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Temperature-Dependent Structure of Epitaxial (Ba,Sr)TiO; Films Grown on
SrRuO;-Covered SrTiO; Substrates *
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Growth dynamics of epitaxial (Ba,Sr)TiOs thin films deposited at different temperatures on SrRuOs/SrTiOs
substrates by pulsed laser deposition is investigated by transmission electron microscopy. The films exhibit a
layered structure comprising sublayers with distinctive features in regard to the remaining strain, density of
misfit dislocations and/or lattice defects, and growth habit. We correlate these temperature-dependent features
with the predominant misfit-strain relaxation mechanisms for each one of the detected growth regimes. The

thickness dependence of the film structure is discussed within the framework of the predictions for a kinetically

modified Stranski-Krastanov growth mode.

PACS: 68.37.1Ip, 68.55. —a, 77.55. +f

Bag 7St 3TiO3 (BST hereafter) prepared in thin
film form on SrTRuO3 (SRO)-covered SrTiO; (STO) is
currently in the spotlight of the scientific community
since outstanding dielectric properties (i.e., dielectric
permittivities as high as ¢ = 6600)[1] have been ver-
ified for the epitaxial all-oxide SRO/BST/SRO/STO
capacitor. These properties make BST attractive
for an increasing number of applications, such as (i)
new generations of store devices based on ultra high-
density dynamic random access memory (DRAM)
cells,!? and (ii) high-performance microwave devices
sustained on the tunability of BST dielectric prop-
erties via the Ba/Sr atomic ratio.’] Beyond these
exciting preliminary progresses, it is obvious that the
dielectric properties of epitaxial BST are strongly
affected!¥] by the structure and stoichiometry (mainly
the oxygen content) of the investigated films and
therefore of limited reproducibility as these film fea-
tures depend significantly on a large number of intrin-
sic and extrinsic parameters. The intrinsic parame-
ters correspond to the thermodynamic characteristics
(e.g., interface and free-surface energies, condensation
energy, barriers for the formation of dislocations) of
the system determining its growth dynamics, whereas
the extrinsic ones are connected with kinetic lim-
itations imposed by the processing conditions and
the used deposition technique (e.g., the deposition
rate, the substrate temperature, concentration of
precursors). Far from equilibrium, the coexistence
of both kinds of parameters through the competi-
tion between growth mechanisms determines the real
growth mode of the films, and thus their atomic struc-
ture. Such a growth mode would roughly reproduce
the system tendency toward minimum energy states
(growth dynamics) that manifests via system tran-

sitions between close kinetic states, some of them
metastable.l’] Thus, modified growth modes, unlike
those predicted by classical theories for equilibrium
surfaces (i.e., Frank-van-der-Merwe:(%! layer-by-layer
growth; Volmer-Weber:!"l 3D-featured growth; and
Stranski-Krastanov:[8 starting as 2D and then turn-
ing into 3D growth) would be feasible. These modified
modes, where the dynamic and kinetic states coexist,
are particularly attractive for novel applications:[®!
e.g., as a nanostructuring tool.

In this Letter, we intend to shed light on how the
growth kinetics modified through the substrate tem-
perature of BST pulsed laser deposited on mismatched
SRO/STO substrates influences on the growth dy-
namics (i.e., growth mode) of the epitaxial BST films.
Our goal is to correlate the film structure with the de-
position/processing conditions by means of identifying
the underlying atomic mechanisms and the inherent
features in the growth mode of epitaxial BST, with
the ultimate purpose of establishing the basis for a
future nanoengineering of perovskite oxides.

BST films were grown at different temperatures,
namely 600, 700 and 800°C (£10°C), by pulsed-laser
deposition (PLD), as described in Ref. [10]. Transmis-
sion electron microscopy (TEM) and high-resolution
TEM (HRTEM) investigations were carried out in a
Philips CM20-FEG and JEOL 4000EX microscopes.

Figures 1(a), 1(b), and 1(c) show the low-
magnification  cross-sectional TEM images of
BST/SRO/STO heterostructures with 30-60-nm-
thick BST films grown at 600, 700 and 800°C, re-
spectively. The layered structure of the BST films
extending from the atomically flat interface with the
SRO bottom layer is clearly visible (as labelled). In
particular, three sublayers are recognizable within the
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film grown at 600°C (Fig.1(a)): (i) A first 4-nm-thick
sublayer (sublayer 1), which is mostly lattice defect-
free layer as estimated from contrast absence, is di-
rectly seated on the BST/SRO interface. (ii) Beyond
it, a second 10-nm-thick sublayer (2) exhibits a high
density (high contrast) of defects and/or misfit dislo-
cations. The compact structure of these two sublayers
reveals their origin as the result of a 2D layer-by-layer
growth regime. (iii) A third sublayer (3) extends from
the inner interface with the second one throughout
the rest of the BST film (about 45nm). The latter
shows a non-compact 3D columnar structure. The
columns, which are single-crystalline, exhibit nar-
row size (i.e., width) and height distributions with
an average size of 20nm. They are separated from
each other by broad (3nm width) amorphous-like
grain boundaries (denoted as A in Fig.1(a)). Such
boundaries extend along the growth direction, giv-
ing rise to approximately constant columnar cross
sections and a smooth surface. A top-view image
of the BST surface showing the morphology of the
third sublayer (inset in Fig.1(a)) reveals that the
columns, seemingly by cross-sectional view, are uni-
form single-crystalline regions (dark regions), which
are percolatively connected with each other and sep-
arated by interconnected boundary regions (lighted
regions). The layered structure of the film grown at
700°C (Fig.1(b)) is roughly similar to that of the
film deposited at 600°C (i.e. it is comprised of three
sublayers) except for the following features. (i) The
crystalline quality of the sublayers and thus the entire
film is higher as revealed by a lower density of disloca-
tions and/or defects (lower contrast). (ii) The width
of the boundary regions between single-crystalline
columns shrinks down to a few lattices, and their ap-
pearance changes from amorphous-like to moderately
disordered one such that they can be identified as
planar defects.'% (iii) The thickness of the defect-
free interfacial layer (sublayer 1) decreases slightly
down to 2.7-3nm. Unlike those grown at 600 and
700°C, the BST films deposited at 800°C (Fig.1(c))
exhibit only two sublayers, i.e., a defect-free 3-nm-
thick interfacial sublayer followed by a 3D-featured
columnar sublayer extending throughout the rest of
the film. Both sublayers correspond roughly to the
first and third one described above for the films grown
at 600-700°C. In addition, major structural changes
in the columnar sublayer are visible: (i) The columns,
which are also single-crystalline, exhibit wide size and
height distributions (with sizes ranging between 50
and 70nm, and height variations giving place to a
surface roughness of 7nm for a 60-nm-thick film). (ii)
The boundary regions, which look like those in the
films grown at 700°C, glide down to the inner interface
with the first sublayer, which explains why the second
and third sublayer become a single one. The struc-
ture of this outermost sublayer is the outcome of a
near-the-equilibrium 3D growth habit, which includes
phenomena such as the migration and recrystalliza-

tion of grain boundaries, the competition between
coarsening grains, and the grain coalescence. Such a
growth habit gives rise to the formation of equiax-
ial grains (as wide as height, which accounts for the
size and height distributions found and) as those de-
picted in Fig. 1(c). In short, the films grown at 700°C
exhibit the intermediate atomic structure of those de-
tected in films deposited at 600°C and 800°C. Hence,
these films show a layered structure (formed by three
sublayers) similar to those obtained at lower temper-
atures (600°C) with crystalline qualities comparable
to those achieved at higher temperatures (800°C).
Figures 2(a), 2(b), and 2(c) show the cross-
sectional HRTEM images of the near BST/SRO in-
terface regions for the BST films grown at 600, 700,
and 800°C, respectively. These lattice images con-
firm the thickness dependence of the image contrast
in Fig.1. Independent of the growth temperature,
the innermost sublayer (first sublayer) is free of misfit
dislocations and/or lattice defects, forms a coher-
ent interface with the SRO bottom layer, and then
remains mostly strained. The interface of this sub-
layer with the above one is semi-coherent likely due
to misfit strain relief taking place within the latter.
Thus, beyond the thickness of the first sublayer (3—
4nm), misfit dislocations (pointed by vertical arrows
in Figs.2(a) and 2(c)), lattice planar defect (pointed
by solid lines together with vertical arrow in Fig. 2(b))
and grain boundaries arise. By drawing a Burgers cir-
cuit (not shown here) enclosing the core of a misfit
dislocation at the inner interface between the first
and second sublayer in Fig.2(a), the dislocation is
identified as a perfect edge dislocation with a Burgers
vector a(100). The average spacing between disloca-
tions measured along the inner interface (parallel to
BST[010]) is larger than that estimated in Ref.[10]
(about 25nm) for a fully relaxed film where the lat-
tice mismatch accommodates via the generation of
a{010) misfit dislocations. This result indicates that
either the above sublayers remain partially strained
or complementary strain relaxation mechanisms are
operative. Such mechanisms would lead to a tran-
sition toward a 3D growth habit (according to the
Stranski-Krastanov growth mode) via the formation
of non-coherent grain boundaries, as that depicted
in the inset of Fig. 2(a) for a film grown at 600°C.
The contrast between the single-crystalline columns
and the grain boundary regions is induced by lattice
disorders and/or composition gradients. Hence, as
previously reported in Ref.[11], the grain boundaries
correspond to nonstoichiometric regions. An energy-
dispersive x-ray spectroscopy (EDX) analysis (data
not shown here) carried out on a large population
of grain bulks, and grain boundaries reveals that the
grain bulks exhibit atomic Ba/Sr ratios (Ba/Sr &~ 2.2—
2.4) close to that of the stoichiometric ceramic target
(Bag 7Srg.3TiO3) for PLD, whereas the grain bound-
ary regions are Ba-depleted with the atomic ratio of

Ba/Sr ~ 1.
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Fig. 3. SAED patterns recorded

sectional images of BST/SRO/STO
heterostructures with BST films grown
at (a) 600°C, (b) 700°C, and (c)
800°C. The images are taken along [(a)
and (b)] BST[100] and (c) BST[110]
zone axes. The heterostructure inter-
faces are pointed by the horizontal ar-
rows, whereas the BST sublayers are
delimited by the dotted lines. Label A
denotes grain boundary regions. Inset:
plan-view image showing the morphol-
ogy of the outermost sublayer for a film

sectional images BST/SRO interface
regions for BST films growth at (a)
600°C, (b) 700°C, and (c) 800°C.
All the images are taken along the
BST[100] zone axes. The BST in-
terfacial sublayer (the first sublayer)
is delimited by the horizontal arrows,
whereas misfit dislocations located at
the inner interface are marked by the
vertical ones. Inset in (a): cross
sectional lattice image of the outer-
most sublayer for a BST film grown at

from cross-sectional specimens cor-
responding to the BST/SRO/STO
heterostructures with the BST films
grown at (a) 600°C, 700°C, and (b)
800°C. Inset in (a): the enlarged recip-
rocal space region around 044 diffrac-
tions with 1, 2 and 3 denoting the
STO, BST and SRO 044 diffractions,
respectively. The arrows labelled as
1, 2 and 3 in (b) correspond to the
STO, SRO and BST 114 diffractions

whereas those labelled as 1 and 2 in (c)

grown at 600°C. 600°C.

Figure 3 shows selected-area electron diffraction
(SAED) patterns taken by means of an aperture that
collects simultaneously diffractions coming from the
BTO film, the SRO bottom layer and the STO sub-
strate. Figures 3(a), 3(b), and 3(c) show the patterns
recorded from cross-sectional specimens correspond-
ing to the BST/SRO/STO heterostructures with the
BST films grown at 600, 700, and 800°C, respectively.
The region in the reciprocal space around 044 diffrac-
tions is magnified in the inset of Fig.3(a). Three split
diffraction spots, denoted by 1, 2, and 3 as sorted

identify diffraction spots of BST and
SRO, respectively, in two orthogonal
directions.

by decreasing intensities, are clearly distinguishable in
the pattern plotted in Fig. 3(a), whose zone axis is par-
allel to BST[100]. The highest intensity spot (labelled
as 1) is indexed as STO 044 diffraction by assuming
STO lattice parameter asto = 0.3905 nm. The mid-
dle intensity spot (2) is identified as 044 diffraction
corresponding to the BST tetragonal lattice, whose in-
plane and out-of-the-plane parameters are estimated
to be apst = 0.3972nm and cgst = 0.3980 nm (unit
cell tetragonality cgst/apsT &~ 1.002), respectively.
The lowest intensity spot (3) is ascribed to the pseudo-
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cubic SRO (agro = 0.3924nm) 044 diffraction. The
elongation of spot 2 indicates a slight in-plane mis-
alignment of a reduced fraction of BST columns.
Three split diffraction spots along in-plane direction
(parallel to BST[110]) and two along the out-of-the-
plane direction (parallel to BST[001]) were detected
in the pattern depicted in Fig. 3(b) (zone axis parallel
to BST[110]). The formers were sorted by decreasing
intensities as 1, 2 and 3 and identified as 114 diffrac-
tions corresponding to cubic STO, pseudo-cubic SRO
and tetragonal BST, respectively. The BST lattice pa-
rameters (apst = 0.3935nm and cgst = 0.4032 nm)
calculated from the SAED pattern and compared with
those obtained for the film grown at 600°C (see above)
reveal a higher remaining strain level in the film de-
posited at 700°C. Figure 3(c) shows an SAED pattern
(zone axis parallel to BST[110]) taken with a narrower
aperture such that only SRO and BST diffractions are
collected, in which two split diffraction spots are de-
tected along both the in-plane and out-of-the-plane
directions. These spots denoted 1 and 2 are ascribed
to BST and SRO, respectively. The computed BST
lattice parameters (apsT = 0.3976 nm and cpsT =
0.3978 nm) suggest a mostly relaxed film with lattice
parameters close to those expected for the bulk-like
perovskite Bag 7Srg 3TiO3 (with egst = 0.3977 nm for
a fully relaxed 200-nm-thick BST ﬁlm[l]). Thus, the
temperature evolution of BST lattice parameters indi-
cates a net decrease (non-monotonous) of the remain-
ing strain level in the films as the growth temperature
rises. A state of high strain is found at intermedi-
ate temperatures where the kinetic limitations and the
system dynamics are balanced, giving rise to an inter-
mediate atomic structure as that observed in the films
grown at 700°C.

According to the results shown above, BST epi-
taxially grown on SRO/STO by PLD follows a mod-
ified Stranski—Krastanov growth mode with certain
temperature-dependent peculiarities. These peculiar-
ities are originated by the prevailing strain relaxation
mechanisms, which appear progressively during the
growth as a function of the system energy balance
and the operating kinetic limitations. Thus, the three
sublayers detected within the BST films grown at 600—
700°C correspond to different growth regimes (details
in Ref.[11]), each one ruled by a distinctive strain
relaxation mechanism (the first sublayer: point de-
fects and/or surface perturbations; second: misfit dis-
locations; and the third one: grain boundaries) with
typical activation energy (increasing as the sublayer
index increases) and a characteristic level of remain-
ing strain (the first sublayer: mostly strained; second:
moderate strained; and the third one: mostly relaxed).
The fusion of the second and third sublayer in a sin-
gle sublayer (the outermost one) for films grown at
higher temperatures (here 800°C) can be addressed
as follows. Since the resulting sublayer retains the
structural features of the third one (i.e. it exhibits a

3D-featured growth habit), the disappearance of the
second sublayer as the growth temperature rises un-
derlines its kinetic nature. Hence, the second sublayer
is the outcome of a kinetically limited growth regime,
which occurs at lower temperatures (600-700°C) than
the temperature threshold for enabling the formation
and migration of grain boundaries in films thinner
than 14 nm. Two factors contribute to the disappear-
ance of the second sublayer by increasing the strain
level (at constant thickness), which must be released:
(i) The BST/SRO lattice mismatch increases as the
growth temperature increases (from about —1.7% at
600°C to about 1.9% at 800°C) due to the difference
between the thermal expansion coefficients of both ox-
ides (namely BSTP a ~ 10.5x 106K~ and SROI*?]
a = 5.2 x 1079K™1); (ii) the decrease of the density
of grain boundaries pertains to the grain coarsening
via recrystallization and/or coalescence. The limited
effectiveness of the misfit dislocations to release the
thermally induced further strain produces a decrease
of the crossover thickness (and consequently, a par-
tial or total shrinkage of the second sublayer) for the
transition toward the 3D-featured growth habit.

In conclusion, the influence of the kinetics on the
growth dynamics of epitaxial BST films deposited on
mismatched SRO/STO substrates by PLD has been
investigated by TEM. The results allow us to correlate
in a reliable way deposition and processing parameters
(such as growth temperature) with the distinctive fea-
tures of the layered structure of the films once the
predominant misfit-strain relaxation mechanism iden-
tified. Such a mechanism induces the resulting growth
mode (i.e. a distinctive atomic structure with a char-
acteristic remaining strain level and typical densities
of dislocations, grain boundaries and/or other lattice
defects) for film thicknesses comprised of well-defined
ranges, which are determined by the system energy
balance and the operating kinetic limitations.
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