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ABSTRACT: High-index ferroelectric films as (101)-orien-
tated ones exhibit enhanced dielectric responses, piezoelectric
responses, and exotic ferroelectric switching behaviors, which
are potential candidates for applications in memories and
capacitors. However, possible domain patterns and domain wall
structures in (101)-oriented ferroelectric thin films are still
elusive, which results in difficulties in understanding the origin
and further modulating their special properties. In this work, a
series of PbTiO; (PTO) thin films with 35, 50, 60, and 70 nm
in thickness were grown on (101)-oriented (LaA-
105)020(StTa; ,Al; ,05)071 (LSAT(101)) substrates by pulsed
laser deposition and investigated by both piezoresponse force
microscopy (PFM) and (scanning) transmission electron
microscopy ((S)TEM). PFM measurements reveal that
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periodic stripe domains are dominant in 50 nm thick PTO films. Besides stripe domains, a/c domains appear in films with
thickness more than 60 nm. A thickness-dependent evolution of piezoresponse amplitude indicates that the 50 nm thick PTO
films demonstrate a superior piezoresponse. Electron diffraction and contrast analysis clarify that all these (101)-oriented PTO
films contain periodic stripe ferroelectric 90° domains. The domain periods increase with the film thickness following Kittel’s
law. Aberration-corrected STEM imaging reveals that the stripe ferroelectric 90° domains have an alternate arrangement of wide
and narrow ¢ domains with polarization directions along [100] for ¢, domains and [001] for ¢, domains, forming a “head-to-tail”
polarization configuration. Further strain analysis reveals that stripe domains have uniform strain distributions and distinct
lattice rotations around domain walls. It is proposed that the periodic arrangement of high-density stripe 90° domains in 50 nm
thick PTO films is the main contributor to the superior piezoresponse behavior. These results are expected to provide useful
information to understand the domain structures in (101)-oriented PTO thin films and thus facilitate further modulation of the

properties for potential applications.
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1. INTRODUCTION

Ferroelectrics featuring electrically switchable spontaneous
polarizations have attracted much attention as potential
candidates for nonvolatile ferroelectric random access memo-
ries, ultrathin ferroelectric capacitors, tunnel junction devices,
and transducers.'~* Due to the trend of device miniaturization,
ferroelectrics are commonly applied to devices in the form of
thin films that have various domain conﬁgurations.5

The formation of domains in epitaxial ferroelectric thin films
is determined by the minimization of the total free energy,
including electrostatic energy, elastic strain energy, and domain
wall energy of the systern.6 The resulting domain structure has
a profound influence on dielectricity, piezoelectricity, and
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terroelectric switching behaviors.* For instance, previous
studies have shown that 180° nanodomains in PbTiO;/
SrTiO; superlattices can enhance dielectric responses, whereas
the switching of 90° domains can enhance piezoelectric
property in tetragonal ferroelectric thin films.”~'® Furthermore,
the domain walls, which are the interfaces of adjacent domains
with different polarization directions, exhibit various exotic
properties, such as domain wall conductivity and photovoltaic
effect.'’™"° Thus, it is important to understand and further
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Figure 1. (a—d) Surface topographic images of PTO thin films with different thicknesses grown on LSAT(101) substrates: (a) 35 nm; (b) S0 nm;
(c) 60 nm; and (d) 70 nm. (e, f) Local PFM hysteresis loops of PTO thin films with different thicknesses grown on LSAT(101) substrates. (e)

Phase hysteresis loops and (f) amplitude hysteresis loops.

modulate the domain and domain wall structures at atomic
scale in ferroelectric thin films.

For tetragonal ferroelectrics, such as PbTiO; (PTO),
PbZry,Tiy30;, the polarization direction is along (001),
leading to two possible domain structures: 180° domains and
90° domains. The 90° domains also include a/c domains and
a,/a, domains, where ¢ domain possesses out-of-plane
polarization direction and a domain possesses in-plane
polarization direction.'®"” For decades, much attention has
been on experimental observation and theoretical simulation
about various domain structures in ferroelectric thin films, such
as c/a,;/a, domains, bubble domains, exotic polar flux-closure
domains, and polar vortices."*™*° Both theoretical and
experimental studies have indicated that the evolution of
domain structures in tetragonal PTO thin films is from the ¢
domains to ¢/a;/a, domains, and then to full a,/a, domains
when the misfit strain changes from large compressive to large
tensile strains.'®*">”*”*% It has been reported that film
thickness and cooling rate also have effects on the domain
structures in ferroelectric thin films.””*

However, the experimental studies on the evolution of
domain structures with film thickness are more challenging
because of the various mismatches between different substrates
and films. Despite this fact, most previous studies have revealed
that the relationship between domain width (W) and film
thickness (d) obeys a square root dependence (W o d'/?),*
whereas some other studies have indicated that linear or other
kind of relationships are also feasible for some ferroelectric
films.”>*° Nevertheless, these studies have mainly focused on
the (001)-oriented ferroelectric thin films. Experimental
observations on how the domain structures evolve with film
thickness or other parameters in ferroelectric films orientated
in other directions have not been widely reported.”' ™
Furthermore, the scanty previous characterizations of domain

structures in (101)- and (111)-oriented thin films were usually
done by piezoresponse force microscope (PFM), which cannot
provide atomic information of domain and domain wall
structures due to the restriction of its resolution. Thus, fine
analysis of the domain structures and their evolutions with film
thickness in (101)- and (111)-oriented ferroelectric PTO thin
films is necessary and demanded for better understanding of
the domain formation rules, domain wall structures, and their
impact on electric properties because theoretical simulations
and experimental studies have shown that dielectric and
piezoelectric responses are enhanced due to high domain wall
density in single-crystal ferroelectrics with different crystallo-
graphic directions and (101)/(111)-oriented PbZry,Tiy50;
thin films.>"*>3>%

In this article, we deposited [101]PTO thin films with
different thicknesses on (101)-oriented (LaA-
10;)020(StTa, Al ,03)07; (LSAT(101)) substrates, which
provide asymmetric biaxial compressive strains. PFM and
(scanning) transmission electron microscopy ((S)TEM)
observations indicate periodic stripe ferroelectric 90° domains
are formed in these PTO films, with the domain wall lying on
(101) of PTO, whose piezoresponse amplitudes have a
difference with a critical thickness effect. Moreover, statistical
data reveal that the domain width W of this periodic stripe 90°
domain and film thickness d have a square root dependent
relationship (W o d'/?). Atomically resolved STEM imaging
demonstrates that the stripe 90° domains consist of both wide
and narrow ¢ domains with a “head-to-tail” polarization
configuration.

2. EXPERIMENTAL SECTION

The PTO thin films with thicknesses ranging from 35 to 70 nm were
grown on single-crystal LSAT(101) substrates by pulsed laser
deposition, using a KrF excimer laser (1 = 248 nm). The sintered
PTO ceramic target with 3 mol % Pb enrichment was used for films
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Figure 2. In-plane PFM amplitude images of PTO films on LSAT(101) substrates with different thicknesses: (a) 35 nm; (b) 50 nm; (c) 60 nm;
and (d) 70 nm. The vertical stripe domains appear clearly in 50, 60, and 70 nm thick PTO films and indistinctly in 35 nm thick PTO films.

deposition. Before films deposition, the LSAT(101) substrate was
heated to 800 °C for S min to clean the substrate surface and then
cooled down to 700 °C to grow the PTO films. The PTO target was
presputtered for S min. During deposition, an oxygen pressure of 10
Pa, laser energy density of 2 ] cm™, and a repetition rate of 4 Hz were
used. After deposition, the films were annealed at 700 °C for 5 min in
an oxygen pressure of 3 X 10* Pa and then cooled down to room
temperature (cooling rate ~S °C min™").

Surface morphology and piezoresponse force microscopy (PFM)
measurements were completed in a scanning probe microscope
(Cypher, Asylum Research) using the dual AC resonance tracking
mode. Conductive silicon cantilevers with Ti/Ir coating (Asylum
Research, Asyelec-01-R) were used for PFM imaging and PFM
hysteresis loop measurements. The tip radius is 25 + 10 nm and the
force constant is ~#2.8 N m™".

Cross-sectional TEM samples were prepared by slicing, gluing,
mechanical grinding, dimpling, and finally ion milling. A Precision Ion
Polishing System 691 of Gatan company was used for ion milling.
Before ion milling, the samples were dimpled down to 10 ym. During
milling, a voltage of 5 kV and angles of 7° were used at first. Then, the
angles were gradually reduced to 4.5°. The final voltage of milling was
less than 0.5 kV for 10 min to clean samples. Plane-view TEM
samples were mechanically grinded, dimpled, and ion-milled only
from the substrate side.

Bright-field and dark-field images were acquired by Tecnai G* F30
transmission electron microscope (TEM). Selected area electron
diffraction (SAED) patterns were recorded using JEOL 2100
microscope. All high-angle annular dark-field (HAADF) STEM
images were recorded using Titan G* 60—300 kV microscope with
a high-brightness field-emission gun, double aberration (C,)
correctors from CEOS, and a monochromator operating at 300 kV.
The beam convergence angle was 25 mrad. Strain analysis was based
on geometry phase analysis (GPA), carried out using Gatan Digital

Micrograph software.””>® Determination of the positions of atoms in

the atomic-resolution STEM images was based on Matlab software by
two-dimensional Gaussian peak fittings.'”**

3. RESULTS

At room temperature, the ferroelectric PTO crystal has a
tetragonal structure (space group: P4mm) with lattice
parameters of @ = b = 0.390 nm and ¢ = 0.415 nm,”” whereas
the LSAT crystal has a cubic structure (space group: Fm3m)
with lattice parameters of a = b = ¢ = 0.3868 nm.”* The
LSAT(101) surface has two different in-plane crystal axes:
[010] and [101], which are different from those of the
commonly used LSAT(001) substrate.

The surface topographies of [101]PTO thin films with
thicknesses of 35, 50, 60, and 70 nm are shown in Figure la—d,
respectively. They reveal that the surface root-mean-square
(RMS) roughnesses of these PTO films are 1.273, 0.786,
1.700, and 1.897 nm, respectively. It is noted that the 50 nm
thick PTO thin film has a smooth surface with a minimum
RMS roughness. Besides, the surface structures have an
evolution from stripes in both 35 and 50 nm thick PTO
films to bulk in both 60 and 70 nm thick PTO films, which
indicates a possible domain structure difference within these
films. For [101]PTO films with different thicknesses, the phase
hysteresis loops in Figure le show a well-defined square loop
feature, and the amplitude hysteresis loops in Figure 1f display
a typical “butterfly shape”, suggesting the existence of
ferroelectric switch behavior in these PTO thin films.*>*
Importantly, the S0 nm thick PTO film has a maximum
piezoresponse amplitude compared with the rest three PTO
films, showing a higher piezoelectric response. It is noted that
the 35 nm thick PTO film has a very low piezoresponse
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Figure 3. Cross-sectional bright-field TEM images of PTO thin films with different thicknesses grown on LSAT(101) substrates: (a) 35 nm; (b) SO
nm; (c) 60 nm; and (d) 70 nm. The PTO/LSAT(101) interface is denoted by a pair of opposite white arrows. W denotes the width of the stripe-

like domain.

Figure 4. Plane-view TEM images of PTO films on LSAT(101) substrates: (a) 35 nm; (b) S0 nm; (c) 60 nm; and (d) 70 nm. The insets 1 and 2
are enlarged areas labeled as 1 and 2 by white boxes in (a). The red arrows in (c, d) point out the indistinct and overlapped domains.

amplitude, showing a thickness-dependent evolution of
piezoelectric response with a critical thickness effect.

Figure 2 shows the in-plane PFM amplitude images of
[101]PTO films with different thicknesses, taken with the
cantilever's long and scan axes along [010] and [101],
respectively. Basically, the vertical stripe-like contrast with
domain walls lying along [010] axis is observed clearly in S0,
60, and 70 nm thick PTO films, as shown in Figure 2b—d,
respectively. It is seen that the width of stripe domains
increases with the increasing PTO film thickness. Besides, a
few stripe-like contrast with domain walls lying along the (111)
axis appears in 60 and 70 nm thick PTO films, as shown in
Figure 2c,d (labeled as red arrows), which should be a/c 90°
domains as reported previously.”> Because the a/c domain
patterns have been studied extensively before, in this article, we

focus on the vertical stripe domains, which have drawn less
attention previously.

To identify the fine structure of stripe domains, TEM
observations were carried out. Figure 3 shows the cross-
sectional TEM bright-field images of the [101]PTO films
along the in-plane [010] direction. The PTO/LSAT(101)
interface is denoted by a pair of opposite white arrows. Some
stripe domains with alternate bright and dark contrast can be
seen in the PTO film. The domain width (W) of about 21 nm
is identified in the 35 nm [101]PTO film. In general, the
domain structures are very similar in these films with different
thicknesses. It is noted that the width of these stripe domains
increases from 21 to 25, to 28 nm and finally to 30 nm when
the thickness increases from 35 to 50, to 60, and to 70 nm. The
domain walls between these domains are very sharp and almost
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perpendicular to the PTO/LSAT(101) interface. Possible
misfit dislocations can be identified at the PTO/LSAT(101)
interface appearing as many dark dots contrasts. Besides, some
inclined and indistinct domains can be seen in these PTO thin
films, which are a/c domain patterns and consistent with the
PFM measuring results (Figure 2).

For a more general concern, plane-view TEM imaging was
further performed. The plane-view bright-field images of PTO
films with different thicknesses are shown in Figure 4. In
Figure 4a, it is easily seen that the long stripe domains evolve
along [010] with alternately bright and dark contrasts. The
insets “1”7 and “2” are enlarged areas labeled as 1 and 2 by
white boxes. The width (W) of stripe domains with bright and
dark contrast measured in 35 nm thick PTO film ranges within
18—26 nm. With increasing film thickness, the stripe domains
are obviously broadened, as shown in Figure 4b—d.
Furthermore, the stripe domains are indistinct and overlapped,
especially in the 60 and 70 nm thick films, as pointed out by
red arrows in Figure 4¢,d. It is noted that during the TEM
observations of the plane-view samples, the stripe domains
appear clearly only when the sample is tilted at a large angle
(about 30°) away from the in-plane [010] zone axis of PTO. It
is probably because the stripe domains with bright and dark
contrast have almost the same diffraction condition when
observed from the in-plane direction. Thus, these bright-field
images in Figure 4 are obtained under very large tilt angle away
from the [010] zone axis for contrast enhancement, which
results in the overlapping of stripe domains. However, on this
condition, the a/c domain patterns cannot be seen clearly, so
only the stripe domains are observed distinctly in the plane-
view samples.

To further deduce the relationship of the domain width (W)
of periodic stripe domains and the film thickness (d), the data
of domain width measured from all the samples with different
thicknesses are shown in Figure 5. All the points in Figure 5 are
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Figure 5. Domain width (W) of periodic stripe-like c,/c, domains as a
function of film thickness (d) for (101)-orientated PTO thin films
grown on LSAT(101) substrates. The curve fit is close to Kittel’s law
(W « d/?).

extracted based on the data obtained from a number of bright-
field images of cross-sectional samples. Every point represents
an average value of domain width from many periodic stripe
domains. The formulas y = ax’ and y = ax + b are applied in
data fitting by using Origin 8.5 software. The former is curve fit
and the latter is linear fit. For y = ax’, the fitting results are a =
3.353 and b = 0.517 with standard errors of 0.876 and 0.065,
respectively, which have residual sum of squares of 93.2. For y
= ax + b, the fitting results are a = 0.257 and b = 12.250 with
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standard errors of 0.031 and 1.785, respectively, havin
residual sum of squares of 98.5. The curve fit of y = ax
shows a relatively small residual sum of squares. Thus, the
curve fit is more appropriate. Furthermore, it is easy to see that
the value of b is close to 0.5. As shown in Figure 4, the
statistical experimental data indicating the relationship
between domain width (W) of periodic stripe domains and
film thickness are fitted to a curve marked by red solid line,
which agrees well with the classical Kittel’s law (W d"?) in
ferroics as marked by the black dotted line.

To accurately analyze the stripe domains, electron
diffraction and contrast analysis were preformed on cross-
sectional TEM samples. Figure 6a is a selected area electron
diffraction (SAED) pattern taken along the [010]-zone axis of
the 50 nm thick PTO film. Figure 6b,c are the enlarged areas of
out-of-plane (202) diffraction spots (labeled as 1) and in-plane
(202) diffraction spots (labeled as 2) in Figure 6a, respectively.
It is seen that the out-of-plane (202) diffraction spots split into
three spots, whereas the in-plane (202) diffraction spots split
into two spots. For LSAT substrate, d,;;, = d)o; = 0.274 nm.
For PTO, d;;, = 0276 nm and d;5; = 0.284 nm. The
relationship of d,,"*" ~ d,;,""° < d;,"™ can be acquired.
Thus, in Figure 6b, the above spot can be indexed as 202 of
LSAT, whereas the other two spots are 202 and 022 of PTO,
respectively. Furthermore, the angle of 202 and 022 diffraction
spots of PTO can be measured to be about 6.5° (Figure 6a).
Similarly, the in-plane diffraction spots are indexed in Figure
6¢c. Figure 6d,e are two-beam dark-field images taken by
different reflections of g = 101. and g = 101, respectively,
where the subscript “c” denotes cubic LSAT substrate. In the
TEM observation, ferroelectric domains appear as bright
contrast in dark-field images, satisfying g-P; >0 under two-
beam condition, where P, is the polarization vector.*'~*’
Figure 6d, taken by the reflection of g = 101, shows periodic
stripe domains with alternate bright and dark contrast in the
PTO film, indicating that the out-of-plane components of the
polarization vector of both bright and dark domains have
opposite directions. However, stripe domains disappear in
Figure 6e, which was taken by the reflection of g = 101,
indicating that the in-plane components of the polarization
vector of both bright and dark domains have the same
direction. Thus, possible polarization configurations (labeled
by yellow arrows) of the stripe domains can be deduced in
Figure 6f. To distinguish from a/c domains as well as a,/a,
domains in (001)-oriented PTO films, these stripe domains
can be named as 90° ¢,/c, domains (c;/c, domains), which
belong to ferroelastic domains.

To further reveal the atomic structures of periodic stripe 90°
¢;/¢, domains, atomic resolution HAADF-STEM images were
acquired by aberration-corrected scanning transmission elec-
tron microscopy (STEM), which is a very useful tool for
studying complex oxides, especially perovskite ferroelectric
materials. Figure 7a is a low-magnification high-resolution
HAADE-STEM image of the 50 nm thick PTO film, which was
recorded along in-plane [010] axis of LSAT. A pair of opposite
white arrows denote the PTO/LSAT(101) interface, where
some misfit dislocations appear. The blue dotted lines denote
the ¢,/c, domain walls that lie on (101). It is pointed out that
the ¢;/c, domains actually consist of both wide and narrow
domains, which correspond to the bright and dark contrast
areas in Figure 3b. Figure 7b is a magnified HAADF-STEM
image corresponding to the red dashed rectangular area in
Figure 7a, showing details of the ¢,/c, domain and domain wall
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Figure 6. Selected area electron diffraction (SAED) patterns and contrast analysis along [010] zone axis of stripe domain structures in 50 nm thick
PTO films on LSAT(101) substrates. (a) SAED pattern taken from the area including the substrate and stripe domains. (b, c) Magnified diffraction
spots of white boxes labeled as 1 and 2 in (a). (d) Two-beam dark-field image obtained near the [010] zone axis of LSAT taken by g = 101.. (e)
Two-beam dark-field image obtained near the [010] zone axis of LSAT taken by g = 101.. Note the stripe domain structure disappears when the
direction of g is along the in-plane. (f) Schematic of stripe domain structures. Note the stripe domains can be called 90° ¢,/c, domains.
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Figure 7. (a) Low-magnification high-resolution HAADF-STEM image showing 90° ¢, /c, domain in 50 nm thick PTO thin film. The blue dotted
lines denote 90° ¢,/c, domain walls. (b) Atomic-resolution HAADF-STEM image corresponding to the red dashed rectangular box in (a). The blue
dotted line denotes 90° ¢;/c, domain wall. The yellow arrows denote the polarization directions, which are opposite to the displacement of Ti, with
[100] for ¢, domains and [001] for ¢, domains. Yellow and red circles denote Pb and Ti atoms, respectively. Note a large lattice rotation with an
angle of 6.5° on the right side of 90° ¢,/c, domain wall. The inset is an atomic schematic model of 90° ¢,/c, domain wall. (c) Superposition of
reversed Or; vectors with the experimental image. Yellow arrows denote reversed dr; vectors, which are consistent with the spontaneous polarization
directions of PTO. (d, e) Atomic-resolution HAADF-STEM images corresponding to two white rectangular boxes labeled as 1 and 2 in (a), which
show the misfit dislocations at PTO/LSAT(101) interface.

in atomic resolution. Yellow and red circles denote the
positions of Pb and Ti atom columns, respectively (Pb atom
column is bright, whereas the Ti atom column is weak based
on the HAADF-STEM imaging due to their atomic numbers of
heavy Pb (82) and light Ti (22) atoms™******). Two yellow
arrows denote the P, directions of the ¢,/c, domains, which are
opposite to the displacements of Ti atoms (&p;). The
polarization directions are determined to be along [100] for
¢, domains, but [001] for ¢, domains. Lattice rotation with an
angle of 6.5° was measured across the 90° domain wall. The
inset is an atomic schematic model of the 90° ¢,/c, domain
wall showing a lattice rotation of about 7.2° calculated based

on the bulk lattice parameters of tetragonal PTO. Figure 7c
shows the corresponding mapping of reversed Jr; vectors.
Yellow arrows denote reversed Jr; vectors, which are consistent
with the spontaneous polarization directions in each PTO unit
cells. Figure 7d,e are atomic-resolution HAADF-STEM images
corresponding to two white rectangular boxes labeled as 1 and
2 in Figure 7a, showing two interfacial misfit dislocations. By
drawing Burgers circuits, it is easily seen that the misfit
dislocations have the projected Burgers vectors of b = a{001)
on (010) plane.

The strain distribution of periodic stripe ¢;/c, domains
corresponding to the area of Figure 7a is extracted by GPA and
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(g, h) Schematic of in-plane (101) spacing projections of PTO showing small rotation angles of ¢,/c, domains.

shown in Figure 8. Figure 8a—c shows the in-plane strain (e,,),
out-of-plane strain (¢,,), and lattice rotation (R,), respectively.
From Figure 8a,b, it is seen that high-density misfit dislocations
can be observed at the interface of PTO and LSAT(101),
which is believed to relax the misfit strains of this thin-film
system efficiently. From Figure 8c, obvious contrast difference
between ¢, and ¢, domains can be observed, indicating that a
large lattice rotation exists across the 90° domain wall. Two
line profiles labeled as “profile 1” and “profile 2” in Figure 8a,
respectively, are shown in Figure 8d. Profile 1 (marked by
black solid line) shows the strain variations from the substrate
to the film. Compared with the LSAT(101) substrate, the in-
plane strain of PTO films jumps at the interface and reaches
the value of about 3.9%, which is consistent with the mismatch
of 4.1% between the [101]PTO film and LSAT(101)
substrate. It is noted that no obvious in-plane strain
fluctuations can be identified across the ¢;/c, domain walls
as deduced from profile 2 (marked by red solid line). Similarly,
two line profiles of the out-of-plane strain (labeled as profile 1
and profile 2 in Figure 8b, respectively) are shown in Figure 8e,

indicating that the out-of-plane strain saturates at about 4.0%
at the surface of the PTO film. From Figure 8c, it is pointed
out that lattice rotation is significant across the ¢;/c, domain
walls with the angle of about 6° despite the uniform strain
distribution across the domain walls. Figure 8f shows two line
profiles of the in-plane lattice rotation. A relative lattice
rotation angle of ~6.4° across the ¢;/c, domain walls can be
identified, which agrees well with the value measured in Figure

7b.

4. DISCUSSION

In ferroelectric films, domain structures can be widely tuned by
film thickness, misfit strain from the substrate, electrical
boundary conditions, etc.'®*”****” For the present PTO/
LSAT(101) thin film system, the lattice mismatch values of the
in-plane [010] and [101] directions can be calculated by the
following formulas®®

5(010) = &%

X 100%
s (1)

a
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and

\/Eas—\/az+c2
(a; f)><100%

V2a, )

where subscripts “s” and “f” denote the LSAT substrate and the
PTO film, respectively. Therefore, the mismatch strain values
calculated along the [010] and [101] directions are —0.8 and
—4.1%, respectively, which represent asymmetric biaxial
compressive strains. Previous studies show that the compres-
sive strain can favor out-of-plane polarized domains.”” On the
one hand, although misfit dislocations evolve at the PTO/
LSAT(101) interfaces (Figure 8a), the PTO film near the
interface is still not fully relaxed because of the gradual
relaxation as shown in Figure 8d, which promotes the
formation of ¢ domains with out-of-plane components of
polarization vectors, such as the present ¢,/c, domains. On the
other hand, the stability of domain structures in ferroelectric
films also depends on the electrostatic boundary condi-
tions.*>*” If the film has a uniform out-of-plane polarization,
it will bring a large depolarization field, which could be
reduced or screened by free charges from metallic electrodes,*
adsorbed ions,*® ionic point defects on the ferroelectric film
surface,* reduction of ferroelectric polarization,50 polarization
rotation toward in-plane direction,”’ or by formation of
domains with inverse out-of-plane components of polarization
vectors.*®>” In the present work, the formation of alternating
¢;/¢, domains exhibiting alternate upward and downward P
(Figure 6f) reduces the depolarization field in PTO films,
which is similar to the formation of 109° domains in (001)-
oriented BiFeO; films.>> Our experiment results are also
consistent with previous theoretical calculations that ¢; and ¢,
domains with out-of-plane components of Polarization vectors
are stable under large compressive strains.”'

According to Kittel's law, periodic stripe domain width is
determined by the competition between the energy of the
domains E; and the energy of the domain walls E,,. The former
is proportional to domain width W, the later is proportional to
d/W, where d denotes the film thickness. Minimizing the total
energy of domains and domain walls in the film, the famous
square root dependence W o d'/? can be deduced.’*
Originally, this square root dependence was deduced in
ferromagnets and then extended for ferroelectrics, ferroelastics,
and magnetoelectric multiferroics.’**> However, the domain
walls may be broadened near the electrically open surfaces due
to surface charge accumulation, which leads to the deviation of
Kittel's law between the domain width W and the film
thickness d as reported for (001)-oriented perovskite ferro-
electric thin films.>°™>® But, in our work, it is seen that the
domain walls are very sharp and thin from the high-resolution
HAADF-STEM images. It is also probable that the head-to-tail
polarization configuration of the special stripe 90° ¢,/c,
domains can screen the depolarized field and neutralize the
surface charges. Thus, the relationship between periodic stripe
90° domain width W and film thickness d in (101)-oriented
terroelectric PTO thin films agrees well with this square root
dependence (Figure ).

Meanwhile, the width of stripe domains reduces when the
film thickness decreases, which results in higher density of
domain walls. As in previous studies, the high density of
domain walls can boost the response to the applied electric
field of the films.>"** But in our work, we found the thickness-
dependent evolution of piezoresponse amplitude with a critical

5(T01) =

thickness effect. The 50 nm thick PTO film shows a maximum
piezoresponse amplitude. It is probably that the domain width
(W) of stripe 90° ¢;/c, domains increase with the film
thickness following Kittel's law. The 50 nm thick PTO thin
film has a higher density of 90° domain walls than the 60 and
70 nm thick PTO thin films, which leads to the higher
piezoresponse of this PTO film. Furthermore, the presence of
a/c domains may deteriorate the piezoresponses in 60 and 70
nm thick PTO films. Although the 35 nm thick PTO film may
have a higher domain wall density compared with S0 nm thick
PTO film, a large number of interfacial misfit dislocations
appear due to possibly special island growth mode for the
(101)-oriented PTO films form, which results in the very low
piezoelectric response in this PTO film.>”

In addition, it is worth noting that an in-plane lattice
rotation with about 6.5° across the 90° ¢,/c, domain wall is
identified in Figure 7b. The in-plane lattice rotation angle is
attributed to the large ¢/a ratio of tetragonal PTO crystal. In a
bulk tetragonal PTO unit cell, the crystallographic planes of

(101) and (101) have an intersection angle that is given
py! 52060

a = 2 arctan(a/c) (3)

The relative angle should be 86.4° for a fully relaxed PTO, so
the calculated value of the lattice rotation angle on the two
sides of 90° ¢;/c, domain wall should be 7.2° (Figure 7b).
Here, the angle 6.5° is a little smaller than the bulk value,
which may be ascribed to the constraints by the substrates.
Similar phenomena have been reported on 90° a/c domain and
90° a,/a, domain of (001)-oriented PTO films previously.””*’

At last, the special strain distribution in the stripe 90° ¢,/c,
domains should be discussed. Particularly, there is no obvious
strain difference in ¢,/c, domains as shown in Figure 8a,b. The
reason may lie in the small rotation angle. From Figure 8g, a
rotation of 5° yields a (101) spacing projection of cos(5°)
dpro(ony = 0284 nm X cos(5°) = 0.283 nm, which
corresponds to the narrow domain in Figure 8f. In Figure
8h, a rotation of 1° yields a (101) spacing projection of
c0s(5°) dpro(ion = 0.284 nm X cos(1°) ~ 0.284 nm, which
corresponds to the wide domain in Figure 8f. It is evident that
these two values and the corresponding values in the bulk PTO
(101) spacing of 0.284 nm are actually very close. The
maximum change in the in-plane (101) spacing induced by the
rotation angle of 5° can be calculated as 1 — cos(5°) ~ 0.38%,
which is very small. This result indicates that the misfit strain
relaxation through the lattice rotation could hardly complete in
the present [101]PTO films. Instead, a large number of misfit
dislocations with Burgers vectors of b = a(001) appear at the
PTO/LSAT(101) interfaces. The theoretical spacings (S) of
these misfit dislocations along [101] can be calculated by the
following formula®'

f 4)

where b is the magnitude of the projected Burgers vectors on
the (010) plane of dislocations and f is the lattice misfit value
along [101] between the stress-free thin film and substrate. S
was calculated to be about 7 nm. Experimentally, the average
dislocation spacing (D) between adjacent dislocations was
measured from cross-sectional high-resolution HAADF-STEM
images to be about 11 nm. Then, the contribution extent (R)
of misfit dislocations can be calculated as R = S§/D ~ 64%.°!
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Thus, the formation of the misfit dislocations is a main way to
relax the mismatch in these thin-film systems.

5. CONCLUSIONS

In this study, by means of PFM and (S)TEM analysis, we have
investigated the periodic stripe ferroelectric 90° ¢,/c, domain
structures, especially the details of these domains and domain
walls in (101)-oriented ferroelectric PTO thin films with
different thicknesses grown on LSAT(101) substrates. We
found that the stripe 90° ¢;/c, domain width is proportional to
the square root of the PTO film thickness, which agrees well
with Kittel's law. PEM and STEM analysis reveals that the SO
nm thick PTO films show superior piezoresponse behavior
with high density of periodically distributed stripe 90°
domains. The stripe 90° domains have an alternate arrange-
ment of wide ¢; and narrow ¢, domains with polarization
directions along [100] and [001], respectively, forming a head-
to-tail polarization configuration. Moreover, the stripe 90°
domains have uniform strain distribution and distinct lattice
rotations with an angle of 6.5° around the domain walls,
decreasing a little, ascribed to the constraints by the substrates.
It is proposed that there is a critical thickness about 50 nm
showing superior piezoresponse properties, below and above
which the films show relatively low piezoresponses due to the
existence of interfacial defects, a/c domains or low density of
stripe 90° domains. This work can not only help us better
understand the domain structures in the (101)-oriented PTO
thin films but also demonstrate that proper substrate
orientation can be used to modulate domain structures in
terroelectric thin films for potential applications.
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