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ABSTRACT

We describe the impact of post-annealing on ferroelectric-domain structures in arrays of BiFeO; (BFO) epitaxial nanoislands, which exhibit
a domain evolution from an initial 71° stripe/vortex domains to center-convergent topological domains. These results suggest that the

increase and redistribution of charged defects, e.g., oxygen vacancies, in BFO nanoislands play a crucial role in driving the formation of

center-type domain structures. The observation of defect-driven domain evolution in BFO nanoislands provides a path for further exploring
their formation mechanism, topological properties, novel functionalities, and potential applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0237974

I. INTRODUCTION

Ferroelectric materials have garnered considerable attention
for their potential applications in memories, sensors, actuators, and
memristors.' '’ The structure and dynamic characteristics of ferro-
electric domains in nanoscale ferroelectric materials can greatly
impact their physical properties and device functionalities, such as
electrical conductivity,''~"* photovoltaic response,'” and magneto-
electric coupling.'®™"” These characteristics offer the opportunity to
design materials and devices utilizing domain engineering tech-
niques.”””" Therefore, the exploration of nanoscale domain struc-
tures and their associated physical properties is expected to bring
new material and device solutions for the post-Moore era in infor-
mation technology.””

Many efforts have been dedicated to exploring ferroelectric
nanostructures due to their novel domain states and physical prop-
erties induced by size effects.”” > A series of exotic domains have
been discovered in ferroelectric nanodots or nanoislands, e.g.,
vortices,”®”” flux-closure domains,”® bubble domains,””*° and

center domains.”' ™ In particular, the electric-field-controlled

reversible switching and enhanced conductivity of the center-type
domains observed in ferroelectric nanoislands make them ideal
candidates for future programmable nanoelectronic devices.”” For
instance, center-type topological domains can be reversibly
switched between the divergent state with highly conductive con-
fined walls and convergent state with insulating confined walls,
demonstrating its potential for data storage applications with non-
destructive readout of the topological center-domain state.”’ Based
on conductive domain walls confined in center-type topological
quadrant domains, Yang et al.”® fabricated memory devices with a
retention time of 10° s and a fatigue resistance of 10° switching
cycles. These results are promising for achieving high-performance
ferroelectric-domain-wall memory.

Considerable research has been focused on the structure and
conductivity of domain walls. The mechanism of center-domain
formation is complex, and research on their evolutionary processes
remains limited. Possible formation mechanisms include
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flexoelectric field, shear strains, and depolarization fields, or a com-
bination of the above factors.””*” For instance, in self-assembled
square-shape BiFeO; (BFO) nanoislands within a tetragonal BFO
matrix, the center-domain textures are likely determined by the
competition between depolarization energy and polarization-strain
coupling.”’~**” However, in isolated rhombohedral-phase
(R-phase) BFO nanoislands, depolarization field changes caused by
defect charges may play a key role.””° For center states created by
applying electric bias via a nanoscale tip, the injected electrons
trapped around the charged core/walls can help stabilize the
domain states.”® Hence, it is crucial to thoroughly investigate the
effect of charged defects/electrons on the structure of center
domains and explore their role in the formation process.

In this work, we subjected BFO nanoislands to post-annealing
treatment in an O,-poor atmosphere (inert N,) and observed a
domain structure evolution from 71° stripe/vortex domains to
center-convergent topological domains, which indicates that the
charged defects (e.g., oxygen vacancies) can significantly affect the
formation of topological domains. This result might provide a new
way to manipulate topological textures as well as further exploring
their formation mechanism, physical phenomena, and application
potentials.

Il. EXPERIMENTAL DETAILS
A. Fabrication of BFO nanoislands array

As illustrated in Fig. S1 in the supplementary material, the
ordered array of BFO epitaxial nanoislands was patterned via a
template-assisted ion beam etching method, for which the details
can be found in our previous work.”” Before the nanopatterning
process, high quality R-phase BFO epitaxial thin films were pre-
pared by pulsed laser deposition (PLD) on the SrRuO; (SRO) buft-
ered (001)-oriented SrTiO; (STO) substrate. The preparation
process is summarized as follows: First, the nanosphere polystyrene
(PS) template was transferred onto the BFO film to create an orga-
nized and tightly packed monolayer. After drying, the sample
underwent plasma etching for around 30 min to reduce the size of
the PS spheres. This was followed by an Ar+ ion beam etching
process. Finally, the PS template was removed using a chloroform
solution, revealing precisely arranged arrays of BFO nanoislands.

B. Structure and morphology analysis

X-ray diffraction (XRD) and reciprocal space mapping (RSM)
were used to measure the crystalline structures of samples. The
morphology of the BFO nanoislands was characterized using the
atomic force microscopy (AFM) mode of an Asylum Research
MFP-3D scanning probe microscope.

C. Piezoresponse force microscopy (PFM)
characterizations

The local piezoresponse loops and vector polarization maps of
the BFO nanoislands were obtained using the piezoresponse force
microscopy (PFM) mode. In constructing the domain structures of
the BFO nanoislands, an angle-resolved PFM technique was
adopted with two lateral PFM images obtained at different sample

ARTICLE pubs.aip.org/aip/jap

orientation angles. Cr-Pt-coated conducting tips acted as the top
electrode in all the AFM and PFM measurements.

lll. RESULTS AND DISCUSSION

Prior to nanopatterning, we examined the domain structure of
an (001)-oriented epitaxial R-BFO film with a thickness of
~30 nm. As shown in Figs. 1(a) and 1(b), the domain structure of
the as-grown thin film displays a typical 71° stripe domain pattern,
reflected in the lateral PFM images shown in Fig. 1(b). The thin
films were then etched into an array of nanoislands with a diameter
of 400 nm and a height of 30 nm, shown in the AFM image of
Fig. 1(c). Figure S2 in the supplementary material shows the mor-
phology and PFM images of the prepared BFO films, along with
that of etched nanoislands with diameters of 400 and 150 nm,
respectively. The XRD 6-26 spectra, as shown in Fig. 1(d), reveal
distinctive and well-defined peaks corresponding to the (001) and
(002) orientations of R-BFO (referenced to the pseudo-cubic unit
cell), SRO, and the STO substrate. The epitaxial structure was
further confirmed through a reciprocal space map (RSM) analysis
around the STO (103) diffraction peak, as shown in Fig. 1(e). From
the XRD and RSM data, the lattice constants for BFO are
a=0.392nm (in-plane spacing) and c=0.405nm (out-of-plane
spacing), indicating an in-plane compressive strain due to epitaxy.

Oxygen vacancies in oxide ferroelectrics can be strongly
coupled to the polar order via local strain and electric fields, pro-
ducing and stabilizing exotic polarization patterns.”” The oxygen
vacancy content of the BFO nanoislands was subsequently modi-
fied by post-annealing in an O,-poor atmosphere (inert N, in this
work) at various temperatures. To verify the existence of oxygen
vacancy, we measured the x-ray photoelectron spectroscopy (XPS)
of different BFO nanoislands. Figure S3(a) in the supplementary

material shows the wide scan survey spectrum for the pristine and ¢
N, post-annealed nanoislands, respectively. Figure 2(a) shows the ¢

high-resolution spectra of Bi 4f of these two samples. In Fig. 2(a), it
can be seen that the pristine BFO nanoislands exhibit two clearly
peaks at around 163.2 and 157.9 eV. These peaks can be attributed
to the binding energies of Bi 4fs;, and Bi 4f;,, respectively, which
indicate the existence of the Bi** valence state.”' In Fig. 2(b), the
binding energies of Fe 2p (Fe 2p;/, and Fe 2p,,,) along with a satel-
lite peak, indicate that the Fe element was present in the Fe*
valence state in the pristine BFO nanoislands.”> After post-
annealing in N, it is found that the peaks of Bi and Fe in the
spectra of pristine BFO nanoislands shifted toward high binding
energy. The shift of these XPS peaks can be attributed to the for-
mation of oxygen vacancy, which could increase the equilibrium
electron density and, thus, make the energies increase.”” The O 1s
core-level XPS spectra of both the pristine and post-annealed BFO
nanoislands are displayed in Figs. 2(c) and 2(d), respectively. The
main peak observed at around 529.3 eV in the spectrum is likely
associated with lattice oxygen present in the BFO nanoislands. This
peak signifies the existence of chemical bonding between metal and
oxygen atoms in the structure. In contrast, the two smaller peaks
observed around 531.2 and 532.4eV are indicative of dangling
bonds and surface absorbed oxygen, respectively.*’

In XPS spectra of perovskite oxides, the appearance of dan-
gling bonds and absorbed species (such as O, O3, and 0%) is
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FIG. 1. Preparation and characterization of BFO nanoislands. (a) Vertical phase of and (b) lateral phase of the BFO film before etching. (c) Topography of an array of BFO
nanoislands. (d) X-ray diffraction (XRD) and (e) reciprocal space mapping (RSM) of an as-fabricated sample with BFO nanoislands on an SRO/STO substrate. (f)
Piezoresponse amplitude/phase-voltage hysteresis loops for a randomly selected nanoisland.

commonly linked to the creation of surface oxygen vacancies. One
can approximate the concentration of surface oxygen vacancies
based on the relative intensity ratio (RIR) of O Is (lattice oxygen)
to O 1s (dangling bonds and adsorbed oxygen).”* The calculated
RIR values of pristine nanoislands and N, post-annealing nanois-
lands are 1.51 and 1.14, respectively. These results suggest that the
post-annealing process in N, leads to a significant increase in the
concentration of oxygen vacancies in BFO nanoislands. We also
calculated the RIR values of O, post-annealed nanoislands, as
shown in Fig. S3(b) in the supplementary material, which is 1.82.
These results suggest that the post-annealing process in O, leads to
a decrease in the concentration of oxygen vacancies. It was known
that removing an oxygen will leave with 2Fe**. Thus, we calculated
the relative intensity ratio of Fe**/Fe** (R) in the nanoislands from
the binding energies of Fe 2p, as shown in Fig. S4 in the
supplementary material. The results show that the content of Fe*"
increased after post-annealed in N,, while decreased after post-
annealed in O,, which verified the change of oxygen vacancies in
BFO nanoislands.

The ferroelectric properties of the BFO nanoislands were char-
acterized by PFM. A saturated phase-voltage hysteresis loop and a
butterfly-like amplitude-voltage loop are shown in Fig. 1(f), indi-
cating a ferroelectric response. To ascertain the polarization

orientation of these nanoislands before and after post-annealing,
we executed the rotations of the sample by 0° and 90°. Vector PFM
was employed to measure the in-plane and out-of-plane piezoelec-
tric response signals, determining the polarization component
along the x axis ((100) direction) and y axis ((010) direction). The
morphology images shown in Figs. S5(e) and S5(i) in the
supplementary material indicate that the surface structure of
the nanoislands remains intact after post-annealing treatment in
inert N, at 470 and 550 °C, respectively. However, as shown in
Figs. S5(b) and S5(c), S5(f) and S5(g), and S5(j) and S5(k) in the
supplementary material, the domain structure of the nanoislands
undergoes significant alterations. As shown in Figs. S5(b) and S5(c)
in the supplementary material, the lateral phase of most of the pris-
tine states of nanoislands shows stripe-like dark-bright contrast,
indicating stripe domain structures, which is consistent with our
previous reports. After annealing for 40 min in a nitrogen atmo-
sphere at 470°C, some stripes transform into zigzag-like dark-
bright contrast, as shown in Figs. S5(e) and S5(f) in the
supplementary material. After further annealing the sample at
550 °C in nitrogen for 40 min, most of the zigzag-like contrast
changed into a mixed state of half-black and half-white with a
zigzag-like boundary. In order to better display the domain evolu-
tion process under different post-annealing conditions, we selected
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FIG. 2. High-resolution XPS of (a) Bi 4f and (b) Fe 2p for pristine and Ny -annealed BFO nanoislands, respectively; (c) and (d) O 1s core-level XPS spectra for different
samples along with the split peaks and calculated relative intensity ratio (RIR) of O 1s (lattice oxygen)/O 1s (dangling bonds and adsorbed oxygen).

three representative nanoislands (marked with white, blue, and red
circles) and reconstructed the lateral domain configurations, follow-
ing the method by Kalinin et al.”’ As shown in Figs. S5(d), S5(h),
and S5(1) in the supplementary material, the domain states of
the nanoislands gradually evolve from the initial stripe domain to
the zigzag domain (470 °C post-annealing) and ultimately to the
center-domain states (550 °C post-annealing).

To obtain a more direct observation of the domain evolution
in BFO nanoislands, we conducted a comparison between the
domain structures of a nanoisland array region before and
after post-annealing for 40 min in N, at 550°C. As shown in
Figs. 3(a)-3(c), the pristine states of these nanoislands exhibit a
coexistence of stripe domains, and vortex and antivortex domains
[see the left part of the vector map in Figs. 3(g) and 3(h)], consis-
tent with our previous report.”” After post-annealing at 550 °C, as
mentioned earlier, both types of domains become half bright and
half dark domain structures with zigzag domain walls, as shown in
Figs. 3(d)-3(f). Two typical domain structures (circled in red and
blue) were picked out, and the evolution before and after annealing

was compared. The reconstructed vector polarization maps are
shown in Figs. 3(g) and3(h). This analysis led to an intriguing dis-
covery: The post-annealing domain structures tended to form
head-to-head domain walls, forming a center-convergent topologi-
cal domain. Similarly, we also conducted comparative analysis of
the domain structures for another array after annealing at 470 and
550 °C. The results are shown in Fig. S6 in the supplementary
material where the zigzag domain structure gradually shortens and
becomes a square center-convergent topological domain. Detailed
vector PFM images including the phase and amplitude captured at
both two sample rotations are shown in supplementary Figs. S7, S8,
and S9 in the supplementary material.

The combination of changes in the depolarization field and
flexoelectric effects generated the center-type topological domains
in the BFO nanoislands, wherein the defect charges (such as
oxygen vacancy) resulting from N,-annealing assume a key role. In
the pristine state, the BFO nanoislands show out-of-plane down-
ward polarization, indicating the downward interfacial build-in
field from the SRO/BFO layers, as well as an upward depolarization
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FIG. 3. AFM and PFM images of an array of BFO nanoislands before and after 550 °C post-annealing in an N, atmosphere. (a)-(c) PFM characterization of nanoislands
before 550 °C post-annealing, including (a) topography, (b) in-plane phase at 0°, and (c) in-plane phase at 90°. The orientations of each scan direction are marked above
the corresponding column. The scale bar in (a) represents 500nm. (d)—(f) PFM characterization of nanoislands after 550 °C annealing, including (d) topography, (e)
in-plane phase at 0°, and (f) in-plane phase at 90°. (g) Map of the in-plane polarization distribution of the nanoisland marked with a red circle in (a)—(f). The initial state
of the nanoisland is a stripe state. (h) Map of the in-plane polarization distribution of the nanoisland marked with a blue circle in (a)—(f). The initial state of the nanoisland

is a vortex state.

field. After post-annealing in N, the oxygen vacancy concentration
increases significantly. Considering a poor oxidizing environment
and the diffusivity of oxygen vacancies at such a high temperature,
oxygen vacancies in the nanoisland may be further attracted to the
top and side surfaces by their affinity to oxygen on the free
surface.”’ In this case, the distribution of oxygen vacancies in the
N,-annealed BFO nanoisland should be more concentrated on the
top and side surfaces. The population of positively charged oxygen
vacancies at the top surface of the nanoisland can generate an addi-
tional built-in electric field that points downward toward the

bottom electrode. The local build-in fields can be revealed by
piezoresponse hysteresis loops. As shown in Fig. S10 in the
supplementary material, the piezoresponse loops were measured by
PEM at different BFO nanoisland samples, from which we extracted
their corresponding coercive fields and build-in fields. The pristine
state of the BFO nanoisland exhibits an asymmetric hysteresis loop
shifting toward the negative field side, suggesting the interfacial
build-in field pointing to the bottom electrode. The corresponding
build-in field can be then estimated from the difference of the posi-
tive coercive field and the negative coercive field, which can be
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calculated as about —1.2V. While the hysteresis loop of the
N,-annealed BFO nanoisland also shifted in the same direction, it
exhibited a much larger average built-in field of about —2.8 V. The
results obtained clearly demonstrate the presence of an additional
factor within the N,-annealed nanoisland, which subsequently pro-
duces an extra field to further enhance the build-in field, resulting
in the alignment of the polarization after annealing. It has been
reported that oxygen vacancy can lead to lattice expansion, as the
cations are forced outward. Thus, we measured the XRD of the
samples under different annealing conditions. However, it seems
that the change in the lattice constant is too small.

It is worth mentioning that the local accumulation of oxygen
vacancies can result in the formation of charged domain walls.*
Furthermore, the BFO nanoislands possess n-type ferroelectric
properties due to the presence of electronic carriers (electrons liber-
ated from oxygen vacancies). This results in the head-to-head
charge domain walls (H-H CDWs) containing positive bound
charges that are more easily screened, leading to lower energy levels
compared to the negative bound charges found in the tail-to-tail
charge domain walls (T-T CDWs). Therefore, H-H CDWs are
observed to form in the N,-annealed nanoislands in our experi-
ments. Combined with the constraint from the round nanoisland
structure, provide geometry and strain boundary conditions that
energetically promote the formation of center-convergent topologi-
cal domains.

The characterization of domain structure evolution induced
by Nj-annealing is also confirmed in smaller-sized BFO
nanoislands. When the diameter of BFO nanoislands is decreased
to 150 nm, single domains are found along with a small amount
of stripe domains, as shown in Figs. S2(g)-S2(i) in the

(b) V-Phase

nm

Pr(
0 nm L 0°
(d) L-Amplitude
L SRV 1au
N
e

FIG. 4. PFM image of BFO nanoislands with a diameter of 200 nm after post-
annealing at 550 °C in an N, atmosphere. (a) Topography, (b) out-of-plane
phase, (c) in-plane phase, (d) in-plane amplitude. The scale bar is 300 nm.
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supplementary material. After annealing the sample for 40 min in
N, at 550 °C, head-to-head domain walls form, as reflected by the
lateral PFM images in Fig. 4. In comparison, we measured the
domain states of the BFO nanoislands after post-annealing in O,
and it was found that the majority of the nanoislands maintain the
71° stripe domain patterns, which are similar to the pristine states.

Finally, we provide a schematic process for domain evolution
in BFO epitaxial nanoislands via post-annealing in N,. First, there
are two different domain structures in the pristine states, the stripe
and the vortex, as shown in Fig. S11 in the supplementary material.
The stripe state appears as a stripe domain when measured at 0°
and as a monodomain when measured at 90°, with 71° domain
walls. When annealed at 470 °C, the shape of domains becomes
sharper, forming zigzag-like stripe, and antiparallel domains grow
in the (010) direction. In some areas, a head-to-head polarization
distribution occurs. We refer to this type of domain as zigzag
domains. After annealing at 550 °C, the sharp domain walls of the
zigzag domains undergo contraction, exhibiting a half bright and
half dark domain structure with zigzag walls visible in both 0° and
90° measurements, forming a center-type domain. Different from
stripe domains, the vortex state exhibits stripes in both 0° and 90°
measurements. By reconstructing the in-plane polarization direc-
tion, it can be seen that some small vortex domains have formed.
After annealing at 470 °C, the stripes in the (100) and (010) direc-
tions become sharp, manifesting as zigzag domains, and some
vortex domains begin to disappear. After annealing at 550 °C, the
vortex domains transform into center-type domains with polariza-
tion directions pointing toward the center.

IV. CONCLUSIONS

In summary, we present the observations of domain structure
evolution in epitaxial BFO nanoislands on the STO substrate
induced by post-annealing treatment in an inert N, atmosphere at
various temperatures. By using vector PFM characterization, we
compared the domain structures before and after the annealing of
BFO nanoislands in the same region and found the evolution pro-
gresses from initial stripe/vortex domains to final center-convergent
domains. The mechanism of the domain evolution is attributed to
alteration of the distribution of depolarization field in nanoislands
by the concentration of oxygen defects induced during annealing
in N,. These findings provide insights into the mechanism of
domain formation in center-type topological domains.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the structure
and domain states of the BFO nanoislands.
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