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Abstract

A BiFeO; (BFO) nanodot was deposited on a Nb-doped SrTiO; substrate by dip-pen nanolithography. The BFO nanodot had a diameter of
about 50 nm after drying and annealing to remove the solvent contained in the nanodot. To make nanoparticles smaller than a few tens of
nanometers, the BFO nanodot was then shattered using an atomic force microscope. Ferroelectric BFO nanodots smaller than 20 nm in diameter
were successfully fabricated after the annealing process. A ferroelectric BFO nanodot smaller than 15 nm exhibited good ferroelectric properties
with a canonical piezoelectric hysteresis loop and tunneling currents depending on ferroelectric polarizations.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Ferroelectricity; BiFeO5; nanodot; Shattering process; Atomic force microscopy

1. Introduction

Non-volatile random access memory (NVRAM) technology
has been used in various memory devices such as flash
memories, magnetic random access memory, resistive RAM,
phase-change RAM and ferroelectric RAM (FeRAM) [1-7]. To
store information, these memory devices utilize different storage
concepts that use electrical charge, magnetization, resistance,
and ferroelectric polarization [1-6]. In particular, scaling down
has made it possible to maximize the storage density and to
enhance the speed of memory [8,9]. For this reason, many
researchers have studied nanoscale NVRAMs consisting of
nanomaterials such as nanowires, nanotubes, and nanodots.

FeRAMs using ferroelectric polarization for information storage
have attracted researchers because they have a simple device
structure consisting of one ferroelectric capacitor and one transistor
[1].There are several methods, such as self-assembly, nanotem-
plates, and dip-pen lithography processes, to form ferroelectric
nanostructures of nanowires, nanotubes, and nanodots, although
conventional photolithography techniques are not applicable [10—
15]. The self-assembly process produces very small nanodots, less
than a few nanometers in diameter, but the self-assembled nanodots
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are randomly positioned. In contrast with the self-assembly process,
the nanofabrication process using nanotemplates such as anodic
aluminum oxide (AAQO) produces well-aligned nanostructures,
though they are bigger than those generated by self-assembly
[12]. However, it is hard to make nanoscale FeRAMs using the
well-aligned nanostructures obtained by the AAO technique. The
dip-pen lithography technique, on the other hand, has the merit of
controlling the position and size of nanostructures [13,15]. In this
study, we investigated the ferroelectric properties of BiFeO; (BFO)
nanodots on an Nb-doped SrTiO; substrate deposited by dip-pen
lithography. We formed a BFO nanodot smaller than 15 nm that
exhibited good ferroelectric properties confirmed by conducting
atomic force microscopy (CAFM) and piezoresponse force
microscopy (PFM).

2. Experimental procedure

Fig. 1 shows schematic drawings of the shattering process for a
dip-pen lithography BFO nanodot. To improve upon the dip-pen
lithography process, we also used an Nb-doped SrTiO; substrate,
which had an atomically flat surface with well-aligned terraces
formed by HF treatment with annealing [16].To make an atom-
ically flat surface on the Nb-doped SrTiO; substrates (Nb doping
level ~1 wt% and resistivity ~0.001 € cm), which can be used
as a bottom electrode, the Nb-doped SrTiO; substrates were dipped
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Fig. 1. Schematic drawings of the shattering process for a BFO nanodot. (a)
The formation of a BFO nanodot on an Nb:STO substrate by dip-pen
lithography. (b) The shattering of a BFO nanodot using an AFM tip. (c)
Shattered BFO nanodots on the Nb:STO substrate. (d) Crystallized BFO
nanodots after the annealing process for the crystallization of the shattered PTO
nanodots.

in a dilute HF solution and annealed at 1000 °C for 1 h. Then, a
BFO nanodot was deposited on a Nb-doped SrTiO; (Nb:STO)
substrate by dip-pen lithography, where the sizes of the nanodots
were controlled by suitably adjusting the dip-pen deposition time.
Then, the BFO nanodot was immediately dried by an annealing
process (at 200 °C forl h) and it was shattered by AFM, as shown
in Fig. 1(b) and (c). For the shattering process, we used a diamond
AFM tip with a radius of 15 nm, an amplitude of 100 nm, and a
shattering frequency of 75 kHz. Before the shattering process, the
AFM tip was contacting with the top of the BFO nanodot. Then,
the AFM tip was vibrated to shatter the BFO nanodot. After the
shattering process, we annealed the shattered BFO nanodots for
crystallization at 600 °C for 1h, because the shattered BFO
nanodots have a crystallization temperature above 300 °C and thus
were not yet crystallized [17].

3. Results and discussion

Fig. 2(a) shows the AFM image of the BFO nanodot created
by dip-pen lithography on the Nb:STO substrate. In the bottom
background region, the well-aligned terraces of the Nb:STO
substrate are discernible where the Nb:STO substrate was used
as the bottom electrode of the BFO nanodot-capacitor. The Nb:
STO substrate had an atomically flat surface with a surface
roughness of less than 0.2 nm. We roughly estimated the
diameter of the BFO nanodot to be about 50 nm. It is hard to
observe the BFO nanodot in the PFM image, as shown in
Fig. 2(b),because it is not crystallized. We could then perform
a shattering process to cleave the BFO nanodot into small BFO
shatters (Fig. 2c). The BFO nanodot with a diameter of
~50nm was cleaved into numerous BFO nanoparticles
(nanodots) with diameters smaller than 15 nm. For the crystal-
lization, the shattered BFO nanodots were annealed at 600 °C
for 1h. Finally, after the crystallization process, the

ferroelectric properties of the shattered BFO nanodots were
analyzed by PFM experiments that consisted of switching the
ferroelectric polarizations and measuring the PFM signals and
piezoelectric hysteresis loops.

Fig. 3(a) shows a PFM image of the shattered BFO nanodots
after the crystallization process. This image exhibits a sig-
nificantly enhanced PFM signal compared to that of the non-
crystalline BFO nanodot (Fig. 2b), indicating that the BFO
nanodots were sufficiently crystallized. The PFM image
reveals that the BFO nanodots have randomly oriented
polarizations. To examine the ferroelectric switching behavior,
we performed PFM switching experiments for the BFO
nanodot marked in Fig. 2(d). This BFO nanodot had a diameter
of ~15 nm and a thickness of ~8 nm. We easily modified the
ferroelectric polarizations of the BFO nanodot so that it
possessed different directions of up and down polarization
by applying positive and negative biases of 2V to the
conducting AFM tip. Fig. 3(b) and (c) shows PFM images
of the BFO nanodot after the switching process with biases of
+2V and -2V, respectively. The small BFO nanodot
exhibited well-switched ferroelectric domains along the
upward and downward directions, indicating that this small
BFO nanodot had good ferroelectric properties. For the BFO
nanodots with diameters less than 15 nm, it was difficult to
switch the ferroelectric polarizations using PFM due to high
leakage currents.

We also obtained a typical piezoelectric hysteresis loop for
the small BFO nanodot using PFM with a measurement
frequency of 10 kHz (Fig. 4d). There were small shifts in the
hysteresis loop due to imprinting effects resulting from the
asymmetric electrode configuration of the conducting AFM
tip, the BFO nanodot, and the Nb:STO substrate. The hyster-
esis loop of the BFO nanodot shows a coercive voltage of
about 0.6 V and an effective remnant piezoelectric constant of
about 40 pm/V. In previous studies of ferroelectric PbTiO3
(PTO) nanodots, the 60 and 40 nm PTO nanodots exhibited
piezoelectric constants that were 100 pm/V larger than that of
the small BFO nanodot [12,13]. It is notable that a small BFO
nanodot with a diameter less than 15 nm has good ferroelectric
properties with a canonical piezoelectric hysteresis loop.

We further investigated the tunneling current characteristics of
the small BFO nanodot depending on its ferroelectric polariza-
tions of upward and downward directions (Fig. 4). Fig. 4(a)
shows the tunneling current curves as a function of applied
voltage depending on the upward and downward ferroelectric
polarizations. The tunneling current curves are clearly distin-
guished according to their directions of ferroelectric polarization.
The polarization-dependent tunneling current can be explained
using a model of a ferroelectric tunnel junction with a trapezoidal
tunneling barrier [18]. The slope of the tunneling barrier depends
on the change in the electrostatic potential associated with the
ferroelectric polarization reversal and the resulting reorientation of
the depolarization field. In other words, the small BFO nanodot
exhibited two distinct resistance states, the high resistance state
(HRS: downward polarization) and the low resistance state (LRS:
upward polarization). We also confirmed that the difference in
LRS and HRS is reproducible for up to 200 cycles, as shown in
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Fig. 2. (a) AFM image of a BFO nanodot formed by dip-pen lithography on the Nb-doped STO substrate and annealed (200 °C for 1 h). The BFO nanodot has a
diameter of about 50 nm and terraces can be observed on the Nb-doped STO substrate. (b) PFM image of the same BFO nanodot on the Nb:STO substrate as shown
in (a). (c) AFM image after the shattering of the BFO nanodot shown in (a). (d) AFM image of the shattered PTO nanodots after the annealing (600 °C for 1 h) for
crystallization.
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Fig. 3. (a) PFM image of the shattered BFO nanodots shown in Fig. 2(d). (b), (c) PEM images of the BFO nanodot (marked in Fig. 2d) smaller than 15 nm after the
switching process with biases of (b) +2 V and (c) —2 V. (e) Piezoelectric hysteresis loop of the BFO nanodot.
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Fig. 4. (a) Tunneling current curves as a function of applied voltage depending on the upward and downward ferroelectric polarizations of the BFO nanodot smaller
than 15 nm. (b) Tunneling current curve as a function of switching cycles depending on the upward and downward ferroelectric polarizations of the BFO nanodot.

Fig. 4(d). Thus, we suggest that the small BFO nanodot is
suitable for use in FeERAMs or logic devices.

4. Conclusion

A BFO nanodot was formed by dip-pen nanolithography on
a Nb-doped SrTiOj; substrate using a BFO precursor sol. After
the drying and annealing processes, we obtained a gel BFO
nanodot with a diameter of about 50 nm. This nanodot was
then shattered into dots of various sizes, ranging from several
nanometers to a few tens of nanometers, using an atomic force
microscope. After crystallization, the ferroelectric BFO nano-
dots with diameters less than 15 nm exhibited good ferro-
electric properties, which were confirmed by CAFM and PFM.
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