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s synthesized via AAO template-
assisted pulsed laser deposition and ion beam
etching

Guo Tian,a Deyang Chen, *a Junxiang Yao,a Qiuyuan Luo,a Zhen Fan, a Min Zeng,a

Zhang Zhang,a Jiyan Dai,b Xingsen Gao *a and Jun-Ming Liuc

We propose a novel and facile method to fabricate epitaxial ferroelectric BiFeO3 (BFO) nanorings using

anodized alumina (AAO) template-assisted PLD and ion-beam etching. The morphology and dimensions

of these nanorings are revealed by atomic force microscopy (AFM) and confirmed by transmission

electron microscopy (TEM). The typical dimensions of the BFO nanorings are 12 nm inner diameter with

30 nm wall thickness and heights of around 10 nm. The X-ray diffraction (XRD), reciprocal space

mapping (RSM) and TEM data demonstrate the epitaxial structure of these nanorings. Moreover, the

ferroelectric properties are investigated by piezoresponse force microscopy (PFM), showing the

polarization reversal behaviors of the isolated BFO nanorings, which have great potential applications for

high-density non-volatile memory devices. In addition, this novel method could also be extended to

other material systems (such as BaTiO3, ZnO and Au). Furthermore, the fabrication of high quality

nanoring structures may open a pathway to explore related emerging physical phenomena (e.g.,

ferroelectric vortices).
Introduction

Currently ferroelectric nanorings are attracting a great deal of
interest mainly for two reasons. First, ferroelectric nanorings
have potential applications in next generation, high-density,
and non-volatile memory devices.1–3 Second, a new state of
matter called ferroelectric vortices (toroidal ordering of dipoles)
has been theoretically predicted in ferroelectric nanorings (due
to the release of the strain energy in the core), which would
provide a new platform for the study of fascinating physical
phenomena and as a novel ferroelectric memory in data
storage.2,4–8 Very recently, the ux-closure domains and polar
vortices were observed in PbTiO3/SrTiO3 multilayers9 and their
superlattices,10 while it remains experimentally elusive in
nanorings. The main challenge nowadays is the fabrication of
high quality ferroelectric nanorings, which is hampering the
study of this emerging eld.

In the last decade, a number of attempts have been made to
fabricate ferroelectric nanostructures, such as using focused
ion beam (FIB) milling, electron beam direct writing (EBDW),
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anodized alumina (AAO) template-assisted ion beam etching,
self-assembly and hydrothermal method to produce ferroelec-
tric nanodots, nanowires and nanotubes.11–18 Nevertheless, the
study of the fabrication methods of ferroelectric nanorings is
very limited. Our recent work reported the fabrication of BiFeO3

(BFO) nanorings before the formation of BFO nanodots,14 but
this method is not well-controllable for fabricating nanorings.
The lead zirconium titanate (PZT) nanorings were produced by
chemical solution deposition on the pore walls of nanoporous
alumina membranes,19 and BaTiO3 (BTO) nanorings were
synthesized by hydrothermal method,20 while both PZT and
BTO nanorings are polycrystalline and the ferroelectricity has
not been demonstrated. The lead zirconium titanate (PZT)
nanorings were also fabricated by nanospheres-assisted pulsed
laser deposition, ion milling and thermal annealing method,21

and using the laser interference lithography (LIL) process
combined with pulsed laser deposition (PLD) and thermal
annealing,22 whereas these methods are both relatively
complicated. SrBi2Ta2O9 nanoring-like structure was fabricated
by changing the growth conditions during PLD through latex
sphere monolayer and double-layer masks.23 However, these
nanorings were not stable which vanished or broke into pieces
aer annealing. Therefore, the difficulties in fabrication of high
quality epitaxial ferroelectric nanorings have hindered the study
of fundamental physical phenomena and the realization of
high-density memory device applications.

As the model multiferroic material, BFO is most widely
studied due to its superior ferroelectricity,24 fascinating domain
This journal is © The Royal Society of Chemistry 2017
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wall functionalities,25–27 rich phase structures,28–31 and strong
magnetoelectric couplings.32–34 Besides, previous studies have
demonstrated that BFO has large domain wall energy,35,36 and
small spontaneous strain,37,38 which would help to stabilize the
ferroelectric vortices.5

In this study, we propose a novel and facile approach to
fabricate ordered multiferroic BFO nanoring arrays by
combining pulsed laser deposition (PLD) with ion beam
etching, taking anodic aluminum oxide (AAO) as a mask. The
topographies and dimensions of the rings are performed by
atomic force microscopy (AFM) and conrmed by transmission
electron microscopy (TEM), revealing that well-ordered BFO
nanoring arrays are produced and the typical dimensions of the
nanorings are 12 nm inner diameter with 30 nm wall thickness
and heights around 10 nm. The X-ray diffraction (XRD), recip-
rocal space mapping (RSM) and TEM data demonstrate the
epitaxial single crystal structure of these nanorings. Moreover,
piezoresponse force microscopy (PFM) measurements indicate
the strong ferroelectric properties and the polarization reversal
behaviors of the isolated BFO nanorings. These obtained
nanorings have great potential applications for high-density
non-volatile memory devices and offer a pathway to explore
ferroelectric vortices.
Experimental
Fabrication procedures

The fabrication procedures of BFO nanorings using AAO
template-assisted PLD and ion-beam etching method, are pre-
sented in the schematic owchart in Fig. 1. First, the AAO mask
with �250 nm in thickness and �60 nm in pore size is trans-
ferred onto the (001)-oriented Nb:SrTiO3 (Nb:STO) substrate in
a liquid environment, as shown in Fig. 1a. Then, the well-
ordered BFO nanodot array is synthesized on the Nb:SrTiO3

(001) substrate by pulsed laser deposition (PLD), using AAO as
the mask, at 660 �C in an oxygen ambient of 15 Pa with a KrF
Fig. 1 Schematic diagrams of the fabrication process of BFO nanoring
assisted pulsed laser deposition; (c) Ar ion-beam etching of BFO nano
fabrication process.

This journal is © The Royal Society of Chemistry 2017
excimer laser (wavelength l ¼ 248 nm), as displayed in Fig. 1b.
Next, the BFO nanodots with AAO mask are etched using Ar ion
beam, to form the BFO nanoring structure, in a vacuum pres-
sure of 7 � 10�4 Pa at room temperature (Fig. 1c). During the
etching process, the incident ion beam is perpendicular to the
sample surface. The etching parameters have been carefully
optimized, using a cathode current of 15 A, an anode voltage of
50 V, a plate voltage of 300 V, an ion accelerating voltage
of 250 V, a neutralization current of 11.7 A, and a bias current of
1.2 A. Finally, the AAO membranes are mechanically removed
using adhesive tape, leaving the ordered BFO nanoring arrays
alone (Fig. 1d).

To illustrate the formation mechanism of BFO nanorings,
the sketches of a single nanoring fabrication process are
described in Fig. 1e–h, corresponding to Fig. 1a–d, respectively.
The through-hole AAO template is taken as a mask to dene
nanodots as shown in Fig. 1e. PLD is used to fabricate BFO
nanodots through the AAO mask as shown in Fig. 1f. It is worth
to note that, during this PLD process, BFO is deposited both on
the substrate and the pore walls. This is followed by Ar ion beam
etching that produces the BFO nanoring due to the blocking of
the deposited BFO on the walls, as shown in Fig. 1g. The rede-
position of BFO nanodots inside the pore during the ion beam
etching might help to form the nanoring as well. In the
following step, aer removal of the AAO template, a BFO
nanoring is fabricated as presented in Fig. 1h.
Characterizations

Atomic force microscopy (AFM) and piezoresponse force
microscopy (PFM) were measured using scanning probe
microscope (Cypher Asylum research) with conducting Pt/Ir
coated AFM probes (nanoworld). The crystal structures of the
BFO lms were characterized by X-ray diffraction (XRD,
PANalytical X'Pert PRO). The microstructures were veried by
transmission electron microscopy (TEM, JOEL-2011, 200 kV).
s. (a) AAO mask transferring; (b) synthesis of BFO nanodots by AAO-
dots; (d) AAO mask removal; (e–h) the sketches of a single nanoring

RSC Adv., 2017, 7, 41210–41216 | 41211
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AFM and plan-view TEM measurements were performed to
study the topographies of the obtained BiFeO3 nanoring arrays.
To demonstrate the epitaxial structure of the nanorings, XRD
q–2q scan, reciprocal space mapping (RSM) and cross-sectional
TEM were applied. The ferroelectric properties and polarization
switching behaviors have also been revealed by PFM.

Results and discussion
AFM measurements

The topography of the BFO nanoring array, captured by AFM, is
shown Fig. 2a. It is revealed that well-ordered BFO nanorings
are fabricated using this facile route. To better understand the
fabrication process of BFO nanoring array, high-resolution 3D
AFM images of the nanodot and nanoring topographies are
shown in Fig. 2b and c. The AFM image in Fig. 2b shows the
morphology of the sample aer PLD growth (corresponding to
Fig. 1b and f), demonstrating the formation of isolated BFO
nanodots with diameters around 70 nm. Then, BFO nanorings
are fabricated aer ion beam etching (Fig. 1c and g) and AAO
mask removal (Fig. 1d and h). The 3D AFM image in Fig. 3c
further conrms the high quality of the isolated BFO nanorings.
Combing the AFM image (Fig. 2c) with the cross-section line
prole (Fig. 2d), it is found that the typical dimensions of the
nanorings are 12 nm inner diameter with 30 nm wall thickness
and heights around 10 nm. These results demonstrate the
successful synthesis of ordered BFO nanoring array using this
novel method. In addition, it is worth to note that size-tunable
nanorings could be produced by using different sizes of AAO
template.

XRD and RSM characterizations

The structure of the obtained BFO nanoring array is charac-
terized by XRD as shown in Fig. 3. XRD q–2q scan shows the
(002) diffraction peaks of BFO nanorings and the single crystal
Nb:STO substrate (Fig. 3a), indicating the epitaxial structure the
BFO nanorings. This is further conrmed by (002) and (103)
RSM data shown in Fig. 3b and c. It is worth to mention that
both the intensity of (002) and (103) peaks relative to BFO is
weak because the thickness of the BFO nanoring sample is very
thin and it is isolated nanoring array. To verify this, we
measured the RSM data of both the BFO nanoring sample on
Nb:STO and a bare Nb:STO substrate (not shown here). As
Fig. 2 (a) The AFM topography image of a large scale BFO nanoring arr
Fig. 1b; (c) the 3D AFM image of the isolated BFO nanorings; (d) the cro

41212 | RSC Adv., 2017, 7, 41210–41216
expected, the peaks marked with BFO in Fig. 3b and c are from
BFO nanorings, where no BFO peaks are found in the bare
Nb:STO substrate. In addition, it is expected that BFO nanor-
ings are fully strained with the Nb:STO substrate as the thick-
ness (height) of the ring is very thin (�10 nm). The in-plane and
out-of-plane lattice constants of BFO nanodots are a � 3.905 Å
and c � 4.02 Å according to the XRD q–2q scan and RSM data in
Fig. 3, conrming the fully compressive strain imposed by the
Nb:STO substrate (bulk BFO, a � 3.96 Å; Nb:STO, a � 3.905 Å).
TEM and FFT measurements

The successful synthesis of BFO nanorings is also demonstrated
by the plan-view TEM image of the nanoring array (Fig. 4a) and
the cross-sectional TEM image of a single ring (Fig. 4b). It is also
revealed, in Fig. 4a and b, that the dimensions of the rings are
12 nm inner diameter with 30 nm wall thickness and heights
around 10 nm, which is in consistent with the AFM data in
Fig. 2. The high-resolution TEM image of the le nanoring wall
in Fig. 2b is shown in Fig. 2c, demonstrating the sharp interface
between BFO and Nb:STO. The fast Fourier transformation
(FFT) patterns of the red rectangle marked BFO region and blue
rectangle marked Nb:STO region in Fig. 4c further reveal the
epitaxial growth of BFO nanorings and the fully strain state
(these data are in agreement with the XRD data in Fig. 3), which
are shown in Fig. 4d and e, respectively. Thus, these results have
veried the fabrication of high quality epitaxial BFO nanorings
using AAO template-assisted pulsed laser deposition and ion
beam etching method.
Characterizations of ferroelectric properties

We then turn to study the ferroelectric properties of the BFO
nanoring array. The ferroelectric domain structures of these
nanorings were characterized by PFM with a scanning probe
mode (Asylum Research) using conductive PFM probes. The
local piezoresponse loopmeasurements are carried out by xing
the PFM probe on a selected point of a nanoring and then
applying a triangle square waveform accompanying with an ac
driven voltage, via the conductive PFM probe. The vector PFM
function of the AFM unit allows simultaneously mapping the
vertical (out-of-plane) and lateral (in-plane) phase signals of the
nanorings.
ay; (b) the 3D AFM image of BFO nanodots after AAO-assisted PLD in
ss-section line profile along the blue line in (c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) X-ray diffraction q–2q scan; (b) (002) and (c) (113) reciprocal space mapping (RSM) of BFO nanoring array.
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The topography, vertical (out-of-plane) phase and lateral (in-
plane) phase PFM images are presented in Fig. 5a–c. Dark
contrast of the vertical PFM phase (Fig. 5b) indicates the
polarization direction of the as prepared nanorings is upward.
Fig. 4 (a) A plan-view TEM image of the obtained BFO nanoring array; (b
image showing sharp interfaces between the wall of BFO nanoring and N
rectangle marked BFO region and (e) the blue rectangle marked Nb:STO

This journal is © The Royal Society of Chemistry 2017
To exclude the possible cross-talk effects and demonstrate the
ferroelectricity of these nanorings, the electrical switching study
were conducted, as shown in Fig. 5d and e. The polarization
direction is switched by applying a DC voltage of +5 V, while it
) a cross-sectional TEM image of a single ring; (c) high-resolution TEM
b:STO substrate; fast Fourier transformation (FFT) patterns of (d) the red
region in (c).

RSC Adv., 2017, 7, 41210–41216 | 41213
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Fig. 5 (a) Topography, (b) vertical (out-of-plane), and (c) lateral (in-plane) PFM phase images of BFO nanoring array; (d)–(f) vertical PFM phase
images showing electrical switching and the retention properties of the nanorings: (d) as prepared state; (e) after switching with +5 V and �5 V
DC voltage; (f) vertical phase images re-captured after 24 h; (g) a random selected 3D AFM topography image of the obtained BFO nanoring
array; (h) the phase–voltage loops, and (i) butterfly-like amplitude–voltage loops of three randomly selected nanorings in (g).
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does not change with �5 V, again revealing the upward polari-
zation direction of the as prepared nanorings. Here we would
like to mention that the relatively low conductivity of Nb:STO
substrate leads to the imperfect switching of all nanorings with
a voltage of +5 V. The retention properties of BFO nanorings
were investigated as well, as shown in Fig. 5f. There is not
obvious change of the vertical phase contrast aer 24 h. In
addition, the piezoresponse phase–voltage hysteresis (Fig. 5e)
and buttery-like amplitude–voltage loops (Fig. 5f) of three
randomly selected nanorings in Fig. 5d are conducted. It is
revealed that all the three phase loops are with 180� switching
and the amplitude loops are buttery-like. It is also found that
the switching voltage of the nanorings is around 2.5 V. These
results shown in Fig. 5 demonstrate the ferroelectricity and
polarization reversal of the BFO nanoring array, which is
promising for high-density non-volatile memory devices.
41214 | RSC Adv., 2017, 7, 41210–41216
Conclusions

In summary, ordered BFO nanorings have been successfully
fabricated using AAO template-assisted pulsed laser deposition
and ion beam etchingmethod. The typical dimensions of the BFO
nanorings are 12 nm inner diameter with 30 nm wall thickness
and heights around 10 nm. Moreover, the BFO nanoring array
synthesized using this method maintains the epitaxial structure,
strong ferroelectricity and polarization reversal, which is prom-
ising for high-density non-volatile memory devices. The dimen-
sions of the nanorings could be tunable by using different sizes of
AAO templates. Furthermore, the fabrication of BFO nanorings
opens a pathway to study related new physical phenomena (such
as ferroelectric vortices). This novel and facile approach could also
be extended to other materials systems to fabricate nanorings
(such as BaTiO3, ZnO and Au).
This journal is © The Royal Society of Chemistry 2017
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