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High-density ferroelectric BiFeO; (BFO) nanodot arrays were developed through template-assisted tailoring of epitaxial thin films.
By combining piezoresponse force microscopy (PFM) and Kelvin probe force microscopy (KPFM) imaging techniques, we found
that oxygen vacancies in nanodot arrays can be transported in the presence of an electric field. Besides triple-center domains, qua-
druple-center domains with different vertical polarizations were also identified. This was confirmed by combining the measurements
of the domain switching and polarization vector distribution. The competition between the accumulation of mobile charges, such as
oxygen vacancies, on the interface and the geometric constraints of nanodots led to the formation of these topological domain states.
These abnormal multi-center topological defect states pave the way for improving the storage density of ferroelectric memory devices.
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1. Introduction

Understanding chemical states is a key in revealing the phys-
ics of multiferroics at the nanoscale, be it their chemical (e.g.,
chemical bonds), mechanical (e.g., strain), or electrical (e.g.,
mobile charges and oxygen vacancies (V,s)) properties.!-13
In particular, Vs have received attention in many aspects of
emerging topological polar structures.*> The most common
of these is the two-dimensional (2D) topological ferroelec-
tric domain walls, which are aggravated by the appearance
of energetically costly head-to-head and tail-to-tail domain
walls. These charged domain walls repel or attract V{,s, which
in turn assist in stabilizing these topological defects.!®17 In
the past, studies have been primarily focused on the conduc-
tivity enhancement of these charged domain walls and their
innovative applications in electronics.!®->> However, these
topological defects can have a positive impact on improving
the performance of ferroelectric materials, for example, by
introducing strange topological domain states to improve the
ferroelectric storage density.?>?* In order to meet the rap-
idly growing demand for miniaturized memory devices, it is
necessary to understand and model Vs to create new topo-
logical states to optimize the designs.>>=?’ In the process of
preparing rhombohedral BiFeO; (BFO) nanostructures with
eight polarization variants through appropriate methods, poor
screening of polarization without the top electrode, geomet-
ric constraints and Vs are beneficial for the formation of
topological defects.?8-30

In this study, we focused on methods for quantitative
experimental detection of singular domain structures in
high-density nanodots. Over the past two decades, piezo-
response force microscopy (PFM) has become an essential
instrument for characterizing ferroelectric behaviors, as it can
image and control ferroelectric domains at high-resolutions
(5-30 nm).3? In PFM, the tip of a conducting atomic force
microscope is placed as a mobile top electrode and an oscil-
lating voltage is applied between the top and bottom electrode
under the ferroelectric layer. PFM detects local displace-
ments in ferroelectric samples caused by the converse piezo-
electric effect during the surface scanning process. Domain
images can be simultaneously obtained through vertical PFM
(VPFM) and lateral PFM (LPFM) measurements which can
determine the out-of-plane (OOP) and in-plane (IP) polariza-
tion components of the domain structures, respectively. The
combination of the experimental data from one VPFM and
two orthogonal LPFM scans to construct the full polarization
vector is known as the vector PFM method.?!

Several studies have determined the three-dimensional
(3D) domain structure of bulk samples by thinning the
medium and controlling the polarization distribution of
the local surface.?*263932 These methods have revealed the
structure and the unique properties of the exotic domains in
nanoscale ferroelectrics, such as hexagonal YMnO;, PbTiO,/
SrTiO; multilayer films and superlattices and BFO thin films
and high-density nanodot arrays.’3-3¢ The effect of Vs as
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charged domain wall stabilizers has been studied through
both experiments and simulations.’” However, due to the
high instability of charged domain walls, topological domain
reconstruction in nanoscale ferroelectrics still faces technical
challenges.?®

In this report, we probed Vs in epitaxial high-density
nanodot arrays, experimentally observed the domain switch-
ing in the samples and analyzed the results of the domain
structure. Apart from triple-center domains, quadruple-center
domains were also identified in the images. The most import-
ant driving force for the formation of the center domains was
the uneven distribution of Vs.

2. Materials and Methods

In order to reduce crosstalk, the elements used to store data
bits were physically separated to localize the electric field
distribution. High-density BFO nanodot arrays were synthe-
sized by ion-etching sacrificial nanoporous anodic aluminum
oxide (AAO) templates.??

To characterize the surface, a Cypher S atomic force micro-
scope (Asylum Research, USA) was used to perform PFM
measurements in the dual AC resonance tracking (DART)
mode, with a conductive tip coated with Platinum/Iridium.
Moreover, the epitaxial structure was analyzed through X-ray
diffraction (XRD, PANalytical X’Pert PRO) and scanning
electron microscopy (SEM, Zeiss Ultra 55). Contact reso-
nance frequencies of 260-300 kHz and 1 MHz were applied
in the vertical and lateral orientations of the cantilever. A tip
bias exceeding the coercive field was used to switch domains
in the ferroelectric medium. During switching spectroscopy
PFM (SS-PFM) measurements, local hysteresis loops were
obtained at each image point to generate a 3D data array. The
information about the coercive bias, imprint and switchable
polarization was then extracted from this data.

3. Results

XRD patterns featured the (001) and (002) peaks from BFO,
SrRuO; (SRO) and SrTiO; (STO) [Fig. 1(a)]. The OOP lat-
tice constant was ~4.03 10\, close to that of rhombohedral BFO
films. The SEM image [Fig. 1(b)] depicts the nanodot arrays
on the STO substrate; the higher contrast areas between the
nanodots indicated their physical separation. AFM mea-
surement on a surface area of 0.6 ym? [Fig. 1(c)] revealed
the well-ordered array of nanodots on the STO substrate.
Nanodot arrays with a density of nearly 20 Gb inch had an
average height of 20 nm and a lateral dimension of 60 nm
(determined by measuring the half-maximum width of the
nanodots) [Fig. 1(d)].

To detect Vs, Kelvin probe force microscopy (KPFM)
measurements were performed on a 0.8 ym x 0.8 um sur-
face of nanodot arrays [Fig. 2(e)]. KPFM is a noninvasive
imaging technique to obtain the contact potential difference
(CPD) between the probe and specimen surface. However,
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Fig. 1. Structure and atomic force microscopy (AFM) images of a
BFO nanodot array. (a) XRD pattern, a.u., arbitrary units, (b) SEM
image, (c) 3D AFM image and (d) height signal extracted from
white dashed lines of the AFM image.
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Fig. 2. (Color online) (a) and (b) VPFM (V-pha.) and (c) and (d)
KPFM images of the nanodot array after poling with +6 V tip bias
for (a) and (c) 5 min and (b) and (d) 480 min; the polarized area is
shown as the rectangle with a dark inner region and bright outer
region. (e) Topography (Topo.) of the nanodot arrays. (f) KPFM sig-
nals were collected from the blue and red dashed lines in (c) and (d).

the presence of Vs in the specimen surface, accumulated
locally by electrical poling, can affect the CPD [Figs. 2(a)
and 2(b)]. The KPFM images were taken 10 min and 300
min after the polarization [Figs. 2(c) and 2(d)]. The apparent
contrasts of these images represent surface charging, either
through hydroxyl/protons groups, injected charges, or Vs.*
However, since Vs can recombine with oxygen through sur-
face reaction or diffusion, the V,, concentration decreased
with time, as inferred through a decrease in the contrast of
KPFM images in polarized regions over time [Fig. 2(f)].
Therefore, it was speculated that Vs are the origin of surface
charge, which either diffuse or recombine with oxygen pres-
ent in the environment.
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Fig. 3. Vectorial PFM images measured on 1.0 x 1.0 zm? nanodot
arrays after poling with £6 V tip bias. (a) VPFM amplitude (V-amp.)
and (b) phase (V-pha). images. (¢) LPFM amplitude (L-amp.) and
(d) phase (L-pha.) images; The fast-scanning direction was parallel
to the long axis of the probe cantilever in (c). (e) Phase and (f) am-
plitude of PFM hysteresis loops of a selected nanodot.

To determine the polarization direction, the domains in
the nanodot array were polarized through a preset rectangu-
lar bias pattern (internal, —6 V; external, +6 V) and imaged
using vector PFM [Figs. 3(a)-3(d)]. The dark (bright) regions
[Fig. 3(b)] represented the domains with upward (downward)
polarization as the negative (positive) tip bias generated an
upward (downward) electric field. To prove the ferroelectric-
ity of the sample and estimate the switching voltage required
for domains, we carried out the SS-PFM measurements
[Fig. 3(f)] and obtained the magnitude of the coercive field E-

V-amp. V-pha.
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to be ~3.7 V. The domain was difficult to flip and preferred its
existing polarization, resulting in one polarization state being
dominant compared to the other. This effect corresponds to
the shift of the loop line [Fig. 3(e)] and the back switching
of the domains in individual nanodots [Fig. 3(b)]. The 180°
phase difference shown in the phase image [Fig. 3(e)] was
consistent with the expected good ferroelectricity of the
nanodots.

In this study, the contrasts of VPFM and LPFM phase
(V-pha. and L-pha.) images were found to be one-to-one, i.e.,
the OOP vibration was displayed as a uniform dark (light)
contrast and the IP vibrations were displayed as a left-dark/
right-light (left-light/right-dark) contrast arrangement. There
was a synchronous correspondence between the contrast
of the VPFM and LPFM amplitude (V-amp. and L-amp.)
images, which were both dark and light for a single nano-
dot. However, no correspondence was observed between the
contrasts of the amplitude and phase images. For example,
in the VPFM images, nanodots with a lighter contrast in the
V-amp. image [Fig. 3(a)] had both dark and light contrasts
in V-pha. image [Fig. 3(b)] and vice versa. The contrast dis-
tributions of the L-amp. [Fig. 3(c)] and L-pha. [Fig. 3(d)]
images in the as-grown state were generally consistent with
the above-mentioned case. Accordingly, the dark lines in the
V-amp. images [Figs. 3(a) and 4(a)] with the minimum value
mark the location of domain separation, i.e., domain walls.

The PFM images in Fig. 3 were analyzed to extract the
components of polarization in the [100] (x-) and [001] (z-)
axes. To fully determine the vector direction of polariza-
tion of a single nanodot in 3D space, complementary data
of the [010] (y-) axis component also needs to be taken into
account.?! This was realized by rotating the sample and

L-amp. L-pha.

Fig. 4. Vector PFM: (a) and (b) V-amp. (c) and (d) V-pha. (e) and (f) L-amp. and (g) and (h) L-pha. images for different probe cantilever
rotation angles: 0° (a, c, e, g) and 90° (b, d, f, h). The scale bars in (a) represent 50 nm.
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recombining PFM data from the two orthogonal IP direc-
tions (Fig. 4). Figures 4(e) and 4(g) show the LPFM images
(amplitude and phase) of the x-component (for cantilever
rotation angle of 0°, i.e., parallel to [100]); Figs. 4(f) and 4(h)
show the y-component (for cantilever rotation angle of 90°,
i.e., parallel to [010]); and Figs. 4(a)—-4(d) show the VPFM
images of the z-component. Four types of domains were
detected from the PFM images; a detailed description can be
found in a previous study.’® We chose the typical contrast of
type IV PFM in the nanodot as an example because of its
triple contrast distribution of OOP polarization (dark/light/
dark). It was extracted from the nanodot arrays and amplified;
a schematic representation of the reconstructed 3D polariza-
tion vector is shown in Fig. 5(i).

We identified the domain structure by overlaying the
VPFM and LPFM images (Fig. 5); the enlarged images
correspond to the nanodots marked in Fig. 4. First, the tri-
ple contrast (upper-left-light/upper-right-dark/lower-dark)
in the V-pha. image [Fig. 5(a)] had a more complex contrast
distribution in the two orthogonal L-pha. images [Figs. 5(c)
and 5(e)]. Correspondingly, the dark lines in the V-amp. and
L-amp. images (Fig. 4) mark the position of the wall separat-
ing the OOP and IP domains. These detections revealed a new
phenomenon, highlighting the imminent issue of determining
the polarization distribution in such domains. In the L-pha.
images, the alternating light and dark contrasts represented
the polarization direction, i.e., “left” or “right”. This allowed
us to establish a rule that the light and dark IP contrasts repre-
sent the left and right polarization components, respectively,
relative to the long axis of the cantilever. Combining the IP

V-pha.

L-pha.
0°)

L-pha.
(907 )

-180° mmm 180°
' [010]

50 nm [100]
—
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[001 ] 0 Vgs 8 Er?;?géa(ion
Fig. 5. Vector PFM images accompanied by the schematic dia-
gram of triple-center states in nanodots: (a) and (b) V-pha. and (c)—
(f) L-pha. images for different probe cantilever rotation angles: 0°
(c, d) and 90° (e, f). (g) and (h) Schematic diagram of the top view
of a multi-center domain structure obtained after 3D reconstruction
of polarizations from the phase images. (i) Schematic diagram of
the triple-center topological domain state induced by nonuniform
charge enrichment.
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2D polarization distribution obtained from the above LPFM
vector analysis with domain switching, we identified the typ-
ical topological domain states. Figures 5(a) and 5(b) show
the triple contrast in the V-pha. image and multi-contrast
sequences in the L-pha. image. Figure 5(g) shows the radial
center-convergent, middle radial center-divergent and cen-
ter-convergent domains with radial entad, ectad and entad
polarization distributions, respectively. Similarly, Fig. 5(h)
shows radial center-divergent, middle radial center-conver-
gent and center-divergent domains with radial ectad, entad
and ectad polarization distributions, respectively. Besides the
triple-center domains, we also found the topological domain
state with a quadruple-center [Fig. 6(f)]. We observed a qua-
druple contrast of light/dark/light/dark in the V-pha. image
[Fig. 6(b)], while the homologous L-pha. image [Fig. 6(d)]
had a more complicated contrast sequence. Correspondingly,
the dark lines in the V-amp. [Fig. 6(a)] and L-amp. [Fig. 6(c)]
images mark the position of the wall separating the OOP and
IP domains. Interestingly, the intensity (Rcosf) [Fig. 6(e)]
also had a relatively more complex contrast than the phase
image [Fig. 6(d)]. These triple-center and quadruple-center
type domain states were similar to the previously reported
multi-center topological domains.*® It is worth noting that the
surface polarized charge was partially compensated as the
multi-center domains contained both upward and downward
polarizations. These center type topological domains are
defined as a type of vortex.?*

The charged domain wall (core) stabilized as charge car-
riers (Vos) migrated freely to the charged core or domain
head (tail). In addition, geometric constraints in low-
dimensional nanomaterials play a vital role in the construc-
tion of topological domains. According to previous reports,

(e) Rcos®
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Fig. 6. Vectorial PFM images of a quadruple-center domain state.
(a) V-amp., (b) V-pha., (c) L-amp., (d) L-pha. images and (e) combi-
nation of L-amp. (R) and L-pha. (6) showing the intensity (Rcosf) of
an as-grown nanodot sample. (f) Schematic diagram of the quadru-
ple-center topological domain state. The fast-scanning direction was
parallel to the long axis of the probe cantilever in (c).
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phase-field simulations can be used to model the formation
of topological structures in BFO nanoferroelectrics.*’ Due to
the trapezoidal conical shape of the epitaxial BFO nanopar-
ticles structure, the strain originating from the mismatch
between the substrate and the nanodots gradually nullifies.
Growth conditions and surface charges are the main factors
affecting the evolution of domain states. On the top surface,
the head-to-tail domain in the vortex structure can still result
in no charged domain walls being formed without compen-
sated charges, with the polarization roughly along the outer
edge of the nanodots. If a relatively small surface charge
gets accumulated in the center of the nanodots, a gradient
electric field will be generated near the vortex core with
receding field strength with distance. This gradient electric
field causes a slight distortion extending from the vortex
core. Compared to geometric constraints, the electric field
strength increases with the accumulation of surface charges,
gradually dominating the evolution of domain structures.
Therefore, polarization is established along the direction
of the electric field to construct a center-type domain. The
dynamic process here is the competition and equilibration
among the vortex structure produced by the surface charges
and center-type domain.

Finally, the technological applications of these anoma-
lous domains were examined. The center topological states
were spontaneously generated during the growth of materi-
als, indicating that they may be the most stable state, which
is crucial for the control and operation of functional units.
After 14 days of experimentation, most of the polarization
domains observed in this study were stable under a normal
air environment. The key to creating various types of topo-
logical defects (including center domain states and vortex
states) are suggested to be the geometric parameters, Vs
and manufacturing techniques. By utilizing the top-down and
bottom-up manufacturing strategies with a low-cost advan-
tage, the required structures with a narrow size distribution
can be produced on a large scale to easily obtain nanocapaci-
tors < 100 nm. Therefore, in order to obtain smaller topologi-
cal domains and higher information density, one can consider
limiting the nanocapacitor to a smaller area to accumulate
charges from the Vys.

4. Conclusions

In summary, we demonstrated that V;s can move in nano-
dot arrays under an electric field by combining KPFM and
PFM imaging. Two unusual types of topological domain
states were determined through the vector PFM analysis of
the domain structures in BFO nanodot arrays, including tri-
ple-center and quadruple-center domain states with radial
entad and ectad polarization arrangements. The stability of
these center domains can be preserved by compensating the
polarization charge with the accumulated charge. These find-
ings indicate that the topological domain states are highly sta-
ble in discrete nanodots, and the key parameters controlling

J. Adv. Dielect. 13, 2345002 (2023)

the size of the topological domains are the geometric param-
eters, Vs, and manufacturing techniques.
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