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ABSTRACT
Ferroelectric properties of films can be tailored by strain engineering, but a wider space for property engineering can be opened by
including crystal anisotropy. Here, we demonstrate a huge anisotropy in the dielectric and ferroelectric properties of BaTiO3 films. Epi-
taxial BaTiO3 films deposited on (100), (110), and (111) SrTiO3 substrates were fabricated by chemical solution deposition. The films
were tensile-strained due to thermal strain confirmed by the enhanced Curie temperature. A massive anisotropy in the dielectric con-
stant, dielectric tunability, and ferroelectric hysteresis loops was observed depending on the in-plane direction probed and the orienta-
tion of the films. The anisotropy was low for (111) BaTiO3, while the anisotropy was particularly strong for (110) BaTiO3, reflecting
the low in-plane rotational symmetry. The anisotropy also manifested at the level of the ferroelectric domain patterns in the films, pro-
viding a microscopic explanation for the macroscopic response. This study demonstrates that the properties of ferroelectric films can
be tailored not only by strain but also by crystal orientation. This is particularly interesting for multilayer stacks where the strain state
is defined by the boundary conditions. We propose that other materials can be engineered in a similar manner by utilizing crystal
anisotropy.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035644

INTRODUCTON

There has been great interest devoted to strain engineering
for improved ferroelectric properties of thin films.1–3 In particular,
strain engineering has been shown to increase the Curie tempera-
ture and remnant polarization4 and even induce ferroelectricity in
otherwise centrosymmetric systems such as SrTiO3 (STO).5 These
effects were first predicted by theory6,7 and later confirmed by exper-
iments.3 For the prototype ferroelectric perovskites PbZrxTi1-xO3
and BaTiO3 (BTO),2 compressive strain favors out-of-plane polar-
ization, while tensile strain favors in-plane polarization.7–11 BTO
under tensile strain is the focus of this study, induced by thermal
mismatch in the thermal expansion of the BTO film and the STO
substrate.12 The polarization and dielectric constant depend on the
strain state, but also on the direction probed and the film orientation.
Varying properties may therefore be found in a single strain state

by using different film orientations and measurement directions.
Furthermore, the properties and anisotropy of strained films with
different orientations will correlate with the ferroelectric domain
pattern, providing an additional handle to control the ferroelectric
behavior at the local scale. An a1/a2 domain pattern, for example,
was predicted under tensile strain in (100) BTO with the polarization
along the [010] crystallographic axis for the a1 domain and [001]
for the a2 domain.8 Likewise, (110) BTO under tensile strain was
proposed to possess pure in-plane polarization with components
along the in-plane [1-10] and [00-1] directions.13,14 For (111) BTO
on the other hand, a significant out-of-plane component was pre-
dicted even at a high tensile strain, in combination with in-plane
polarization along the [11-2] direction.14 The low-symmetry phases
of strained (110) and (111) BTO are associated with the enhanced
dielectric and ferroelectric properties. Up to now, however, exper-
imental validation of the theoretically predicted domain states has
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been virtually non-existent, and to what extent crystal anisotropy
can be utilized to engineer the dielectric/ferroelectric properties in
strained films remains to be demonstrated.

Here, we report on the anisotropic in-plane ferroelectric and
dielectric properties of BTO films grown on (100), (110), and (111)
STO substrates. Significant in-plane anisotropy is anticipated in epi-
taxial BTO films as the polarization is predicted to align with specific
crystallographic axes.7–14 The anisotropy depends on the in-plane
rotational symmetry, which is four-, two-, and six-fold when pro-
jected into the plane for (100), (110), and (111) orientations, respec-
tively (see Fig. S1.5 of the supplementary material). The films were
fabricated by aqueous chemical solution deposition (CSD),12 and the
in-plane properties of the films were determined using interdigitated
electrodes (IDE). High remnant polarization and dielectric tunabil-
ity were observed for all orientations, and the in-plane anisotropy
was particularly high for the (110) oriented BTO film, which cor-
relates with the low in-plane rotational symmetry. We demon-
strate that the in-plane ferroelectric and dielectric properties can
be fine-tuned and optimized by choosing distinct crystallographic
orientations.

EXPERIMENTAL

BTO thin films were prepared by chemical solution deposition
using a pH neutral aqueous route based on the cation precursors
Ba(NO3)2 and Ti-isopropoxide described elsewhere.12 Ethylenedi-
aminetetraacetic acid (EDTA) and citric acid were used as com-
plexing agents, and ammonia solution was used to increase the
pH. All chemicals were obtained from Sigma-Aldrich St. Louis,
MI, USA. The solution was adjusted to a concentration of 0.13M
and was spin coated onto substrates (Crystal GmbH, Berlin,
Germany) at 3000 rpm in a cleanroom (NTNU Nanolab). Each layer
was heat treated with a heating rate of 100 ○C min−1 from ambient
temperature to 450 ○C at 50 ○C min−1 up to 550 ○C and 20 ○C s−1

up to 1000 ○C in a rapid thermal processing unit (Jipelec JetFirst
200, Semco Technologies, France) with a hold time of 5 min at
1000 ○C. This process was repeated eight times to reach the desired
thickness.

Interdigitated electrodes (IDEs) were deposited using a lift-off
process described in a previous report,12 with a ma-N 440 nega-
tive photoresist (Micro Resist Technology GmbH, Berlin, Germany)
exposed using custom design (MLA-150 maskless aligner, Heidel-
berg, Germany) and developed with a ma-D 332/S developer (Micro
Resist Technology GmbH). The electrodes were made by depositing
Ti (5 nm) and Pt (20 nm) by e-beam evaporation (ATC series, AJA
international, Scituate, MA, United States). Each set of electrodes
consisted of 100 fingers with a finger overlap length of 900 μm. The
fingers were designed to be 2 μm wide with 8 μm spacing. Accurate
dimensions of individual sets of IDEs were measured by an auto-
mated image processing tool based on optical micrographs devel-
oped internally. The image processing tool was calibrated based on
the images from scanning electron microscopy. Dimensions of the
individual sets of IDEs can be found in Sec. 6 of the supplementary
material.

X-ray diffraction was performed with a diffractometer (Pana-
lytical Empyrean) with a 2D detector and a 4xGe220 monochro-
mator. The films were aligned using the reflections of the
SrTiO3 substrate, and a 4 h scan time was used to obtain each

reciprocal space map. The uncertainty in the lattice parameters was
based on the FWHM of the reflections shown in Figs. S1.1–S1.1.4 of
the supplementary material when projected onto the corresponding
axis.

The TEM lamellas were made using a FEI Helios G4 UX
focused ion beam with a EasyLift EX NanoManipulator (Thermo
Fisher Scientific, Waltham, MA, USA), and TEM was performed on
a Jeol JEM ARM200F cold FEG microscope (Jeol, Tokyo, Japan).

Resonant PFM images were measured using a Cypher S
(Oxford Instruments, Abingdon, UK). Vector PFM was performed
on an NT-MDT NTEGRA (NT-MDT Spectrum Instruments,
Moscow, Russia). An aixACCT TF analyzer 2000 (aixACCT Sys-
tems GmbH, Aachen, Germany) with a thin film sample holder was
used for electrical characterization, and the electric field was calcu-
lated by dividing the voltage by the effective electrode spacing a′

= a + 4ln(2)t/π, as described in Ref. 15, where a is the actual elec-
trode spacing and t is the film thickness. The remnant polarization
was determined from where the hysteresis loop intersects the y-axis
in the first quadrant of the plot, and the coercive field was found
from the maximum in the switching current. The capacitive contri-
bution of the substrate was subtracted from the charge collected at
the electrodes in order to calculate the polarization in the film. This
operation was performed using the model described in Ref. 16. The
capacitance was measured at 1 kHz with a small signal voltage of
0.2 kV cm−1, and the bias voltage was cycled at 0.1 Hz. The dielectric
constant of the films was found by comparing the experimental data
to the model described in Ref. 16 and varying the dielectric constant
of the film in the model so that the capacitance matched the experi-
mental data. The thickness of the films, the dimensions of the IDEs,
and a relative dielectric constant of the STO substrates were used
here. The as-recorded data are shown in Sec. 6 of the supplementary
material. The temperature-dependence of the dielectric constant of
the STO substrates was measured using IDEs on a clean substrate,
and the measured dielectric constant as a function of temperature
is included in Sec. 7 of the supplementary material. The dielectric
constant of the STO substrates at room temperature was 317, as
previously reported.16 The tunability of the dielectric constant is
defined as (1 − εmin)/εmax, while the unipolar tunability is defined
as (1 − εmin)/εE=0.

RESULTS
Relationship between orientation and structure

BTO films were successfully deposited on (100), (110), and
(111) STO substrates by CSD. Bragg–Brentano x-ray diffractograms
of the BTO films are shown in Fig. S1.1 of the supplementary
material. All three films were single-phase epitaxial BTO following
the orientation of the STO substrates. Based on the TEM micro-
graphs (Figs. S2.1 and S2.3), the thicknesses of the (100), (110),
and (111) BTO films were determined to be 230 ± 4, 218 ± 2, and
220 ± 27 nm, respectively. The surface topographies of the films are
shown in Figs. S3.1, S3.4, and S3.7, and the surface root mean square
roughness was about 2 nm–3 nm for (100) and (110) and 15.0 nm
for (111) oriented films. The film thicknesses are by far thicker than
the critical thickness of ∼5 nm for BTO on STO for the formation of
dislocations at the STO–BTO interface,17 and potential strain due to
the lattice mismatch between STO and BTO is thereby relaxed.
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FIG. 1. (a) Ferroelectric hysteresis loops (1 Hz) of the (100) BTO film measured with the electric field in-plane along the [0-11] and [001] directions of the STO substrate.
(b) ε–E loops of the dielectric constant (1 kHz) on the (100) BTO film along the same orientations as in (a). (c) The dielectric constant (1 kHz) of the (100) BTO film as a
function of temperature at zero bias field.

Reciprocal space maps of the (100) BTO film were obtained
near the (310) and (311) reflections (Fig. S1.2). Pseudo-cubic
indices are used for the BTO film for simplicity. The average in-
plane lattice parameter was found to be 4.010 ± 0.023 Å, which
is larger than the average out-of-plane lattice parameter (4.000
± 0.007 Å), indicating bi-axial tensile strain.18 The tensile strain
is caused by the thermal strain induced during cooling due to the
mismatch in thermal expansion between the film and the sub-
strate.12 Corresponding reciprocal space maps of the (222) and
(310) reflections for (110) BTO and the (312) and (330) reflec-
tions for (111) BTO are shown in Figs. S1.3 and S1.4. The lattice
parameters are summarized in Fig. S1.5 (see also Table S1.1 for
a summary), where the orientation and projection of the pseudo
cubic unit cell for the three cases are illustrated. When compar-
ing the in-plane lattice parameters (Fig. S1.5), it is evident that the
three films have comparable in-plane tensile strain, which allows
for the investigation of the additional impact of the orientational
state.

The (001) oriented BTO film

Different IDEs were deposited, which apply the electric field
along the [010], [0-11], and [001] in-plane directions of the (100)
oriented BTO film. The ferroelectric polarization-electric field hys-
teresis loops measured along the [010] and [0-11] directions are
illustrated in the inset of Fig. 1(a) ([001] is symmetry equiva-
lent to the [010] direction and therefore leads to identical results).
The remnant polarization is anisotropic, being significantly larger
along the [0-11] direction (P0-11 = 14.4 μC cm−2) than along the
[001] direction (P001 = 11.6 μC cm−2). These values are about half
the polarization reported for single crystal BTO (27 μC cm−2).19

The same anisotropy was also observed for the coercive field, with
6.82 kV cm−1 and 6.22 kV cm−1 for the [0-11] and [001] direc-
tions, respectively. The corresponding electric field dependence of
the dielectric constants (ε–E loops) of the (100) BTO film along the
two crystallographic directions is shown in Fig. 1(b). The two in-
plane directions display comparable dielectric constants at zero field,

TABLE I. The coercive field, remnant polarization, full width at half maximum (FWHM) of the switching current, dielectric constant (ε), tunability of the dielectric constant, and
unipolar tunability of the dielectric constant for the various BTO films and electrode orientations. The maximum and minimum values of each category are given in bold and
cursive numbers, respectively (multiple values are highlighted if the difference between each is less than 1%).

Coercive Remnant Unipolar Curie
field polarization FWHM Tunability tunability temperature

Film Ê (kV cm−1) n (μC cm−2) (kV cm−1) εE=0 [-] of ε (%) of ε (%) (○C)

(100) [010] 6.21 11.6 2.03 1501 71.1 56.6 155
[0-11] 6.81 14.4 2.64 1590 44.5 30.9 155

(110)
Diagonal 6.82 14.4 2.85 1680 56.4 40.0 160

[1-10] 6.00 16.8 2.96 1396 66.9 48.5 160
[00-1] 4.46 8.4 3.67 2313 71.3 61.4 155

(111)
[11-2] 5.52 12.1 2.74 2265 61.7 48.2 155
[-110] 5.56 10.8 3.18 2331 59.0 46.8 155

Diagonal 5.46 10.5 3.16 2316 57.0 44.6 155
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FIG. 2. (a) In-plane domain pattern of the poled (100) BTO film between the elec-
trodes oriented with the electric field in the [0-11] direction obtained by resonant
PFM (see the Experimental section for details and Sec. 3 of the supplementary
material for the corresponding vector PFM scans). A stripe-like domain configura-
tion with domain walls predominantly oriented along the [011] direction is evident.
(b) Schematic illustration of the domain patterns for the two IDE orientations after
poling with average polarization along the [0-11] and [010] directions based on our
vector PFM data. The magnitude of the average polarization is shown as a fraction
of the polarization in a single domain (P0).

and the values are within the range reported for bulk BTO
(∼200 along the c axis and ∼4600 along the a axis20) under ambi-
ent conditions. However, large in-plane anisotropy in the tunability,
corresponding to the ratio between the maximum and minimum
dielectric constant, can be observed in Fig. 1(b). The tunability is
higher along the [010] direction compared to the [0-11] direction.
The electrical properties of the (100) BTO film are summarized in
Table I. The dielectric constant of the (100) BTO film at zero field
is shown as a function of temperature in Fig. 1(c) for both ori-
entations of the IDEs. The enhanced Curie temperature reported
previously for BTO films prepared by this method is confirmed12

and demonstrates a maximum in the capacitance at 155 ± 5 ○C for
both orientations of the IDEs. The low anisotropy in the dielectric
constant persisted for all temperatures up to TC. Above the Curie
temperature, the anisotropy seemingly increased. This is, however,
an artifact caused by the increased leakage current for the electrodes
with the electric field oriented along the [0-11] direction, possibly
related to surface current (see loss tangent shown in Fig. S4.1).

The full width at half maximum (FWHM) of the switching
current (see also Fig. S41) and the unipolar tunability of the dielec-
tric constant are also included in Table I. The unipolar tunability is
included because it is relevant for applications where back-switching
is undesirable. An expanded version of Table I, including the tun-
ability of the capacitance, is given in Sec. 5 of the supplementary
material.

The maximum in-plane polarization in the (100) BTO film was
found along the same direction as the maximum in-plane dielec-
tric constant. This is different from single crystal BTO, where the
maximum dielectric constant was found orthogonal to the polar-
ization in the tetragonal, the orthorhombic, and the rhombohedral
phases. At its roots, such differences in the macroscopic ferroelectric
properties usually correspond to differences in the domain pattern,
which was investigated by piezoresponse force microscopy (PFM).
The characteristic domain pattern recorded after poling the (100)
BTO film along the [01-1] direction is shown in the PFM scan
image in Fig. 2(a). A pronounced PFM contrast indicates the pres-
ence of two domain states, forming a stripe-like pattern with domain
walls predominantly oriented along the [011] direction. This obser-
vation is consistent with the previous spatially resolved measure-
ments on BTO grown by PLD on NdScO3 substrates21,22 and the
prediction of a1/a2 or ca1/ca2 domain patterns in (100) BTO thin
films under tensile strain.8 While comprehensive vector PFM mea-
surements confirm the a1/a2 domain configuration, no additional
contrast associated with a c-component was resolved (see Sec. 3 of
the supplementary material). This leads us to the conclusion that,
depending on the orientation of the IDE, the poled (100) BTO film
exhibited different a1/a2 domain configurations between the elec-
trodes. The domain patterns and average polarization values for
(100) BTO poled along the [0-11] and [010] directions are sketched
in Fig. 2(b).

The (110) oriented BTO film

The hysteresis loops measured along three crystallographic
directions of the BTO films deposited on (110) STO are shown
in Fig. 3(a). IDEs were deposited with three different orientations,
that is, parallel to the two edges of the sample and at 45○, as illus-
trated in the inset of Fig. 3(a). These are the same three directions

FIG. 3. (a) Ferroelectric hysteresis loops (1 Hz) of the (110) BTO film measured with the electric field in the indicated directions of the STO substrate. (b) ε–E loops of the
dielectric constant (1 kHz) for the same electrodes. (c) The dielectric constant (1 kHz) of the film as a function of temperature at zero bias field.
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FIG. 4. (a) In-plane domain pattern of the poled (110) BTO film recorded by phase
calibrated PFM between the electrodes oriented with the electric field in the [1-
10] direction. (b) Schematic illustration of the domain pattern for the three IDE
orientations (blue, gray, and red) based on the vector PFM measurements. Arrows
give the direction of the polarization in the domains.

used for the (100) BTO film, but since (110) BTO has a lower in-
plane rotational symmetry [see Fig. S1.5 (b)], the directions are now
symmetry inequivalent. The observed in-plane ferroelectric behav-
ior demonstrated a more pronounced anisotropy than in the (100)
BTO film, with the maximum remnant polarization along the [1-10]
direction and minimum along the [00-1] direction. A corresponding
anisotropy in the coercive field is also evident.

The corresponding ε–E loops of the (110) BTO film are shown
in Fig. 3(b) for the three IDE orientations. Strong anisotropy was
demonstrated in both the dielectric constant at zero field and in the
tunability of the dielectric constant. Notably, the dielectric constant
and tunability are much higher when the electric field is oriented
along the [00-1] direction. The electrical properties of the (110) BTO
film are summarized in Table I. The temperature dependence of the
dielectric constant (1 kHz) at zero field along the three directions is
shown in Fig. 3(c). A peak in capacitance was observed at 155 ± 5 ○C
for the electrodes with the electric field along the [00-1] direction,
while a higher Curie temperature (160 ± 5 ○C) was observed for the
other two orientations.

To investigate the microscopic origin of the pronounced
anisotropy, PFM scans were performed on the (110) BTO film. An

in-plane PFM image obtained after poling the (110) BTO film along
the [1-10] direction is presented in Fig. 4(a). The domain struc-
ture is qualitatively different from the domain pattern in (100) BTO
[Fig. 2(a)], showing two preferred orientation directions for the fer-
roelectric domain walls, both at ∼41○ with respect to the [1-10]
direction. By performing a comprehensive analysis by vector PFM,
it was found that the ferroelectric polarization within the domains
points in the [1-10] and [00-1] directions, with no indication of an
out-of-plane component (see Sec. 3 of the supplementary material
for details). The PFM results obtained for the different IDEs are
summarized in Fig. 4(b), which gives a schematic illustration of the
domain patterns of the (110) BTO film when poled in different in-
plane directions. Analogous to Fig. 2(b), the knowledge about the
domain structure allows an estimation of the resulting macroscopic
polarization, which is expected to be largest for the [1-10]-oriented
IDE (blue) and smallest for the [00-1]-oriented IDE (red), consistent
with the hysteresis loops shown in Fig. 3(a).

The (111) oriented BTO film

Ferroelectric hysteresis loops of the (111) BTO film are shown
in Fig. 5(a) with the three IDE orientations illustrated in the inset.
The ferroelectric hysteresis loops demonstrate a very low anisotropy,
consistent with the in-plane sixfold rotational symmetry [see Fig.
S1.5(c)]. The corresponding ε–E loops of the (111) BTO film are
displayed in Fig. 5(b), showing nearly isotropic properties. The
temperature dependence of the dielectric constant of the (111)
BTO film at zero field is shown in Fig. 5(c). The anisotropy in
the dielectric constant remained low with the increase in temper-
ature. The Curie temperature for the (111) BTO film was found
to be 155 ± 5 ○C for all the three directions. The summary of the
observed electrical properties of the (111) BTO film is included
in Table I.

The domain structure of the (111) BTO film is shown in
the PFM image in Fig. 6(a), which was recorded after poling the
film along the [1-10] direction. Different PFM contrast levels (in-
plane) and a more complex domain pattern than in the (100) and
(110) BTO films are observed. Furthermore, the domain pattern
was clearly much more irregular than in (111) BTO bulk sam-
ples.23 In particular, six domain wall orientations were identified.

FIG. 5. (a) Ferroelectric hysteresis loops (1 Hz) of the (111) BTO film measured with the electric field in the indicated directions on the STO substrate. (b) ε–E loops of the
dielectric constant (1 kHz) for the same orientations. (c) The dielectric constant (1 kHz) of the film as a function of temperature at zero bias field.
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FIG. 6. (a) In-plane domain pattern of the poled (111) oriented BTO film between
the electrodes oriented with the electric field in the [1-10] direction obtained by
phase calibrated PFM. (b) Domain wall configurations separating domains with
polarization along the [1-10], [0-11], and [10-1] in-plane directions. Orientation of
the polarization in the domains is given by arrows (blue, yellow, and black). 120○

and 60○ domain walls are shown and labeled according to their orientation on the
surface of the film. (c) Magnified image showing 120○ and 60○ domain walls in the
domain pattern.

By using vector PFM, the polarization was observed to manifest
along the [1-10], [0-11], and [10-1] in-plane directions, with neu-
tral 120○ and 60○ domain walls as illustrated in Fig. 6(b). No out-
of-plane contrast was observed by vector PFM (see Sec. III of the
supplementary material for details). The three different polariza-
tion directions were found to intermix in the domain pattern, with
both 120○ and 60○ domain walls present, shown in Fig. 6(c). Impor-
tantly, the manifestation of three polarization directions is consistent
with the rather isotropic behavior reflected by the hysteresis loops
[see Fig. 6(a)].

DISCUSSION

The BTO films on the three different STO substrates possessed
similar thicknesses of about 220 nm, demonstrating a highly robust
and reproducible synthesis by aqueous CSD. Increased roughness of
(111) BTO films deposited by CSD has previously been observed,24

but this can be rationalized by the rough surface of the (111) STO
substrate (not reported) and the surface energy of (111) BTO, which
is higher than (100) and (110) BTO and is therefore energetically
unfavorable.25–27 The three BTO films are highly textured with
respect to crystallographic orientation with comparable tensile strain
in accordance with the thermal expansion mismatch between the
BTO film and the STO substrate.12 The thermal strain was confirmed
to increase the Curie temperature for all three films compared to
bulk BTO (TC = 120 ○C20) and the Curie temperature was found to
be similar (TC = 155 ○C) for all substrate and electrode orientations
within the uncertainty (±5 ○C). The enhanced Curie temperature is
in good agreement with the theory of BTO thin films under tensile
strain.4,8,10,11

The polarization of the films is expected to be low compared
to single crystal BTO based on the small difference between the
average in-plane and out-of-plane lattice parameters (Table S1.1).
Interestingly, the polarization is still higher than what would be
expected from the minor difference in the lattice parameters. The
ratio between the long and the short axis is only 1.0025 for the (100)
BTO film relative to 1.01 for single crystal BTO,28 and based on this,
one could expect a polarization of ∼6 μC cm−2. The in-plane ferro-
electric and dielectric properties are anisotropic, and the anisotropy

is found to correlate inversely with the in-plane rotational symme-
try, where the low (twofold) in-plane rotational symmetry of the
(110) orientation yields the large anisotropy, while the high (six-
fold) in-plane rotational symmetry of the (111) orientations yields
only minor anisotropy (Fig. S1.5). The (110) BTO films are pre-
dicted to have in-plane polarization along both the [00-1] and [1-
10] in-plane directions, but the predictions do not indicate large
anisotropy.13,14

The remnant polarization observed correlates inversely with
the dielectric constant at zero field, as shown in Fig. S5.1. This fol-
lows the trend of tetragonal BTO single crystals, where the dielec-
tric constant has a minimum along the polar axis and a maximum
orthogonal to the polar axis.20 Among the different combinations of
electrode and substrate orientations examined here, the (110) ori-
ented BTO film displays both the maximum and minimum values
of the in-plane polarization (electric field along [1-10] and [00-1]
directions, respectively) and correspondingly also the minimum and
maximum dielectric constants at zero field. In general, high polariza-
tion also correlates with faster switching dynamics demonstrated by
the FWHM of the switching current (Table I). A low FWHM indi-
cates fast switching where the entire film switches in a single event,
while a high FHWM indicates a staggered switching process where
different regions switch consecutively as the applied voltage is grad-
ually increased. However, not all the data follow these trends. Most
notably, for the (100) BTO film, the maximum polarization is found
in the same in-plane direction as the maximum in the dielectric
constant.

Stable multi-domain structures were observed by PFM for the
three orientations. An a1/a2 domain pattern was demonstrated for
the (100) oriented BTO film, which can explain the anisotropy
of the polarization observed for the (100) BTO film. The aver-
age domain width is 55 ± 19 nm, which is similar to the previous
reports on Landau–Ginzburg–Kittel scaling in unconstrained BTO
thin films.29 The average polarizations along the [010] and [0-11]
directions for this domain pattern are illustrated in Fig. 2(b), and
the estimated ratio P010/P0-11 based on a theoretical a1/a2 domain
pattern is 1/

√
2∼0.71, while the results in Table I gives a higher

ratio of 0.81. It is, however, clearly demonstrated that the in-plane
ferroelectric hysteresis loop is optimized by IDEs oriented par-
allel to the 90○ domain walls in the films, which has not been
demonstrated experimentally before. The a1/a2 domain pattern also
explains why the dielectric constant correlates positively with the
remnant polarization.8 This can be rationalized by considering the
fact that the [0-11] in-plane direction only aligns with the aver-
age polarization, and not with the local polarization within each
domain, yielding a higher dielectric constant than what would other-
wise be expected. The relationship between the remnant polarization
and dielectric constant has implications for piezoelectric and fer-
roelectric applications, where a low dielectric constant is generally
favorable.

Two types of in-plane domains were also observed for the (110)
BTO film, with polarization along the [1-10] and [00-1] axes, respec-
tively, but they are not symmetry equivalent. The domains with
polarization along the [1-10] axis have polarization vectors pointing
toward an edge of the pseudo-cubic unit cell, similar to orthorhom-
bic BTO, while the [001] domains have polarization pointing toward
the facet of the pseudo-cubic unit cell, similar to tetragonal BTO.
This is illustrated in Fig. S1.5(b), where the observed polarization
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directions are shown as arrows in the pseudo-cubic unit cell. Based
on the angle of the domain walls (∼41○), the polarization is larger
in the [1-10] direction than in the [00-1] direction, just as the
polarization is larger in orthorhombic BTO than in tetragonal
BTO.28 Furthermore, the volume fraction is skewed in favor of the
[1-10] domains. This results in a domain pattern consistent with
the hysteresis loops in Fig. 3(a), where larger macroscopic polar-
ization was measured along the [1-10] axis than along the [00-1]
axis.

The (111) BTO film was found to have a domain pattern
consisting of three types of domains (with P ∣∣ [1-10], [0-11], or
[10-1]). In all three variants, the polarization points toward an edge
in the unit cell and lies in the plane of the film. This is illus-
trated in Fig. S1.5(c), where the suggested polarization directions
are shown using arrows in the pseudo-cubic unit cell. The three
types of domains are symmetry equivalent and obey the sixfold rota-
tional symmetry shown in the projection in Fig. S1.5(c). Assuming
that the three domain orientations must have equal volume frac-
tions in order to relax the strain, one may calculate the macroscopic
polarization along the [-110] and [11-2] directions in terms of the
polarization in a single domain, P0. Using this approach, one finds
P[-110] = 2/3P0 and P[11-2] = √3/3P0. This gives a ratio P[11-2]/P[-110]
= 0.87, and a comparable ratio P[11-2]/P[-110] = 0.86 is found using
IDEs.

High tunability of the dielectric constant was demonstrated
particularly for the (100) and (110) BTO films. Moreover, the tun-
ability was highly sensitive to the in-plane direction of the electric
field and reached a maximum for the in-plane direction where the
average remnant polarization possessed a minimum. This suggests
that the high tunability is related to a rotation of the polarization
direction as a bias is applied.30

CONCLUSIONS

In summary, aqueous CSD was used to prepare epitaxial (100),
(110), and (111) BTO films on STO substrates. Large variations were
demonstrated for both the dielectric and the ferroelectric proper-
ties, despite all films having a similar strain state and thickness.
In-plane anisotropy was found for all orientations, and the in-plane
anisotropy was highest for the orientation with the lowest in-plane
rotational symmetry. The polarization and tunability in the dielec-
tric constant were significantly higher for the (110) BTO film com-
pared to the (100) and (111) BTO films, which highlights the impor-
tance of considering multiple orientations and crystal anisotropy.
Dense domain patterns consisting of multiple domain orientations
were observed in all three films, and the domain patterns were con-
sistent with and supported the macroscopic observations. The polar-
ization was found to be inversely correlated with the dielectric con-
stant so that in-plane orientations with a high polarization tended to
have a lower dielectric constant. The only exception was the (100)
BTO film where the a1/a2 domain pattern has a major impact on the
properties.

This study has demonstrated that the in-plane ferroelectric and
dielectric properties of BTO films under tensile strain can be fine-
tuned and optimized by choosing distinct crystallographic orienta-
tions. Even for the prototype ferroelectric BTO, this has not been
shown for films before. Similar behavior and opportunities for fine-
tuning properties in multilayer stacks, where the strain state is given

by the boundary conditions, are anticipated for a range of ferro-
electric perovskites, which opens new opportunities for property
engineering.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
(1) x-ray diffraction, (2) transmission electron microscopy, (3) PFM
analysis, (4) summary of electrical characterization, (5) dielectric
and ferroelectric measurements, (6) dimensions of the interdigitated
electrodes, and (7) dielectric constant of the STO substrate.
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