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ABSTRACT: Topological defects showing exotic properties and diverse
functionalities provide us a potential utilization in nanoscale electronic
devices. However, the formation mechanism and density manipulation of
topological defects such as center-type domains which are crucial for
applications remain elusive. Usually, these center-type domains are
generated by applying external electric fields in ferroelectrics. In contrast,
here we have prepared high-density center-divergent domains in BiFeO;
as self-assembled nanoislands deposited on both Nb- and Fe-doped
StTiO; substrates. The size and density of these domains can be easily
manipulated by varying doping level in substrates. The panorama polar
configurations of the center-divergent domains are revealed by
piezoresponse force microscopy and Cs-corrected scanning transmission
electron microscopy. Phase-field simulations prove that both the surface
charge accumulation and the shape of the nanoislands take great effect in the formation of center-type domains. The
controllable growth of the nanoislands offers us a promising way to acquire high-density nanoscale nonvolatile memories.
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1. INTRODUCTION discovery of periodical flux-closure domains'® and vortices'" in
PbTiO;/SrTiO; multilayers and superlattices, where the
evolution of topological domain structures and the control of
vortex chirality in nanodots by homogeneous electric field are
investigated.* ™"

In addition, another field of great interest is the search for
stable exotic topological ferroelectric domains and study of
related functionalities. A series of exotic topological defects
have been discovered, including center domains,”'®"” bubble
domains,'® hedgehog polarization states,"’ dipole waves, and
dipole disclinations.”® Being another topological defect holding

Topological defects' in ferroelectric materials are of increasing
interest due to their novel functionalities and potential
applications in nonvolatile memories. “Topological defect” is
a concept in the field of condensed matter physics which refers
to a region where the order parameter varies discontinu-
ously."” Those regions include points, lines, and surfaces such
as screw dislocations, domain walls, vortices, skyrmions, and
other domain structure defects. Ferroelectric topological
domain arrangements arouse much attention since the

dimension of dipole domain walls is much smaller than the ' ! ) X oK
magnetic ones, in which the ferroelectric vortex is a typical great promise for memories with ult.rahlgh d.ensmes, center-
example. A vortex polarization pattern was early predicted in type domain has attracted a lot of interest in recent years.
BaTiO3 colloidal quantum dots® and Pb(Zr,Ti)O, nanoscale Usually, center-type domains are generated during polarization
disks* and was experimentally observed in PbZr,,TijsO5 switching8 1Yl)vhen external electric fields are applied in ferro-
capac1t0rs during the reversal of polarization® and Pb(Zr, Ti)O; electrics.” ™ Recently, high-density arrays of reversible center-

nanodots.® Electric fields produced by the external bias applied type domains are found to be formed in na1n70dots fabricated
to the scanning probe microscope tip also can be the driving using nanoporous anodic alumina template.* The formation
force for the formation of various topological domains
including closure domains.”® An obvious enhanced con- Received: November 1, 2018
ductivity at the artificially created ferroelectric vortices has Revised: ~ December 30, 2018
also been reported.” Another intriguing breakthrough is the Published: January 1S, 2019
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Figure 1. PFM analyses of BFO nanoislands on NSTO substrate. (a) Topography of 6 nm BFO deposited on NSTO (0.7 wt %) substrate. Scale
bar, 1 um. Topography (b) and corresponding VPFM (c) images of BFO nanoislands after writing an area of 3 X 3 ym”® with a voltage of —10 V
and then the inside 1.6 X 1.6 um? with a voltage of +15 V. (d)—(f) LPFM images with anticlockwise sample rotation for 0° (d), 45° (e), and 90°
(f) of these nanoislands. The net polarization detected is shown as the white arrow in each image. Upper right insets in (d)—(f) are topographies of
the images. The cantilever direction in each case is also shown as the large blue arrow. Lower left insets in (c)—(f) are enlarged images of single

nanoisland in each. All scale bars in (b)—(f) indicate 500 nm.

mechanism of various types of center domains was ascribed to
different compensating charges on the surface. Moreover, Ma
et al’' acquired self-assembled center-type domains and
discovered a controllable conductive readout in the domain
walls which is beneficial for future applications. However, the
research of center-type domains is still at the starting point;
especially, the polarization distribution of center-type domains
at atomic scale is still lacking. Besides, the formation
mechanism of center-type domains and its manipulation are
also in need of in-depth investigation.

We successfully obtained high-density self-assembled
BiFeO; (BFO) nanoislands which were deposited on
Nb:SrTiO; (NSTO) and Fe:SrTiO; (FSTO) substrates
through the adjustment of deposition conditions using pulsed
laser deposition (PLD) method. By using the piezoresponse
force microscopy (PFM) and transmission electron micros-
copy (TEM) measurements, a four-quadrant center-divergent
domain structure separated by 71° zigzag-like charged domain
walls was clearly revealed in these nanoislands. Phase-field
simulations prove that both the surface charge accumulation
and the shape of the nanoislands take great effect in the
formation of the topological domain structure. Moreover, the
size and density of these nanoislands can be adjusted by the
thickness of the film and doping amount in substrates, which is
of great benefit for high-density electronic devices.

2. METHODS

2.1. Material Preparation. BFO films were deposited
by PLD, using a Coherent ComPex PRO 201 F KtF (4 = 248
nm) excimer laser. A sintered stoichiometric BFO ceramic
target was used. The target—substrate distance was 32 mm.
Before deposition, the substrates were heated up to 850 °C for
20 min to clean the surface. A substrate temperature of 800 °C,
an oxygen pressure of 12 Pa, a repetition rate of 10 Hz, and a
laser energy density of 2 J-cm™> were applied during
deposition. After deposition, these samples were kept at 800
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°C for S min and then cooled down to room temperature at a
cooling rate of 5 °C-min~" in an oxygen pressure of 3 X 10* Pa.
Commercial, one-side polishing Nb:SrTiO; (0.1 wt %) (001),
Nb:SrTiO; (0.7 wt %) (001), Fe:SrTiO; (0.005 wt %) (001),
and Fe:SrTiO; (0.05 wt %) (001) single-crystal substrates with
10 mm X 10 mm X 0.5 mm dimension were used for film
deposition.

2.2. Piezoresponse Force Microscopy. The local
piezoresponse was carried out by PFM on a commercial
AFM system (Cypher, Asylum Research) in ambient
conditions at room temperature. The probes used were Ti/Ir
(5/20) coated tips (ASYELEC-01-R) with nominal k = 2.8 N-
m~'. The contact frequencies for vertical PFM (VPFM) and
lateral PFM (LPFM) measurements are set around 350 and
760 kHz for each. A Dual AC Resonance Tracking (DART)
mode is used throughout the PFM measurements to reduce
the topographic characteristics interference in the VPFM and
LPFM images.

2.3. TEM and HAADF-STEM Imaging. Specimens for the
TEM and HAADEF-STEM experiments were prepared by
traditional method: slicing, gluing, grinding, dimpling, and ion
milling. A Gatan 691 PIPS was used for the final ion milling.
To reduce the ion beam damage, the final ion milling voltage
was <1 kV. TEM experiments and EDS mappings were
performed in a Tecnai G* F30 transmission electron
microscope, equipped with X-ray energy-dispersive spectrom-
eter (EDS) systems, operated at 300 kV. HAADF-STEM
images were acquired using aberration-corrected scanning
transmission electron microscope (Titan Cubed 60—300 kV
microscope (FEI)). The microscope is fitted with a high-
brightness field-emission gun (X-FEG), a monochromator, and
double aberration (Cs) correctors from CEOS operating at
300 kV. The HAADF-STEM images were recorded with a
convergence angle of 21.4 mrad and a collection angle of 50—
250 mrad. The atom column positions were carried out by
fitting them as 2D Gaussian peaks using Matlab software.””*”
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Figure 2. TEM and HAADF-STEM analysis on the domain configuration of BFO nanoislands on NSTO substrate. (a, b) Plane-view two-beam
dark-field images of 6 nm BFO on NSTO (0.7 wt %) substrates taken by different reflections of g = 050PC (a)and g = 200, (b), respectively. The
white circles marked some corresponding nanoislands in these two images. Scale bars in (a, b), 200 nm. (c) Schematic of domain configuration in
these BFO nanoislands based on the analysis of both PFM and TEM characterization. Plane-view (d) and cross-sectional (g) HAADF images of
single typical nanoisland in the film. Scale bar, 20 nm. (e) and (h) are atomically resolved HAADF images corresponding to the red square area in
(d) and blue rectangle in (g), respectively. Scale bars in (e, h), 2 nm. The yellow and red solid circles denote the position of Bi** and Fe** columns;
the white arrows indicate the direction of in-plane polarization component in each domain. (f) and (i) are superpositions of Fe** displacement
vectors with enlarged atomic mappings of each numbered white square (rectangle) in (e) and (h), respectively. The white dashed lines in these
images indicate 71° domain walls; the yellow dashed circles denote the boundary of the nanoisland.

2.4. Phase-Field Modeling. The computation model
consists of a BFO film, above which a nanoisland is located.
The height of nanoisland and the film thickness are both set as
3 nm. The in-plane size of the model is 300 X 300 nm”. The
diameter of nanoisland is about 150 nm. The surface of film
and island is charged with the surface charge density (o =
+0.25 C/m?). The mechanical boundary condition compatible
with the epitaxial film is applied in this model: The area far
from the film—substrate interface is set in a uniform-strain
state, while the top surface of film and nanoisland is in a stress-
free state. For the electric boundary condition, the potential of
the film bottom is constant, while the top surface is set in a
state of a constant electric displacement. Detailed information
on phase-field simulation can be found in the Supporting
Information.

2.5. X-ray Photoelectron Spectroscopy and Valence
Band Spectrum. The valence band spectrum was carried out
on an ESCALAB250 Scientific instrument. A monochromatic
X-ray source which provide Al ka X-rays x1486.6 eV with
energy resolution of around 0.5 eV was employed, consisting of
a high-power electron gun (15 kV, 150 W).

3. RESULTS AND DISCUSSION

3.1. Fabrication of BiFeO; Nanoislands. By using PLD
method, self-assembled nanoislands of BFO were deposited on
NSTO and FSTO substrates. The growth condition (such as
substrate temperature, oxygen pressure, incident intensity,
pulse repetition rate, etc.) is of great influence on the films
(constitution, growth mechanism, thickness, etc.) in PLD. In
our case, a high repetition of 10 Hz and a relatively high laser
energy density of 2 J-cm™ are chosen throughout the
deposition in order to acquire BFO nanoislands. As a matter
of fact, the growth regime tends to change under high
repetition rate. That is because the time interval between two
pulses decreases as the repetition rate is increased, which
would ensure the rapidly nucleated small nuclei not spreading
and growing fast to be stable. As a result, high density of
nanoislands can be acquired.”*** Different doping levels of
(001) oriented NSTO (0.1 and 0.7 wt %) and ESTO (0.005
and 0.05 wt %) substrates are used for further investigation of
domain structures in BFO nanoislands and their formation
mechanism.

3.2. Topography and PFM Measurements. First, PEM
measurements are applied to investigate the morphology and
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domain structures in these films. Figure la shows the
topography of 6 nm (the height of nanoislands) BFO grown
on (001) oriented NSTO (0.7 wt %) substrates. Vast amounts
of BFO nanoislands are uniformly distributed on the substrate.
In fact, the BFO film forms a two-layers feature with lots of
BFO nanoislands shown as the bright contrast surrounded by a
sublayer (about 3 nm in thickness) shown as the dark contrast
in the image. The radii of these nanoislands are measured to be
around 75 nm. Figure 1b and ¢ are the topography and
corresponding VPEM images of BFO nanoislands after writing
an area of 3 X 3 um? with a voltage of —10 V and then the
inside 1.6 X 1.6 um® with a voltage of +15 V. Since the
negative voltage applied would switch to upward out-of-plane
polarization in the film, the phase contrast indicates that the
out-of-plane polarization in these nanoislands are pointing
upward whereas that in the sublayer is pointing downward.
Note that a larger positive voltage is needed to switch to
downward polarization in the film. The asymmetric switchable
characteristic is considered to be caused by the built-in
potential due to Bi deficiency in the film.”® (The Bi deficiency
is discussed later in detail.) The out-of-plane polarization of
the inner part in these nanoislands shows an opposite contrast
which can be clearly seen in the enlarged VPFM image of the
unpoled single nanoisland as the inset in Figure lc. These
nanoislands also appear as a dark center contrast in HAADF
images shown in Figure Sla. We tend to believe that there is a
void in the center of the nanoislands where no BiFeO; can be
identified. EDS mappings of single nanoisland in Figure S1
confirm the lack of Bi and Fe elements. The strong signals of
Sr, Ti, and O elements in Figure S1 also support that there may
only exist substrates in the cores. We considered these atomic
vacancies as the atomic interdiffusion formed “Kirkendall
voids” during the deposition and the latter annealing procedure
after deposition in the film due to the spontaneously formed
dipole disclination in the core.””*"

The in-plane polarizations of these nanoislands have also
been investigated. Figure 1d—f are LPFM images of the BFO
film with anticlockwise sample rotation for 0° (d), 45° (e), and
90° (f). Upper right insets in (d)—(f) are topographies of the
images. The cantilever in each case is also shown as the blue
arrow. The horizontal directions are set to be [IOOJPC (the
subscript “pc” denotes pseudo-cubic orientation) in these
images for comparison. In Figure 1d, the lateral polarization of
all these nanoislands appears a half-bright, half-dark feature.
The contrast between left and right parts is clearly shown in
the lower left inset as an enlarged LPFM image of single typical
nanoisland. The domain wall is marked out with a white
dashed line showing a zigzag-like feature. It was previously
reported that the phase contrast in the LPFM corresponds to
the in-plane polarization component perpendicular to the
cantilever.”” Based on this statement, we can reconstruct the
in-plane polarization directions of these nanoislands by
comparing the LPFM images at different sample rotation
angles. In each image, the net polarization perpendicular to the
cantilever is denoted by the white arrow. As we can see, the
LPFM image with the sample rotation of 0° shows an opposite
polarization component along [100]PC between the half left and
right areas. Likewise, the half upper left and lower right part of
the nanoislands show opposite polarization components along
the [110], direction, and the half up and down parts of the
nanoislands show opposite polarization components along the
[010],. direction. The reconstruction of the in-plane polar-
ization based on the analysis above shows that all of the
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nanoislands form an identical so-called center-type topological
domain structure.®

3.3. TEM Characterizations of BFO Nanoislands. TEM
and atomically resolved high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) imagings are used for further investigation of the
domain structure in these nanoislands at atomic scale. Figure
2a and b are two-beam plane-view dark-field images in the
same area of 6 nm BFO on NSTO (0.7 wt %) substrate taken
by different reflections of g = 050Pc (a) and g = 200, (b),
respectively. The white circles marked out some corresponding
nanoislands in these two images in which the four-quadrant
domain configuration is unambiguous. In ferroelectric
materials, the polarization vector (P;) of bright contrast area
in dark-field image satisfies g-P; > 0 under two-beam
condition.” Thus, the direction of P, can be determined.
The top and bottom parts show a divert polarization direction
along [010]Pc in (a), and the left and right parts of the
nanoislands show a divert polarization direction along the
[100]PC direction in (b), which agree well with the LPFM in
Figure 1. Considering that the out-of-plane polarization is
consistent in the four domains, the domain walls formed
between them in these BFO nanoislands are determined to be
71° tail-to-tail charged domain walls. Note that most of the
domain walls are tortuous and show a zigzag-like domain wall
feature, which is clearly revealed in Figure S2. Zigzag domain
walls feature was also reported in previous studies in BaTiO;
film*"** to minimize the electrostatic energy of neighboring
domains. In this case, the zigzag-like domain walls will also
help reduce the electrostatic energy in the nanoislands.
HAADEF-STEM imaging is applied for more refined inves-
tigation of the polarization distribution at atomic scale. Plane-
view and cross-sectional HAADF images of one typical BFO
nanoisland are shown in Figure 2d and g, respectively, from
which the boundary of the nanoislands can be clearly seen. The
“Kirkendall void” is marked by the small yellow dashed circle
in Figure 2d in the center. Since the voids in the center contain
no BiFeO; the atom columns in the atomically resolved
HAADF images may correspond to NSTO substrates and thus
show no polarization. Figure 2e is the atomically resolved
HAADF image corresponding to the red square in Figure 2d.
The yellow and red solid circles denote the position of Bi** and
Fe’* columns, in which the directions of the in-plane
polarization components denoted by white arrows in each
image (opposite to Fe** ion displacements) are obvious. The
superposition of Fe®* displacement vectors with enlarged
atomic mapping of each numbered square is shown in Figure
2f. From this image, the in-plane polarization components of
the four quadrants form a center-divergent arrangement. (The
whole superposition of Fe*" displacement vectors with atomic
mapping (Figure 2e) is shown in Figure S3a, in which the 71°
tail-to-tail charged domain walls can be clearly seen.) The
cross-sectional atomically resolved HAADF image of the
nanoislands has also been investigated and is shown in Figure
2h. The superposition of Fe®* displacement vectors with
enlarged atomic mapping of each numbered rectangle in Figure
2h is shown in Figure 2i. (The whole superposition of Fe®"
displacement vectors with atomic mapping (Figure 2h) is
shown in Figure S3b.) Thus, the panorama of the domain
structure in these nanoislands grown on NSTO substrate has
been clarified. The four quadrant domains in these nano-
domains form a center-divergent domain structure with
upward polarization along the out-of-plane direction as

DOI: 10.1021/acs.jpcc.8b10678
J. Phys. Chem. C 2019, 123, 2557-2564


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b10678/suppl_file/jp8b10678_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b10678

The Journal of Physical Chemistry C

illustrated in Figure 2¢c. These four domains are separated by
71° tail-to-tail charged domain walls with zigzag-like feature
which are verified by atomically resolved HAADF-STEM
imaging. All of the white dashed lines in Figure 2 correspond
to these 71° domain walls.

The domain configurations of the 6 nm BFO nanoislands
grown on Fe:SrTiO; (FSTO) (0.0S wt %) (001) substrates
have also been investigated using PFM, TEM, and HADDEF-
STEM imaging in order to explore the influence of substrate
on the domain configuration of these nanoislands. The results
are shown in Figures S4 and SS. Similarly, these nanoislands
also appear as a four-quadrant center-divergent domain
structure with 71° tail-to-tail charged domain walls resembling
that grown on NSTO substrates, although the shape of these
nanoislands is more irregular. The out-of-plane polarizations of
both the nanoislands and sublayer are pointing upward. The
results confirm that the donor doping and acceptor doping of
the substrate would change the polarization distribution of the
sublayer but not the center-type domains. More details are
shown in the Supporting Information.

3.4. Manipulation of the Nanoislands. Topological
domains are of vital importance for further utilization in
nonvolatile memory devices, which would be in need of
controllable preparation of such topological domains. In our
case, the topological domains are center-type domains in the
nanoislands. Since these BFO nanoislands grown on both
NSTO and FSTO substrates display the same four-quadrant
center-divergent domain structure and appear relevant to the
metal doping, it is essential to learn the impact of doping level
in substrates on the evolution of center domains. Figure 3a and
b show the topography of BFO films deposited on NSTO
substrates with different doping amounts. Figure 3c and d are
their corresponding plane-view bright-field images taken by
reflection of g = 200,,.. The doping amounts in the substrates
are shown in the upper right corner of each image. By
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Figure 3. Influence of doping in substrates on center-type domains in
BFO nanoislands. (a, b) Topographies of BFO films deposited on
NSTO substrates with different doping amounts in these substrates.
(¢, d) Their corresponding plane-view bright-field images taken by
reflection of g = 200,. All scale bars indicate 500 nm.
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comparing Figure 3a and b (or c and d), we can infer that the
density of nanoislands increases when the amount of doping
increases, whereas the size of these nanoislands is not very
sensitive to the amount of doping. The same goes for BFO
nanoislands grown on FSTO substrates as shown in Figure S7.

Besides, we also compared the BFO nanoislands with
different thicknesses, which is shown in Figure S8. The
diameter of these nanoislands shows an obvious increase when
we increase the thickness of the film. Note that when the
thickness reached 8 nm, the nanoislands would meet with its
adjacent ones and coalesce.

3.5. Formation Mechanism of the Center-Type
Domains. However, the formation mechanism of these
nanoislands remains to be deeply investigated. It is noticed
that similar center-type domain structures in BFO nanoislands
have also been reported recently.'””' The formation
mechanism of the center-type domain is ascribed to the
surface charge accumulation. In order to understand the
formation mechanism of the center-type domains in our
nanoislands, phase-field simulations were used to systemati-
cally study the polarization distributions in the nanoislands. In
our case, singular center-divergent domains are formed in all of
the nanoislands with definite upward polarizations. Atomically
resolved HAADF-STEM imaging revealed that the center-type
domains are separated by four 71° charged domain walls with
zigzag-like configurations. At first, a cylindrical nanodot model
150 nm in diameter and 3 nm in height was used for
simulation. Considering that bismuth is volatile during the
deposition, the Bi content in the grown film is smaller than the
content in the source target.33 Since the target we use is
stoichiometric, Bi deficiency at the surface of these films is
probably involved which would cause negative surface charges
accumulation. Since the volatility of Fe is rather weak
compared with that of Bi, the nanoislands are supposed to
contain a tiny amount of Fe vacancies (except the void in the
center where no BiFeO; can be identified). These Fe vacancies
(if there are any) may also contribute to the negative charges
accumulation at the surface. After the negative charge
accumulation is set at the surface, the obtained domain
structures are shown in Figure 4. It is noted that the out-of-
plane polarization is pointing upward which is consistent with
experiment results, while the in-plane polarization shows a
center-convergent configuration (Figure 4c). This domain
configuration is not the case in our work. A close observation
of the nanoislands revealed that these spontaneously formed
islands are more or less in a Gaussian shape and not a
cylindrical shape.

After taking the shape of these nanoislands into consid-
eration, we have redesigned our model so that the nanoisland
is in a Gaussian shape, and the result is shown in Figure S. To
simulate the effect of surface charge, the surfaces of both the
sublayer and the island are negatively charged with the surface
charge density about 0.25 C/m? as shown in Figure Sb. Other
technical details can be found in the Supporting Information.
In this case, a divergent polarization distribution is found in the
nanoisland, with the out-of-plane polarization pointing upward,
as shown in Figure Sc. The simulation results perfectly
reproduce the experimental ones, which indicates that the
shape of nanoisland is a key factor to control the polarization
distribution. Between the four divergent domains, there are
actually charged 71° domain walls. It is also worthy to be noted
that these charged domain walls form a zigzag-like config-
uration, which matches with the experiment results perfectly
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Figure 4. Phase-field simulation of a single BFO nanoisland with a cylindrical shape and negative surface charge. (a) Schematic diagram of the
model with a 3 nm thick film and a 3 nm high nanoisland. (b) Schematic showing the distributions of negative surface charge and the resulting
electric field (shown as the white arrows). (c) The polarization vector distributions of the nanoisland. The two figures in (c) correspond to the

horizontal and vertical slices in (a), respectively.

Figure 5. Phase-field simulation of a single BFO nanoisland with a Gaussian shape and negative surface charge. (a) Schematic diagram of the model
with a 3 nm thick film and a 3 nm high nanoisland. (b) Schematic showing the distributions of negative surface charge and the resulting electric
field (shown as the white arrows). (c) The polarization vector distributions of the nanoisland. The two figures in (c) correspond to the horizontal

and vertical slices in (a), respectively.

and in turn confirms the authenticity and reliability of the
phase-field simulation results.

To further understand the formation reason for this kind of
center domain, the electric field distribution generated by the
negative surface charge is also schematically simulated and is
shown in Figure Sb. The electric field forms a divergent
distribution in the nanoisland. However, the electric field forms
a convergent distribution in the cylindrical shape model
(Figure 4b). We can conclude that it is this kind of electric
field distribution that drives the formation of center-divergent
domains. To further demonstrate the effect of surface charge
on the domain structure, the case of positive charge density is
also considered, and the result is shown in Figure S9. It is
found that the electric field generated by the surface charge
forms a convergent distribution which results in center-
convergent domains with the downward out-of-plane polar-
ization. Summarizing these phase-field simulation results, it is
obvious that both the shape and the surface charge have great
impact on the domain pattern in the nanoislands. More
specifically, the surface charge accumulation would take more
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effect on the out-of-plane polarization direction, whereas the
shape of the nanoislands take more effect on the in-plane
polarization distribution. That would explain why the nanois-
lands on both NSTO and ESTO substrates form the same
center-divergent domains with upward polarization. It should
be noted that the Bi and Fe deficiency would end up with a
void in the core of nanoislands which may cause the
fluctuation of charge distribution in the center, resulting in
local polarization variation. This region, however, should be
small compared with the sizes of nanoislands. Based on the
results above, we believe that the local fluctuation of charge
distribution in the core has negligible effect on the domain
configuration in the whole nanoisland.

The center-type domains with adjustable polarization
distributions hold great promise for next-generation non-
volatile memory devices, especially with manipulation of the
size and density of the center-type domains. Howver, we also
need to understand the reason for the size and density
manipulation. The size of the nanoislands increases with
thickness of the film which comes from the growth of the
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nanoislands. The density of nanoislands increases with the
increasing doping level of both Nb and Fe, which may result
from the increment of surface charge density as the doping
amount is increased. Taking NSTO as an example, niobium is
a donor doping element, which would form a positively
charged niobium atom fixed in the crystal.®* During the
deposition, the heated plasma which carries vapored materials
formed in one pulse would travel to and be absorbed by the
substrate surface, and then the successive pulses would carry
more vapored matters to the surface and end up with the
growth of the film. The positively charged center at the surface
of NSTO would absorb vapored substances easily and thus
form a BFO nanoisland after the deposition. If the Nb doping
amount is increased, the positively charged center would also
increase, and high density of nanoislands would then be
generated. The same goes for BFO nanoislands grown on
FSTO substrates. Under this circumstance, we can make use of
both the film thickness and doping level in the substrates to
manipulate the size and density of center-type domains and
possibly acquire high-density nanoscale electronic devices.

4. CONCLUSIONS

In summary, self-assembled BFO nanoislands are deposited on
NSTO and FSTO substrates by growth condition modulation.
PFM, TEM, and atomically resolved HAADF-STEM imaging
proved that these nanoislands form the same four-quadrant
center-divergent domain structure. Four 71° charged domain
walls mediating the center-type domains was first revealed at
an atomic scale. In a combination of phase-field modeling, it is
proposed that the formation mechanism of such domain
structure lies in negative surface charge accumulation due to Bi
deficiency at the surface and the Gaussian shape of the
nanoislands. Without using nanoporous anodic alumina
template, our method provides a rather economical method
to acquire self-assembled nanoscale devices. Moreover, the size
and density of these center-type domains can be manipulated
easily by the film thickness and the doping amount in these
substrates, offering a promising pathway to acquire high-
density data storage for nonvolatile memories.
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