
Applied Surface Science 334 (2015) 69–73

Contents lists available at ScienceDirect

Applied  Surface  Science

jou rn al h om ep age: www.elsev ier .com/ locate /apsusc

Reprint  of  “Overhanging  ferroelectric  nanodot  arrays  created  by  high
surface  energy  seeds”�

Jiyoon  Kima, Kwang-Won  Parkb,  Jongin  Hongb,∗,  Kwangsoo  Noa,∗

a Department of Materials Science and Engineering, KAIST, Daejeon 305-701, Republic of Korea
b Department of Chemistry, Chung-Ang University, Seoul 156-756, Republic of Korea

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 15 June 2014
Accepted 20 June 2014
Available online 19 August 2014

Keywords:
Ferroelectrics
Nanodot
Surface energy
PbTiO3

TiO2

a  b  s  t  r  a  c  t

We  demonstrated  a facile  route  for the fabrication  of  overhanging  PbTiO3 (PTO)  nanodot  arrays  on  pla-
tinized  silicon  substrates  using  PbO vapor  phase  reaction  sputtering  on  micellar  monolayer  films  of
polystyrene-block-poly(ethylene  oxide)  (PS-b-PEO)  loaded  with  TiO2 sol–gel  precursor.  We  also  inves-
tigated  that  the  high  surface  energy  of  TiO2 contributes  to  the formation  of  overhanging  ferroelectric
PTO nanodot  arrays  by  means  of  high-resolution  transmission  electron  microscopy.  Additionally,  the
crystallographic  orientation  of the  nanoseeds  had  a  significant  influence  on  the  ferroelectric  switching
properties  of  the PTO nanodots,  which  were  determined  by  piezoresponse  force  microscopy  (PFM).

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

It is an undeniable fact that the ferroelectric materials have
been extensively investigated due to their unique features, such
as spontaneous electric polarization, high dielectric permittiv-
ity, pyroelectricity and piezoelectricity, for practical applications
[1,2]. For example, the spontaneous polarization is crucial for non-
volatile memory functions. Its temperature dependence is utilized
for ultrasensitive infrared detectors. Piezoelectricity is applied to
high performance actuators and energy harvesters [3,4]. In particu-
lar, switchable polarization is a basic requirement in the application
of information storage devices, where the desired information (one
bit) can be deposited by assigning a polarization direction under
suitable electric fields greater than the coercive value of Ec [5].
What interests us is that zero-dimensional (0D) nanostructures dif-
fer from three-dimensional microstructures or bulk structures in
terms of their electric properties. To date, various methods have
been introduced to obtain a high level of memory density in two-
dimensional (2D) ferroelectric thin films; however, the collapse or
crosstalk of ferroelectric domains written in the thin films is treated
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as a serious problem when aiming to achieve memory density
greater than 1 Tb/in2 [2,6,7]. Recently, discrete 0D nanostructures
have been proposed to minimize size effects on ferroelectric prop-
erties and to overcome the instability of stored information in the
continuous film [8]. The physically separate geometry would also
act as an intrinsic barrier to avoid overlapping between electric
fields when reading and writing data and unexpected domain wall
propagation towards neighbors.

Ferroelectric properties typically vanish below a critical size
of 10 nm and this is known as the finite size effect [9]. It should
be noted that the discrete 0D nanostructure is very attractive for
enhancing the ferroelectric properties since it reduces the clam-
ping effect from a substrate [10]. Accordingly, it is of significant
importance to create a structure with less contact area between
ferroelectric materials and the underlying substrate. Since the mid-
1990s, classical top-down approaches, such as focused ion beam
(FIB) milling and electron beam direct writing (EBDW), have been
employed to pattern surface into an array of individual ferroelectric
materials [11,12]. However, for they are time-consuming and low-
throughput processes, several alternative bottom-up approaches
such as dip-pen lithography and the use of block copolymers as
nanoscale templates have been introduced to explore stable fer-
roelectric nanostructures smaller than 100 nm [13,14]. Despite
such recent advances, there still lies a necessity to employ a
post-annealing treatment at an elevated temperature in order to
crystallize ferroelectric materials; extra caution is to be taken
when doing this, since this could beget undesirable alterations
in shape or in volume of the ferroelectric nanostructures. We
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anticipate that the ideal shape to minimize the clamping effect
would be a sphere rather than an islet. However, both top-down and
bottom-up approaches would not be feasible for preparing spher-
ical ferroelectric nanodots. Herein, we describe the benefit of an
indirect deposition of ferroelectric materials to create overhanging
PbTiO3 (PTO) nanodot arrays by combining PbO gas phase reaction
with nanoscale TiO2 seeds. We  infer that the high surface energy
of the TiO2 would contribute to the formation of spherical nanodot
arrays.

2. Experimental

Polycrystalline PTO and nanodot arrays (40 nm in height and
60 nm in diameter) were prepared on platinized silicon substrates
by the reaction between TiO2 in a solid phase and PbO in a gas
phase. Spherical TiO2 nanoseeds were too prepared by self-ordered
micellar monolayer films. In order to obtain precursor-loaded
inverse micelles, a polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) copolymer solution was arranged by dissolving PS-b-PEO
(40 mg)  in toluene (2 mL)  and a sol–gel precursor was  generated by
mixing HCl (10 mg)  and titanium tetra-isopropoxide (TTIP, 72 mg)
in isopropyl alcohol (IPA, 1 mL). 1 mL  of the copolymer solution was
then combined with 0.3 mL  of the sol–gel precursor solution. The
inverse micelles were spin-coated on platinized silicon substrates
using an ACE-200 spin coater (Dongah Tech., Korea) under ambient
conditions (2500 rpm or rotation speed and 1250 rpm/s of acceler-
ation speed). The polymer templates were eliminated by oxygen
plasma etching and then PbO was reacted with the TiO2 seeds by
RF reactive magnetron sputtering at 600 ◦C in an O2 atmosphere.

The crystalline orientation of the TiO2 and PTO nanodot arrays
was determined by X-ray diffraction (XRD, D/MAX-RC, Rigaku Co.)
with a 2� scan at 40 kV and 100 mA.  Conventional transmission
electron microscopy (TEM) and high-resolution TEM analysis were
then performed by a JEOL FB-2100F microscope at 200 kV, fol-
lowed by the preparation of the cross-sectional TEM samples by
focused ion beam (FIB) milling. Pt was deposited on the upper
surface of epoxy-covered nanodots to keep the underlying sam-
ple intact from the destructive sputtering of the ion beam. The
local piezoresponse hysteresis loop was obtained at a fixed posi-
tion in terms of photodiode voltage output as a function of dc
bias voltage, which was applied to the bottom electrode (sequence
0 V → −5 V → 0 V → +5 V → 0) and was superimposed onto the ac
modulation voltage applied to the tip [14,15]. We  randomly
selected 10 PTO nanodots for measuring the loops and averaged
them for evaluating the local piezoresponse.

3. Results and discussion

The TiO2 nanodots were successfully transformed into the PTO
nanodots without using costly lithographic tools. It is notable that
TiO2 nanodot arrays would provide reaction sites to capture PbO
molecules with ease and this thereby allowed a fall in the forma-
tion temperature of a ferroelectric phase. Moreover, we thought
that the TiO2 seeds would play a key role for determining the final
shape of the ferroelectric nanodots since the surface energy of TiO2
(i.e. 2.6 J/m2 for (1 0 1) and 3.7 mJ/m2 for (1 0 0)) is greater than that
of underlying Pt (i.e. 2.2–2.3 J/m2) [16,17]. Fig. 1 illustrates classi-
cal wetting and contact angles in a vapor–liquid–solid system at
equilibrium. The shape of the liquid on the solid substrate con-
forms to the minimum interface energy. The liquid forms a ball
to reduce the interface between solid and liquid, when the inter-
face energy between them is high (Fig. 1a). With an incompressible
solid, the balance of forces which determines the contact angle
can be expressed asCos�  = (�SV −�SL)

�LV
where � , �, S, L and V denote

interface energy, contact angle, solid, liquid and vapor, respectively.

When two distinct materials meet, they compete with each other
to reduce high-energy surface. In particular, wetting of nanoscale
seeds on an underlying substrate at an elevated temperature relies
on both surface energies of seeds and underlying materials, and
the wetting is driven to minimize the total interfacial energy in
the system. Fig. 1d and e indicates schematics of nano-islands and
overhanging nanodots where contact angles are small (i.e. large
contact area) and large (i.e. small contact area), respectively. The
nano-island appears when the surface energy is less than that of
the underlying material, whilst the overhaning nanodot is prefer-
ential in the opposite situation. Regardless of various preparation
methods, islet nanostructures of PbTiO3 have been reported in the
literature [18–20]. If we create spherical nanostructures holding
a contact angle larger than 90◦, the surface energy of the ferro-
electric material should be greater than that of the underlying
substrate. The calculated surface energy density (SED) of PbTiO3
is 1.0–2.0 J/m2 and this value are comparable with that of common
conductive substrates (i.e. 1.4–3.0 J/m2 of SrTiO3 and 2.2–2.3 J/m2

of Pt) [21,22]. Thus, we  anticipate that island-like nanostructures
would be preferred. Interestingly, this coincides with the resultant
shapes found in the literature.

Fig. 2a shows a scanning electron microscopy (SEM) image of
highly cross-packed and spherical PTO nanodot arrays prepared
by the selective growth of ferroelectric oxides on nanoscale TiO2
seeds. Their cross-sectional TEM images are also displayed in Fig. 2b
and c. The ferroelectric nanostructures were spherical rather than
islet (or mesa) evidenced by the contact angle over 90◦. The con-
tact angles were analyzed through enlarged TEM images in the
supporting information (Figure S1). As we recall the experimen-
tal procedures, inverse micelles containing TiO2 sol–gel solutions
were hexagonally packed on Pt substrates despite the substrates
being rough and polycrystalline. Their average roughness and grain
size were 3.557 nm and 300 nm (shown in Figure S2). Then O2
plasma removed the spherical polymer templates by forming amor-
phous TiO2. During the PbO reaction at the elevated temperature,
the overhanging TiO2 nanodots were changed into the polygonal
shaped PTO nanodots due to the surface energy anisotropy of the
PTO crystal.

Furthermore, we investigated the crystalline orientation of the
PTO nanodots. Fig. 3a illustrates a cross-sectional high-resolution
TEM (HRTEM) image of the PTO nanodot on the underlying Pt
layer; enlarged TEM images of the dashed squares are presented
in Fig. 3b–d. Highly oriented (1 0 1), (1 1 0), (1 1 1) and (1 0 0) PTO
planes were observed. The distances between adjacent planes of
(1 0 1), (1 1 0), (1 1 1) and (1 0 0) are 2.8, 2.7, 2.4 and 3.8 Å, respec-
tively. These are consistent with the spacing of each plane identified
in the literature [23]. Interestingly, the (1 0 1) and (1 1 0) PTO planes
were observed on the adjacent Pt layer, whilst the (1 0 0) PTO planes
appeared near the free surface of the PTO nanodot and the (1 1 1)
planes were located in the center of the PTO nanodot. We  thought
that the mixed orientations would be related to stoichiometric con-
ditions: the (1 1 1) orientation (center of the PTO nanodot) is related
to nucleation with Ti-rich conditions, whist the (1 0 0) orientation
(top of the PTO nanodot) is linked with nucleation with Pb-rich
conditions [24]. As previously mentioned, the PTO nanodot was
created by the reaction between PbO vapor and TiO2 solid. Unlike
chemical vapor deposition or atomic layer deposition, directional
atomic bombardment should be considered in the PbO vapor phase
sputtering and it can affect PbO re-evaporation. The strong affinity
of TiO2 to PbO also prevents PbO desorption. These would result in
different PbO flux surrounding the TiO2 seeds. The (1 0 1) and (1 1 0)
PTO planes, in addition, would be related to the surface enthalpy of
TiO2 surfaces. It is known that the surface enthalpy of its (1 0 0) sur-
face is larger than that of its (1 1 0) surface: calculated values of the
(1 0 0) and (1 1 0) surfaces are 3.7 J/m2 and 2.6 J/m2. In our study, our
amorphous TiO2 nanodots would start to crystallize at the interface
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