Epitaxial (100), (110), and (111) BaTiOj3 films on SrTiO3 substrates — a
transmission electron microscopy study
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Chemical solution deposition (CSD) is a versatile method to fabricate oxide films. Here, structure and local variations in
the chemical composition of BaTiO3 (BTO) films prepared by CSD on (100), (110), and (111) SrTiO3 (STO) substrates
were examined by transmission electron microscopy. The films were shown to be epitaxial and relaxation of the films
occurred by formation of edge dislocations at the substrate-film interfaces. The Burgers vectors of the dislocations
were determined to be a(010), a[110] and @[001], and a(110), for the (100), (110), and (111) films, respectively.
Due to the difference in thermal expansion between STO and BTO, the films are demonstrated to be under tensile
strain. Furthermore, the boundaries between each deposited layer in the BTO films were found to be Ba-deficient in
all cases. In case of the (111) oriented film, defects like an anti-phase boundary or a thin layer with a twinned crystal
structure were identified at the boundary between each deposited layer. Moreover, a larger grain was observed at the
film surface with twinned crystal structure. The interdiffusion length of A-cations at the STO-BTO interface, studied
by electron energy-loss spectroscopy, was found to be 3.4, 5.3, and 5.3 nm, for the (100), (110), and (111) oriented
films, respectively. Interdiffusion of cations across the STO-BTO interface was discussed in relation to cation diffusion
in bulk BTO and STO. Despite the presence of imperfections demonstrated in this work, the films possess excellent
ferroelectric properties, meaning that none of the imperfections are detrimental to the ferroelectric properties.

than the lattice parameter of STO (asto = 3.905 Az). In this

BaTiO3; (BTO) is known as one of the prototypic lead-
free ferroelectric materials applied in electrical devices due
to its excellent dielectric properties'. Bulk BTO has a tetrag-
onal crystal structure at room temperature, with cell param-
eters @ = 3.993 A and ¢ = 4.035 A, and a Curie tempera-
ture (7,) of 120 °C2. Typically, ferroelectric domains with
90° or 180° domain walls, located on pseudocubic {110}
and {100} planes, respectively, are found in BTO, which can
be observed either by optical or electron microscopy>. Thin
films have become increasingly more important in order to
minimize the physical size and energy demand of electronic
devices. BTO films can be deposited either by physical depo-
sition techniques, like pulsed laser deposition (PLD)*> or by
chemical deposition techniques like chemical solution depo-
sition (CSD)®7.

Strain engineering of oxide ferroelectric films is a viable
way of controlling and enhancing the functional properties,
e.g. increasing the Curie temperature (7;). There are multiple
ways of straining a ferroelectric film. Most common for thin
films grown via atomic layer-by-layer deposition, is epitax-
ial strain engineering, utilizing the lattice parameter mismatch
between the substrate and the thin film®°. In BTO grown
on DyScOj3 enhancement of ferroelectricity was demonstrated
under compressive strain, where T, was increased by about
500 °C and the remnant polarization increased by 250 %!,
Coherent epitaxially strained BTO on SrTiO3z (STO) is under
compressive strain since the lattice parameter of BTO is larger
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case the polar c-axis points perpendicular to the film surface
since this crystal orientation minimizes the lattice mismatch
between substrate and film. However, thin films can only be
strained epitaxially up to a certain film thickness, depending
on the magnitude of the lattice mismatch, before dislocations
are introduced and the crystal lattice of the film relaxes. In the
case of BTO grown on (100) STO, it has been shown that the
critical thickness is 5 nm or less®.

Another way of introducing strain is to utilize the difference
in thermal expansion coefficient between the substrate and the
film. This is known as thermal strain, and it was demonstrated
that tensile strain was introduced in thick BTO films (>200
nm) grown on STO, where the polar axis aligned in-plane®.
The same films are subject to the present study. The dielectric
and ferroelectric properties of these films have been reported
in detail, including the determination of the domain pattern
by piezoresponse force microscopy (PFM)!!. However, the
structure and the effect of the CSD processing method on the
film quality remains to be investigated.

Transmission electron microscopy (TEM) is a powerful tool
which can be used to investigate both structural and chemi-
cal properties down to atomic scale. Here, we present a thor-
ough study of the structure of BTO films on STO substrates.
The BTO films, with in-plane tensile strain, were synthesized
by CSD on (100), (110) and (111) oriented STO substrates'!
TEM was utilized to study how the CSD technique affects
the structure and chemistry of the three differently oriented
films at the nanoscale. Specifically, the degree of epitaxy and
dislocations at the STO-BTO interface were studied by elec-
tron diffraction and imaging. Furthermore, local variations in
chemical composition across the STO-BTO interface, as well
in the interior of the BTO films, were investigated by electron



energy-loss spectroscopy (EELS). Despite the present obser-
vations of several types of defects and inhomogeneities, the
corresponding films possess excellent ferroelectric properties,
like high remnant polarization and an enhanced 7,.!'.

1. EXPERIMENTAL
A. BTO film processing

BTO films were prepared by aqueous CSD based on
Ba(NOs3), and Ti-isopropoxide cation precursors. Ethylene-
diaminetetraacetic acid (EDTA) and citric acid were used as
complexing agents, and ammonia solution was used to in-
crease the pH. All chemicals were obtained from Sigma-
Aldrich St. Louis, MI, USA. The solution was adjusted to a
concentration of 0.13M and spin coated onto (100), (110), and
(111) oriented STO substrates (Crystal GmbH, Berlin, Ger-
many). In total, eight layers were deposited, where each layer
was heat treated from ambient temperature with a heating rate
of 100 °C/min to 450 °C, then at 50 °C/min to 550 °C, and
lastly at 20 °C/s to 1000 °C where it was held for 5 minutes
after the deposition of each layer. The CSD process is de-
scribed in further detail elsewhere®!!.

B. TEM analysis

The TEM specimens were prepared using a FEI Helios G4
UX focused ion beam (FIB) with an EasyLift EX NanoMa-
nipulator. A carbon protection layer was deposited on top of
the area of interest prior to ion-milling. The first part of the
protection layer was deposited by electron beam assisted de-
position to avoid any Ga™ induced damage of the BTO film.
Coarse thinning was performed at 30 kV acceleration voltage
for the Ga™ ions. In the final thinning steps, 5 kV and lastly
to 2 kV was used on either side of the lamella to minimize the
thickness of the surface damaged layer.

The TEM analysis was carried out on a double Cs aber-
ration corrected cold FEG JEOL ARM200F, operated at 200
kV. The ARM is equipped with a Quantum ER GIF for fast
dual EELS. Diffraction patterns (DPs) were acquired using a
selected area aperture where the substrate-film interface was
placed approximately in the middle of the aperture, such that
diffraction from both the STO substrate and BTO film were in-
cluded in each DP. The in-plane (IP) and out-of-plane (OOP)
lattice parameters for all the differently oriented BTO films
were measured in Digital Micrograph. The STO diffraction
spots were used as internal references, assuming that the sub-
strate lattice parameter equals that of single crystal STO. The
orientations along which the in-plane and out-of-plane lattice
parameters were measured are presented in Tab. I. In order to
compare lattice parameters across differently oriented films,
they are presented as d/|d|, where |d| is the length of the unit
vectors along different crystallographic axes, assuming a cu-
bic symmetry. |d| along the different crystallographic axes is
included in Tab. I.

TABLE 1. The orientations, along which the in-plane (IP) and out-
of-plane (OOP) lattice parameters in the BTO films were measured.
See Fig. 2 for indexed DPs.

Film dip |dip| doop |doop|

(100) [010] 1 [100] 1

(110) [110] v2 [110] V2

(111) [112] V6 [111] /3

Scanning TEM (STEM) imaging was performed using
a beam semi-convergence angle of 27 mrad. Bright-field
STEM (BF-STEM) images were acquired with an outer semi-
collection angle of 33 mrad, while the simultaneously ac-
quired high-angle annular dark-field STEM (HAADF-STEM)
images were taken with semi-collection angles of 51-203
mrad (Fig. 4, 5, 6 and 9(a)). The other HAADF-STEM im-
ages (Fig. 1, 8, 9(b)) were taken with semi-collection angles
of 118-471 mrad, to promote pure Z-contrast and minimize
diffraction and strain contrast. STEM-EELS was performed
with a beam current of 66 pA, a beam semi-convergence an-
gle of 27 mrad, while the semi-collected angle into the GIF
was 67 mrad. The HAADF-STEM images accompanying the
EELS data were taken with semi-collection angles of 118-471
mrad. EELS maps were acquired with a step size of 0.4 A with
0.01 s or 0.02 s dwell time in each probe position. The energy
dispersion was 1 eV/ch. At the STO-BTO interface, the EELS
maps were acquired between the misfit dislocations, to mini-
mize diffusion effects caused by the dislocations.

C. Data analysis

The EEL spectra were collected as maps and analyzed by
the Gatan Digital Micrograph EELS Analysis package to de-
termine the relative composition of Sr and Ba. Each composi-
tional map was then binned perpendicular to the feature of in-
terest for further analysis. The Python packages HyperSpy'2,
SciPy!3, and Matplotlib'* were then used to load, fit, and plot
the data, respectively. In order to determine the length scale of
the interdiffusion of Sr and Ba at the substrate-film interface,
and thereby determine the width of the interface, the four pa-
rameter logistic regression function in Eq. 1 was used as math-
ematical model to fit the experimental concentration profiles
of Sr and Ba:

_ A-D
T 1+ (x/C)F

Here, x is the independent variable, and the parameters
A, B, C, and D were fitted using non-linear least squares re-
gression. The concentration profiles were then normalized
based on this fit, assuming that STO and BTO were stoichio-
metric sufficiently far from the interface (> 3 — 4 nm from the
intersection of the two concentration profiles).

The interdiffusion distance was found by determining the
distance from O to 1 normalized concentration for the Ba pro-
files, where the start and end points of the interdiffusion region
were defined to be between 0.02 and 0.98 normalized concen-
tration of Ba. Specimen drift during the acquisition of the EEL

fx) +D. (1)



spectra was corrected by comparing the experimental and the-
oretical values of the lattice spacing along the interface normal
in the HAADF-STEM images which were acquired simulta-
neously with the EEL spectra. The relative thickness 7 /A was
measured by EELS and found to be 0.7, 0.4, and 0.7, for the
(100), (110), and (111) lamellae, respectively.

Ill. RESULTS

A. Film morphology and relaxed epitaxy

(a)

FIG. 1. HAADF-STEM images showing the cross section of the
three differently oriented films (a) (100), (b) (110), and (c) (111).
Vertical contrast differences occur because of varying lamella thick-
ness, created by the FIB specimen preparation method. The (100)
and (110) films show uniform thickness, whereas the thickness of
the (111) oriented film varies. The thin, bright contrast layer directly
above the BTO film in (a) is Pt/Pd that was sputter coated on top of
the sample prior to FIB preparation in order to avoid charging.

Scanning electron micrographs (Fig. S1) of the three BTO
films demonstrated that the (100) and (110) BTO films pos-
sessed smooth surfaces, whereas the surface of the (111) BTO
film was inhomogeneous with a pronounced roughness in cer-
tain areas. Cross-sectional TEM lamellae were prepared from
arbitrary regions of (100) and (110) BTO films, and the cross-
sectional lamella from the (111) film was prepared to include
regions with both smooth and rough surfaces. HAADF-STEM
images of the cross sections are shown in Fig. 1. The images
of the (100) and (110) films demonstrate that they have a uni-
form thickness of t =2304+4 nm and ¢t = 218 &2 nm, and that
the thickness of the (111) film is less uniform: ¢ = 220 4+ 27
nm.

The selected area diffraction patterns (SADPs) from the
three BTO films are shown in Fig. 2. The SADPs are rotated
corresponding to the orientations of the films in Fig. 1, i.e.
with the film surface upwards. Visible in all the SADPs is a
splitting between two sets of diffraction spots: One set cor-
responding to diffraction from STO, and the second set cor-
responding to the BTO film. The SADPs from the films and
substrates show the same orientation, demonstrating that the
films are epitaxial to the crystallographic orientation of the

substrates. The splitting between the diffraction spots along
all directions demonstrates that the films have relaxed com-
pared to the substrates. The measured in-plane and out-of-
plane lattice parameters are presented in Tab. II. All the in-
plane and out-of-plane lattice parameters of the BTO films are
intermediate to the a and ¢ parameter of single crystal BTO,
meaning that the films are under tensile strain. This was also
demonstrated by reciprocal space mapping of the same film
system previously®!!. In each diffraction pattern in Fig. 2, a

TABLE II. In-plane (IP) and out-of-plane (OOP) lattice parameters
of the BTO films determined by TEM.

Film © OoP
d+Ad (A) d+Ad (A)
(100)  4.02£0.01 4.0240.01
(110)  (4.0140.01)/v/2 (4.00£0.01)/v/2
(111)  (4.01+0.01)/v/6 (4.01+0.01)//3

pair of diffraction spots are enlarged and highlighted in the in-
sets (red). For all films, the BTO spots are drawn out normal
to the radial direction, however, the spread is only within 1°.

B. Periodic misfit dislocations and Burgers vectors

Figure 3 displays a BF-STEM image of the STO-BTO inter-
face in the (100) film. Misfit dislocations, seen by strain con-
trast (highlighted by yellow arrows), are clearly present at the
interface. The presence of dislocations at the STO-BTO inter-
face evidence that the epitaxial strain due to lattice mismatch
is relaxed by formation of dislocations at the interface. Simi-
lar images for the (110) and (111) films are shown in Fig. S2
in the supporting information. The distance between each dis-
location is quite periodic, particularly in the case of the (100)
film, were the distance was found to be 14.5 £ 1.4 nm. In the
case of the (110) and the (111) films, the periodic dislocations
were imaged from two different orientations, due to the in-
plane anisotropy of the higher index substrates. In the (110)
film the dislocation spacing was found to be 18.4 2.5 nm
and 15.2 +2.6 nm, when viewed along beam direction [001]
and [110], respectively. In the (111) film the dislocation spac-
ing was found to be 15.74+3.2 nm and 15.3 4.4 nm, when
viewed along beam direction [110] and [112], respectively. In
the case of the (111) film with beam direction [112], the BF-
STEM contrast was so poor that high-resolution images in-
cluding two dislocations were acquired, and the distance be-
tween two and two dislocations were measured in multiple
images.

A high-resolution HAADF-STEM image of the disloca-
tions observed in the (100) film is shown in Fig. 4. Con-
structing a Burgers closure around the dislocation reveals that
the Burgers vector is ¢[010]. Only dislocations with Burgers
vector a(010) were observed in the (100) film. Similar types
of high-resolution HAADF-STEM images for the (110) and
(111) films are shown in Fig. 5 and 6, where the dislocation-
types which were most frequently observed are displayed. A
few other types of dislocations, which were not analyzed fur-
ther, were also observed. In the case of the (110) and (111)



FIG. 2. SADPs from the (a) (100), (b) (110), and (c) (111) oriented films and substrates. The DPs are rotated corresponding to Fig. 1, i.e.
with the film surface pointing upwards. The red boxes indicate a highlighted and enlarged set of BTO and STO diffraction spots for each film
orientation. The STO spots are circular, while the BTO spots are somewhat non-circular and distorted.
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FIG. 3. BF-STEM image displaying strain contrast originating from
misfit dislocations at the substrate-film interface in the (100) film.

FIG. 4. High-resolution HAADF-STEM image displaying a misfit
dislocation with Burgers vector b = ¢[010] at the STO-BTO inter-
face.

films, the dislocations are imaged from two different orienta-
tions to clarify the structural detail of the dislocations, as the
Burgers vectors might have a component along the beam di-
rection. Burgers closures were also constructed for the (110)
and (111) films, and the projected Burgers vectors were de-
termined to be a[110] and a[001], for the two different pro-
jections in the (110) film, and 1a[112] and a[110] for the two
different projections in the (111) film. However, the 1a[112]
Burgers vector is just a projection, i.e. it has a component par-
allel to the beam direction, as misfit dislocations in perovskite-

based films usually have a perfect Burgers vector of a(100) or
a(110)'>. The atomic structures below the images in Fig. 6
clarifies the possible Burgers vector, since it is determined as
the only common possible Burgers vector based on the two
images taken along two different crystallographic directions.
In this case, the Burgers vector in the (111) film is a(110).

C. Chemical analysis of STO-BTO interface

Compositional analysis by EELS was performed across the
STO-BTO interface. Representative normalized concentra-
tion profiles of Sr and Ba across this interface for the (100),
(110), and (111) films are shown in Fig. 7. Measurements at
six different locations in the (100) and (110) films, and four lo-
cations in the (111) film, give average interdiffusion distances
of 3.4+0.5 nm, 5.3+ 1.4 nm, and 5.3 0.2 nm, respectively.
This means that the Sr/Ba interdiffusion extends over a length
corresponding to 8-13 unit cells. This can be related to the
diffusion constant D by the simple relation:

D="=—, 2

where x is the interdiffusion distance, and 7 is the time the
films were kept at high temperature during processing. Apply-
ing Eq. 2 to calculate the diffusion constants for the different
orientations, where T = 5 x 8 minutes, gives

Do =4.8x 1077 cm?/s
Dijo=12x10"1° cmz/s
Dy =12x1071° cmz/s,

which is ~ 107 times lower than reported for Ba diffusion
in bulk BTO!®, and ~ 10* times higher than Sr diffusion in
STO!.



b=a[110]
[110]

FI_G. 5. High-resolution HAADF-STEM images of misfit dislocations in t[le (110) film imaged along the beam direction (a) [001] and (b)
[110]. The Burgers closures demonstrate that the Burgers vectors are (a) a[110] and (b) a[001].

Projected b=1/2a[112] ~ Possible b-vectors:

a<110>

1/2a<112>

FIG. 6. High-resolution HAADF-STEM images of misfit dislocations in the (111) film imaged along the beam direction (a) [110] and (b)
[112). Included are atomic structure figures which elaborate on the possible Burgers vector for the misfit dislocations in the (111) film. Here it

is demonstrated that b = a(110).

D. Boundaries between spin coated layers

The films were prepared by multiple spin coatings, and the
individual layers formed by CSD could be identified by TEM.
Figure 8(a, c, ) shows HAADF-STEM images of a represen-
tative part of the cross section of the BTO films. Visible in
these images are darker lines which are parallel to the film
surface. The thickness of each spin coated layer is ~ 20 — 30
nm, and the dark lines correspond to the boundary between
each spin coated layer. High-resolution images of the areas
marked with blue boxes in 8(a, c, e) are displayed in Fig. 8(b,
d, f). Clearly visible in the middle of all the high-resolution
images is a band where the atomic columns have darker con-
trast. The Z-contrast of HAADF-STEM images indicate that
the darker areas are layers with lower Ba content. This was

confirmed by EELS (Fig. S3), which demonstrates a signifi-
cant Ba-deficiency at the boundary between each CSD layer
corresponding to the darker contrast in Fig. 8. It is also evident
in Fig. 8 that the perovskite crystal remains intact without ob-
servable structural defects across the boundaries between the
CSD layers. This was the case for all the thin dark lines ob-
served in the (100) and (110) films, but not for all cases of the
(111) film.

Cross-sectional BF- and HAADF-STEM images of the
(111) film are shown in Fig. 9(a and c), respectively. High-
resolution HAADF-STEM images of the borderline between
the CSD layers in the (111) film are displayed in Fig. 9(b and
d), from the areas marked with blue boxes in Fig. 9(a and c).
Here, the crystal structure is modified across the borderline
between the two CSD layers. In Fig. 9(b) there is a thin layer
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FIG. 7. Normalized Ba and Sr EELS profiles across the (a) (100),
(b) (110) and (c) (111) oriented STO-BTO interfaces. Experimental
values for Ba is shown in light blue, and experimental values are in
orange for Sr. The black dashed lines are the fit from eq. 1. Horizon-
tal dotted lines are guides at normalized values of 0 and 1.

where the crystal is twinned around the (111) plane compared
to the rest of the film. In Fig. 9(d) the red dashed line fol-
lows an atomic column below the internal interface and a gap
between atomic columns above. This is known as an anti-
phase boundary (APB), wherein the crystal structure remains
the same on both sides of the boundary. It is however shifted
by half a unit cell along the [001] direction by crossing the
APB.

Figure 9(e) shows a dark-field TEM (DF-TEM) image of
the (111) film, acquired by centring the objective aperture
around the 100 spot indexed with red in the diffraction pat-
tern in Fig. 9(f). It is clearly visible that only a certain part
of the film is bright in Fig. 9(e), meaning that this part of the

FIG. 8. Z-contrast HAADF-STEM images showing darker layers in
the (100) (a and b), (110) (c and d), and (111) (e and f) BTO film.

film has a different crystallographic orientation than the rest of
the film. This "grain" is twinned compared to the rest of the
film, with the (111) plane as the twinning plane. All Bragg
spots in the twinned grain (indexed in red) can be found by
reflecting all Bragg spots from the rest of the film (indexed in
white) along the (111) mirror plane, i.e. around the red dashed
line shown in Fig. 9(f). The thin, twinned lamella seen in Fig.
9(b) at the boundary between two spin coated layer has the
same twinning as the larger grain observed in Fig. 9(e). The
crystallographic relationship between the film and the grain is
also equivalent to a 60° rotation around the [111] axis. A few
other defects were observed in the films, e.g. voids visible in
Fig. 1(a) and 1(b). They were not studied further and are not
included in this work.

IV. DISCUSSION
A. Epitaxy, strain state and ferroelectric domains

Aqueous CSD is a simple, scalable, and environmentally
friendly processing route for textured oxide films. It is further
possible to tailor the degree of texture and the structure by
controlling the heating profile and heating rate for pyrolysis
and nucleation'®. The TEM work shown here demonstrates
the nature of the structure and chemistry of BTO films pre-
pared by CSD, including imperfections and defects. Despite
these imperfections, the epitaxial films possess impressive fer-
roelectric properties'!, meaning that none of the imperfections
are detrimental to the ferroelectric properties.

For example, it is demonstrated that misfit dislocations are
present and that the films are under tensile strain which can
be explained by the following: Due to the difference in lat-
tice parameter between STO and BTO, BTO is under com-
pressive strain at the crystallisation temperature of 1000 °C.
Each spin coated layer is much thicker than the critical thick-
ness for coherently strained BTO on STO?, and thus the film
is relaxed by misfit dislocations. During cooling, the thermal
contraction of STO is smaller than for BTO?. Hence, if the



FIG. 9. Interfaces and grain only observed in the (111) oriented film.
(a) BF-STEM image of the cross section of the (111) film, where
a darker horizontal line is observed and marked with a blue rectan-

gle, (b) magnification of the area in the blue rectangle in (a) where
a thin crystallographic twin layer is observed. (c¢) HAADF-STEM
image showing a clear dark horizontal line which is marked with a
blue square and magnified in (d) where an APB is present. (e) DF-
TEM image acquired from the 100 spot marked with red in the DP
in (f). The red dashed line in (e) indicate the substrate-film interface.
Also indicated in the DP (f) is the mirror relation between the film
(indexed with white) and the grain (indexed with red).

misfit dislocations are pinned and cannot move, BTO will ex-
perience a gradually increasing tensile strain caused by the
STO substrate. At the ferroelectric phase transition temper-
ature, the long polar axis will align parallel to the STO-BTO
interface in order to minimize the tensile strain. In the (100)
film, polarization along [010] and [001] will be equivalent,
and a 90° domain pattern is formed. Similarly, the macro-
scopic polarization is aligned mainly in-plane in the (110) and
(111) films, with a more complicated domain pattern'!. This
demonstrates an alternative route for strain engineering of thin
films, where changing either the crystallization temperature or
choosing substrates with different thermal expansion coeffi-
cients is a way of controlling the amount of strain introduced
in the film, and thus also affecting the polarization state of the
film.

It was not possible to observe splitting between diffraction
spots from different domains in these films, as demonstrated
by the diffraction patterns taken by only including the film
in the selected area aperture in Fig. S4, S5, and S6. This is
likely due to the very similar in-plane and out-of-plane lat-
tice parameters. The shape of the diffraction spots (in the red
boxes in Fig. 2), evidence a broadening in the 120, 110, and
111 BTO spots in the (100), (110), and (111) oriented films,

respectively, which is suggested to be connected to the ferro-
electric domain structure of the films.

B. Periodic misfit dislocations and Burgers vectors

The theoretical spacing S between the edge dislocations in
a film on a rigid substrate can be calculated by

§=0b/(8—¢), 3)

where b is the in-plane component of Burgers vector per-
pendicular to the line direction I of the misfit dislocation,
0 = (ay —ay)/a; is the misfit parameter between the film (ay)
and substrate (ay), and € is the residual in-plane strain present
in the film'®. In order to analyze the dislocation spacing, the
line direction / of the misfit dislocation must be known. The
dislocation core will look sharp if the line direction is viewed
"edge-on", i.e. when the dislocation line is the same as the
beam viewing direction?’. This is the case for the misfit dislo-
cations found in the (100) film, where the line direction is de-
termined as / = (001) and the misfit dislocation is of pure edge
type, where the Burgers vector is always perpendicular to the
line direction. Assuming that there were no residual strains
present in the film at the crystallization temperature, the the-
oretical spacing between the edge dislocations (calculated at
1000 °C, and corrected by thermal expansion to room temper-
ature values) would be 15.6 nm, where lattice parameters for
STO and BTO at 1000 °C is taken from the work by Taylor?.
The experimental value fits the theoretical value within the
standard deviation, demonstrating that the film is relaxed by
the introduction of edge dislocations. Langjahr et al.>! have
grown the perovskite SrTig 5Zry 503(STZO) on STO by CSD
and heat treated it at 1000 °C for 1 h. STZO-STO has approx-
imately the same lattice mismatch as BTO-STO, and it was
also shown that the Burgers vector in the STZO-STO system
were of a{010)-type, with line direction of (001). Giving the
same theoretical dislocation spacing for a relaxed film, and
a measured spacing of 16.14+5.4 nm, demonstrating that the
simple relation in Eq. 3 holds for relaxed films across differ-
ent chemical compositions.

For the (110) film, the line direction is clearly viewed
"edge-on" for beam, and hence, line direction [110] (Fig.
5(b)). The dislocation core for the beam direction [001] also
looks fairly sharp (Fig. 5(a)), so it is also determined as a
line direction, where the strong lattice distortion around the
dislocation is assumed to be the cause for the blurring in the
image??. This means that the (110) film has two types of mis-
fit dislocations, each with different line direction and Burg-
ers vectors. The line directions are perpendicular to each
other, and the respective Burgers vectors are of pure edge
type, which relax the in-plane strain in the two anisotropic
orthogonal directions in the (110) film. First, / = [001] and
b = a[110] gives a theoretical dislocation distance of 22.0 nm,
and [ = [110] and b = a[001] gives a theoretical dislocation
distance of 15.6 nm, where calculations were performed the
same way as described previously. The experimental values
are 18.4 £2.5 nm and 15.2 + 2.6 nm, respectively, demon-
strating that strain is also relaxed due to introduction of edge



dislocations in the (110) film. Dislocations are observed to oc-
cur more frequent than the theoretical prediction for b = [110],
this might for example be caused by a small miscut angle of
the substrate. The situation for the (110) STO-BTO system
here is different from the dislocation system observed in the
(110) Ndg 45S19.55MnO3 film on STO, where misfit disloca-
tions were found along the interface with line directions of
both (111) and [001], with Burgers vector of a(110)-type?°.

Tang et al. performed an analysis of the formation mecha-
nism of misfit dislocations with Burgers vector of a(110) on
(111) oriented perovskites which infers that the misfit line
directions should run along the (112) directions®®. This is
further demonstrated by Xu et al. for (111)PbTiO3 (PTO)
on LaAlO; (LAO)", and it is also shown here in Fig. 6(b)
that the dislocation core is sharp (i.e. viewed "edge-on") when
viewed along [112]. Taking a[011] as an example for the Burg-
ers vector in the (111) film, it can be decomposed as:

al0T1) = Ja[1T0] + 3a[IT2], @

where 2a[110] is perpendicular to the direction of the disloca-

tion line, and $a[112] is parallel to the direction of the dislo-
cation line. Meaning that the former is a pure edge component
which could relax lattice mismatch along (110) planes, while
the latter is a pure screw component which could relax shear
strains'>. Calculating the theoretical spacing between edge
dislocations with b = 1a[110] gives S = 11 nm, whereas the
measured dislocation density in the (111) film is 15.7 £3.2
nm and 15.3 £4.4 nm, when viewed along the beam direction
[110] and [112], respectively. The deviation between theoret-
ical and measured distances can be explained by the fact that
the (112) directions have a tree-fold symmetry in the (111)
film, meaning that [211] and [121] are not perpendicular to
[112]. The misfit dislocations with Burgers vectors along the
respective (110) directions for line directions [211] and [121]
will therefore have a component which contributes to in-plane
relaxation along [110]. Consequently, to relax the film com-
pletely, fewer dislocations are needed, thus the distance be-
tween them becomes larger, which is what is measured for the
(111) film. The discussion of the dislocations observed in this
work is summarized in Tab. IIL.

TABLE III. Summary of the pure edge components of the Burgers
vectors and line directions, and the dislocation spacing in the three
differently oriented films. See text for decomposition of the Burgers
vector in the (111) film.

Burgers vector Stheory Sexperiment

Film (edge component) Line direction [nm] [nm]
(100) a(010) (001) 156 145+1.4
(110) a[110] [001] 220 184425
al001] [110] 156 152426
(111) %a[liO] [112] 11.08  153+4.4

2 See text for explanation of deviation

C. Chemical abruptness at perovskite hetero-interfaces

The diffusion constants calculated for the Sr-Ba interdif-
fusion at the substrate-film interface are intermediate to the
values for Ba diffusion in BTO'® and Sr diffusion in STO!7,
demonstrating that the interface width of hetero-interfaces in
perovskites can be estimated by the knowledge of A-cation
diffusion constants in the native materials. Cation diffusion in
perovskites is mediated by A-cite vacancies!”-??, thus to ex-
plain the difference in diffusion constant which is observed
between the differently oriented films, the possible paths from
one A-site to a vacant A-site in the lattice must be considered.
A schematic representation of the possible diffusion paths is
shown in Fig. 10. Figure 10(a) shows a 3D sketch of the
perovskite unit cell, with three possible straight paths labelled
I, IT and III, which are perpendicular to the interfaces of the
(100), (110), and (111) films, respectively. Path I is an un-
obstructed path, whereas path II is obstructed by the O-anion,
and path IIT is obstructed by the Ti-cation. Assuming that
the most likely diffusion path is along (100), i.e. along the
family of path I, as this is an unobstructed path, and taking
only a simple jump mechanism into account, one, two, and
three jumps would be necessary to cover a distance of a, v/2a
and v/3a, normal to the surface of the (100), (110), and (111)
films, respectively. This means that the length covered rela-
tive to the number of jumps needed is the longest for the (100)
film, i.e. the diffusion length for the (100) is expected to be the
longest. However, the shortest interdiffusion distance is mea-
sured for (100). It is worth noting that the relative thickness
t/A of the TEM lamellae were similar and reasonably low for
all the three cases, with values of 0.7, 0.4 and 0.7 for the (100),
(110) and (111) films, respectively. This implies that artificial
broadening of the interdiffusion due to the lamella thickness is
most severe in the (100) and (111) films. Taking beam broad-
ening into account, the interdiffusion lengths A in order of
size have this relation: Ajj9 > Aq1; > Ajoo. Demonstrating
that taking only jumps along (100) into account is not suffi-
cient to properly describe the orientational dependence on the
interdiffusion length. The jump possibility along (100) was
also assumed to be the same for all the films/substrates. How-
ever, as this diffusion mechanism relies on A-site vacancies in
both BTO and STO, the concentration of these vacancies are
crucial to the rate of diffusion. Among others, surface termi-
nation may affect the number of Sr vacancies in the different
substrates.

D. Internal boundaries in all films and structural distortions
specific to the (111) film

Thin, Ba-deficient layers are observed at the interfaces be-
tween the spin coated layers in all the BTO films (Fig. 8),
irrespective of the STO orientation. This is an interesting ob-
servation, which can be due to Ba-deficiency introduced dur-
ing processing of the films. Between each layer, the BTO
surface was exposed to air at 1000 °C before this surface was
coated with the next BTO layer, and the thermal processing
was repeated. Each layer is approximately 20-30 nm thick,
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FIG. 10. Possible diffusion paths in the perovskite structure. (a) Schematic showing possible paths in a 3D sketch. I along the cube edge, 11
along the cube face diagonal, and III along the cube body diagonal. (b), (c), and (d) are 2D sketches of the (100), (110) and (111), respectively,

with potential diffusion paths indicated.

and we propose that the lower Ba-content at the boundary be-
tween each layer originate from loss of BaO at the outer sur-
face in each thermal processing step. BaO-loss is well known
in bulk BaZrO32*%3 and the present work indicates that BaO-
loss is also taking place at temperatures as low as 1000 °C.
Over time the Ba-deficiency should diminish due to diffusion
of Ba, but the relatively short time at 1000 °C during process-
ing is not sufficient to allow for that. A-site deficiency is also a
well-known phenomenon in other ferroelectric oxides such as
BiFeO3 (loss of Bi»03)%°, PZT (loss of PbO)?’, and KNbO3
(loss of K;0)28. Similar dark lines can also be observed in
the bottom half of the BTO film deposited by CSD on Si(001)
with 3 2 nm template layer of STO in the work by Edmondson
etal’.

A potential explanation for the occurrence of the APB in the
(111) film (Fig. 9(d)) could be that after each spin-coated layer
and successive heat treatment, many surface and near-surface
defects are introduced, including Ba-vacancies (as demon-
strated previously). In order to compensate for these Ba va-
cancies, at an atomic level, Ti*" takes the place of Ba?* and
the unit cell thus shifts by a half in the (100) direction. It is
worth noting that an APB does not affect ferroelectric proper-
ties, as it is purely translational in nature.

Regarding the thin twin layer and the twinned grain in
the (111) film, they are suggested to originate due to the
same mechanism. It is previously demonstrated in perovskites
(SrRu0Oj3, BTO, and PZT) that twins which are rotated 60°

around the [111] axis occur frequently in thin films grown
on substrates with large lattice mismatch, which is also the
case for the STO-BTO films studied here. The twin occurs
due to stacking faults, where each successive (111) plane is
translated by 1[112]. If the crystal twins such that the A-O
planes (in an ABOj3 perovskite) form the twin interface, as is
evident in Fig. 9(b), the BOg octahedra are preserved>’. Fur-
thermore, twins can relax strain and affect the total net polar-
ization in the thin film. Assuming that the polarization lies
along the principal axes in the BTO film, one possibility is
that the polarization changes from P to P/, as indicated in Fig.
9(f), i.e. the in-plane component of the ferroelectric polariza-
tion changes direction by 180° by crossing the twin domain
wall. In Fig. 9(f) it is demonstrated for polarization along the
pseudo cubic [100] direction. However, the same arguments
hold if the polarization should be along the pseudo cubic [010]
or [001] directions. Hence twinning can cancel out or reduce
the macroscopic in-plane polarization, while the macroscopic
out-of-plane polarization is invariant with respect to twinning.
Another possibility is for P’ to point towards 100 (red index)
instead of 100 (red index). Then, the out-of-plane polarization
would be affected whereas the in-plane polarization would re-
main invariant. In conclusion: Twining affect the macroscopic
net polarization of the film.



V. CONCLUSION

CSD was demonstrated to be a viable route to produce high-
quality epitaxial BTO films on (100), (110), and (111) ori-
ented STO substrates. The films were relaxed by edge disloca-
tions, which are semi-periodically spaced across the substrate-
film interface. The most frequently observed Burgers vectors
were determined as a(010), a[110] and a[001], and a(110),
for the (100), (110), and (111) film, respectively. The films
are under tensile strain due to the difference in thermal expan-
sion between STO and BTO. Comparing the measured dis-
location distances to the theoretical values calculated based
on the Burgers vectors, it was demonstrated that the films are
fully relaxed by the introduction of the dislocations. In the
(100) and (110) films only pure edge dislocations were ob-
served, whereas a Burgers vector with both an edge compo-
nent and a screw component was observed in the (111) film.
The Sr/Ba interdiffusion distance at the interface was mea-
sured by EELS to be 3.4, 5.3, and 5.3 nm for the (100), (110),
and (111) oriented films, respectively. Based on Ba-cation
diffusion in BTO and Sr-cation diffusion in STO, the inter-
diffusion width is of expected size. It was demonstrated that
the boundary between each spin coated layer of BTO was Ba-
deficient, meaning that BaO is volatile at 1000 °C during ther-
mal processing of the BTO films. In case of the (111) film,
an APB and a thin twin crystal was observed at the boundary
between each spin coated layer, as well as a grain with a twin
crystal structure growing all the way to the surface. The APB
is suggested to accommodate charge imbalance at the highly
defective surface, and twins can minimize the macroscopic
polarization of the film.
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deficient boundaries (Fig. S3), and SADPs from multiple sites
within the films (Fig. S4, S5, and S6).
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