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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
eywords:
erroelectrics
anodot
urface energy
bTiO3

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.
iO2

. Introduction

It is an undeniable fact that the ferroelectric materials have
een extensively investigated due to their unique features, such
s spontaneous electric polarization, high dielectric permittiv-
ty, pyroelectricity and piezoelectricity, for practical applications
1,2]. For example, the spontaneous polarization is crucial for non-
olatile memory functions. Its temperature dependence is utilized
or ultrasensitive infrared detectors. Piezoelectricity is applied to
igh performance actuators and energy harvesters [3,4]. In particu-

ar, switchable polarization is a basic requirement in the application
f information storage devices, where the desired information (one
it) can be deposited by assigning a polarization direction under
uitable electric fields greater than the coercive value of Ec [5].

hat interests us is that zero-dimensional (0D) nanostructures dif-
er from three-dimensional microstructures or bulk structures in
erms of their electric properties. To date, various methods have
een introduced to obtain a high level of memory density in two-
imensional (2D) ferroelectric thin films; however, the collapse or
rosstalk of ferroelectric domains written in the thin films is treated
s a serious problem when aiming to achieve memory density

reater than 1 Tb/in2 [2,6,7]. Recently, discrete 0D nanostructures
ave been proposed to minimize size effects on ferroelectric prop-
rties and to overcome the instability of stored information in the

∗ Corresponding authors.
E-mail addresses: hongj@cau.ac.kr (J. Hong), ksno@kaist.ac.kr (K. No).

ttp://dx.doi.org/10.1016/j.apsusc.2014.06.134
169-4332/© 2014 Elsevier B.V. All rights reserved.
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  antici-

pate 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
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ndirect deposition of ferroelectric materials to create overhanging
bTiO3 (PTO) nanodot arrays by combining PbO gas phase reaction
ith nanoscale TiO2 seeds. We  infer that the high surface energy

f the TiO2 would contribute to the formation of spherical nanodot
rrays.

. Experimental

Polycrystalline PTO and nanodot arrays (40 nm in height and
0 nm in diameter) were prepared on platinized silicon substrates
y the reaction between TiO2 in a solid phase and PbO in a gas
hase. Spherical TiO2 nanoseeds were too prepared by self-ordered
icellar monolayer films. In order to obtain precursor-loaded

nverse micelles, a polystyrene-block-poly(ethylene oxide) (PS-b-
EO) copolymer solution was arranged by dissolving PS-b-PEO
40 mg)  in toluene (2 mL)  and a sol–gel precursor was generated by

ixing HCl (10 mg)  and titanium tetra-isopropoxide (TTIP, 72 mg)
n isopropyl alcohol (IPA, 1 mL). 1 mL  of the copolymer solution was
hen combined with 0.3 mL  of the sol–gel precursor solution. The
nverse micelles were spin-coated on platinized silicon substrates
sing an ACE-200 spin coater (Dongah Tech., Korea) under ambient
onditions (2500 rpm or rotation speed and 1250 rpm/s of acceler-
tion speed). The polymer templates were eliminated by oxygen
lasma etching and then PbO was reacted with the TiO2 seeds by
F reactive magnetron sputtering at 600 ◦C in an O2 atmosphere.

The crystalline orientation of the TiO2 and PTO nanodot arrays
as determined by X-ray diffraction (XRD, D/MAX-RC, Rigaku Co.)
ith a 2� scan at 40 kV and 100 mA.  Conventional transmission

lectron microscopy (TEM) and high-resolution TEM analysis were
hen performed by a JEOL FB-2100F microscope at 200 kV, fol-
owed by the preparation of the cross-sectional TEM samples by
ocused ion beam (FIB) milling. Pt was deposited on the upper
urface of epoxy-covered nanodots to keep the underlying sam-
le intact from the destructive sputtering of the ion beam. The

ocal piezoresponse hysteresis loop was obtained at a fixed posi-
ion in terms of photodiode voltage output as a function of dc
ias voltage, which was applied to the bottom electrode (sequence

 V → −5 V → 0 V → +5 V → 0) and was superimposed onto the ac
odulation voltage applied to the tip [14,15]. We  randomly

elected 10 PTO nanodots for measuring the loops and averaged
hem for evaluating the local piezoresponse.
. Results and discussion

The TiO2 nanodots were successfully transformed into the PTO
anodots without using costly lithographic tools. It is notable that

ig. 1. Schematics of (A) nonwetting (� > 90◦), (B) wetting (� < 90◦), (C) spreading (� = 0◦)
n  a substrate.
ence 314 (2014) 720–724 721

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

 of a liquid on a solid, (D) nanoislands (� < 90◦), (E) overhanging nanodots (� > 90◦)
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ig. 2. (A) SEM image of highly cross-packed circular PTO nanodot arrays, (B) cross
mage  of the area marked by a dashed square in (B).

ere hexagonally packed on Pt substrates despite the substrates
eing rough and polycrystalline. Their average roughness and grain
ize were 3.557 nm and 300 nm (shown in Figure S2). Then O2
lasma removed the spherical polymer templates by forming amor-
hous TiO2. During the PbO reaction at the elevated temperature,
he overhanging TiO2 nanodots were changed into the polygonal
haped PTO nanodots due to the surface energy anisotropy of the
TO crystal.

Furthermore, we investigated the crystalline orientation of the

TO nanodots. Fig. 3a illustrates a cross-sectional high-resolution
EM (HRTEM) image of the PTO nanodot on the underlying Pt
ayer; enlarged TEM images of the dashed squares are presented
n Fig. 3b–d. Highly oriented (1 0 1), (1 1 0), (1 1 1) and (1 0 0) PTO

ig. 3. (A) HRTEM image of sphere shaped PTO nanodot on Pt. An enlarged TEM image
resented. (E) A cross-sectional TEM image of PTO nanodot with a dashed line indicating 
onal TEM images of PTO nanodot arrays on Pt bottom electrode, (C) enlarged TEM

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

s of (B) the head of dot, (C) near-electrode (1), (D) near-electrode (2) in (A) were
EDS line-scan and (F) EDS line scan of the PTO nanodot along the dashed line in (E).
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hemical vapor deposition or atomic layer deposition, directional
tomic bombardment should be considered in the PbO vapor phase
puttering and it can affect PbO re-evaporation. The strong affinity
f TiO2 to PbO also prevents PbO desorption. These would result in
ifferent PbO flux surrounding the TiO2 seeds. The (1 0 1) and (1 1 0)
TO planes, in addition, would be related to the surface enthalpy of
iO2 surfaces. It is known that the surface enthalpy of its (1 0 0) sur-
ace 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
morphous TiO2 nanodots would start to crystallize at the interface
etween TiO2 and Pt and subsequently have (1 1 0) facets to reduce
he surface energy during the PbO vapor phase reaction at the ele-
ated temperature. Direct heating to the TiO2 nanodots allowed for
he crystallization of an amorphous TiO2 phase to a pure anatase
iO2 phase and the anatase (1 0 1) diffraction peak was  detected by
igh resolution XRD (shown in Fig. 4). Such phase transition could
esult in the (1 0 1) and (1 1 0) PTO planes. (1 1 0) PTO can be also
ormed because of the in-plane strain during the phase transition
n cooling (from paraelectric to ferroelectric) [25,26]. Fig. 3e shows
he cross-sectional TEM image of the PTO nanodot on the [0 1 0]
one axis, where the dashed line indicates the energy dispersive
-ray spectroscopy (EDS) line scan. Simultaneously recorded EDS

ine scans are presented in Fig. 3f. The EDS features in the TEM
esults were used to map  regions containing Pb, Ti, O and C ele-
ents in the PTO nanodot. An electron beam was scanned across

he selected region and the resultant X-ray emission spectrum was
ecorded. The white contrast between the PTO nanodots was con-
rmed as residual carbon, as shown in Fig. 3f. The EDS analysis also
anifests the precise boundaries of the Pb, Ti and O elements in

he PTO nanodot as compared to the surrounding area. We  could
bserve Pb-rich (surface) and Ti-rich (heart) areas in the PTO nan-
dot and this corresponds to the formation of the (1 0 0) and (1 1 1)
TO planes mentioned above. Notably, the spherical PTO nanodot
as fixed on the Pt surface by the supporting carbon, which might

riginate from residual block copolymers.
We  henceforth made a further investigation regarding the effect

f TiO2 crystallinity on the crystalline orientation and ferroelectric
roperties of PTO nanodot arrays. Fig. 4a shows high resolution
RD patterns of TiO2 nanoseeds before and after a post-annealing

reatment at 400 ◦C for 5 h in a box furnace. Only an anatase
1 0 1) peak made an appearance after the post-annealing treat-

ent. The anatase is not an equilibrium phase of TiO2, albeit, it
ould be formed since anatase has lower surface free energy and

s less closely packed than rutile [REF]. After PbO vapor reaction
oth amorphous and anatase TiO2 nanoseeds were transformed to
TO nanodots. The PTO nanodots originated from amorphous and
natase TiO2 seeds had mixed orientations of PTO(1 0 0), PTO(1 0 1)
nd PTO(1 1 1) without any pyrochlore phase (Fig. 4b). Interest-
ngly, the positions of PTO(1 0 0) and PTO(1 1 1) were perfectly

atched together, whilst PTO(1 0 1) peaks were slightly deviated
ach other (Fig. 4c). The observed positions of PTO(1 0 1) crys-
allized from amorphous and anatase TiO2 seeds were 31.81◦

nd 31.59◦. This indicates that the PTO nanodots prepared from
natase titania were more (1 0 1)-oriented than those prepared
rom amorphous titania since bulk reference positions of PTO(1 0 1)
nd PTO(1 1 0) are 31.40◦ and 32.48◦. N.A. Pertsev et al. suggested
hat the in-plane strain in thin films would lead to PTO(1 1 0)
rientation during phase transition from paraelectric phase to fer-
oelectric phase [25]. Y. Cho et al. confirmed the existence of
TO(1 1 0) as a monoclinic phase band between PTO(1 0 1) planes
26]. SEM and PFM images of PTO nanodots mentioned above
an be found in Figure Six. In the SEM observation, PTO nan-

dots originated from anatase TiO2 seeds (55.87 ± 4.76 nm) were
lightly larger than those originated from amorphous TiO2 seeds
50.47 ± 3.71 nm). In the PFM observation, excluding a few dots
ith a single domain structure, most dots were composed of a
Fig. 4. High resolution XRD patterns of TiO2 and PTO nanodots before and after
annealing at 400 ◦C.

multi-domain structure with evidence of mixed phase contrasts
within one dot.

We also investigated the ferroelectric switching properties of
PTO nanodot arrays based on the PFM study. The effective d33
piezoresponse hysteresis loops of PTO nanodots grown on dif-

ferently prepared TiO2 seeds were obtained at 17 kHz. Typical
hysteresis loops measured from PTO nanodots are presented in
Fig. 5. The hysteresis loops were saturated within the range of
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ig. 5. d33 piezoresponse hysteresis loops of overhanging PTO nanodots grown on
morphous and anatase TiO2 nanodots.

he bias applied and the remnant piezoresponse (d33,r) values of
TO nanodots grown on amorphous and anatase TiO2 seeds were
3.21 pm/V and 14.99 pm/V. The d33,r is equal to (|d33

+|+|d33
−|)/2,

here d33
+ and d33

−, respectively refer to the upward and down-
ard remnant piezoelectric states. The increase in d33,r would

e correlated with the crystallinity of TiO2 nanoseeds, which
llowed for more (1 0 1) orientation of the PTO nanodots. The
ertical shift in hysteresis loop referred to d33 offset, which is
qual to (d33

+ + d33
−)/2. The d33 offset values of PTO nanodots

ormed on amorphous and anatase TiO2 seeds were 0.63 pm/V and
.465 pm/V, respectively. Previously, we reported that the vertical
hifts in PTO thin films, which were fabricated via PbO gas phase
eaction with TiO2 seed layers in a sputtering chamber, were closely
elated to the residual stress states [27]. We  think that the com-
ressive stress in the PTO nanodots restricted the motion of Ti4+

ons, when they move downwards at the nanodot/substrate inter-
ace, whilst that of Ti4+ ions into upward direction was improved
y the stretching at the free surface; therefore, the upward polar-

zed domains (positive polarization) exhibit a larger piezoelectric
esponse when compared to downward ones (negative polariza-
ion). We speculate that more compressively stressed PTO nanodots
ould exhibit a larger positive d33 offset value. However, the eval-
ation of the residual stress states at nanoscale is beyond the scope
f this study.

. Conclusion

We  presented overhanging PTO nanodot arrays with a reduced
ontact area achieved by the indirect deposition of ferroelectric

aterials. We  demonstrated that the high surface energy of TiO2

ontributed to the formation of spherical PTO nanodot arrays.
RTEM images and EDS analysis confirmed the origin of mixed ori-
ntations within the PTO nanodot. In addition, we  found that the

[
[

[

ence 314 (2014) 720–724

crystallinity of the starting TiO2 nanoseeds would have an influ-
ence on their orientation and ferroelectric switching properties.
Currently, we  will explore the evolution of residual stress in the
PTO nanodots related to the structural change in the starting TiO2
seeds. This will encourage their use in next-generation memory
and high-sensitivity sensory module.
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