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Abstract: We demonstrated a facile route to fabricate
ferroelectric poly(vinylidene fluoride-
trifluoroethylene), P(VDF-TrFE), nanodots from spin-
coated thin films. Importantly, the discrete P(VDF-
TrFE) nanodots possessed high degree of B-phase
[F(B) > 60%] when compared to the fraction of B-
phase in thin films [F(B) = 51%]. P(VDF-TrFE)
nanodots of 51.4 + 10.6 nm in height and 172.75 *
40.5 nm in diameter displayed superior piezoresponse
values (18.1 £ 3.3 pm/V) and a low coercive voltage
(2.4 + 0.5V). This offers our rationale for a great
promise in non-volatile memories, infrared sensor
arrays and artificial skin applications.
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INTRODUCTION

Ferroelectric and piezoelectric
nanostructures have attracted much interest for
potential applications in miniaturized sensor arrays,
actuators and non-volatile memory devices. Recently,
it is reported that piezoelectric properties of
nanostructured ferroelectric materials are superior to
those of their bulk counterparts because their lateral
size confinement would allow for homogenous
nucleation."® Accordingly, there have been many
efforts made to fabricate various ferroelectric
nanostructures.  Several research groups have
successfully developed one-dimensional or quasi-zero
dimensional nanostructures in this range using both
lithographic®’  (“top-down”) and self-assembly
methods® *° (“bottom-up”). The former method is
well-suited to the fabrication of regular arrays of
ferroelectric nanostructures, but their surfaces can be
damaged during the harsh processing conditions and
the whole process is laborious.**" In contrast, self-
assembly is an effective method for producing
nanoscale structures not only because of its simplicity
and the inexpensive cost of processing under mild
conditions, but also because of its potential to

overcome the size limitations of the conventional top
down process.”*** Among various ferroelectric
materials, poly(vinylidene fluoride—trifluoroethylene)
P(VDF-TrFE), is a prime candidate for ferroelectric
nanodevices because of its large remnant polarization,
short switching time and good thermal stability."™*
High flexibility, low weight, inexpensive processing
techniques, and easy modification of shape and size,
are also primary advantages of this ferroelectric
polymer.’®*® However, its coercive field is
approximately 50 MV/m, which is much higher than
that of ferroelectric oxide materials.'! Although
reducing the film thickness of a ferroelectric layer
below 100 nm allows for low operating voltage to be
used,’”** decreasing the film thickness results in
deterioration of the ferroelectric properties due to the
reduction of crystallinity and crystallite size."*
However, it is reported that nano-imprinted P(VDF-
TrFE) nanostructures allowed for elimination of
internal structural defects and improvement of crystal
orientation in the nanostructures with a low coercive
field of ~10 MV/m.*! Recently, Ducharme et al. made
self-assembled P(VDF-TrFE) nanomesas that were 9
nm in height and 100 nm in diameter from ultrathin
Langmuir—Blodgett (LB) films after post-annealing.’
This process has been exclusively utilized to fabricate
self-assembled P(VDF-TrFE) nanostructures. It
should be noted that the LB technique is a time
consuming process. It is also difficult to fabricate
fluorine-containing polymer films because of their
rigidity and hydrophobicity. Accordingly, we propose
a facile method for the fabrication of self-assembled
P(VDF-TrFE) nanostructures. We successfully
fabricated P(VDF-TrFE) nanodots by using a simple
spin-coating technique with post-annealing, which is
more suitable for applying to practical applications
than the LB technique.

METHODS
P(VDF-TrFE) nanodots were fabricated by spin-
coating and post-annealing processes. In this work,
we used a molar ratio of 75/25 P(VDF-TrFE)
copolymer, which is known to have good



piezoelectric properties. The P(VDF-TrFE) pellets
(MSI Sensor, PA, USA) were dissolved in methyl
ethyl ketone (MEK), and solutions with
concentrations in the range 3 wt% to 0.25 wt% were
prepared by sonication. The solutions with different
concentrations were filtered using a 0.2 pm syringe
filter and then spin coated onto the Au/Ti/SiO,
substrates at 5000 rpm for 20 s. To produce the
nanodots, the P(VDF-TrFE) films were immediately
annealed at 150 °C for 2 hours on a hot plate. The
initial thickness of the P(VDF-TrFE) films was
measured using scanning electron microscopy
(Hitachi, S-4800, Japan). The surface morphology of
the films annealed at 150 °C was obtained using
commercial atomic force microscopy (AFM, Seiko,
SPA400, Japan) with a SiN tip (Olympus, force
constant of 0.08 N/m and resonance frequency of 34
kHz). To determine the ferroelectric molecular
conformations of the nanostructures, we utilized
Fourier transform infrared (FT-IR) spectroscopy in
attenuated total reflection (ATR) mode (Bruker,
IFS66V/S & HYPERION 3000, Germany) with a
scanning resolution of 2 cm™. Topography, amplitude
and phase images were acquired simultaneously using
the piezoresponse force microscopy (PFM) method
using a commercial atomic force microscope (PSIA,
XE-100, Korea) equipped with an external signal
generation and data acquisition system. An ac
modulation voltage of 0.8 V,s at 17 kHz was applied
to the AFM tip of Pt-coated Si cantilevers with a tip
apex radius of 40 nm (Micromasch, spring constant k
~ 6.0 N/m) over a scan area of 2 x 2 pm®. The local
piezoelectric hysteresis loop was obtained at a fixed
tip position during the dc voltage sweep.

RESULTS AND DISCUSSION

Fig. 1(b) shows AFM topographic images
of the P(VDF-TrFE) films made with different
concentrations of P(VDF-TrFE) solution and annealed
at 150 °C. As the film thickness decreased, the film
morphology changed gradually from a continuous
film to isolated nanodots. These observations may
indicate that the formation of P(VDF-TrFE)
nanostructures depends on the film thickness and that
there exists a critical thickness (t < 24.03 + 3.5 nm) at
which nanostructures form in our study. We speculate
that the formation of nanostructures in the
ferroelectric P(VDF-TrFE) films might be attributed
to the dewetting process. It is known that dewetting of
polymer films is observed when thin liquid films
(thickness < 100 nm) are annealed above the glass
transition temperature (Tg). The mechanism of
nanodot formation is mainly elucidated by a spinodal
decomposition process based on amplification of

thermal fluctuations on the surface of thin liquid films.

In our case, the P(VDF-TrFE) film is unstable after
deposition at room temperature because its glass
transition temperature (Tg) is =36 °C. Accordingly, the
unstable P(VDF-TrFE) thin film would break up via
the dewetting process in order to minimize the area

where the P(VDF-TrFE) has contact with the
substrate. The substrate surface is exposed and the
film is laterally separated. Eventually, such nanodots
are formed on the substrate. To understand the
formation mechanism of the nanostructures, we also
investigated the dependence of surface morphology
on film thickness by changing the annealing
temperature We observed that the formation
temperature  of P(VDF-TrFE)  nanostructures
decreased with decreasing initial film thickness. Of
special significance were the observations that at a
film thickness of 10.45 + 1.4 nm, a morphological
transition from continuous film to nanodots was found
when the annealing temperature was raised from 120
to 130 °C and that the nanodots were formed up to
annealing temperature of 150 °C. We speculate that
these observations might be also associated with the
dewetting mechanism in P(VDF-TrFE) thin films.
The dewetting of the P(VDF-TrFE) films took place
when the P(VDF-TrFE) thin films (t < 24.03 + 3.5
nm) were heated to a high enough temperature for the
film morphology to rearrange due to the increase in
molecular mobility. The conformation
characterization of the P(VDF-TrFE) nanostructures
was investigated using FT-IR spectroscopy. In Fig. 2,
the absorption bands at 1290 cm* and 848 cm™ (A,
4 || b) are associated with the B-phase possessing trans
sequences longer than 4 monomers (t,, > 4) and trans
sequences longer than 3 monomers (t, > 3),
respectively. The 885 cm ™ peak (B,, u || &) is related
to the B-phase having a trans sequence of one
monomer. These three peaks can be used for
evaluating the ferroelectric crystalline 3-phase of the
nanodots. Meanwhile, the absorbance bands at 612
cm® and 802 cm™ correspond to the o-phase
possessing the trans—gauche (TG) conformation.
Assuming that the FT-IR absorption follows the
Beer—Lambert law, the fraction of B-phase F(B) in the
nanodots can be calculated using equation (1)*":

F(p)= )

m,, +IT1|3 1.2ﬁﬂu+ﬂ|3
where mis the mass of the a and B phases, and A is the
absorbance of the o and B phases with absorbance
peaks at 612 cm™, 1292 cm ™, respectively.'”*! All the
P(VDF-TrFE) nanodots showed high contents of B-
phase over 53% (Table 1), compared with a p-phase
fraction of 51% for 900nm thick stretched P(VDF-
TrFE) filmY This result indicates that the
ferroelectric B-phase is better formed in the P(VDF-—
TrFE) nanodots than the P(VDF-TrFE) films. We
believe that the lateral size confinement of the
P(VDF-TrFE) nanodots might affect the nucleation
mechanism and the crystallographic orientations.**
Fig. 3(a) shows AFM topographic images of
the P(VDF-TrFE) nanodots. The 24.03 + 3.5 nm thick
films changed to nanodots with average diameters of
1072 £ 613 nm and thicknesses of 95.57 + 35.4 nm.
The 17.93 + 2.0 nm thick films produced slightly
smaller nanodots with average diameters of 504 + 244



nm and thicknesses of 82.85 + 11.2 nm. The 10.45 +
1.4 nm thick film showed completely isolated
nanodots with average diameters of 172.75 + 40.5 nm
and thicknesses of 51.4 + 10.6 nm. We observed that
the size of the nanodots decreased as the initial film
thickness reduced. Moreover, the isolated nanodots
showed very uniform size distribution. Fig. 3 shows
both the topography and piezoresponse images of the
P(VDF-TrFE) nanodots obtained from different
initial film thicknesses. In the PFM amplitude images,
the bright regions represent the domains showing
relatively strong piezoelectric properties, while the
dark regions indicate areas which do not show
piezoelectric properties. In the PFM phase images,
bright regions correspond to domains with
polarization directed towards the sample surface,
whilst dark regions show domains with polarization
directed towards the substrate. Strong amplitude and
phase signhals were observed at the position of the
nanostructures in the topographic images. This
indicates that the P(VDF-TrFE) nanostructures
showed superior piezoelectric properties. Interestingly,
all the nanodots showed dark phase contrast images
[Fig. 3(c)]. This indicates that the spontaneous
polarizations in P(VDF-TrIFE)
nanostructures would be self-oriented towards the
downwards direction. Details about the self-alignment
in the P(VDF-TrFE) nanodots are beyond the scope of
this study. However, it might be related to the film
fabrication process, i.e. the spin coating process, in
which an induced elongation force facilitates direct
formation of the B-phase in the P(VDF-TrFE) film. In
addition, the self-alignment might be a result of the
lateral size confinement of the P(VDF-TrFE)
nanodots, which permits homogenous nucleation of
crystalline phases.*® In order to investigate the
polarization switching properties of the P(VDF-TrFE)
nanodots, we measured local piezoresponse hysteresis
loops at ten randomly selected points and averaged
them (Fig. 4.) As expected, the P(VDF-TrFE)
nanodots showed a superior ds; value (d33=18.1 + 3.3
pm/V) and low coercive voltage (V. = 2.4 £ 0.5 V).
This indicates that the ferroelectric crystalline phases
are well formed in the P(VDF-TrFE) nanodots.
Additionally, we observed that the hysteresis loops
were horizontally shifted due to the work function (®)
difference between the Pt-coated tip (®p; = 5.65 €V)
and the bottom electrodes (®p, = 5.1 eV), and the
polarization offset or non-switchable dipoles.

CONCLUSIONS
In conclusion, we have successfully fabricated
P(VDF-TrFE) nanodots using the simple route of spin
coating and post annealing. The formation mechanism
of such nanodots might involve the dewetting of the
P(VDF-TrFE) thin films. We found that the initial
film thickness would play an important role in the
formation of P(VDF-TrFE) nanodots and that there
was a critical initial film thickness (t < 24.03 £+ 3.5

nm) required for the formation of the nanostructures.
Uniform P(VDF-TrFE) nanodots have higher
contents of the B-phase, over 60%, compared with the
B-phase contents, 51%, for the 900 nm-thick tape-cast
P(VDF-TrFE) films, and showed excellent
piezoelectric properties, such as a remnant ds; value of
18.1 £ 3.3 pm/V and a coercive voltage of 2.4 £ 0.5V.
This offers our rationale for a great promise in non-
volatile memories, infrared imaging arrays, pressure
sensor arrays and artificial skin applications. We are
currently exploring self-polarization phenomena and
visualization of three-dimensional dipole
configuration in such nanodots using angle-resolved
PFM (AR-PFM).

Table 1. Summary of the fraction of all-trans
sequences in the P(VDF-TrFE) nanodots

Initial film thickness F(p)
24.03+3.5nm 54.8 %
17.93+ 2.0 nm 53.5 %
10.45+ 1.4 nm 60.3 %
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Figure 1. (a) The initial film thickness of the P(VDF-
TrFE) films before annealing as a function of
concentration in the range 3 wt% to 0.25 wt%. (b)
AFM images of the P(VDF- TrFE) films made with
different concentrations of P(VDF- TrFE) solution
after annealing at 150 °C.

— 24.03£3.5 nm
17.93£2.0 nm
e 10.45 £1.4 nmM

Absorbance (a.u.)

600 760 BOIO QCIIO 1600 11‘00 12I00 13‘00 14I00 1500
Wavenumber {cm™)

Figure 2. FT-IR spectra of the P(VDF-TrFE)

nanodots obtained from (a) 24.03 + 3.5 nm, (b) 17.93

+ 2.0 nmand (c) 10.45 + 1.4 nm thick P(VDF-TrFE)

films.
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Figure 3. (a) Topological, (b) piezoelectric amplitude
and (c) phase images of the self-assembled P(VDF
TrFE) nanodots with initial film thicknesses of (top)
24.03 £ 3.5 nm, (middle), 17.93 + 2.0 nm and
(bottom) 10.45 + 1.4 nm.
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Figure 4. Piezoresponse hysteresis loops of P(VDF
TrFE) nanodots.
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