, Sr, and Ba) that has high optical transparency because of its
wide bandgap of 3.0 + 0.2 eV (23, 24). It also has high room tem-
perature carrier mobility, reaching 320 cm® V™' s in a doped BaSnO;
bulk crystal (25, 26) and 183 cm® V™' s™" in a doped BaSnO; thin film
(27, 28) despite the presence of a considerable amount of crystalline
defects. Typical extended defects, such as threading and misfit dis-
locations (28-30), grain boundaries (30), and Ruddlesden-Popper
faults (29), are common in these perovskite BaSnOj films regardless
of growth methods.

RESULTS AND DISCUSSION
The findings discussed here come from STEM-based experiments
conducted on La-doped BaSnO3 (La:BaSnO3) films. Films grown
with two different techniques, high-pressure oxygen sputtering and
hybrid molecular beam epitaxy (MBE), were studied and almost all of
them had the same metallic line defect in them. The low-magnification
cross-sectional high-angle annular dark-field (HAADF)-STEM im-
age of one of the La:BaSnOjs films, grown on a LaAlOj substrate,
shows the overall structure of the BaSnO; film (Fig. 1A). The con-
trast variations due to grain boundaries and dislocations can be
seen throughout its thickness. At high resolution, due to considerable
differences in atomic numbers between cations Ba (Zp, = 56), Sn
(Zsn =50), and anion O (Zp = 8), HAADF-STEM images only show the
atomic columns with cations in them, as seen in Fig. 1B. Because
perovskite BaSnOs has a cubic crystal structure, projected HAADEF-
STEM images recorded along all three major axes ([001], [010], and [100])
show the same atomic column arrangement, if the film is fully relaxed.
In the high-resolution HAADF-STEM images of these BaSnO;
films obtained in plan view, one of which is presented in Fig. 1C,
the new line defects can be easily spotted because of their unique
atomic configuration with a characteristic pair of atomic columns at
the center. These line defects are observed only when viewed in
the plan-view direction regardless of film growth technique, which
indicates that they form preferentially along the growth direc-
tion suggesting possibilities for manipulations and control of the
defects.
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Fig. 1. HAADF-STEM images and EDX elemental maps of the line defect in perovskite BaSnOs. (A) Cross-sectional HAADF-STEM image of a BaSnOs film grown on a
LaAlO; substrate. Scale bar, 100 nm. (B) Experimental and simulated atomic-resolution HAADF-STEM image of cubic BaSnOs viewed in the [001] direction. The overlaid
polyhedral model shows the locations of the atoms in this projection. Scale bar, 0.5 nm. (C) Plan-view HAADF-STEM image of the BaSnOs film with two unique line defects
(in the yellow boxes) and one edge dislocation (indicated by a dislocation symbol). Scale bar, 4 nm. (D) High-magnification HAADF-STEM image and EDX elemental maps
superimposed on the HAADF-STEM image. Here, the sum of eight cross-correlated elemental maps is shown. Scale bars, 0.5 nm. (E) A close-up image of the defect core
and histogram of the core Sn-Sn column distances relative to the lattice constant (ao) of the host BaSnOs. The histogram is compiled from individual line defects across

many samples. Precision of individual Sn-Sn distance measurement is +0.04a.

Atomic-resolution STEM-EDX elemental maps (Fig. 1D) reveal
the compositional details of the defect core and its surrounding (for
details, see fig. S1). The two atomic columns at the center—the
main visible feature of this defect—are Sn atomic columns (for ad-
ditional examples of images and EDX maps of the line defects in
sputtered and MBE grown films, see fig. S2). To form the defect
core, it appears that two Ba columns should be absent and two Sn
columns are “rotated” 90° along the [001] axis from their original
(host) positions. Slight displacements of the four closest Ba columns
toward the defect core to relax the strain in the structure are also
observed (for details, see fig. S3). High concentrations of La dopants
are detected at the specific Ba sites adjacent to the line defect. As can
be seen from the La EDX map in Fig. 1D, La dopants are primarily
substituting Ba atoms in the Ba columns just next to the core Sn-Sn
pair, at the type @ sites, and less frequently, in Ba columns next to
those, at the type @ sites (for more examples, see fig. S2). When
defect core Sn-Sn pair distance was measured and compared to that
in the host BaSnOj3, which is the same as the lattice constant aq, it
was found to be only about 0.61 x ag and had a range from 0.45 to
0.75 x ao (Fig. 1E).

An illustration of these line defects inside a BaSnOj film formed
along the film growth direction (c axis) is shown in Fig. 2A. It
should be noted that not all line defects necessarily propagate from
a substrate to the film surface (see fig. S4). On the basis of the STEM
observations, a one-unit cell-thick model for a basic atomic struc-
ture of the line defect was constructed. Then, the model was relaxed
to its lowest-energy configuration by using ab initio calculations
(for details, see Materials and Methods). For better insight into the
structure of this line defect, several models with slight structural
and compositional variations were considered, relaxed, and evalu-
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ated: (i) without La dopants; (ii) with La dopants at sites ©, @, and
others; and (iii) with and without oxygen in between Sn-Sn pair in
the core (for details, see figs. S5 and S6). The final relaxed structure
of the simplest and the most representative model for the line defect
is shown in Fig. 2B viewed in three main projections. In this simpli-
fied model, La dopants are substituting all Ba atoms at the sites type
© and the sites type @ are free of La. After the structural relaxation,
the two core Sn atomic columns are shifted a half-unit cell along the
line defect direction ([001]), which is visible when viewed from
[100] and [010] directions. The distance between core Sn-Sn atomic
columns is also reduced and four adjacent Ba columns are moved
inward, both of which are consistent with the experimental obser-
vations (see also fig. S3). The agreement between this model and
STEM measurements appears to be fairly good, including a close
match of the core Sn-Sn distance in the relaxed structure (0.72 x a)
to experimentally observed values.

Using this simple model for atomic structure, the electronic band
structure of the line defect was calculated using density functional
theory (DFT), and defect-induced electronic bands crossing the
Fermi level, Ep, were observed, as illustrated in Fig. 2C. The result-
ing band structure and total and atom-projected density of states
(DOS) are shown in Fig. 2D. A few defect-induced electronic bands
(highlighted in red) are partially filled as they cross the Fermi level,
Ep =0, which implies the presence of metallic electronic states in the
line defect. In addition to these bands, there are also other unfilled,
defect-induced, distinct bands spanning from 0.2 to 1.3 eV that are
not present in bulk BaSnO; (31). While atom-projected DOS reveals
that the metallic states are originated from O and Sn atoms in the
structure (Fig. 2D), site-projected DOS of individual Sn and O atoms
in the structure helps to identify the sites responsible for metallic
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Fig. 2. Computed atomic and electronic structures of the line defect. (A) An illustration of line defects (L.D.) in BaSnOs thin film forming along the film growth direc-
tion. (B) Calculated atomic structure of the line defect viewed along the three major axes. Here, La atoms acting as substitutional dopants are shown in yellow occupying
Ba sites neighboring the defect core. The Sn atoms in the defect core are shifted a half-unit cell along the defect line direction. The calculations also predict minor changes
in the atomic structure of the BaSnOs structure outside the defect core (e.g., an octahedral tilt in the four surrounding four SnOg octahedra when viewed in the c direction).
(€) Schematic band diagrams of BaSnOjs illustrating the band from the line defect crossing E¢. (D) Electronic band structures and DOS of the line defect calculated using
atomic structure in (B). Metallic bands, the bands that are crossing Fermi energy (Eg = 0), are highlighted in red. Atom-projected DOS indicate that the metallic bands are
predominantly from O and Sn atoms. (E) Site-projected DOS for Sn and O atoms in the line defect structure. The DOS of selected atoms, locations of which are indicated
in the schematics on the top, show that the O and Sn atoms of the defect core are the ones with metallic characteristics.

bands. As shown in Fig. 2E, the metallic bands that are crossing the
Fermi level originated primarily from Sn and O atoms in the defect
core: Sn-1, O-1, O-2, and O-3. These results appear to be the direct
consequence of considerable differences between the coordination
and bond angles for the core O and Sn atoms than those in the host
perovskite BaSnOs (e.g., Sn-O-Sn angle is 74° and 58° in the core
and 180° in the host). Electronic structure calculations conducted
for the line defect without La dopants (see fig. S7) and for the line
defect with an O vacancy (see fig. S8) also showed a metallic defect
core with similar results for band structure and DOS, suggesting
that being metallic is most likely an intrinsic property of these line
defects in BaSnOs.

Because these metallic line defects are imbedded inside an n-type
doped insulating BaSnOj; host (32) (each La dopant provides one
extra electron when it substitutes Ba atom), some changes in atomic
and electronic structures are expected when an extra negative charge
is introduced into the system. A set of calculations for structure
optimization with different amounts of added negative charge
(number of electrons) was performed. It revealed that an increase of
additional negative charge decreases the Sn-Sn distance at the core,
bringing the structure even closer to the ones observed in experi-
ments (Fig. 3A). A reduction of core Sn-Sn distance was observed
for both line defects with and without La dopants. Because the line
defects in the different films have different amounts of surrounding

Yun etal., Sci. Adv. 2021; 7 : eabd4449 15 January 2021

dopants and additional negative charges in them, that would explain
the experimentally observed variation of Sn-Sn distances in the core
discussed earlier (Fig. 1E).

The electron density distributions of these negatively charged
line defects were calculated and compared with those of the original
line defect to visualize the sites where the additional charge accumu-
lates. The electron density maps for La-doped line defects with and
without two added electrons were calculated using relaxed atomic
structures with additional electrons; then, an electron density difference
map (EDDM) was constructed. The EDDMs for the two crystalline
planes (BaO and SnO; planes) perpendicular to the defect line are
shown in Fig. 3B. They indicate that the additional electrons are fill-
ing the available states in the Sn and O atoms at the defect core,
which is consistent with their metallic characteristics—having lo-
calized electronic states that are crossing the Fermi level. These line
defects appear to act as electron sinks attracting additional negative
charges in the film. The EDDMs also provide a real-space visual-
ization of the changes in the electronic orbitals of the atoms that are
contributing to the band structure. The characteristic lobes of filled
O 2p orbitals are clearly visible in the EDDM of the SnO; plane
(Fig. 3B), where the effects of the orbital hybridization due to bond-
ing are minimal. The EDDMs calculated for the line defect without
La dopants, which is also metallic, show similar defect core-
concentrated distribution of the additional electrons (see fig. S9).
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Fig. 3. The effect of an additional negative charge on the line defect. (A) Calculated core Sn-Sn distance of the line defect as a function of negative charge added to
the structure. Both cases, undoped (0 La) and La substitutional doped (2 La), are considered. In the doped case, the structure already has 2e™ charge because each La
(Z.a=57) introduces one extra electron when it substitutes Ba (Zg, = 56). (B) The atomic arrangements (on the left) and corresponding EDDMs between the additionally
charged (with 2e7) and original line defects for both atomic planes perpendicular to the defect line direction (on the right). Magnified EDDMs of the defect core with
overlaid atom positions show that most of the additional charge is concentrated at the core O and Sn atoms. The structure used for calculating these EDDM:s is indicated

by the arrow in (A).

EELS core-loss edges are directly related to the local DOS above
the Fermi energy of the material and can be acquired in STEM at
atomic resolution in parallel with imaging (33, 34); therefore, itis an
excellent method for experimental investigation of the local elec-
tronic structure of extended 1D and 2D defects. To determine the
applicability of the core-level EELS for this line defect, the spectral
shapes of O K edge, the most sensitive EELS edge in BaSnO3, were
simulated for different oxygen atoms in the line defect structure.
The calculations were based on electronic band structure and DOS
(Figs. 2, D and E) with incorporation of the core-hole effect. The
results, presented in Fig. 4A, indicate that the K edge fine structures
of the oxygen atoms at the defect sites are drastically different. In
particular, three oxygen atoms at the defect core (sites O-1, O-2,
and O-3 in Fig. 4A) exhibit a peak at the edge onset, which is due to
metallic states in the band structure crossing the Fermi energy, as
discussed earlier. This and other visible changes in K edge fine
structures of oxygen atoms in the defect core suggest that experi-
mental EELS should be applicable here. However, because of STEM
probe channeling and broadening (35) during its propagation through
the sample (Fig. 4B), some intermixing of these simulated O K edges
is expected in measured EELS data.

EELS O K edges were acquired across the line defects along two
perpendicular directions: vertical (i) and parallel (ii) to the charac-
teristic core Sn-Sn pair (Fig. 4C). The changes in the O K edge fine
structures are localized within a few unit cells from the defect. For
O K edges acquired along direction i, the changes in the fine struc-
ture at the defect core (region i0) relative to that of host BaSnO;
(bulk, b) are readily observed. They are more pronounced in the
difference spectrum (Fig. 4C). For comparison, the difference spec-
trum between the O K edges from the region i3, a three unit cell
away from the core, and bulk shows only noise signals. At the defect
core, the intensity near the onset (shaded 530 to 533.5 eV range) is
enhanced, which is consistent with the presence of metallic states at
the defect and with simulated edge predictions. In addition, peaks at
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538.6,539.9, 542.5, and 545.0 eV present in the host crystal are dampened
at the defect core, which is also consistent with simulated O K edges
(Fig. 4A). EELS data acquired along direction ii show similar results
due to beam broadening and the intermixing of O K edges. The only
difference here is in the region iil, where the presence of La dopants
causes formation of additional electronic states around 5 eV above
the Fermi level at neighboring oxygen atoms (sites O-4 and O-5 in
Fig. 4A).

When the difference spectrum from measured and simulated
O K edges is compared (Fig. 4C), a good agreement is observed. The
simulated O K edges used here for direct comparison with mea-
sured edges include effects of intermixing due to beam channeling
and broadening (for details, see fig. S10). It should be noted that an
even better match with experimental data might be achieved if sim-
ulated O K edges not only were based on the simple model of the
line defect with two La dopants (Fig. 2B) but also include what was
observed in actual films; that is, some portion of the defect does not
have dopants at all and some La dopants are on other sites (Fig. 1D),
and extra electrons can be accumulated at the defect core. Again,
the simple model of the line defect appears to be sufficient to de-
scribe the essential properties of this metallic line defect.

The discovery of oxide metallic line defects in otherwise
wide-bandgap transparent perovskite BaSnOj; films demonstrates
that extended 1D defects can accommodate remarkable properties
and provide unique means for engineering material properties at
the subnanometer length scale. Controlling the distribution and
orientations of such line defects offers exciting opportunities for
developing superior crystalline materials with extraordinary
properties, including unidirectional metallic conductivity with
simultaneous insulating character in orthogonal directions. Explo-
ration of extended 1D defects beyond dislocations in perovskites is
a mostly uncharted field where unexpected defect properties and
new physical phenomena at atomic dimensions are waiting to be
discovered.
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Fig. 4. EELS core-loss O K edges of the line defect. (A) Calculated O K edges for different O atoms in the line defect structure. The locations of these O atoms in the
structure are indicated on the top panel. Peaks originated from metallic electronic states just above Fermi energy are highlighted with shading. a.u., arbitrary units.
(B) A schematic showing that when the STEM probe is located on an individual atomic column, by the time the beam propagates and exits the sample, it broadens
and, therefore, measured EELS data should contain excitations from neighboring atomic columns. (C) Measured and simulated O K edges across the line defect in two
perpendicular directions (i and ii). EELS acquisition areas are indicated on the right. The solid lines and dashed lines represent experimental data and simulations,
respectively. Label “b”indicates bulk. Enhanced peak due to bonding with La is marked with an asterisk. Simulated edges contain intermixing from neighboring oxy-
gen atoms. Difference spectra between local and bulk O K edge spectra are shown in the bottom. Features corresponding to metallic electronic states just above

Fermi energy are highlighted with shading.

MATERIALS AND METHODS

STEM characterization

La:BaSnO; films were grown on a LaAlO3(001),,. substrate by using
high-pressure oxygen sputter deposition (36) and on LaAlO3(001),.
and SrTiO3(001) substrates by hybrid MBE (37). La:BaSnOj films
were grown on pseudo-cubic LaAlO3 (001),. and SrTiO3(001) sub-
strates. Plan-view STEM samples were prepared by mechanical
polishing (using Multiprep, Allied High Tech Inc.) followed by col-
loidal polishing with alumina abrasives to thin the foil and to reduce
damaged layers on the surfaces. The thickness of the area for STEM
experiments was 40 to 90 nm and ~40 nm for plan-view and
cross-sectional view samples, respectively. Cross-sectional TEM
samples were prepared by the focus ion-beam lift-out method using
a 30-kV Ga ion beam followed by ion shower at a 2-kV Ga ion
beam.

STEM experiments were performed using aberration-corrected
FEI Titan G2 60-300 (S)TEM equipped with a CEOS DCOR probe
corrector, a Schottky extreme field emission gun, a monochromator,
a super-X EDX detector, and a Gatan Enfinium ER spectrometer.
The microscope was operated at 200 keV and a screen current of 25
to 30 pA. STEM images and EDX elemental map were acquired using
the probe semiconvergent angle of 17.3 mrad, and ADF detector
inner angles of 55 and 11 mrad for HAADF-STEM and annular
bright-field (ABF)-STEM images, respectively. STEM-EELS analysis
was conducted using a monochromated probe allowing the energy
resolution of 0.13 eV at the energy dispersion of 0.01 eV. The core-
loss O K edges were acquired using the energy dispersion of 0.1 eV.
Probe semiconvergent angle was 19 mrad, and EELS collection angle
was 29 mrad. Dual EELS mode was used to acquire the low-loss
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energy region with zero-loss peak (ZLP) and the high-loss energy
region simultaneously, which allows energy drift correction using
the ZLP alignment. The thicknesses of samples were determined from
measured low-loss EELS spectra using the log-ratio method with the
mean free paths of plasmon excitation A, = 81 nm for BaSnOj3 (38).

DFT simulations

The defect structure was obtained by fully relaxing the atomic coor-
dinates and the lattice vectors, using the variable cell (vc-relax) op-
tion implemented in the Quantum-Espresso program package (39).
Initial line defect structure was constructed using the supercell of
5x 4 x 1 unit cell (u.c.), where two Ba atoms were removed and two Sn
atoms were displaced by 90° rotation along the [001] axis at the center
of the supercell. Ultrasoft pseudopotentials (40) and a generalized
gradient approximation (GGA) using Perdew-Burke-Ernzenhof (PBE)
parameterization for an exchange-correlation functional were used
(41). Kinetic energy cutoff for wave functions and for charge density
was 50 and 200 Ry, respectively. Relaxation was achieved by con-
verging the forces on all atoms to less than 1 x 10™* atomic units. A
k-point grid of 2 x 2 x 6 was used. Atomic structure visualization in
figures was performed using VESTA software (42).

Electronic structures and EELS simulations for the relaxed struc-
tures were carried out using the WIEN2K code (43-45). GGA-PBE
parameterization was adopted for the electronic exchange-correlation
functional (41). The Brillouin zone was sampled using a 4 x4 x 16
shifted k-point grid. Ry (muffin tin radius) that was automatically
set by the code was used, which was 2.45 A (the structure without La
dopant) and 2.5 A (the structure with La dopant) for Ba, 2.04 A for
Sn, 1.75 A for O, and 2.49 A for La. The basis set cutoff wave vector,
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kmax» was determined by the criterion Ryinkmax = 7. Ground state
electronic structures for charged line defects were calculated by
adding electrons and adding corresponding background charge.
Spin-orbit interactions were also included. EELS O K edge simulations
were performed by using the TELNES3 module in WIEN2K
with parameters identical to the experimental setup. To include the
core-hole effects (46, 47), the bigger supercell structure for the
line defect was generated by doubling the relaxed line structures
in the [001] direction, which is compatible to the size of 5 x 4 x
2 u.c,, and then, core-hole was incorporated in an absorbing oxygen
atom. O K edge for the host BaSnO3 (bulk) was computed using
the BaSnOj3 supercell with a size of 5 x 4 x 2 u.c. The natural energy
broadening of the core edges, caused by the lifetime of the electrons
in the initial and final states of excitation, was incorporated as well
(38, 48, 49).

STEM simulations

STEM image and STEM probe propagation simulations were per-
formed using the TEMSIM code based on the Multislice method
(50-52). To simulate the HAADF- and ABF-STEM images of the
line defect, the relaxed line defect structure with two La dopants was
used, which has a supercell size of a = 21.01 A, b = 16.53 A, and
¢ = 4.11 A. The STEM probe parameters were as follows: a beam
energy of 200 keV, a convergence angle of 17.3 mrad (STEM image)
and 19 mrad (electron beam propagation), C; = 0, and a slice thick-
ness of 2.055 A. Thermal diffuse scattering was included using
frozen-phonon approximation for T = 300 K (51). Root mean
square thermal displacements were set as 0.095 A for Ba, 0.1 A for
Sn, 0.089 A for O, and 0.041 A for La (53). Inner/outer detector
angles for the HAADF- and ABF-STEM images were 50/200 and
10/40 mrad. The computed STEM images were convoluted with a
Gaussian function with the full width at half maximum of 0.8 A to
incorporate the source size (54).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabd4449/DC1
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