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Epitaxial growth of perovskite oxide films
facilitated by oxygen vacanciesf

M. Tyunina, 2 *3 L L. Rusevich, {2 ¢ E. A. Kotomin, ©2°® O. Pacherova,”

T. Kocourek® and A. Dejneka®

Single-crystal epitaxial films of technologically important and scientifically intriguing multifunctional
ABOs perovskite-type metal oxides are essential for advanced applications and understanding of these
materials. In such films, a film-substrate misfit strain enables unprecedented crystal phases and unique
properties that are not available in their bulk counterparts. However, the prerequisite growth of strained
epitaxial films is fundamentally restricted by misfit relaxation. Here we demonstrate that introduction of
a small oxygen deficiency concurrently stabilizes epitaxy and increases lattice strain in thin films of
archetypal perovskite oxide SrTiOz. By combining experimental and theoretical methods, we found that
lattice distortions around oxygen vacancies lead to anisotropic local stresses, which interact with the
misfit strain in epitaxial films. Consequently, specific crystallographic alignments of the stresses are
energetically favorable and can facilitate epitaxial growth of strained films. Because anisotropic oxygen-
vacancy stresses are inherent to perovskite-type and many other oxides, we anticipate that the disclosed
phenomenon of epitaxial stabilization by oxygen vacancies is relevant for a very broad range of

rsc.li/materials-c functional oxides.

Introduction

Perovskite ABO;-type metal oxides possess a variety of unique
properties: they exhibit electronic behavior that can range from
insulator to superconductor; they display ordering of charge,
magnetic spins, and/or electric dipoles; and they demonstrate
strong responses to external stimuli. This rich diversity of
properties enables numerous emerging and commercial appli-
cations of perovskite oxides in different sectors of electronics,
photonics, and related fields."”

Single-crystal-type epitaxial films of perovskite oxides repre-
sent an essential part of modern research.>! Beyond usage in
advanced integrated devices and as high-quality crystals for
basic investigations, epitaxial films bring a plethora of remarkable
novel phenomena that stem from couplings between film with
underlying substrate. Elastic coupling is especially important. In
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epitaxial films, elastic strain arises from the film-substrate mis-
match in lattice symmetries, parameters, and/or thermal expan-
sion coefficients. Epitaxial strained films can adopt
unprecedented crystal phases and possess unique properties that
are not available in their unstressed bulk counterparts.’>™*® Cor-
respondingly, understanding and control of epitaxial growth of
perovskite oxide films are vital for the exploration and applications
of these materials.

The epitaxial growth of a film experiencing a substrate-
imposed misfit strain is restricted by an elastic energy that
increases with increasing film thickness." A film can grow in
full coherency with the substrate to a certain critical thickness,
at which strain relaxation starts. For many perovskite oxides,
the critical thickness is a few tens of nanometers at a strain
magnitude of about 1%, and smaller at larger strains. Most
commonly, the strain relaxation involves the formation of disloca-
tions and other structural imperfections that are detrimental for
important functional responses. For instance, structural imperfec-
tions often cause unwanted optical or dielectric losses in wide-
bandgap insulators or increased resistivity in conductors. The
growth of coherent strained epitaxial films of sufficiently large
thickness is highly desirable but fundamentally limited.

Here we demonstrate that introducing a small oxygen deficiency
can stabilize epitaxy, significantly raise the critical thickness, and
enlarge the lattice strain in perovskite oxide films. In this work we
selected SrTiO;3(STO) as a representative, well studied perovskite
oxide. We note that epitaxial STO films can be grown on
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commercial silicon substrates, which is of immense practical
importance.** The substrate-induced biaxial in-plane misfit strain
is compressive in thin STO films on Si, where the substrate-
ensured in-plane lattice parameter is ~3.840 A. In this work, we
use (001)(Lag 3S1r0.5)(Alp.65Ta0.35)03 (LSAT) substrates to enable an
in-plane lattice parameter of 3.868 A and cube-on-cube epitaxial
growth of in-plane compressed STO films, resembling those on Si.
By varying the pressure of oxygen during pulsed laser deposi-
tion, we found that even a minor oxygen deficiency can raise the
critical thickness from ~60 nm to at least 150 nm, whereas
significantly reduce the optical losses in the STO/LSAT films.
Our analysis of the measured lattice parameters of the strained
films revealed strong and anisotropic chemical expansion in
unstressed oxygen-deficient material within each film. Using
first-principles calculations, we established that atomic displace-
ments around oxygen vacancies produce strains leading to aniso-
tropic stresses. We suggest that these stresses interact with the
misfit strain field. The interaction enables a peculiar spatial
arrangement of the stresses and a reduction of the total elastic
energy. Such mechanism leads to an anisotropic chemical expan-
sion, an increased critical thickness, and a large residual strain.
Anisotropic lattice distortions around oxygen vacancies are
intrinsically inherent to all perovskite oxides. Therefore, we anti-
cipate that the interaction of oxygen-vacancy stresses with substrate-
induced strain fields is general for epitaxial perovskite oxide films.
We also expect that, apart from stabilizing epitaxial growth, this
interaction can lead to unusual functional behaviour. The results of
our work can have broad implications in the field of technologically
important and scientifically intriguing perovskite oxides.

Methods

Experimental

Thin STO films were grown by pulsed laser deposition using an
excimer KrF laser (wavelength 248 nm, pulse duration 20 ns,
repetition rate 5 Hz). A dense ceramic STO target was synthe-
sized at the Institute of Solid State Physics, University of Latvia.
The target-to-substrate distance was 35 mm, the area of the
irradiated spot and energy density on the target surface were
3 mm® and 2 J cm % respectively. Mechanical scanning
included rotation, precession, and translation of the target
and the substrate holder. Epitaxially polished (001) LSAT sub-
strates were purchased from MTI Corp. A substrate temperature
of 973 K was kept during deposition and lowered at a rate of 5 K
min~" during post-deposition cooling. The oxygen pressure was
kept constant during deposition and post-deposition cooling,
and varied from 0.1 Pa to 20 Pa for different samples. The
thickness of the films was regulated by number of laser pulses.

The crystal structure of the films was studied by high-
resolution X-ray diffraction on a D8 DISCOVER diffractometer
(Bruker corporation) using Cu Ka radiation. ®-26 scans in the
range of 260 = (10-130) deg and reciprocal space maps (RSM) in
the vicinity of the perovskite (002) and (303) diffractions were
acquired. The in-plane (parallel to substrate surface) and out-
of-plane (normal to substrate surface) lattice parameters were
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estimated from the positions of the diffraction maxima using
LSAT as a reference. The thickness of the films was determined
by X-ray reflectometry on the diffractometer. The diffraction
and reflectometry data were fitted using LEPTOS software.

The chemical composition of the films was characterized by
X-ray photoelectron spectroscopy (XPS) using a NanoESCA instru-
ment (Oxford Instruments Omicron Nanoscience) and CasaXPS
software and by energy dispersive X-ray spectroscopy on a FEI
QUANTA scanning electron microscope (ThermoFisher).

The optical properties and thicknesses of the films were
inspected using variable angle spectroscopic ellipsometry
(VASE). The measurements were performed on a J. A. Woollam
VUV ellipsometer at room temperature, in dry nitrogen atmo-
sphere, and at photon energies of (0.75-8.8) eV. The data were
processed using a commercial WVASE32 software package.

First-principles analysis

The first-principles (ab initio) computations were performed
using the CRYSTAL17 computer code within the linear combi-
nation of atomic orbitals (LCAO) approximation.?* The BIWC
advanced hybrid exchange-correlation functional of the
density-functional-theory (DFT) was employed. More computa-
tional details can be found in our previous papers on simula-
tions of (Ba,Sr)TO; and (Ba,Ca)TiO; solid solutions,?*™>* as well
as BTO/STO heterostructures.”*® Note that in the studies
ref. 23 and 24 we used and compared three hybrid functionals
(PBEO, BIWC and B3LYP) for the perovskite systems simula-
tions and established that BIWC functional demonstrated the
most reliable results.

The neutral and charged oxygen vacancies were treated as
point defects whose introduction into cubic STO (space group
SG 221) lowers its symmetry. The tetragonal phase (SG 99) was
considered for the systems with defects. For the neutral oxygen
vacancies, we took into account various possible spin states of
the system and applied unrestricted (open shell) method of
calculations.*' More detailed description of the neutral oxygen
vacancies computations is presented in our paper,>® where the
local structure, as well as charge and spin distribution near
these vacancies are considered in tetragonal BTO (SG 99) and
STO (SG 140) systems. For the charged vacancies, we employed
the ionic basis sets and restricted (closed shell) calculations. The
defect charge was compensated by homogeneously distributed
counter-charge in the supercell.

The 2 x 2 x 2 and 3 x 3 x 3 supercells (SC) with periodic
boundary conditions were adopted to simulate different con-
centrations of defects. The concentrations of oxygen vacancies
(relative to the stoichiometric number of oxygen atoms) were
4.17% (SC 2 x 2 x 2) and 1.23% (SC 3 x 3 x 3).

Results and discussion
Epitaxial films

The theoretical STO/LSAT biaxial in-plane misfit strain s, is
compressive (s, = asyp/do — 1) & —0.95%. Here asyp = 3.868 A
and a, = 3.905 A are the lattice parameters of LSAT and
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unstressed STO, respectively. For a cube-on-cube-type epitaxial
coherent strained STO film, the in-plane lattice parameters are
similar and equal to (a = b = agyg). The out-of-plane strain (s.),
the out-of-plane lattice parameter (c), the unit-cell volume (V),
and the tetragonality (¢ = ¢/a) of the strained film are elastically
related to the in-plane strain [S1 and expressions (1-6), ESIT].
Thus, for the coherent STO/LSAT film, the theoretically
expected parameters are a = 3.868 A and ¢ = 3.927 A. As found
before,”” such tetragonal fully strained STO/LSAT films can
grow to thickness of ~60 nm, above which the misfit relaxation
occurs.

Here, perovskite STO/LSAT films with thicknesses of 150 nm
and 80 nm were grown by pulsed laser deposition (PLD) at
different oxygen pressures. We note that parameters of laser
radiation (wavelength, pulse duration, pulse repetition rate)
and irradiation conditions (such as size and symmetry of
irradiated spot on the target surface, energy density in this
spot, and target-to-substrate distance), together with the nature
and pressure of gas ambience, determine the dynamics of laser-
stimulated plasma and, consequently, the deposition kinetics and
metal stoichiometry in PLD of multicomponent materials.”®>
Here, the deposition rate was practically pressure-independent,
implying pressure-independent growth kinetics and, hence,
pressure-independent metal composition in the films [S2 and
Fig. S2, ESIT]. The direct assessment of composition did not reveal
observable changes of the Sr: Ti ratio with oxygen pressure either.

Cube-on-cube-type epitaxial STO films were obtained at all
pressures [Fig. 1 and Fig. S3-S5, ESI{]. In agreement with the
previous study,” we observe strain relaxation in the 150 nm-
thick film deposited at 20 Pa [Fig. 1(a)]: the film contains a
strained fraction and a relaxed fraction. The lattice parameters
of the strained tetragonal fraction are close to theoretical
estimates, whereas the relaxed fraction is cubic and similar to
unstressed STO. We note that such a relaxed fraction is not
seen in a thinner film deposited at the same pressure: the
80 nm-thick film is strained tetragonal [Fig. S6, ESIt]. Remark-
ably, with decreasing oxygen pressure, only coherent growth is
detected in the 150 nm-thick films [Fig. 1(b)-(f)]. The critical
thickness for misfit relaxation is then at least 150 nm.

We underline that strain relaxation has negative implica-
tions on the optical transparency of the STO films for wave-
lengths of 400-1500 nm. The extinction coefficient in the
relaxed 150 nm-thick film deposited at 20 Pa is significantly
higher than that in the coherent 80 nm-thick film deposited at
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the same pressure [Fig. S7(a), ESIt]. Importantly, the extinction
coefficient in the strained 150 nm-thick film deposited at a
lower pressure (10 Pa) is as small as that in the in the coherent
80 nm-thick film deposited at 20 Pa [Fig. S7(b), ESIf]. These
observations imply that structural imperfections are critical for
optical losses and should be avoided in thin films for photonic
applications. To achieve epitaxial oxide photonic films of
sufficiently large thickness, introducing oxygen deficiency
may be a counterintuitive solution.

To get better insight into the perfect epitaxy of oxygen
deficient films, we compared the lattice parameters, tetragon-
ality, and unit-cell volume of the 150 nm films with the
theoretical values, which were estimated using elastic consid-
erations [S1 and expressions (1-6), ESIt]. The out-of-plane
lattice parameter c is very close to theoretical in the strained
fraction of the film deposited at 20 Pa [Fig. 2(a)]; the unit-cell
volume and tetragonality of this fraction are also close to
theoretical estimations [Fig. 2(b) and (c)]. For the films depos-
ited at lowered pressures (oxygen deficient films), the in-plane
parameters coincide with those of the substrate a=b ~ 3.868 A,
but the out-of-plane parameter clearly exceeds that estimated
for the coherent strained STO/LSAT film [Fig. 2(a)]. Moreover,
both the unit-cell volume and tetragonality increase concur-
rently with decreasing pressure and are noticeably larger than
the theoretical values [Fig. 2(b) and (c)]. This behavior is
schematically illustrated in Fig. 2(d).

The increased parameters ¢, V, and ¢ can be related to a
chemical expansion of the unstressed oxygen deficient material
of the films. First, we considered a commonly accepted isotropic
chemical expansion, ie. an increase of the parameter a, of the
cubic cell (tetragonality ¢, = 1) of the material [schematics in
Fig. 3(a)]. Using the measured lattice parameters of the 150 nm-
thick films and elastic relationships [Fig. S1 expressions (1-6),
ESIT], we extracted the lattice parameter a,, the unit-cell volume
Vo, and the film-substrate misfit strain s, as a function of oxygen
pressure for such an isotropically expanded material.

The unit-cell volume V, as large as 60.6 A® is extracted for
low pressures [Fig. 3(b)]. This large volume suggests a gigantic
chemical expansion of 1.8% (volumetric, or 0.6% linear). Such a
massive expansion has never been reported for bulk STO, nor
for other perovskite oxides. Assuming, nevertheless, that cationic
or oxygen off-stoichiometry could cause this expansion, we
deduced off-stoichiometry using the theoretical chemical expan-
sion coefficients for cationic or oxygen vacancies in STO (see ref. 33

S ORRERE O O G O O
300l LSAT’ 1 LSAT ’ 1 LSAT ‘ || - ’ 1L LSAT (' 1L LSAT , |
2981 st0 I[ st g Jil STO \ It sto W I 4 — I ¥ ]
2901 20 Paf 10 Pa| 5Padf 2paq ST 1Palf STO 0.1 Pa“

205 3}.160 305 295 3}160 305 295 3.;(1)0 305 295 3h.60 305 295 3.20 305 295 3£o 305

Fig. 1 Epitaxy. Reciprocal space maps around (303) lattice points in the 150 nm-thick STO/LSAT films deposited at different pressures of oxygen.

Coordinates are expressed in reciprocal lattice units of LSAT.
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Fig. 2 Crystal lattice. (a) Out-of-plane lattice parameter, (b) unit-cell volume, and (c) tetragonality as a function of pressure in the 150 nm-thick films.

(d) Schematics of unit cells in the STO crystal and STO/LSAT films.
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Fig. 3 Chemical expansion. (a and e) Schematics of (a) isotropically and (e) anisotropically expanded unit cells of unstressed material of the films and the
corresponding (b and f) unit-cell volume, (c and g) tetragonality, and (d and h) in-plane strain for such cells as a function of pressure.

and references therein). The volumetric chemical expansion of
1.8% corresponds to either a deficit or excess of Sr, with the Sr/Ti
ratio of 0.8 or 1.05, respectively; or to an oxygen deficit of x = 6 in
SITiO;_,. These cationic off-stoichiometries are unrealistic for the
stability of the perovskite phase and the oxygen deficit is non-
sensical. Especially important here, the extracted magnitude of the
in-plane material-substrate compressive strain increases with
decreasing pressure and reaches 1.5% [Fig. 3(d)]. This increase is
in striking conflict with the observed better stabilization of epitaxy
at lower pressures. Regarding an assumed isotropic chemical
expansion, the critical thickness should have become smaller,
and, hence, more efficient strain relaxation should have occurred
at lower pressures. Therefore, an isotropic chemical expansion is
improbable here.

Next, we assumed that the chemical expansion is anisotropic
such that the material is tetragonal, whereas its unit-cell
volume remains equal to that of unstressed STO [Fig. 3(e) and

1696 | J. Mater. Chem. C, 2021, 9, 1693-1700

(f)]. Again, using the elastic relationships [S5 and expressions
(7-12), ESIt] and the measured lattice parameters of the films,
we extracted the tetragonality of the material [Fig. 3(g)] and the
magnitude of the in-plane compressive misfit strain [Fig. 3(h)].
In contrast to the isotropic expansion, the assumed anisotropic
expansion gives a significant decrease of the misfit-strain
magnitude [compare Fig. 3(d) and (h)]. This decrease is in
excellent agreement with the coherent epitaxial growth at
lowered pressures.

Thus, anisotropic, out-of-plane directed, chemical expan-
sion can explain the stabilization of coherent epitaxial growth
of compressively strained oxygen deficient STO films. The lattice
parameters of the anisotropically expanded material differ from
that of bulk unstressed STO [Fig. S8, ESI{]: the in-plane para-
meters shrink (@, < asro) and the out-of-plane parameter
increases (co > asro). To find a physical mechanism, leading
to such an anisotropic expansion, we applied first-principles

This journal is © The Royal Society of Chemistry 2021
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analyses to scrutinize the local lattice distortions around oxygen
vacancies in STO.

Oxygen vacancies

We note that the previous first-principles analyses of oxygen
vacancies in STO were performed using several different
approaches (see ref. 34-36 and references therein). Most of
these studies focused on the electronic structure of neutral
vacancies as important shallow donors, whereas less attention
was paid to the charged vacancies (see, e.g. ref. 37 and 38). Also
calculations of the local distortions and charge redistribution
around both types of vacancies are rare. Here, the neutral and
charged vacancies were analyzed within the same approach
(DFT hybrid functional BIWC, see Methods section), which
ensured high accuracy and allowed for reliable quantitative
comparison of both types of vacancies. Note that depending on
such conditions as temperature, presence of dopants, and
position of the Fermi level, one or another type of vacancies
is thermodynamically more stable.*

When an oxygen atom is removed from STO and a neutral
vacancy is formed, each of the two nearest Ti atoms receives
one unpaired electron, whose possible spin states were taken
into account. The systems with different spin states (S = 0 and
S = 1) were considered. In contrast, removal of an oxygen anion
produces the doubly charged oxygen vacancy, around which all
chemical bonds remain closed. The distances between ions and
the effective charges of ions were calculated both for the neutral
and charged vacancies as well as for the reference stoichio-
metric STO. The supercells of 2 x 2 x 2 unit cells (SC 2) and of
3 x 3 x 3 unit cells (SC 3) containing 40 and 135 atoms,
correspondingly, were employed. The calculated elastic proper-
ties demonstrated high accuracy when compared to experiment
[S7, ESI{].

Compared to the high-symmetry TiOs-octahedra in stoichio-
metric cubic STO [Fig. 4(a)], local anisotropic lattice distortions
arise around an oxygen vacancy Vo [Fig. 4(b) and (c)]. The
neighboring Ti ions (Ti-Vo-Ti) are displaced away from
the vacancy, whereas the closest O ions are shifted towards
the vacancy. The calculated Ti-Ti distance [Ti-Vo-Ti between
Til and Ti2 as shown by solid arrow in Fig. 4(b)] and the
distances between ‘“corner” O ions [O-Vo-O between O1 and
06 as shown by the dashed arrow in Fig. 4(b), and alike 02-05,
09-012, and 010-011] are summarized in Table 1.

Compared to stoichiometric STO, introducing an oxygen
vacancy leads to a significant increase (4-6.5%) of the Ti-Ti
distance and a simultaneous decrease (4-7.5%) of the distances
between oxygen ions. These changes persist in all cases,
although the distances are sensitive to the vacancy type, spin
state, and supercell dimensions. Overall, the lattice strongly
expands along the Ti-V, direction [Fig. 4(c)].

The lattice distortions around oxygen vacancy are responsible
for local stresses, which are commonly described using a second
rank tensor, or elastic dipole tensor. A strongly anisotropic
elastic dipole tensor is produced by oxygen vacancy.>* Note that
cationic vacancies are unable to give such strongly anisotropic
elastic dipoles.®® In bulk unstressed STO, the presence of

This journal is © The Royal Society of Chemistry 2021
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(b)

Fig. 4 Oxygen vacancy. Schematics of ionic positions in (a) regular STO
and (b and c) around an oxygen vacancy in STO. In (c), the arrows mark
directions of ionic displacements around vacancy compared to regular
STO.

Table1 Distances between ions and effective charges of ions for stoichio-
metric STO and around oxygen vacancies (Vo) in STO

Vo
Neutral Charged
STO S=0 S=1 SC2 SC3

Distance (A)
Ti1-Ti2 3.884 4.139 4.136 4.032 4.116
01-06; 02-05; 09-012;  5.493 5.149 5.262 5.082 5.069
010-011
Effective charge (e)
Ti +2.32 +2.23 +2.13 +2.25 +2.25
017 —1.40 —-1.32 —1.34 —-1.29 —1.32
O (except 017) -1.40 -1.42 -145 -137 -1.41

anisotropic oxygen vacancy stresses does not lead to a macro-
scopic anisotropic chemical expansion because different crystal-
lographic orientations of elastic dipole tensors are energetically
similar, randomly distributed, and averaged. However, in epitaxial
films, the presence of substrate and substrate-imposed strain can
determine peculiar spatial arrangement of the stresses, or of the
oxygen-vacancy elastic dipole tensors.

In cube-on-cube epitaxial STO films, oxygen vacancies can
be located in the [SrO]-planes parallel to the substrate surface,
i.e. in the (001)[SrO] plane, as illustrated in Fig. 5(a). The lattice
is then locally out-of-plane elongated (in-plane contracted) and
the elastic dipole tensor is out-of-plane oriented. For oxygen
vacancies in the [TiO]-plane parallel to the substrate surface,
i.e. in the (001)[TiO] planes, the lattice is locally out-of-plane

J. Mater. Chem. C, 2021, 9,1693-1700 | 1697
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Fig. 5 Oxygen-vacancy stresses in epitaxial film. Schematics of different
orientations of the elastic dipole tensors for oxygen vacancies in the
(a) (001)[SrO]-plane and (b) (001)[TiO]-plane.

contracted (in-plane elongated) and the elastic dipole tensor is
in-plane oriented [schematics in Fig. 5(b)].

The local stresses interact with the strain field that is pro-
duced by the film-substrate misfit (in-plane biaxial strain s, and
out-of-plane strain s.). For the out-of-plane and in-plane compo-
nents of the dipole tensor /. and 4,, respectively, the interaction
energy Eiy can be estimated as [Eip = —(AcSc + 2/484)]-*° For the
compressive in-plane misfit strain s, < 0 (s, > 0), the interaction
energy is negative if 4. > 0 and 4, < 0. This condition
corresponds to a vacancy position in the (001)[SrO] plane, with
the out-of-plane orientation of the oxygen-vacancy stress tensor
[Fig. 5(a)]. The interaction energy turns positive for s, < 0 (s. > 0),
when 4. < 0 and 4, > 0, ie if the vacancy is located in the
(001)[TiO] plane [Fig. 5(b)]. Therefore, the in-plane compressive
misfit strain favors the location of oxygen vacancies in the
(001)[SrO] planes and not in the (001)[TiO] planes. This selective
vacancy location is qualitatively comprehensible because the
in-plane Ti-Vo-Ti elongations “work” against the in-plane misfit
compression, which is energetically unfavorable. The strain-
defined selective location and correspondingly, the alignment of
the local lattice Ti-Vo-Ti elongations produces anisotropic
chemical expansion of the film.

We note that the selective location of defects and anisotropic
expansion are caused by interaction of anisotropic stresses of
these defects with misfit strain. Because such elastic inter-
action is general, then any defect possessing anisotropic elastic
dipole tensor can principally contribute to epitaxial stabili-
zation. For instance, our first-principles calculations showed
that the STO/LSAT strain can lead to the formation energy for
vacancy in the (001)[TiO] plane being smaller than in the
(001)[SrO] plane by 0.6-1.4 eV depending on the spin state of
the system. If this difference dominates and vacancies are
preferably formed in the (001)[TiO] planes, then anisotropic
elastic dipole tensor may be produced by displacements of Sr
ions arising due to local distortions around oxygen vacancy.
More detailed theoretical analyses of this and other scenarios
are in progress.

For the theoretical oxygen-vacancy elastic dipole tensor®
and STO/LSAT misfit strain, each vacancy in the (001)[SrO]
plane reduces the total energy by ~65 meV, whereas each
vacancy in the (001)[TiO] plane raises the energy by ~ 35 meV
[S8 and expressions (13 and 14), ESI{]. Assuming that
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non-interacting oxygen vacancies in the (001)[SrO] planes fully
compensate elastic energy, which is associated with the
STO/LSAT misfit strain, the maximum concentration of such
vacancies can be ~1 at % only [S8 expressions (15 and 16),
ESIt]. Considering the measured in-plane strain in oxygen
deficient films [Fig. 3(h)], the concentration of oxygen vacancies
may be even smaller than 1 at % therein. Such small concen-
trations are impossible to measure directly using state-of-the-
art techniques. Thus, even a minor concentration of oxygen
vacancies can significantly increase the critical thickness in
strained epitaxial films.

Remarkably, the presence of vacancies enhances the total
lattice strain. The out-of-plane lattice strain is enlarged to 1.5%
in oxygen deficient films compared to the purely substrate-
induced strain of 0.5% [Fig. 2(a) and Fig. S8, ESI{]. This
enhancement can be understood as a result of interactions
between the aligned stresses and the rest of the material.

We expect that multiscale theoretical modelling can estab-
lish precise mechanisms for epitaxial stabilization and strain
enhancement in oxygen deficient films. However, qualitatively,
the driving force for the formation of oxygen-vacancy stresses is
an increased Coulomb repulsion between the B-site cations in
the presence of an oxygen vacancy between them, which is thus
valid for all ABO; perovskites. In cube-on-cube-type epitaxial
films with a compressive misfit strain, the elastic dipole tensors
will align along the out-of-plane direction, whereas for a tensile
misfit strain, there are two in-plane invariants for the orienta-
tion. The effect can be sensitive to the type of cations and may
be stronger for compressed films. In any case, the aligned
oxygen-vacancy stresses can stabilize epitaxy, enhance lattice
strain, and thus enable perovskite oxide films with novel
properties. Moreover, because anisotropic elastic dipole tensors
may be associated with oxygen vacancies in many other metal
oxides,*’** we anticipate a broad ubiquity of the phenomenon
disclosed here. We also anticipate that oxygen-vacancy stabi-
lized films can demonstrate new advanced properties and
further expand usage of oxygen vacancies in oxide electronics
and photocatalysis.*>*° The results of our work can have wide
implications in the field of technologically important perovskite-
structure and other oxides.

Conclusions

In conclusion, combining the experimental and theoretical
approaches, we demonstrated that local stresses, which are
produced by anisotropic lattice distortions around oxygen
vacancies in an archetypal perovskite oxide, SrTiOj, interact
with substrate-induced misfit strain in epitaxial films. The
interaction results in a peculiar spatial alignment of the vacancy
stresses, enables anisotropic chemical expansion, facilitates
epitaxy, and enhances lattice strain. Because anisotropic oxygen-
vacancy stresses are inherent to perovskite-type and many other
oxides, the revealed phenomenon of epitaxial stabilization by
oxygen vacancies is of high importance for a very broad range of
functional oxides.

This journal is © The Royal Society of Chemistry 2021
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