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Double-perovskite multiferroic Bi,FeCrOg nanoisland arrays
with a lateral size of ~100 nm have been epitaxially fabricated
by patterned SiO, template-assisted pulsed laser deposition.
The as-grown island structure exhibits promising multiferroic
characteristic performance, including ferroelectricity and
magnetism at nanometer dimensions at room temperature.
This work demonstrates an effective strategy to fabricate
high-density non-volatile multiferroic memory devices.
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Epitaxial multiferroic Bi,FeCrOg nanoisland arrays with a lateral size of
~100 nm have been successfully fabricated by patterned SiO,
template-assisted pulsed laser deposition. The as-grown island
structure exhibits promising multiferroic properties (i.e. ferroelectric
and magnetic) even at nanometer dimensions at room temperature.
This work demonstrates an effective strategy to fabricate high-density
nonvolatile ferroelectric/multiferroic memory devices.

Recently, ferroelectric materials have been considered prom-
ising as active systems for the development of multiple tech-
nologies.”” Due to their non-volatility and ultra-low energy
consumption, such materials are currently being exploited for
various applications such as memory devices, actuators and
microelectromechanical systems.>* Although continuous
ferroelectric thin films have been the focus of several studies in
the past few decades, the increasing demand for high density
data storage devices has motivated substantial efforts in fabri-
cating ferroelectric nanostructures.>® Low-dimensional ferro-
electric nanostructures such as nanoparticles, nanowires/tubes,
nanosheets, and nanorings have been widely studied to
improve their ferroelectric polarization promoted by confine-
ment effects and the formation of single domain structures.’**
In particular, highly ordered arrays of ferroelectric nano-
structures are ideal candidates since the cross-talking between
different ferroelectric cells in continuous films invoked by
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domain movements or thermal diffusion could be inherently
excluded in such nanostructures.***” Until now, top-down
nano-patterned arrays have been fabricated for several ferro-
electric systems, such as PbTiO3,'®** BaTiO3,* and P(VDF-TrFE)
polymers,” showing reversal of ferroelectric polarization
behavior down to a few nanometers and suggesting great
potential for high-density non-volatile memory devices.

Multiferroic materials that combine two or more ferroic
functionalities (e.g:, ferroelectric, ferromagnetic and ferroelastic)
are especially promising for applications such as spintronics,
non-volatile data storage and optoelectronic devices.”*** The
magnetic—ferroelectric coupling in multiferroics can be used to
encode information via electric polarization and magnetization,
e.g., a four logic-state memory.”*” Among all multiferroic
materials, Bi-based perovskite oxides including BiFeO; (BFO)
and Bi,FeCrOg (BFCO) exhibit large ferroelectricity and ferro-
magnetism and are therefore promising for practical applica-
tions."** As one of the most important single-phase multiferroic
perovskites, BFO thin films and nanostructures have been widely
studied due to their superior ferroelectricity, unexpected domain
wall functionalities, strong magnetoelectric coupling, etc.'**>?
At the same time, the multiferroic double-perovskite BFCO thin
films have emerged as an attractive system with outstanding
physical properties for photovoltaic, spintronic and photo-
catalytic applications.>****” While BFO nanostructures have
been investigated extensively, very few reports have explored
BFCO nanostructures. We previously reported the fabrication of
sub-micrometer sized multiferroic BFCO patterns by pulsed
laser deposition (PLD) via nanostencil lithography.*® To achieve
ultra-high-density electronic devices, it is necessary to further
reduce the BFCO structural dimensions to fabricate nano-
capacitors and/or nanoisland arrays.

Here, we grew BFCO nanostructures by PLD using an ultra-
thin SiO, template patterned using e-beam lithography.
Finally, the SiO, mask is easily removed by immersion into
alkaline solution to leave a highly ordered periodic array of free-
standing BFCO nanoislands on an Nb-doped SrTiO; (NSTO)
(100) substrate. The typical dimensions of the BFCO
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nanoislands are around 100 nm in diameter with a height of
about 120 nm. Most importantly, the resulting nanoarrays
exhibit both ferroelectric and magnetic switching properties,
illustrating the multifunctional properties of the BFCO struc-
tures at the nanoscale.

The fabrication process of the patterned SiO, hard mask is
schematically illustrated in Fig. 1 (Step I). Subsequently this pre-
patterned SiO, hard mask/NSTO is used for the direct deposi-
tion of BFCO to produce highly ordered periodic nanoisland
arrays, such as those shown in Fig. 1 (Step II). In contrast,
continuous thin films could be carved into discrete nano-
structures by using a focused-ion beam (FIB). However, the
crystal structure of these nanostructures could be affected and
easily damaged during the etching process. Here, solution-
based alkali removal of the SiO, hard mask offers a promising
alternative approach to obtain epitaxial-quality ferroelectric
nanoisland structures.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are used to characterize the morphology of
the SiO, hard mask on the NSTO substrate, as shown in Fig. 2.

View Article Online
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The SEM image (Fig. 2(a)) clearly shows periodic holes of
~100 nm diameter with a spacing width of ~1.0 um. Precise
pattern transfer from PMMA to SiO, is achieved using a well-
controlled plasma etching process with only a slight size
increase of less than 5%. In addition, good pore size uniformity
is maintained, with a standard deviation of less than 5% across
a 70 x 70 pm” area. Moreover, the high-resolution topography
of the SiO, hard mask is further examined by AFM (Fig. 2(b)).
According to the line scan profile (Fig. 2(c)), the holes are
~100 nm in diameter and ~150 nm in depth after etching.
The periodic arrays of nanostructured BFCO after SiO,
template removal were also obtained by SEM (Fig. 2(d)),
revealing well-ordered BFCO nanoislands. These periodic BFCO
nanoislands exhibit a lateral size of ~100 nm and spacing of
~1.0 um, consistent with the SiO, template features. The high-
resolution topography of the BFCO nanoislands, captured by
AFM, is shown in Fig. 2(e). The AFM topography shows that the
size distribution of the BFCO nanoislands is quite narrow, and
is consistent with the results obtained from SEM. The typical
height of the nanoislands is around 120 nm, as confirmed by

Step I: Fabrication of the patterned SiO2 hard mask
1) SiO,, thin film by PECVD

6) Resist stripping

l

7) BFCO by PLD

—)

O,
Nb/STO

2) Applying resist

3) E-beam lithography

4) Development
+

Remove the resist

Step II: Fabrication of the nanopatterned BFCO arrays

8) NaOH

Nb/STO

Fig.1 Schematic diagram of the process flow for the fabrication of BFCO nanoisland arrays. Fabrication of the patterned SiO, hard mask (Step 1):
(1) deposition of SiO, thin films by PECVD; (2) application of resist PMMA; (3) e-beam lithography; (4) development and resist removal; (5) dry
etching of the SiO, hard mask; (6) resist PMMA stripping. Fabrication of BFCO nanoisland arrays (Step I1): (7) growth of BFCO nanoisland arrays on
the NSTO substrate by PLD using the pre-patterned SiO, template; (8) removal of the template to leave the nanopatterned arrays by immersing

the substrate into a NaOH solution.
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(a) SEM micrograph (inset shows the magnified view), (b) AFM topography image, and (c) depth profile of the SiO, hard mask. (d) SEM

micrograph (inset shows the magnified view), (e) AFM topography image, and (f) depth profile of the BFCO nanoisland arrays after removing the

SiO, mask.

the AFM selected-section analysis shown in Fig. 2(f). These
results confirm the successful fabrication of well-ordered BFCO
nanoisland arrays using this facile alkali etching route.

The crystal structure and epitaxial nature of the BFCO
nanoislands are investigated by X-ray diffraction (XRD), as
shown in Fig. 3. The epitaxial growth of the double-perovskite
BFCO (Fig. S1})*****” on (100)-oriented single-crystal NSTO
substrate is expected to result in high crystalline quality. For
comparison, we characterized the crystallographic structure
and phase of BFCO nanoislands grown on NSTO and that of
a 100 nm-thick BFCO film deposited using PLD under the same
conditions. As displayed in Fig. 3(a), the XRD 6#-26 scan
compares the (0 0 /) (I = 1, 2, 3) diffraction peaks for both the
BFCO nanoislands and the reference BFCO thin film. Both
suggest a c-axis orientation without any secondary phase. The (0
0 /) (I =1, 2, 3) diffraction peak intensities for the reference
BFCO thin films are obviously higher than those for the nano-
island arrays, due to the significantly lower volume of the
material. However, a more refined analysis reveals that the
BFCO nanostructures crystallize in a pseudocubic phase with
a c-axis lattice constant of ~3.932 A which is very close to that of
bulk BFCO (~3.930 A**) and somewhat smaller than that of the
reference 100 nm-thick BFCO film (~3.958 A). This small
difference is caused by the different compressive strains
induced by the lattice mismatches with the NSTO substrate (i.e.
—0.7% for BFCO nanoislands/NSTO and —1.4% for BFCO film/
NSTO).

To further investigate the structural features of the BFCO
nanoisland/NSTO epitaxial heterostructure, reciprocal space
mapping (RSM) around the NSTO (204) reflection was carried
out. The small condensed reciprocal area in Fig. 3(b) suggests
high-quality epitaxial growth of BFCO nanoislands on the NSTO
substrate. The presence of an extra spot confirms the crystalline

This journal is © The Royal Society of Chemistry 2019

BFCO phase. The positions of the BFCO peaks are located close
to those of the NSTO along the in-plane lattice parameter axis
(Qx), suggesting that the nanoislands and substrate have
a similar in-plane lattice parameter of ~3.910 A. Together with
the obtained value for the out-of-plane lattice parameter of
~3.932 A, the value of the unit-cell volume of our nano-
structured BFCO is close to that of our previously studied
disordered-BFCO thin films, about ~60.110 A>3 To further
confirm the epitaxial growth of BFCO nanoislands on NSTO,
XRD phi scan measurements around the (110) plane were per-
formed, which clearly demonstrate the four-fold symmetry
(Fig. 3(c) and (d)). The relative positions of the BFCO and NSTO
peaks indicate a “cube-on-cube” epitaxy of the BFCO nanois-
lands on the NSTO substrate.

The ferroelectric domain structure of the BFCO nanoislands
was characterized by piezoresponse force microscopy (PFM)
with atomic force microscopy (AFM) using a conductive tip and
NSTO as the bottom electrode. The local piezoresponse loop
measurements were carried out by fixing the PFM probe on
a randomly selected nanoisland and then applying an AC drive
voltage via the conductive probe. A sketch describing the PFM
measurement setup is shown in Fig. 4(a). The three-
dimensional (3D) topography of a 5.0 x 5.0 um? area for the
BFCO nanoislands/NSTO was obtained using tapping mode
AFM (Fig. 4(a)). The presence of ferroelectric polarization is
consistent with the fact that the spontaneous polarization lies
along one of the (111) directions of the BFCO unit cell. The well-
defined local piezoresponse hysteresis loops (PHL) confirm the
switchable ferroelectric polarization of an individual BFCO
nanoisland and a BFCO thin film (grown under the same
deposition conditions of PLD), as displayed in Fig. 4(b) for
comparison. The PHL of an individual nanoisland show
a skewed shape with a coercive voltage of £3.0 V. In contrast,

Nanoscale Adv., 2019, 1, 2139-2145 | 2141
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Fig. 3 XRD patterns of the BFCO nanoisland arrays grown on the NSTO substrate: (a) #—26 scan (the BFCO thin film deposited under the same
deposition conditions was also analyzed for comparison). The stars correspond to the (00() Ky line, and the points indicate tungsten contam-
ination of the X-ray cathode tube. (b) RSM around the (204) plane of the NSTO substrate; Phi-scan around the (110) plane for (c) BFCO nanoisland

arrays and (d) NSTO substrate.

the PHL of thin films are quasi-square shaped with an improved
piezoresponse amplitude at zero field but an increased coercive
voltage up to £5.0 V. Both the PHL demonstrate typical polar-
ization reversal behavior, and also suggest a preferred polari-
zation orientation or an imprint behavior, which is thought to
result from the possible built-in voltages originating from
different work functions of the bottom electrode (i.e., NSTO)
and the conductive probe tip (Pt).* Moreover, the piezores-
ponse properties of BFCO nanoislands were further confirmed
by harmonic PFM responses under 1.0-4.0 V AC excitation. In
Fig. S3(a-d),T the amplitudes of the first harmonic signals are
higher than those of the second harmonic signals demon-
strating the piezoresponse properties of BFCO nanoislands.**
These results confirm that the spontaneous polarization occurs
mainly at the origin of observed electrostrictive strain in PFM
measurement.

Macroscopic magnetic measurements were performed at
room temperature using a superconducting quantum interfer-
ence device (SQUID) magnetometer. The magnetization (M)
versus magnetic field (H) hysteresis curves were measured at 300
K with an applied magnetic field of 10 kOe for in-plane
measurements. The whole BFCO nanoisland arrays device

2142 | Nanoscale Adv., 2019, 1, 2139-2145

area exhibits a hysteretic loop with saturation magnetization at
a higher field (Fig. 4(c)). Different from the perovskite BFO with
weak ferromagnetism due to the slight canting of a Fe (d°-d”)
antiferromagnetic spin structure,”” the presence of room
temperature magnetism in the double-perovskite BFCO could
be explained by the existence of B-site cation ordering (in the
A,BB'O¢ double-perovskite structure, see Fig. S1t) that causes
the formation of a spontaneous moment characteristic of the
ferromagnetic Fe and Cr d-orbitals by a 180° superexchange
interaction.*® Our BFCO islands demonstrate a d*(Fe*")-d*(Cr*")
system because both Fe and Cr are formally in the +3 ionic state
as revealed by XPS measurements (Fig. S27) and the existence of
a cationic Fe/Cr ordering has been revealed by XRD-RSM
(Fig. 3(b)). The magnetic coupling between Fe’" and Cr** in
our BFCO nanoislands was predicted to be either ferrimagnetic
(FiM) or ferromagnetic (FM) in terms of superexchange.*® The
coercive field (Hg), which is defined as half the width of the
hysteresis loop (Hc: — Hc-)/2, as shown in Fig. 4(d), was
calculated to be ~110 Oe at 300 K, similar to that of previously
reported submicrometer-sized epitaxial BFCO structures.®®
Additionally, the saturation magnetization was estimated to be
~335 electromagnetic units per cubic centimeter (~335 emu

This journal is © The Royal Society of Chemistry 2019
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Fig.4 (a) Schematic illustration of PFM analysis for BFCO nanoisland arrays/NSTO with a 3D-AFM topography image of 5 x 5 pm? area. (b) Local

PFM measurements of an individual BFCO nanoisland and the BFCO

thin film for comparison. (c) Magnetization hysteresis loop for BFCO

nanoisland arrays on NSTO (100) in the field range of 10 kOe at 300 K measured using a SQUID magnetometer. (d) Magnification of the

magnetization hysteresis loop in the range of £525 Oe.

cm?), corresponding to ~2.1 Bohr magnetons (ug) per cation
site or ~4.2 ug per Fe-Cr pair (i.e., ~4.2 ug BFCO formula unit),
~2.2 times higher than the 1.91 up per Fe-Cr pair magnetiza-
tion observed in epitaxial continuous BFCO films.** But this
value is slightly lower than that of the epitaxial nanostructures
(~5.2 up), suggesting that the system is in an intermediate state
between ferromagnetic and antiferromagnetic coupling.®®

Conclusions and perspectives

In summary, periodic arrays of epitaxial BFCO nanoislands
~100 nm in diameter and ~120 nm in height were successfully
grown by PLD on NSTO using a pre-patterned SiO, template
fabricated by e-beam lithography. Subsequently, a simple
solution-based alkali etching strategy was employed for
removing the SiO, hard mask without compromising the
structural integrity of the BFCO nanostructures. The measure-
ments confirm the fabrication of high-quality epitaxial BFCO
monocrystalline nanostructures, which retain their multiferroic

character. Local PFM hysteresis measurements reveal

This journal is © The Royal Society of Chemistry 2019

switchable spontaneous polarization of the patterned BFCO
nanoislands, thus confirming the existence of ferroelectricity at
this size. In addition, macroscopic magnetic measurements
using a SQUID magnetometer confirm the ferromagnetic
properties of these highly ordered BFCO nanoislands. This
method can be used for the fabrication of periodic nano-
structures of various shapes, densities and symmetries. The
facile fabrication of such multiferroic BFCO nanoisland arrays
also provides a wide range of potential applications for future
nano-electronic devices.

Experimental section
Fabrication of the SiO, hard mask by e-beam lithography

The ultrathin SiO, patterned hard template was fabricated by e-
beam lithography on a NSTO (100) substrate (Fig. 1, Step I).
Prior to deposition, the substrate was ultrasonically cleaned
using isopropyl alcohol, ethanol and deionized water. A 180 nm-
thick SiO, film is deposited on the NSTO substrate by plasma-
chemical deposition (PECVD) under

enhanced vapour

Nanoscale Adv., 2019, 1, 2139-2145 | 2143
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moderate conditions. Second, a PMMA resist dissolved in ani-
sole is spin-coated onto the SiO, layer with a thickness of
~350 nm. Before being exposed, the as-obtained PMMA/SiO,/
NSTO sample is baked at 160 °C for 2 h to fully evaporate the
solvent and e-beam writing is performed using a Vistec VB6
UHR-EWF system. The writing is carried out at a beam current
of 20 pA at 30 keV. After exposure, the PMMA is developed in
a mixed solution of methyl isobutyl ketone (MIBK) and iso-
propanol (IPA) (1 : 3) for 70 s, followed by rinsing with IPA and
deionized water. Then, a short O, plasma descum process is
performed to clean any PMMA residue in the exposed region
and the sample (resist PMMA/SiO,/NSTO) is annealed in an
oven at 140 °C. The patterns in the PMMA are transferred onto
the SiO, layer by fluorine-based reactive ion etching (RIE),
which also reduces the SiO, mask (thickness down to 150 nm),
and the sample (resist PMMA/patterned SiO, mask/NSTO) is
dipped into acetone to remove the remaining PMMA mask.
Finally, the O, plasma treatment cleans all polymer residues,
leaving only the patterned SiO, hard masks on the NSTO
substrate.

Fabrication of BFCO nanoisland arrays

BFCO nanoisland arrays were epitaxially grown on the NSTO
(100) substrate by PLD using the pre-patterned SiO, mask
(Fig. 1, Step II). In this process, a stoichiometric BFCO target is
ablated using a KrF excimer laser (wavelength of 248 nm and
pulse duration of 25 ns) with an energy density of about 2.0 J
cm ™ ? at a repetition rate of 8 Hz. The average deposition rate
was around 0.05 A per pulse and the number of pulses was kept
under 15 000 to allow subsequent removal of the 150 nm-thick
nanopatterned SiO, template. The deposition temperature and
oxygen partial pressure are 650 °C and 8 mTorr, respectively.
Finally, the SiO, template is removed by dipping the samples in
NaOH solution (5 M) for 2 h, leaving highly ordered BFCO
nanoisland arrays.

Characterization

The crystal structure, growth orientation, and lattice parameters
of the BFCO nanoislands were examined using X-ray diffraction
(XRD, Panalytical X'pert pro diffractometer using Cu Ko radia-
tion) by performing 6-26 scan, phi-scan, and reciprocal space
mapping (RSM) measurements. The microstructures were
characterized by scanning electron microscopy (SEM, JOEL-
2011). Atomic force microscopy (AFM, Veeco EnviroScope)
imaging is used to characterize the surface morphology of the
samples. The nanoscale ferroelectric properties are studied
using piezoresponse force microscopy (PFM), implemented
with the same AFM instrument equipped with Pt/Ir coated
ANSCM-PA probes from AppNano. Chemical analysis per-
formed by X-ray photoemission spectroscopy (XPS, VG Escalab
220i XL) revealed the formation of the 3+ valence state for both
Fe and Cr. Magnetization hysteresis loops are measured at room
temperature with the magnetic field oriented in-plane using
a superconducting quantum interference device (SQUID)
magnetometer.

2144 | Nanoscale Adv., 2019, 1, 2139-2145
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