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ABSTRACT An ultrahigh density array of epitaxial PbTiO3 (PTO) nanoislands with uniform size was fabricated on a single-crystalline
Nb-doped SrTiO3 (100) substrate over a large area (cm2 scale) by simple but robust method utilizing polystyrene-block-poly(4vinylpridine) copolymer micelles. Each nanoisland has an average volume of 2.6 × 103 nm3 (a height of 7 nm and a diameter of 22
nm). Because of uniform nanoislands over a large area, a synchrotron X-ray diffraction experiment was successfully employed to
analyze the domain structures of PTO nanoislands. They showed well-defined epitaxy on the substrate, which was also confirmed by
high-resolution transmission electron microscopy. All of the nanoislands existing in the entire area showed distinct piezoresponse
that confirms the existence of ferroelectricity at this size. The results indicate that the critical size of ferroelectrics could be scaleddown further, thereby much increasing the density of ferroelectric devices.
KEYWORDS PbTiO3, ferroelectrics, nanoislands, piezoresponse, block copolymer micelles.
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these drawbacks, various approaches13-16 have been employed. Szafraniak et al.15 employed chemical solution
deposition (CSD) method to fabricate epitaxial, single-crystal
PbZrxTi1-xO3 (PZT) nanoislands. Nanoislands with various
sizes (height ranging from 9 to 25 nm and lateral dimension
from 20 to 200 nm) were obtained by changing initial
precursor film thickness and crystallization temperature. A
nanoisland with a relatively large volume (∼1.2 × 106 nm3)
showed ferroelectric properties. Son et al.16 fabricated ferroelectric nanoislands with a lateral dimension of 37 nm and
a height of 22 nm (thus, a volume of 3 × 104 nm3) by dippen lithography and piezoresponse was observed for this
nanoisland.
Although the previous studies provide useful information
on the critical size of ferroelectric nanoislands, the experimental results have been obtained based on a single nanoisland (or nanostructure). To eliminate the possible error in
estimating the critical size, ferroelectric behavior should be
obtained from a very large number (say over 1010) of nanoislands with uniform shape and narrow size distribution.
Several research groups have pursued this objective.17-20
Lee et al.21 fabricated a high-density array of PZT nanoislands with a diameter of 60 nm and a height of 40 nm
(volume of 2.8 × 104 nm3) using pulsed laser deposition and
aluminum oxide mask. The crystal structure was analyzed
by X-ray diffraction (XRD) owing to the uniform size of PZT
nanoislands over a large area. They also found that each PZT
nanoisland worked as a ferroelectric capacitor. Although this
result showed successful fabrication of a high-density array

erroelectric materials have gained much attention
owing to their unique properties of spontaneous,
switchable polarization, piezoelectricity, and pyroelectricity. During the past decades, the ferroelectrics of a
thin film have been extensively studied both theoretically1
and experimentally.2-4 Although continuous ferroelectric
thin film has shown the possibility for various applications
such as information storage media5,6 and infrared cameras,7
discrete nanostructures, for instance, nanoislands or nanodots, are ideal because the crosstalk effect invoked by the
domain movement or thermal diffusion could be inherently
excluded.7-10
For nanostructured ferroelectric materials, it is important
to find the critical size below which ferroelectricity disappears, because this size determines the ultimate areal density of ferroelectric devices. It was theoretically predicted
that a nanodisk with a diameter of 3.2 nm could maintain
spontaneous polarization.11 However the fabrication of ferroelectric nanostructure at this size level is extremely difficult. Earlier, continuous thin film was carved into discrete
nanostructures with controlled size and shape by using
focused-ion beam (FIB).12 But, the crystal structure of nanoislands could be affected during the etching process. Also, the
fabrication of nanoislands in a large area is extremely
tedious due to a time-consuming process. To overcome
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ring in the P4VP block, which was confirmed by Fouriertransform infrared (FTIR) spectroscopy (Supporting Information Figure S1a). Since 2-methoxyethanol is a selective
solvent of P4VP, the PS block becomes micelle core in
2-methoxyethanol solution and the precursor remains outside the micelle core (Figure 1a). To incorporate PTO precursor into the micelle core, a toluene/tetrahydrofuran mixture
(v/v ) 3/1) was carefully added to the 2-methoxyethanol
solution. Then, the precursor was incorporated into the P4VP
cores by micelle inversion (Figure 1b). By controlling the
concentration of PS-b-P4VP in the solution, a monolayer of
the precursor-loaded micelles was prepared on singlecrystalline Nb-doped STO(100) substrate by spin coating
(Figure 1c). The substrate employed in the present study was
chosen by considering the good electrical conductivity and
small lattice mismatch between the PTO (a ) 3.899 Å)26 and
Nb-doped STO (a ) 3.905 Å).27 To prevent surface reconstruction during crystallization of PTO, the substrate was
etched and annealed at 900 °C (Supporting Information
Figure S2). Finally, PS-b-P4VP and organic moiety of the PTO
precursor were simultaneously removed, while the PTO
nanoislands became epitaxially crystallized on the substrate
by heat treatment at 600 °C for 1 h in air (Figure 1d).
Because of the volatility of Pb at this temperature, we used
the PTO precursor with a molar ratio of Pb to Ti of 1.1.
Figure 2a,b gives atomic force microscopy (AFM) topography images of the array of the PTO precursor-loaded
micelles and the array of the PTO nanoislands after removal
of PS-b-P4VP and crystallization of the precursor. Figure 2c
gives an enlarged AFM topography image of Figure 2b and
the height profile along the red line. The average diameter
of the precursor-loaded micelles was 60 nm (Figure 2a),
which is larger than that (∼50 nm) of the pristine micelles
(Supporting Information Figure S3). The increase in micelle
diameter upon precursor loading can be attributed to the
reduction of micellization enthalpy and thus, the increase
of the aggregation number per micelle.28 From Figure 2b,c,
the average diameter and the height of PTO nanoislands
were obtained as 22 and 7 nm, respectively. From the AFM
topography image, the size distribution of the nanoislands
is quite narrow (21.9 ( 3.5 nm) (see Supporting Information
Figure S4a,c). The narrow size distribution is also consistent
with the results obtained from scanning electron microscopy (SEM) (Figure S4b). During the thermal decomposition
of PS-b-P4VP and the organic moieties of the PTO precursor,
the micelles were shrunken largely along the height direction. Thus, the resulting PTO nanoislands have a disklike
(pancake) shape. Assuming that the PTO nanoislands have
disklike structure, the volume of each nanoisland was
calculated as 2.6 × 103 nm3. The average center-to-center
distance (Do) between two neighboring PTO nanoislands was
63 nm, which is essentially the same as that of micelle array
(Figures 2a,b). Quasi-hexagonal packing of as-spun micelles
and the PTO nanoislands was observed. This indicates that
the original arrangement of the micelles is well maintained

FIGURE 1. Schematic of fabrication of ultrahigh density array of PTO
nanoislands on Nb-doped STO(100) substrate. (a) Mixture of the PTO
precursor and PS-b-P4VP in 2-methoxyethanol. PS block becomes
core, whereas P4VP block becomes corona. (b) Micelle inversion and
simultaneous incorporation of the PTO precursor into the P4VP core.
(c) Monolayer of the precursor-loaded micelles on the substrate by
spin coating. (d) Ultrahigh density array of PTO nanoislands over a
large area (1 cm2) after removal of PS-b-P4VP and the organic
moieties of the PTO precursor.

of ferroelectric nanoislands, the lateral dimension of a
nanoisland is still larger than that obtained by self-assembly
based on CSD.15 It is noted, however, that CSD could not
produce ferroelectric nanostructures with uniform size. We
realize that when ferroelectric nanoislands are prepared by
block copolymer micelles,22-25 the size is comparable to (or
smaller than) that obtained by CSD, while maintaining
uniform size distribution. Furthermore, the in-plane ordering
of the nanoislands on various conducting substrates is good
due to the self-assembly of the micelles.
In this study, we prepared an ultrahigh density array of
ferroelectric PbTiO3 (PTO) nanoislands on Nb-doped SrTiO3
(STO)(100) substrate by using polystyrene-block-poly(4-vinyl
pyridine) copolymer (PS-b-P4VP) micelles. The fabricated
PTO nanoislands had uniform size distribution in a large area
(over cm2 scale), and a good in-plane ordering of the nanoislands was obtained. The average diameter (D) and height
(h) of each nanoisland were 22 and 7 nm, respectively. Thus,
each nanoisland had a volume of ∼2.6 × 103 nm3 and a
scaling ratio (D/h) of 3.3. Well-developed epitaxy of the PTO
nanoislands was successfully analyzed by synchrotron X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). Piezoresponse of the nanoislands was examined by
piezoresponse force microscopy (PFM), and all of the nanoislands existing in the entire area showed distinct ferroelectricity. These observations confirm that the ferroelectricity
of PTO nanoislands could be maintained at a volume as
small as 2.6 × 103 nm3 and high scaling ratio of 3.3.
Figure 1 gives a schematic of the preparation of an
ultrahigh density array of PTO nanoislands on Nb-doped
STO(100) substrate by using PS-b-P4VP micelles. First, PSb-P4VP with molecular weights of 41 500 and 17 500 for
each block was dissolved into PTO precursor solution diluted
with 2-methoxyethanol. We chose PS-b-P4VP because of a
favorable interaction between the precursor and pyridine
© 2010 American Chemical Society
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FIGURE 2. AFM topography images of the array of (a) precursor-loaded micelles and (b) the PTO nanoislands after crystallization. Inset shows
fast Fourier transform of the image. (c) Enlarged image of part of (b) and the AFM height profile along the red line.

even after the heat treatment at a high temperature for
crystallization. Areal density of 297 µm-2 (0.18 Tb·in-2) was
calculated from the number of the PTO nanoislands given
in Figure 2b. Do is determined by the total molecular weight
of the block copolymer, and the diameter of the core (which
determines the nanoisland size) is proportional to the molecular weight of the core block. With another PS-b-P4VP
with similar molecular weight of the core block (P4VP) but
much shorter corona block (PS) than that in PS-b-P4VP
employed in this study, the Do could be significantly decreased without affecting the diameter of a nanoisland. If
the thickness of the corona block would be decreased to ∼4
nm, while the core diameter is maintained at ∼22 nm, Do
would be reduced to ∼30 nm. In this situation, an areal
density of ∼1 Tb·in-2 would be obtained.
Because the PTO nanoislands are prepared over a large
area, the crystal structure and epitaxial nature of PTO
nanoislands grown on Nb-doped STO(100) substrate could
be confirmed by synchrotron XRD. Figure 3a shows a θ-2θ
scan along the normal direction to the substrate. PTO(001)
and (002) peaks are clearly observed near Nb-doped STO(001)
and (002) peaks, respectively, and no other noticeable
crystallographic planes were detected in this range. This
result indicates that the PTO nanoislands were grown along
(001) orientation. The in-plane epitaxial relationship between the substrate and the PTO nanoislands was investigated by 360° φ-scan for (101) diffraction of Nb-doped
STO(100) and PTO (Figure 3b). Perfectly overlapped four
peaks with 90° separation of PTO and Nb-doped STO(101)
peaks manifest the cube-on-cube epitaxial relationship of
PTO[100]//STO[100] and PTO(001)//STO(001). The domain
structure of the PTO nanoislands was investigated by twodimensional reciprocal space mapping near the Nb-doped
STO(001) reflection (Figure 3c). The contour plot of the HLplane scan clearly shows that the PTO nanoislands consist
of only c-domain structures without nontilted- or twinned
a-domains whose a-axis are parallel or slightly tilted to the
surface normal direction.21
This observation is consistent with the previous result that
the amount of c-domain increases with decreasing height.29
Namely, with decreasing height the formation of a-domain
© 2010 American Chemical Society

is energetically unfavorable; thus the relaxation of residual
strain by a-domain is hindered.30 In addition, strain relaxation by reducing the lateral dimension does not occur due
to the high scaling ratio.29 Also, tetragonality c/a of 1.060
was calculated from the peak positions of PTO(001) and
PTO(101) (see Section S4 in the Supporting Information),
which is slightly smaller than that (1.065) of the bulk PTO.31
Decreased tetragonality indicates that atomic displacement
between Ti and O would be also decreased, implying that a
reduced spontaneous polarization is expected.32
Figure 4a shows a high-resolution transmission electron
microscopy (HRTEM) image of the cross-sectional view of a
single PTO nanoisland. The PTO nanoisland has a mesalike
structure, flattened top surface and slanted sidewalls, whose
width and height are 22 and 6 nm, respectively. This shape
is consistent with AFM height profile (Figure 2c). The tetragonality of the PTO nanoisland was calculated to be 1.056
based on the lattice spacing shown in Figure 4b), which is
almost the same as that obtained from XRD analysis. The
epitaxial relation between the PTO nanoisland and the
substrate was also confirmed by selected area electron
diffraction (SAED) (Figure 4c).
Figure 5a-c gives topography image, PFM phase and
PFM amplitude of the PTO nanoislands, respectively. Figure
5a is in accordance with Figure 2b and piezoresponse
images (Figure 5b,c), implying that all of the PTO nanoislands are distinctly ferroelectric. All the pristine PTO nanoislands showed preferential upward polarizations; thus they
appeared as dark regions in the PFM phase image (Figure
5b). Also, there is no difference in the phase contrast within
a single nanoisland, which suggests that no a-domain is in
existence, coincident with XRD results (Figure 3). The
amplitude of the spontaneous polarization of nanoislands
is clearly distinguishable from the background, as shown in
Figure 5c. Piezoelectric coefficient d33 was obtained from a
linear plot of amplitude of piezoresponse and applied voltage. Spontaneous polarization (PS) of the as-grown PTO
nanoislands is strongly imprinted and could not be fully
switched. Since this could not be explained by the distorted
crystal lattices arising from the dislocation at the interface
between the PTO nanoislands and the substrate,33 it might
2143
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FIGURE 4. (a) A cross-sectional TEM micrograph of PTO/Nb-doped
STO(100). (b) An enlarged TEM image of the area marked by a square
in (a). The dashed line in (b) indicates the interface between PTO
nanoisland (top part) and Nb-doped STO(100) (bottom part). (c)
Selected-area electron diffraction (SAED) pattern obtained from the
interface.

FIGURE 3. (a) θ-2θ scan of nanoislands, (b) φ scan of PTO(101) and
Nb-doped STO(101), (c) HL reciprocal space mapping around PTO(001)
and Nb-doped STO(001).

be attributed to extrinsic effects, such as built-in potentials
induced by the trapped space charges at the PTO/Nb-doped
STO interface,34 PbO losses during the thermal treatment,
or chemical and/or electronic depletion which usually happens at the surface of Nb-doped STO.35-37 Nevertheless, the
value of d33 (39.4 pm/V) of each PTO nanoisland was marked
(Figure 5d). Smaller value of d33 than that (∼75 pm/V) of the
bulk PTO is consistent with reduced tetragonality measured
by XRD and HRTEM.
The piezoresponse of PTO nanoislands depends on the
size38 and the scaling ratio.39,40 The size of nanostructured
© 2010 American Chemical Society

FIGURE 5. (a) Topography, (b) PFM phase, and (c) PFM amplitude
images of PTO nanoislands. (d) Amplitude of piezoresponse versus
applied voltage graph. The slope of the linear relationship between
amplitude and applied voltage gives the piezoelectric coefficient d33.

ferroelectric materials determines the interacting volume,
which is proportional to the amplitude of piezoresponse.
It is noted that ferroelectricity for a discrete nanostructure
decreases with decreasing volume. This is because the
Curie temperature of a ferroelectric decreases and even2144
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tually becomes paraelectric at room temperature with
decreasing size.41,42 Roelofs et al. reported that a nanoisland having a volume of 2 × 103 nm3 did not show
piezoresponse, while another nanoisland with a volume
of 7.2 × 103 nm3 showed piezoresponse.13,43 On the other
hand, the scaling ratio estimates the clamping effect of a
substrate on the nanostructure; thus, it is inversely proportional to the amplitude of piezoresponse.39,40 It should
be noted that the PTO nanoislands prepared in this study
showed considerable piezoresponse even though they
have a high scaling ratio (3.3) and a small height (7 nm,
about 17 unit cells) and a small volume (2.6 × 103 nm3).
We found that the volume (or the diameter) of nanoislands
is directly correlated with piezoresponse amplitude (Supporting Information Figure S4c,d). Also, the size-driven
ferroelectric-paraelectric transition did not occur within
the size ranges (15-26 nm), implying that the critical size
might be smaller than 15 nm (Supporting Information
Figure S4d) Although high scaling ratio and small height
would impose a severe strain over the PTO nanoislands,
a small lateral size (∼22 nm) and c-domain abundance
may enhance the uniformity of the piezoresponse through
the whole nanoislands, resulting in relatively high piezoresponse.
In summary, we have demonstrated that an ultrahigh
density array of PTO nanoislands with a lateral dimension
of 22 nm and a height of 7 nm was successfully fabricated
on Nb-doped STO(100) substrate by using block copolymer micelles followed by epitaxial crystallization. The
epitaxial relationship between the PTO nanoislands and
the substrate was confirmed by XRD and HRTEM. Nanoislands had good lateral ordering owing to the self-assembly
of the micelles. The ultrahigh density PTO nanoislands
with narrow size distribution on a large area showed well
developed c-domains without any noticeable a-domains.
Even though each of the PTO nanoislands fabricated in
this study had a volume as small as 2.6 × 103 nm3 and a
scaling ratio of 3.3, exhibited distinct spontaneous polarization at room temperature. The result suggests that the
critical size of ferroelectrics could be scaled-down further,
and thus the density of ferroelectric devices would be
much increased. Ferroelectric nanoislands with smaller
volumes could be also prepared easily by tuning the
molecular weight of PS-b-P4VP.

micelles, surface reconstruction of substrate, effect of
precursor concentration on micelle size and PTO nanoisland array, size distribution of nanoislands, distribution
of piezoresponse of nanoislands, and experimental method
to calculate c/a. This material is available free of charge
via the Internet at http://pubs.acs.org.
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