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Ferroelectric random access memory (FeRAM) is one of the
promising nonvolatile memory devices that shows simple device
structures and fast operation.' ® Recently, device scale-down
has been accelerated with the demands of high-performance and
high-density data storage for the management of high-quality
media. In order to achieve a high density of FeERAM as a next-
generation memory, a ferroelectric capacitor must be as small
as possible.°”® As a simple approach to the fabrication of
ferroelectric nanostructures, randomly positioned nanodots are
commonly obtained using precursor sols.'”'® As this method
produces nanodots with various sizes, it is not suitable for
FeRAM applications. On the other hand, the nanodot fabrication
technique based on anodizing aluminum oxide (AAO) nanotem-
plates enables us to form ferroelectric nanocapacitor arrays
having a high density of ~0.2 Tbit/in.> (see refs 5, 7, 8).
However, this approach also hardly seems to be adapted to the
top-down manner of the established memory fabrication tech-
niques because this template-based fabrication process cannot
control the position of the nanostructure at a desired place in
FeRAM applications.' Thus, it is highly desirable to position
a ferroelectric nanodot at a desired place, which can be well-
adapted to the established memory fabrication technology.

Dip-pen nanolithography (DPN), which enables us to form
nanopatterns with various molecules at desired places, is one of
noble atomic force microscopy (AFM) techniques that utilize
both electric force microscopy (EFM) and piezoresponse force
microscopy (PFM).°~'> DPN technology originated from the
patterning of 1-octadecanethiol polymers by Piner et al.” Because
of the capability of AFM to control position, DPN technology
has produced diverse nanopatterns with various materials such
as metals, semiconductors, proteins, cells, and even viruses.”” '®
Thus, the DPN technology is expected to be one of the feasible
solutions for the realization of position-controlled ferroelectric
nanostructures in FeRAM applications. In spite of the expecta-
tion, however, this technology has not been successfully applied
to the fabrication of ferroelectric nanostructures. In this study,
we report the fabrication of ferroelectric PbTiO3 (PTO) nanodots
with various sizes ranging from 37 to 200 nm using DPN
technology. The ferroelectric PTO nanodots exhibit well-defined
canonical ferroelectric responses, as confirmed by PFM and EFM
studies.

Unlike DPN involving polymers,®'® we adopted sequential
drying and annealing processes for the fabrication of ferroelectric
PTO nanodots using DPN technology. In Figure 1, we schemati-
cally depict the DPN process of ferroelectric PTO nanodots. For
the DPN of PTO nanodots, we used a PbO-excess precursor sol
modified with a low-viscosity alcohol. We first formed PTO-
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Figure 1. Schematic drawings illustrating the dip-pen nanolithography
(DPN) of ferroelectric PbTiO; (PTO) nanodots. (a) Patterns of PTO nanodots
formed by DPN. (b) Formation of a nanopattern using a PTO precursor sol
on the surface of Nb-doped SrTiO; by DPN. (c) To obtain highly crystallized
PTO nanodots, an annealing process is carried out after the lithography of
the PTO nanopattern is performed.

precursor sol nanodots on a Nb-doped SrTiO; (STO) substrate
(Figure 1b). To elaborate the DPN process, we also used a Nb-
doped STO substrate that had an atomically flat surface with
well-aligned terraces formed by HF treatment with annealing.
After the deposition, we slowly dried these precursor sol
nanodots for a week at room temperature. For the crystallization
of ferroelectric perovskite PTO, we annealed these nanodots
under an oxygen atmosphere at 650 °C for 1 min by rapid
thermal annealing. Structural and ferroelectric characterizations
of the PTO nanodots were then made by AFM, PFM, and EFM
measurements in conjunction with a high-resolution transmission
electron microscopy (HR-TEM, JEM-2200FS) study.

The size of the nanodots was controlled by suitably adjusting
the dip-pen deposition time. We were able to obtain various sizes
of ferroelectric nanodots, as shown in the AFM images (Figure
2a). Interestingly, these DPN nanodots are square-shaped, indicating
a high degree of crystallinity. At the bottom background region,
well-aligned terraces of the Nb-doped STO crystalline substrate
are discernible, where the Nb-doped STO is used as a bottom
electrode of the PTO nanodot capacitor. In addition, this material
showed an atomically flat surface, with a surface roughness of less
than 0.2 nm. Thus, it provides an optimum surface for the DPN of
ferroelectric PTO nanodots. Sizes and thicknesses of the nanodot
increase with the dip-pen deposition time (Figure 2b,c). During the
initial deposition period, the size of the PTO nanodot increases
rapidly. The nanodot is saturated in its lateral dimension at ~230
nm.

Magnified AFM images of the minimum-sized DPN nanodot
are presented in Figure 3a,b. We confirmed the epitaxial growth
of the minimum-sized nanodot with a single-domain structure
by HR-TEM (Figure 3c). From the HR-TEM lattice image, we
estimated the c/a ratio of the minimum-sized PTO nanodot to
be 1.08, which is larger than that of the unstrained bulk PTO
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Figure 2. AFM images of PTO nanodots formed by DPN. (a) Array of PTO nanodots formed by DPN using various dip-pen deposition times. (b) Plot of
the lateral dimension of the PTO dot as a function of the dip-pen deposition time. (c) Plot of the thickness of the PTO nanodot as a function of the dip-pen

deposition time.
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Figure 3. Minimum-sized PTO nanodot with a lateral dimension of 37 nm. (a) AFM image of the minimum-sized PTO nanodot. (b) Three-dimensional
AFM image of the minimum-sized PTO nanodot. The thickness of this minimum-sized nanodot is ~22 nm. (c) HR-TEM image of the minimum-sized PTO
nanodot. The c/a ratio (i.e., tetragonality) was estimated to be 1.08.
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(1.06), suggesting a highly strained nanostructure grown along frequency of 10 kHz. The hysteresis loop showed a coercive voltage
the polar ¢ axis of the tetragonal 4mm (C4,) symmetry. The of ~1.0 V and an effective remanent piezoelectric constant of ~100
minimum-sized PTO nanodot is square-shaped with a lateral pm/V (Figure 4d). For the A, B, C, and D nanodots shown in Figure
dimension of 37 nm and a thickness of ~22 nm. This minimum- 2a,b, the ds; value of the PEM hysteresis loop decreased while the
sized nanodot is capable of showing a maximum storage density coercive electric field increased with the lateral size (see the
of ~0.5 Tbit/in.?> for FeRAM applications. This value of the Supporting Information). The coercive electric field of ferroelectric
storage density is higher than that of the ferroelectric array nanodots increases, in general, with decreasing thickness or
fabricated by the AAO membrane technique.” Moreover, we note increasing lateral size, and the PFM signal is also closely related
that this DPN technique is capable of positioning a nanodot at to the aspect ratio of a nanodot.?°~>* Thus, the present PEM results
a desired place. In the DPN process for ferroelectric PTO well reflect the ferroelectric size effect associated with the
nanodots, we used a DPN tip with a radius slightly smaller than scale-down.?% 23
10 nm. However, we would be able to obtain a nanodot We confirmed the ferroelectric switching properties of the
substantially smaller than the present minimum-sized PTO minimum-sized PTO nanodot by switching and reading a ferro-
nanodot by employing a sharper DPN tip. This is because the electric domain based on the EFM study (Figure 4e,f). During the
size of DPN nanodot is controlled primarily by the sharpness of switching, it is expected that a high electric field is applied to the
the DPN tip.'? minimum-sized nanodot because of its small thickness (~22 nm)
We have further investigated the ferroelectric properties of in conjunction with a sharp EFM tip.?* To polarize the ferroelectric
the minimum-sized PTO nanodot by employing PFM and EFM. domain formed on the surface of the Nb-doped STO electrode, we
For this purpose, we used a platinum-coated Si;N4 cantilever applied a bias of +0.5 V to the minimum-sized PTO nanodot. We
with a conducting tip having a radius of ~20 nm. Thus, the subsequently flipped this domain with a bias voltage of —0.5 V.
resolution was not high enough to obtain a good AFM image of The EFM image of the switched ferroelectric domain revealed a
the minimum-sized nanodot, though the AFM image was positive surface potential, indicating that the ferroelectric polariza-
obtained using contact AFM mode (Figure 4b). In Figure 4c, tion is oriented along the field direction (i.e., vertical to the surface
we present a PFM image of the minimum-sized PTO nanodot. of the minimum-sized nanodot; 4e). This polarization was then
The PFM image is featured by a dark-colored region surrounded readily flipped by applying a bias of +0.5 V. According to the
with a bright region. EFM image, the ferroelectric domain is perfectly flipped, ending
We also obtained a typical piezoelectric hysteresis loop from up with a negative surface potential, which again implies that the
the minimum-sized PTO nanodot by PFM at a measurement polarization is oriented vertical to the bottom electrode surface
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Figure 4. PFM and EFM measurements of a. PTO nanodot formed by DPN. (a) Electrical contact of a PTO nanodot with an AFM tip for PFM and EFM
measurements. (b) Image of the PTO nanodot obtained by AFM with a Pt-coated Si;N, cantilever. (¢) PFM image of the PTO nanodot. (d) Value of d3; for
the minimum-sized PTO nanodot plotted as a function of the applied voltage. (¢) EFM image of the PTO nanodot after switching with a bias of —0.5 V.
(f) EFM image of the PTO nanodot after switching with a bias of +0.5 V.
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(Figure 4f). We confirmed a reproducible switching behavior of
the ferroelectric polarization up to 1000 cycles. From the domain
switching and the reading with EFM, we are able to obtain
quantitative information on the switching characteristics of the PTO
nanodot needed for FeRAM applications.

In summary, we have carried out DPN experiments to form
ferroelectric PTO nanodots using a suitably prepared PTO precursor
sol. The ferroelectric PTO nanodots exhibited a size increment from
37 to 200 nm for deposition times between 0.1 and 10 s. The minimum-
sized ferroelectric PTO nanodot is characterized by a single domain
with a lateral dimension of 37 nm and a thickness of ~22 nm. We
demonstrated ferroelectric switching characteristics of the minimum-
sized nanodot using PFM and EFM. The minimum-sized PTO nanodot
is estimated to show a maximum storage density of ~0.5 Tbit/in.2,
which is suitable for high-density FeRAM applications.
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