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The atomic structure of epitaxial BaTiOj3 films grown on SrRuOs-covered (001)SrTiO; substrates by pulsed
laser deposition has been studied by transmission electron microscopy. It revealed a three-layered structure,
each layer with a different morphology, remaining strain, and density of defects. These results pointed to the
existence of two growth regimes with distinctive strain-relaxation mechanisms: (i) A first dislocation-free layer
extending 3 nm from the coherent interface with SrRuQOj;. (ii) Beyond it, a second 7 nm thick semicoherent
layer exhibiting a high density of misfit dislocations with a Burger vector a{010). The structures of both layers
are the outcome of a two-dimensional layer-by-layer growth regime. (iii) A third layer extending throughout
the rest of the BaTiOj; film, showing a columnar structure of stoichiometric grains encapsulated by amorphous
Ti-enriched boundaries, as disclosed by energy-dispersive x-ray spectroscopy. The structure of this third layer
reflects its three-dimensional-featured growth habit. By considering both regimes as a single mode, the growth
dynamics of the BaTiOj films is discussed in relation to strain-relaxation mechanisms potentially responsible
for the Stranski-Krastanov growth mode of this system.
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I. INTRODUCTION

A good deal of effort developed by the scientific commu-
nity during the last years has gone into understanding the
atomic mechanisms governing the growth kinetics and the
kinetic roughness of functional materials grown in the form
of thin films from the vapor phase by non-equilibrium tech-
niques. Nevertheless, the attention paid to the complex ox-
ides in this regard is rather little despite increasing interest in
them due to their attractive functional (e.g., see progress on
high-T,. superconductors,! magnetoresistors,” ferroelectrics,’
and atomically perfect oxide gates on massive semicon-
ductors*). Moreover, the exploration of the inherent mecha-
nisms, underlying the growth of heteroepitaxial oxide sys-
tems, including those connected with strain relaxation, is
straightforwardly insufficient. In this framework, the present
work is intended to fill this gap by providing new data and
insights on the far-from-the-equilibrium growth kinetics of
epitaxial perovskite oxides.

The system’s thermodynamic characteristics (e.g., free
surface and interface energies, condensation energies, and
strain energy) as well as its tendency toward minimum en-
ergy states (termed growth dynamics hereafter) determine
the prevailing growth mode. Three major growth modes have
been extensively described in the literature: (i) Two-
dimensional (2D) layer-by-layer growth (also known as the
Frank der Merwe mode>®), (ii) three-dimensional (3D)-
featured growth (Volmer-Weber’) and (iii) a mode starting as
2D and then turning into 3D growth (Stranski-Krastanov®).
Recently, a fourth growth mode based on electronic confine-
ment effects (electronic mode) was suggested.” In particular,
the Stranski-Krastanov growth mode is commonly found in
systems with low interface energies (such as semiconductors
and oxides) and moderate lattice misfits (lower than 7% ac-
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cording to the classical growth theory'?). Under these condi-
tions, coherent 2D growth is energetically favorable for films
below a certain threshold thickness (the Stranski-Krastanov
crossover thickness) from which the increasing energy as-
cribed to the lattice misfit strain leads toward a transition to
a 3D-featured growth regime. Currently, the Stranski-
Krastanov growth mode is largely used as an engineering
tool to promote the self-organized and self-patterned growths
of inorganic systems at the nanoscale level (see progress on
quantum dots and strain-induced self-organization'"1?). The
growth dynamics takes place through the transition of the
system between close kinetic states, wherein states far from
the equilibrium could be stable for long periods (i.e., meta-
stable!3). Thus, the coexistence of “dynamic states”—namely
those whose structures and morphologies are induced by the
growth modes described above—with kinetic states is feas-
ible.'* This coexistence would be driven by the competition
between the operating growth mechanisms and/or those of
strain relaxation in both the particular system and the depo-
sition technique used.

In this work, we investigated by standard and high-
resolution transmission electron microscopy (TEM and
HTEM, respectively) the atomic structure of BaTiO; (BTO)
thin films deposited by pulsed laser on SrRuO; (SRO)/
SrTiO; (STO). Our structural analysis sheds light on the un-
derlying growth mechanisms responsible for the strain relax-
ation in epitaxial BTO and related perovskite oxides.

II. EXPERIMENTAL METHODS

Epitaxial [001]BTO/[001]SRO bilayers (indexes referred
to the pseudocubic SRO unit cell) were grown in-situ on
commercial single-crystalline (001)STO substrates by pulsed
laser deposition (PLD). The following parameters corre-
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FIG. 1. Low-magnification cross-section image of a 120 nm
BTO/70 nm SRO/STO heterostructure. Both the BTO/SRO and
SRO/STO interfaces are marked by horizontal arrows. Labels A, B,
and C denote misfit dislocation, grain boundary, and antiphase do-
main regions, respectively.

spond to the used experimental setup: KrF excimer laser (A
=248 nm, 16 ns pulses, y=10 Hz) was focalized onto sto-
ichiometric ceramic targets (first SRO, and then BTO, both
rotating at 20 rpm) at a power density of 5 J/cm?. The 70 nm
thick SRO layer was deposited at 700 °C in an oxygen dy-
namic pressure of 25 Pa. Subsequently, the BTO films were
grown at 5 Pa and the same temperature.

Cross-sectional and plan-view specimens were prepared
for TEM observations by standard methods reported
elsewhere.!> TEM and HRTEM observations were made us-
ing Philips CM20-FEG and JEOL 4000EX microscopes. The
TEM images were numerically simulated'® to facilitate the
structural analysis described below. The chemical composi-
tion of the BTO film was spatially resolved by means of an
in-situ energy-dispersive x-ray spectroscopy (EDS) detector.

III. EXPERIMENTAL RESULTS

Figure 1 shows a low-magnification cross-sectional image
of a 120 nm thick BTO film. The film forms an atomically
flat interface with the SRO buffer layer and exhibits a rough
top surface. Vertical arrows labeled as A point out to misfit
dislocations within near-BTO/SRO interface regions with
misfit strain gradients, as revealed by the image contrast.
Several lighter oblique lines (denoted as B), which are origi-
nated far from the BTO/SRO interface, run up through the
thickness of the BTO film to reach the top surface. These
lines (as discussed below) are identified as boundaries be-
tween columnar-shaped grains. Other lines running parallel
to the direction of growth (as that enclosed in C) are ascribed
to antiphase domain (APD) defects. Details of the regions
denoted as A, B, and C are given below.

The atomic-resolution image of a near-BTO/SRO inter-
face region (region A in Fig. 1) is depicted in Fig. 2. The
misfit dislocation pointed out in Fig. 2(a) has formed 3 nm
away from the BTO/SRO interface. A Burgers circuit enclos-
ing the dislocation core (not shown) would exhibit a closure
failure of one lattice parameter along [010] BTO, which cor-
responds to a dislocation Burgers vector a{010). The varia-
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FIG. 2. (a) Atomic-resolution image of the near-BTO/SRO in-
terface region; the zone axis is along [100] BTO. Horizontal and
vertical arrows point to the interface and a misfit dislocation, re-
spectively. (b) Evolution of the in-plane (open circles) and out-of-
the-plane (solid squares) lattice parameters with the depth along the
out-of-the-plane direction. Labels IL and BL1 denote the interfacial
and bulk layer, respectively.

tion of the out-of-the-plane and in-plane lattice parameters
(cgro and agro, respectively) with the depth measured from
the BTO/STO interface, and represented in unit cells from
the cation positions was calculated by direct lattice mapping
on the high-resolution image [Fig. 2(a)]. For this purpose, we
applied a numerical center-of-mass approach taking the out-
of-the-plane SRO lattice parameters (estimated below) as the
calibration standard was applied. The results of such an
analysis are depicted in Fig. 2(b). They reveal that the agrq
lattice parameter (open circles) presents a discontinuity at
3 nm away from the interface within the BTO side; apto
being similar to the SRO lattice parameter within layer lay-
ing directly on the interface (termed the interfacial layer
hereafter) and =0.401 nm for the rest of the BTO film (bulk
layer). On the other hand, the cgrg lattice parameter (solid
squares) exhibits two discontinuities across both BTO/SRO
and bulk layer/interfacial layer interfaces; the average cptg
being 0.425 nm and 0.403 nm within the interfacial and bulk
layers, respectively. The inner interface between the interfa-
cial and bulk layer corresponds to the region where the misfit
dislocations are gestated. The above analysis discloses that
the dislocation-free 3 nm thick interfacial layer remains in a
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FIG. 3. (a) Medium-magnification cross-section image of a
grain boundary region. The open arrow indicates the boundary. (b)
Lattice image of the region enclosed in frame B. Solid arrows point
to tetragonal-shaped defects. The zone axis is along [100] BTO.

highly strained state, exhibiting a compressive misfit strain
as high as —2.9%, whereas the bulk layer mostly remains
relaxed. The expansion of the cgtg lattice parameter within
the interfacial layer is a consequence of the compressive bi-
axial stress in the BTO/SRO interface due to the epitaxial
lattice mismatch.

The medium-magnification cross-section image of a grain
boundary (region B in Fig. 1) is shown in Fig. 3(a). The
boundary originates =10 nm away from the BTO/SRO in-
terface (i.e., 7 nm beyond the inner interface) and crosses the
entire BTO film. Figure 3(b) displays high-resolution details
of the region underneath the beginning of the grain bound-
aries. In this region, tetragonal-shaped defects with diffuse
backgrounds are detected, having an average characteristic
size of 3.5X 1.5X 1.5 nm® and with their main axes lying
along [001] BTO. Their diffuse backgrounds indicate that a
non-negligible fraction of the volume of such defects is
amorphous; this finding contrasts with the interpretation sug-
gested by Zhu et al.'” who described similar defects in
(Ba,Sr)TiO; on (La,Sr)CoO3/LaAlO; as aligned rectangu-
lar-shaped voids. The fact that the tetragonal defects are
aligned with the grain boundary [marked by the open arrow
in Fig. 3(a)] identifies them as early sections of such a
boundary. The appearance of the climbing grain boundaries
suggests they are crystalline disordered (but amorphous).
The region where the boundaries form divides the bulk layer
into two sublayers with different morphologies: a 7 nm thick
compact sublayer that extends beyond the interfacial layer
and exhibits a high density of misfit dislocations, and a
columnar-structured sublayer for the rest of the BTO film.
The difference between the morphologies of both sublayers
indicates their dissimilar origins.

Figure 4(a) shows a selected-area electron diffraction
(SAED) pattern along the [100] BTO zone axis acquired us-
ing an aperture that simultaneously collects diffractions com-
ing from the BTO film, the SRO buffer layer, and the STO
substrate. Three clearly distinct split diffracted spots are de-
tected along the out-of-the-plane direction [Fig. 4(b)],
whereas only two spots are perceptible in-plane direction
[Fig. 4(c)]. An accurate image calibration employing digital
micrograph processing software on the basis of assuming the
cubic STO lattice parameter (agpo=0.3905 nm) as a calibra-
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FIG. 4. (Color online) (a) SAED pattern along the [100] BTO
zone axis resulting from simultaneous diffractions coming from
BTO, SRO, and STO. (b) and (c) distributions in the reciprocal
space of the diffractions along the out-of-the-plane ([001] BTO) and
in-plane ([010] BTO) directions, respectively.

tion standard allows us to determine the bilayer in-plane
(agr0=0.4022 nm and aggrp=0.3905 nm) and out-of-the-
plane (cgpo=0.4026 nm and cgrp=0.3955 nm) lattice pa-
rameters. These results, which agree with those in Fig. 2,
indicate that the SRO buffer layer remains under compres-
sive strain owing to the constrictions imposed by the sub-
strate lattice, whereas the BTO film is mostly relaxed, with
the main contributions to the electron diffraction being those
coming from both BTO bulk sublayers. The nominal lattice
misfits for the BTO/SRO/STO heterostructure can be com-
puted from the preferential orientation of each film or layer
and its corresponding bulk parameters (i.e., for [001]-
orientated BTO, apto=0.4006 nm; slightly distorted perov-
skite SRO with a pseudocubic unit cell, aggo=0.3924 nm;
and cubic STO, agpo=0.3905 nm). Thus, the nominal misfits
estimated for both the (001)BTO/(001)SRO and (100)SRO/
(001)STO interfaces are —2.0% and —0.48%, respectively.
Because massive relaxation mechanisms do not exist within
the SRO buffer layer, the misfit strain detected in BTO inter-
facial layer (—=2.9 % )—which is higher than that predicted for
a coherent BTO/SRO interface—corresponds to the nominal
misfit strain for a virtual BTO/STO interface. Such a lattice
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FIG. 5. (a) Low-magnification top view image of the outermost
BTO layer. Arrows point to some in-plane misaligned grains. (b)
SAED pattern from a surface area covered by a large number of
columns. (c) High-resolution details of grain boundaries. The cation
ratio (Ti/Ba) profiles depicted in (d) were obtained by EDS along
lines A and B in (c).

misfit is accommodated through several mechanisms, the
commonest ones being the following: by the remaining mis-
fit strain, via the formation of misfit dislocations at the inter-
faces depending on the elastic properties of the in-contact
materials and the growing film’s thickness, or by a transition
toward a 3D-featured growth habit as predicted for the
Stranski-Krastanov growth mode. From the diffraction pat-
tern in Fig. 4 and the dislocations, tetragonal defects and
grain boundaries imaged in Figs. 2 and 3, we concluded that
the BTO bulk layer is mostly relaxed via the formation of: (i)
a network of misfit dislocations within the inner sublayer, (ii)
tetragonal defects acting like incipient grain boundaries at
the interface between both bulk sublayers, and (iii) amor-
phous grain boundaries within the outermost sublayer.

A top overview of the outermost BTO layer is depicted in
Fig. 5(a). The orthogonal-shaped cross sections of the colum-
nar grains are clearly visible with their main axes along the
[100] and [010]BTO directions. The SAED pattern [Fig.
5(b)] obtained for a surface area covered by a large number
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FIG. 6. (Color online) Lattice image (a) and schematic atomic
representation (b) of two crossing antiphase domain defects within
the bulk of a BTO columnar grain. A and B denote conservative and
nonconservative domains, respectively. Inset, numerical simulation
of the lattice image shown in (a).

of columns indicates common in-plane and out-of-the-plane
orientations for all the columns, with a small fraction of in-
plane misaligned grains. Some of these latter grains are in-
dicated in Fig. 5(a). The grains are encapsulated by thick
grain boundaries, which are imaged with high-resolution in
Fig. 5(c). The amorphism of the grain boundaries is con-
firmed. Some dislocations or defects (as discussed below) are
observed within the grain bulk. Figure 5(d) shows the cation
ratio (Ti/Ba) profiles measured by EDS in the boundary
(along line A) and grain bulk (line B) regions. The grain bulk
is stoichiometric with a cation ratio Ti/Ba=1.03 close to
that expected for perovskite oxides (Ti/Ba=1); whereas the
grain boundaries exhibit nonperovskite ratios Ti/Ba=1.4
larger than the threshold of allowed stoichiometric defects
for the perovskite phase existence. These nonstoichiometric
Ti/Ba ratios indicate that the boundaries are largely Ti en-
riched (probably by amorphous TiO,) compared to the com-
position of the grain bulk region.

Other kinds of defects (i.e., antiphase domains, APDs, as
that enclosed in C, Fig. 1) appear within the bulk of the BTO
columnar grains. Figure 6(a) shows the lattice image and its
simulation (inser) of a grain bulk region containing two
crossing antiphase domains: a conservative and a nonconser-
vative one labeled as A and B, respectively. Figure 6(b) cor-
responds to a schematic representation of both APDs, show-
ing their atomic structures. The formation of APDs acts as a
complementary mechanism to release local strains'® and/or
growth instabilities (such as chemical faults'®) induced by
kinetic limitations.

IV. DISCUSSION

The existence of a dislocation-free highly strained inter-
facial layer in epitaxial perovskite oxides was previously ob-
served in (Ba,Sr)TiO; (BST) films stacked between SRO
electrodes on (100)STO substrates.!> The nature of this inter-
facial layer was ascribed there to oxygen deficiencies acting
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as kinetic limitations preventing the formation and/or propa-
gation of misfit dislocations.?® Such nonstoichiometric defi-
ciencies would be originated during early growth stages as a
complementary strain relaxation mechanism?!'?? for coherent
films whose thicknesses would be smaller than the critical
thickness above which the formation of misfit dislocations
becomes energetically viable. Mader and Knauss?® proposed,
alternatively, that the origin of the interfacial layer lies in the
balance between image forces arising from (i) the difference
between film’s and substrate’s elastic properties, and (ii) co-
herency forces in the dislocations. Accordingly, their model
predicts an increase in the thickness of the interfacial layer as
the lattice mismatch decreases.?* Our results, presented here
and elsewhere,' are not strictly consistent with this predic-
tion as follows: The thicknesses of the interfacial layers ob-
served in (001)BST/(001)SRO and (001)BTO/(001)SRO are
roughly similar (£10%) despite the large difference between
the lattice mismatches of both systems; —0.9% and -2.9%,
respectively. A possible explanation for this unpredicted be-
havior could be given by suggesting that there is a large
change in the elastic properties and/or the bond strength for
BTO as the substitution of Ba by Sr proceeds. In this regard,
a reliable model would be needed to account for several fac-
tors that, in these systems, prevent the propagation of the
misfit dislocations and stabilizes the lattice distortion.

The results reported here reveal that epitaxial BTO grows
on SRO-covered STO according to the Stranski-Krastanov
mode with particularities induced by the operating strain-
relaxation mechanisms under the deposition conditions em-
ployed, which determine the balance between the system’s
kinetic limitations and thermodynamic tendencies. The
growth stages (sketched in Fig. 7) are described in terms of
the structural evolution, density and kind of defects, and the
strain remaining within the BTO film as follows:

(a) The ultrathin film of BTO grows coherently on
(001)SRO with a 2D layer-by-layer growth habit, giving rise
to a lattice-coherent BTO/SRO system. The lattice mismatch
in this system is accommodated depending on the energy
balance either via lattice strain and/or by relaxation mecha-
nisms available during early growth stages such as the cre-
ation of point defects (e.g., formation of oxygen vacancies),
perturbations in the film surface morphology (e.g., increasing
the surface roughness or modulating it periodically).

(b) The lattice strain energy (e,) rises as the BTO film
thickness increases (g,%cd), and the lattice-coherent BTO/
SRO systems becomes unstable because the above relaxation
mechanisms are insufficient to fully relieve highly strained
states. Once the accumulated strain energy is larger than that
required for the formation of misfit dislocations, which oc-
curs for film thicknesses exceeding a threshold (critical
thickness, d,.), the system is “macroscopically” relaxed via
the creation of such dislocations. However, at the atomic
scale, this mechanism introduces local lattice distortions so
breaking down the homogeneity of the strain field within the
BTO film bulk.?> Thus, the near-misfit dislocation regions,
including those seated directly on the dislocation sites (as
reported elsewhere'’) remains mostly relaxed, whereas the
interdislocation regions continue to be partially strained.
Thus a BTO film thicker than d. grows in a 2D layer-by-
layer semicoherent manner.
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FIG. 7. Schematic representation of different stages in the struc-
tural evolution of the epitaxial BTO film: (a) Highly strained film
under the critical thickness (d.) for the formation of misfit disloca-
tions. (b) and (c) Increase of the density of misfit dislocations as the
film thickness increases within the range from d, to dgg. The dis-
locations originate several nanometers away from the BTO/SRO
interface and climb up toward the film surface. (d) 2D growth habit
is replaced by a 3D-featured one for film above the Stranski-
Krastanov thickness (dgk). 3D nuclei are formed on the relaxed
surface areas. (e) Columnar growth taking place from the incom-
plete coalescence of the 3D nuclei. The gray level represents the
remaining strain level within the BTO film, which exhibits a layered
structure formed by an interfacial layer (IL) and a bulk layer (BL).
The latter is subdivided into two sublayers with 2D (2BL) and 3D
(3BL) featured morphologies.

(c) As growth proceeds, new dislocations nucleate (o1
—d./d). However, the available maximum density of misfit
dislocations is limited by kinetic factors as, for example,
interactions between dislocations that are close together.?%-?’
So, further growth on the strained interdislocation regions
causes a transition toward 3D-featured growth as the forma-
tion of dislocations ceases to be an efficient relaxation
mechanism. Such a transition happens for the BTO film
thicker than a second critical value, termed the Stranski-
Krastanov thickness (here, dgx=10 nm). The transition
takes place gradually from the formation of 3D nuclei on the
relaxed surface areas (i.e., those seated on dislocation sites).

(d) Incomplete coalescence of 3D nuclei on the strained
areas first triggers the formation of crystalline defects during
the initial stages of coarsening, and subsequently, the devel-
opment of grain boundaries from these defects. Hence, it is
likely that the buried tetragonal-shaped defects [shown in
Fig. 3(b)] result from the migration and partial coalescence
of the early grain boundaries. Further growth gives rise to a
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fully relaxed BTO film with a columnar structure evolving
according to the 3D-featured growth habit. Extra strain in-
duced by stoichiometric defects, coalescence of the single-
crystalline regions, and competition by the lateral space be-
tween columnar grains, for example, is relaxed via com-
plementary mechanisms such as the formation of antiphase
domains'® (Fig. 6). Since the growth proceeds from stoichio-
metric BTO targets, the Ti enrichment of the grain bound-
aries (and likely that of the tetragonal-shaped defects as in-
cipient boundaries) is due to the segregation of excess Ti
towards these regions as a result of the perovskite-phase
crystallization in a Ba concentration-limited regime. Such a
regime would be induced by Ba losses connected with inher-
ent phenomena in the growth by PLD,?® such as the incon-
gruent target evaporation so that its surface is progressively
enriched in heavy elements, preferential scattering within the
ablation plasma or differential sticking coefficient per inci-
dent species.

The 3D growth habit is directly responsible—even at high
temperature—for the relatively high surface roughness of the
BTO films, since it describes the dynamics of highly mis-
matched systems in which misfit strain energy is lowered by
an increase in their surfaces to attain a favorable balance
between strain energy and free surface tension.?’ Further-
more, grain coalescence via boundary migration and/or re-
crystallization occurring at high temperature also is partially
inhibited by the system’s dynamics. On the other hand, since
the origin of the interfacial layer can be ascribed to oxygen
deficiencies, the highly strained state of this layer would cor-
respond to a kinetic state rather than a dynamic one. Such a
state could hardly revert through reoxygenation process at
high temperature, but in any case, it would coexist with the
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Stranski-Krastanov growth mode imposed by the system’s
dynamics.

V. CONCLUSIONS

The growth mode (i.e., growth dynamics) of epitaxial
BaTiO; deposited on SrRuOj-covered SrTiO; by PLD was
investigated at atomic scale by TEM and HRTEM. BaTiO;
grows according to a Stranski-Krastanov mode ruled by sev-
eral strain relaxation mechanisms, which operate in a
complementary way giving rise to a layered structure of the
BaTiO; film. Major mechanisms (such as the formation of
misfit dislocation networks and amorphous grain boundaries)
and minor ones (the remaining lattice strain and the forma-
tion of antiphase domains) for epitaxial stress relief were
identified at different growth stages. Besides the two layers
predicted for a film growing according to the Stranski-
Krastanov mode (i.e., a first layer exhibiting a 2D layer-by-
layer growth, and the second one with a 3D-featured growth)
a distinctive highly strained interfacial layer—with a prob-
able kinetic origin—was detected. The latter suggests that
both kinetic and dynamic states coexist in this highly mis-
matched system.
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