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Ferroelectric nanocapacitors have attracted intensive research interest due to their novel functionalities and potential application
in nanodevices. However, due to the lack of knowledge of domain evolution in isolated nanocapacitors, precise manipulation of
topological domain switching in the nanocapacitor is still a challenge. Here, we report unique bubble and cylindrical domains
in the well-ordered BiFeO; nanocapacitor array. The transformation of bubble, cylindrical and mono domains in isolated ferro-
electric nanocapacitor has been demonstrated via scanning probe microscopy (SPM). The bubble domain can be erased to mono
domain or written to cylindrical domain and mono domain by positive and negative voltage, respectively. Additionally, the domain
evolution rules, which are mainly affected by the depolarization field, have been observed in the nanocapacitors with different
domain structures. This work will be helpful in understanding the domain evolution in ferroelectric nanocapacitors and providing
guidance on the manipulation of nanoscale topological domains.
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1. Introduction

Ferroelectric materials with switchable spontaneous polar-
ization have widely been investigated for memristors,'? field-
effect transistors® and nonvolatile random-access memo-
ries.*® With the increasing demands for high-density data
storage and device miniaturization, nanoscale ferroelectric
capacitor arrays which promise individual addressability and
high-density (~TB/inch) have attracted broader interest.”-!'°
Especially in recent years, exotic topological domain con-
figurations, such as bubble,!!'-13 flux-closure,'*!> center-type
quad-domain,'®!7 vortex'31° and skyrmion,?® which present
novel features, have been found in ferroelectric nanostruc-
tures. For instance, stable topological domains can be deter-
ministically switched while the corresponding domain wall
conductivity is manipulated in isolated BiFeO; (BFO) nanois-
lands with hundreds of nanometers in lateral size.!”-?!?> The
electrical erasure and writing of data by switching the topo-
logical domain further demonstrate its application potential

in nanoelectronics devices.?3-20 As such, ferroelectric devices
are based on the domain switching in nanoscale, it’s essen-
tial to understand the domain switching evolution process of
topological domains in nanocapacitors.

The domain evolution has been systematically studied on
ferroelectric bulks, films, and capacitor structures theoreti-
cally and experimentally.?’-3° It has been shown that dimen-
sion has a significant influence on domain evolution process.
In the micro-nanocapacitor, ferroelectric switching is coinci-
dent with bulks and films, including the steps of nucleation,
growth and finally coalescence of domains as described in
the classic Kolmogorov—Avrami-Ishibashi (KAI) model.?8:!
The nucleation location and domain growth way can be dra-
matically changed when the top electrode size reduced to
70 nm.?? Besides, domain wall pining has also been observed
in the same structure, suggesting that local defect has a sig-
nificant effect on the switching process when the top elec-
trode dimension is reduced.’® Due to depolarization, strain
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and local defects, the isolated ferroelectric nanocapacitors
have more varieties of topological domains.’*35 These fac-
tors that affected the initial domain structures in the isolated
nanostructures may also play a significant role in the domain
evolution. However, the domain evolution and reversibility
of topological domain in isolated ferroelectric nanocapaci-
tors are not yet clear.

Therefore, in this work, well-ordered isolated SrRuO;/
BiFeO; (SRO/BFO) nanodots were fabricated on conduc-
tive Nb-doped SrTiO; (NSTO). We present unique bubble
domains and cylindrical domains in the SRO/BFO/NSTO
nanocapacitor array and demonstrate the controlled transfor-
mation between these two domain states via scanning probe
microscope (SPM). The domain evolution in the nanocapac-
itors with different domain structures was also investigated.

2. Experiment Details

Highly oriented conductive SRO and ferroelectric BFO-
layered nanoislands array were fabricated on NSTO (100)-ori-
ented single-crystal substrates by pulsed laser deposition
(PLD) via thin anodic aluminum oxide (AAQO) nanotemplate,
as shown in Fig. S1. Both SRO and BFO were deposited at a
growth temperature of 590°C in an oxygen atmosphere of 11
mTorr. The deposited SRO layer in the nanodot is considered
as the top nanoelectrode, and the NSTO substrate is the bot-
tom electrode. The well-ordered SRO/BFO nanoislands array,
with AAO template removed by mechanical lift-off, is shown
in Figs. 1(a) and 1(b). The BFO nanocapacitors have average
height of ~8 nm and average lateral size of ~80 nm, which is
identical to the lateral size of the pores in AAO template.
wThe epitaxial structure of these nanodots was verified by
X-ray diffraction (XRD), as shown in Fig. S2. Rhombohedral
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Fig. 1.
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phase BFO was observed from the XRD diffraction pattern of
the SRO/BFO/NSTO nanocapacitor array. The surface topog-
raphy and domain structure were revealed using a commercial
SPM (Cypher, Asylum Research). Pt-coated conducting tips
(EFM, Nanoworld) were operated at a resonance frequency
of ~320 kHz and an AC bias amplitude of 0.4 V for vertical
piezoelectric force microscopy (VPFM) in dual AC resonance
tracking (DART) mode. Different DC biases were applied to
the bottom electrode to switch the domain structures.

3. Results and Discussion

High-resolution SPM was used to excite and detect the topo-
logical domains in nanocapacitor array. The out-of-plane
(OP) domain structures of the SRO/BFO/NSTO nanocapaci-
tor array were examined by VPFM measurements (Fig. 1). As
shown in Figs. 1(c) and 1(d), the polarization orientations in
most nanocapacitors are downward, which are shown as dark
colors in the phase image. Moreover, various domains can be
found on these nanocapacitors. Figures 1(e) and 1(f) further
illustrate the three-dimensional (3D) topological image super-
imposed by amplitude images (left) and phase images (right)
of two typical domain structures in these nanocapacitors. The
nanocapacitor with a cylindrical domain in Fig. 1(e) has an
opposite phase, shown as white color in the phase image,
while a clear ring-shaped domain wall feature can be found in
the corresponding location in the amplitude image. Notably,
the nanocapacitor with a bubble domain in Fig. 1(f) displays
a single-phase image, while the amplitude shows a weak sig-
nal in the center of the capacitor. The nonuniform amplitude
signal indicates the upward domain is already nucleated in
the core of the capacitor, while the uniform phase signal indi-
cates the downward polarization still dominates underneath
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Various domain structures in the SRO/BFO/NSTO nanocapacitor arrays. Schematic (a), topography (b), PFM amplitude (c) and

phase (d) images of the SRO/BFO/NSTO nanocapacitor arrays. The isolated SRO/BFO nanodot (left bottom) is zoomed from the white dash
circle in (a). The PFM amplitude (left) and phase (right) images of cylindrical domain (e) and bubble domain (f) in 100 x 100 nm? are super-
imposed with their 3D topographic images. The amplitude and phase cross-section profile (g) of cylindrical domain and bubble domain at the

dash line in (e) and (f). The scale bar in (b) refers to (c) and (d).
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(Color online) A sketch illustrating the VPFM signals from the cylindrical and bubble domains. (a) Cylindrical domain and (c) bub-

ble domain configuration and their corresponding VPFM responses (b) and (d) at the cross-section lines. The white and red arrows represent
the two different polarization directions (upward and downward) in each region.

the tip. The line profiles of the amplitude and phase images
of these domain structures show different shapes (Fig. 1(g)).
The amplitude and phase features of these domain struc-
ture match with previously reported cylindrical domain and
bubble domain.!!-3¢ Besides, the size of the bubble domain
(~10 nm) and cylindrical domain (~15 nm) in the nanocapac-
itors is also similar with the reported size.

The normal cylindrical domain can be clearly captured by
the SPM tip (Fig. 2(a)), presenting as a “W” shape in the
amplitude cross-section profile, as shown in Figs. 1(g) and
2(b). The two depressions along the line scan correspond
to the location of the 180° domain wall. Similar cylindri-
cal domains in well-ordered PZT and BFO nanocapacitors
were reported, respectively, by Gao et al.'?> and Hong et al.’
However, the bubble domain presents very different behav-
iors in the VPFM as reported in the ultrathin PZT film with
a suitable residual depolarization field.’® As shown in the
schematic diagram in Figs. 2(c) and 2(d), the ultrasmall size
in both vertical and lateral direction results in a uniform or
non-180° phase response when the SPM tip crosses the bub-
ble domain. Moreover, the reversed polarization of bubble
domain in the OP direction neutralizes part of the down-
ward polarization, resulting in a reduced amplitude response.
Therefore, the bubble domain presents as a “U” shape in the
amplitude cross-section profile.

The formation mechanism of such unique domain struc-
tures in the SRO/BFO/NSTO nanocapacitor should be related
to its sandwich structure. First, the initial downward polar-
ization is due to the built-in fields from the work-function
difference between the top/bottom electrodes and BFO. From
the band structure analysis, we have found that the SRO,

BFO and NSTO have work-functions of around 5.2, 4.7 and
4.08 eV, respectively, which produces built-in voltages in
both interfaces.® The built-in voltage in the interface of SRO/
BFO is Vi = (Dsro—Dgro)e = ~0.5 V, and in the interface
of NSTO/BFO is Vi = (@gro—Dnsto)e = ~0.62 V with
the same orientation. The overall theoretical Vi, = 1.12 V
leads to the formation of the observed downward polariza-
tion. In addition, the cylindrical domain and bubble domain
may be due to the competition between depolarization, strain
and other factors.’”-*® On the one hand, in our epitaxial BFO
nanodots on NSTO substrate, a large depolarization field is
expected. The downward polarization collects positive sur-
face charge, which can’t be screened effectively because of
the limited conductivity of NSTO substrate.* This caused a
large depolarization field generated in these capacitors. On
the other hand, due to the irregularities in size, shape and
strain, some regions maybe easier to switching under the
depolarization field than others.*>*! For instance, large strain
energy exists near the center of the topological domain where
dipoles turn their directions sharply.?**' Therefore, the oppo-
site polarizations are very likely to appear in the center of the
nanostructure, as shown in Figs. 1(e) and 1(f).

To study the reversibility between cylindrical domain and
bubble domain, we applied electric voltage from the bot-
tom electrode and recorded the domain transformation in
two nanocapacitors with different initial domains by SPM
tip. Figure 3(a) shows the 100 nm x 100 nm VPEM phase
and amplitude images of the as grown nanocapacitor with
cylindrical domain. 180° phase flipping and a clear domain
wall were observed in the initial state. Electrical erasure of
the cylindrical domain was carried out with small negative
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PFM phase (top) and amplitude (bottom) images of two pristine nanocapacitors with cylindrical domain (a) and bubble domain (e).

PFM phase (top) and amplitude (bottom) images of each nanocapacitor after electrical switching with negative voltage (=1 V (b), =1.5V (¢))
and positive voltage (1 V (f), 2 V (g)), respectively. The amplitude and phase cross-section profiles at the dash lines in (a)—(c) and (e), (g)
show the transformation of cylindrical domain to bubble domain (d) and bubble domain to cylindrical domain (h), respectively. The scale bar

in (a) refers to (b), (c) and (e)—(g).

voltages (-1 V, —1.5 V) applied from the bottom electrode.
The cylindrical domain in the nanocapacitor was reduced and
successfully transforming into bubble domain with a dark
spot in the amplitude image at —1.5 V (Figs. 3(b) and 3(c)).
The corresponding line profile at each state clearly shows the
domain wall shifting from the right to the left side until a
typical “U” shape amplitude and non-180° phase were gener-
ated (Fig. 3(d)). In addition, a reversible process from bubble
domains to cylindrical domains was demonstrated in a nano-
capacitor with an initial states of bubble domain (Fig. 3(e)).
Positive voltages (1 V, 2 V) were applied from the bottom
electrode to promote the growth of bubble domains into
cylindrical domains (Figs. 3(f) and 3(g)). The 180° phase flip-
ping was observed in the phase image at 1 V, but the domain
wall was unclear due to the ultrasmall domain size (~5 nm)
which is below the resolution of SPM tip. The “W” shape
domain wall obtained at 2 V indicates a standard cylindrical
domain was successfully transformed from bubble domain
(Fig. 3(h)).

To gain further insight into the influence of the volt-
ages on the domain growth in the unique bubble domain,
we applied both negative and positive voltage via the bot-
tom electrode to investigate the evolution of bubble domain
to mono domain. Figure 4 shows a series of VPFM phase,
amplitudes images and schematic diagrams that display the
bubble domain evolution process. The amplitude and phase

images in Figs. 4(a)—4(d) correspond to each domain state
in the schematic diagram in Fig. 4(e). The pristine bubble
domains are shown in the ii state in Figs. 4(a), 4(b) and iii
state in Figs. 4(c) and 4(d). A series of applied voltages from
0.5 Vto 8 V were applied to the nanocapacitor (Figs. 4(a), 4(b)
and S3a), while voltages from —0.5 V to —1.5 V were applied
to another nanocapacitor (Figs. 4(c) and 4(d)). Interestingly,
even though the phase images didn’t change below 2V, the
amplitude images shown the dark region (low amplitude) was
expanding, and the central amplitude signal was weaker as
the applied biases increased. These results indicate the bubble
domain expands both in vertical and lateral direction at this
stage, but nucleation growth along the thickness direction has
not yet reached the other electrode to form the cylindrical
domain. Considering the large diameter-height ratio of the
nanodots, the domain wall seems moves faster in the in-plane
direction than the OP direction during this process. In addi-
tion, after one nucleation occurs, the polarization switching
mechanism relies solely on the motion of domain walls, as
this process effectively decreases the nucleation energy. The
bubble domain transformed into cylindrical domain (iv state)
at 2 V and transformed into upward mono domain (vii state)
at 7 V. The bubble domain can also be reversed switching to
downward mono domain with negative voltage applied to the
bottom electrode (Figs. 4(c) and 4(d)). Figure 4(d) shows the
low amplitude region in the center of the nanocapacitor is
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Fig. 4. Bubble domain evolution. Phase (a), (c) and amplitude (b), (d) of the evolution process of bubble domains to mono domain with
upward polarization (a), (b) and downward polarization (c) and (d) by electrical writing with positive voltage and negative voltage (applied to
the bottom electrode), respectively. Schematic description of vertical domain configurations at different stages inside a nanocapacitor. ii and
iii indicates bubble domains, while i and vii indicate mono domains with downward polarization and upward polarization, respectively. The
red and green arrows indicate downward and upward polarization, respectively. The scale bar in (a) refers to (b)—(d).

vanishing with the increased negative voltage, corresponding
to the iii to i states in the schematic diagram in Fig. 4(e).
The domain evolution in other nanocapacitors with differ-
ent initial domain structures (cylindrical domain and double
domain) is also demonstrated in Fig. S3(b, c). The polariza-
tion orientations in these nanocapacitors all changed dramat-
ically when increased positive voltages were applied to the
bottom electrode. However, due to the different initial states,
they have different evolution process. In order to show the dif-
ference of domain evolution more clearly, we quantitatively

analyzed the switched region that varies with applied voltage
in each selected nanocapacitor in Fig. 5. The domains in the
nanocapacitors are not standard circle shapes in the evolu-
tion process, so the percentage of upward polarization region
to the total nanocapacitor area was used in the plot. In the
capacitors with bubble domain and cylindrical domain, the
domain (switched area) growth quadratically with the applied
voltage after iv state (Figs. 5(a) and 5(b)). After the domain
area reaches a certain value, around half of the nanocapacitor
(vi state), the domain growth becomes linear with the applied
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(Color online) Dependence of the upward domain area on writing voltage. The plots of upward polarization area verse applied bias

on the nanocapacitors with different initial domain structures, which are bubble domain (a), cylindrical domain (b) and double domain (c),
respectively. The phase and amplitude images of the initial domain are inserted in the bottom right of each plot. The amplitude images at
certain applied voltages are inserted in the plots, the Roman numeral corresponding to the domain state in Fig. 4(e). The circles represent the
experimental data, while the blue and red dash lines represent quadratic and linear fitted data.
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voltage until fully switched (vii state) in the whole capacitor
(Figs. 5(a) and 5(c)). Unlike the switched area which is qua-
dratic to voltage in the SPM tip/thin film system, the relation-
ship between switched area and voltage is more complicated
in the nanocapacitors.?’42

As we know, the formation and growth of domains in
these nanocapacitors are affected by depolarization, domain
wall energy and elastic energy. The depolarization field is in
the same direction of the applied electric field and plays a
major role in the nanocapacitor when downward polariza-
tion dominates the polarization orientation. The large depo-
larization field also enables the switched domain to relax to
its initial state after tens of minutes in these nanocapacitors.
Domains tend to lateral growth at the early stage to reduce the
depolarization field, as shown in ii and iii state in Fig. 4(e).
Later, domains permeated the entire thickness (iv state) can
be formed due to the large domain wall energy and elastic
energy. Domains with sharp domain walls rapidly grow with
the applied voltage until depolarization changes into the
opposite direction when upward polarization dominates the
polarization orientation (vi state) in a nanocapacitor. Besides,
both the double domain and other domains grow slower after
the vi state, maybe due to the depolarization opposite to the
applied electric field or domain wall pining.

In summary, we have investigated different domain struc-
tures and the electric conditions for their domain transfor-
mation, such as bubble domain and cylindrical domain, on
well-ordered SRO/BFO/NSTO nanocapacitors and succeeded
in capturing the voltage-dependent domain evolution in nano-
capacitors with different domain structures. The possible for-
mation mechanisms of the various domain structures in the
nanocapacitor array were discussed. The upward polarization
region is easy to appear in the center of the domain where
high strain energy may exist, due to the large depolarization
field in the nanocapacitors. Moreover, due to the finite size
and unique domain structures, the voltage-dependent domain
evolution in such isolated nanocapacitors does not follow the
models previously proposed on film, large capacitors, or film-
based nanocapacitors, i.e., the nucleation position is likely to
occur at the center of the nanocapacitor. The domain tends to
laterally grow at the very beginning in bubble domain. The
domain area growth is linear from quadratically when the
domain half-switches in the nanocapacitor. The results help
better understand the evolution in different domains, espe-
cially bubble domain in ferroelectric nanocapacitor which is
promising for potential applications in high-density nonvola-
tile memory devices.
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