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ABSTRACT: We demonstrate locally crystallized ferroelectric poly(vinylidene fluoride-ran-
trifluoroethylene) (P(VDF-TrFE)) nanodots in a noncrystallized 10 nm thick P(VDF-TrFE)
thin film using heated atomic force microscopy (h-AFM). Joule heating of the AFM tip made
it possible to form crystallized P(VDF-TrFE) nanodots with a size ranging from 40 to 250 nm.
Piezoresponse force microscopy was used to characterize the ferroelectric properties of the
crystalline P(VDF-TrFE) nanodots. The ferroelectric bit sizes of the P(VDF-TrFE) nanodots
were strongly depending on the tip heating bias and time while the ferroelectric bit size of the
crystallized ferroelectric P(VDF-TrFE) thin film was directly proportional to the magnitude of
the ferroelectric switching bias.

■ INTRODUCTION

Room-temperature ferroelectric materials with spontaneous polar-
ization and piezoelectricity are useful for nonvolatile random access
memory (NVRAM) applications, acoustic sensors, and actuators.1

A Pb(Zr,Ti)O3 (PZT) ferroelectric field-effect transistor as a
NVRAM bit has exhibited a high density along with fast reading
and writing speeds at a low operating voltage.1 Although PZT as a
representative ferroelectric material has higher ferroelectric polar-
ization and piezoelectric coefficients than other materials, it
contains Pb, which is toxic.1−3 In terms of environment friendliness,
inorganic lead-free oxides such as BaTiO3 and BiFeO3

4−8 or
organic ferroelectric copolymers such as poly(vinylidene fluoride-
ran-trifluoroethylene) (P(VDF-TrFE))9−19 are promising candi-
dates for the aforementioned applications. In general, nontoxic and
flexible ferroelectric polymers have low crystallization temperatures
below 200 °C but lower ferroelectric polarization and piezoelectric
coefficients than inorganic ferroelectric materials.
Size effects of ferroelectric materials are commonly observed

over a wide range from a few micrometers to a few nanometers,
which is quite different behavior than nanoscale devices such as
quantum dots and nanowires.1,20−22 For example, the ferro-
electric domains of ferroelectric materials exhibit scaling
behaviors in ferroelectric polarization and coercive electric fields
as a function of size.1,3,23 In addition, ferroelectric materials have
a critical minimum size to maintain its ferroelectricity.3

■ EXPERIMENTAL SECTION

In this study, we show that locally crystallized P(VDF-TrFE)
nanodots can be formed in a noncrystallized 10 nm thick
P(VDF-TrFE) thin film using a heated atomic force microscope

(h-AFM). The melting point of P(VDF-TrFE) is >155 °C.
Here we chose two annealing temperatures of 160 and 200 °C
because the crystallization temperature is ∼140 °C and the
bottom electrode of the P(VDF-TrFE) film plays the roll of the
heat sink that chills the P(VDF-TrFE) film under the local
crystallization process using the h-AFM. The P(VDF-TrFE)
nanodots exhibit size controllability in the range of 40 to 250 nm
as a function of the heating time of the AFM tip. We confirm
that the P(VDF-TrFE) nanodots are ferroelectric through
piezoresponse force microscopy (PFM) measurements.
P(VDF-TrFE) (70:30 mol % copolymer) films with a thick-

ness of 10 nm were deposited on a (111)-oriented Pt/TiO2/
SiO2/Si substrate by repeating the Langmuir−Blodgett method
20 times. The Langmuir−Blodgett method has been used to
deposit a P(VDF-TrFE) monolayer with a thickness of 0.5 nm
onto a substrate by immersing the substrate into a P(VDF-
TrFE) solution.19 AFM and PFM were used to investigate the
surface morphology and roughness of the P(VDF-TrFE) films
as well as the switching characteristics of the ferroelectric P(VDF-
TrFE) nanodots and films, respectively.

■ RESULTS AND DISCUSSION

Figure 1a shows schematic drawings of the formation of locally
crystallized ferroelectric P(VDF-TrFE) nanodots. Before form-
ing the P(VDF-TrFE) nanodots, a noncrystallized P(VDF-TrFE)
thin film was annealed for 30 min at 80 °C to solidify the film.
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P(VDF-TrFE) nanodots were formed and crystallized under
Joule heating of the AFM tip by applying a current through the
tip.24 It is known to be possible to elevate the temperature of
the AFM tip to 1000 °C. The surface profile of the film was
measured by AFM. The distance between the h-AFM tip and
the surface was set at 200 nm. When the AFM tip is heated to a
temperature between 160 and 200 °C by applying a current
through the tip, the AFM tip approaches the surface of the
noncrystalline P(VDF-TrFE) film and is located ∼5 nm from
the surface. Therefore, it does not mechanically damage the
surface of the P(VDF-TrFE) film. After applying a local
annealing process for a heating time of <10 s, the h-AFM tip
returns to a distance of 200 nm from the surface. P(VDF-
TrFE) nanodots with diameter ranging from 40 to 250 nm are
controllable because the dot diameter is a function of the local
temperature of the AFM tip as well as the heating time. After
formation of crystalline P(VDF-TrFE) nanodots, PFM was

Figure 1. Schematic drawings of the formation of locally crystallized
ferroelectric P(VDF-TrFE) nanodots by the h-AFM tip. (a) Local
heating process using the h-AFM tip on a noncrystallized P(VDF-
TrFE) thin film. (b) Local surface analysis of locally crystallized ferro-
electric P(VDF-TrFE) nanodots in the noncrystallized P(VDF-TrFE)
thin film using PFM.

Figure 2. Local surface analysis of the P(VDF-TrFE) nanodot array. (a) AFM image of the P(VDF-TrFE) nanodot array. (b) PFM image of the
nanodot after the local annealing process. PFM images of (c) upward and (d) downward polarized nanodot arrays after the switching process. (e)
Diameter curves of the P(VDF-TrFE) nanodots as a function of the annealing time for 160 and 200 °C. (f) Calculated steady-state temperature
curve as a function of the distance from the AFM tip. The radii of the crystallized boundary of the P(VDF-TrFE) thin film were assumed to be 96
and 251 nm for temperatures of 160 and 200 °C, respectively.
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used to study the ferroelectric properties of the crystallized
P(VDF-TrFE) nanodots in the noncrystallized P(VDF-TrFE)
thin film, as schematically shown in Figure 1b.
Figure 2a,b shows AFM and PFM images of P(VDF-TrFE)

nanodots formed by the h-AFM tip, respectively, where A, B, C,
and D indicate P(VDF-TrFE) nanodots with diameters of 40,
80, 100, and 250 nm, respectively. There are dewetting events
in the P(VDF-TrFE) nanodots, in which the thickness of the
nanodots slightly increases resulting from the local annealing
process. Here the formation conditions of the A, B, C, and D
nanodots are 2, 6, and 10 s at 160 °C and 2 s at 200 °C,
respectively. All of the P(VDF-TrFE) nanodots are indicated by
dotted circles for clarity. The ferroelectric properties of the
P(VDF-TrFE) nanodots were confirmed by PFM, as shown in
Figure 2b, where domain patterns are observed in all of the
P(VDF-TrFE) nanodots.
To confirm the ferroelectric properties, we performed switch-

ing processes for the P(VDF-TrFE) nanodots, where the
applied biases to the PFM tip for the A, B, C, and D P(VDF-
TrFE) nanodots were ±5, ±7, ±10, and ±10 V, respectively,
with an applied time of ∼1 μs. Here the positive and negative
biases were applied to generate downward and upward ferro-
electric polarizations, respectively. Figure 2c,d shows PFM
images of the P(VDF-TrFE) nanodots with upward and down-
ward ferroelectric polarizations, respectively, where all P(VDF-
TrFE) nanodots exhibit single domain structures. The ferro-
electric polarizations of all the P(VDF-TrFE) nanodots were
well-switched by the applied biases, indicating that all P(VDF-
TrFE) nanodots have ferroelectricity. Thus, all of the P(VDF-
TrFE) nanodots were well-crystallized by the local annealing
process using the h-AFM tip. Figure 2e shows the dot diameters
of the P(VDF-TrFE) nanodots as a function of the heating time

at AFM tip temperatures of 160 and 200 °C. Here it can be
seen that the dot diameter is logarithmically proportional to
the heating time at each temperature of the AFM tip. To
understand the local heating process with the h-AFM tip, we
calculated the steady-state temperature as a function of the
distance from the AFM tip (Figure 2f). Here the AFM tip was
assumed to be an ideal hemispherical heat source with a radius
of r0. The crystallized area was also assumed to be a hemisphere
with a radius of r1. The temperatures at the tip and the crys-
tallized boundary of the P(VDF-TrFE) thin film were applied
as boundary conditions. A general expression for the temper-
ature distribution can be given by (T(r) − T(r1))/(T(r0) −
T(r1)) = (1 − r1/r)/(1 − r1/r0), which is the 1D steady-state
solution of the heat equation for a spherical wall.24,25 The heat
equation is expressed as
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For the calculations, we assumed r0 to be 10 nm, T(r0) to be
160 and 200 °C, and r1 to be 96 and 251 nm at 160 and 200 °C,
respectively. For both cases, T(r1) is assumed to be 140 °C.
Figure 3a shows an AFM image of the P(VDF-TrFE) nano-

dot with a diameter of 40 nm, where the P(VDF-TrFE) nano-
dot exhibits grain structures and stripes are located around the
P(VDF-TrFE) nanodot. Figure 3b shows a PFM image of the
P(VDF-TrFE) nanodot with a diameter of 40 nm, where the
P(VDF-TrFE) nanodot exhibits three ferroelectric domains
(two upward and one downward ferroelectric polarization) and
the stripes observed around the nanodot in the AFM image are
not seen. Figure 3c,d shows PFM images of the 40 nm diameter
PVDF-TrFE nanodot with upward and downward ferroelectric
polarizations, respectively. Notably, the P(VDF-TrFE) nanodot

Figure 3. Local surface analysis of the P(VDF-TrFE) nanodot A with a diameter of ∼40 nm, as denoted in Figure 2. (a) AFM and (b) PFM images
after the local annealing process. PFM images after (c) the upward switching with an applied bias of 5 V and (d) the downward switching with an
applied bias of −5 V.
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exhibits a well-defined dot diameter of 40 nm after switching of
the ferroelectric polarization because the ferroelectric P(VDF-
TrFE) nanodots are well-defined from the noncrystallized
P(VDF-TrFE) thin film without ferroelectricity.
To compare the ferroelectric P(VDF-TrFE) nanodot with

the ferroelectric P(VDF-TrFE) thin film, a crystallized P(VDF-
TrFE) thin film with a thickness of 10 nm was formed by
annealing a noncrystallized P(VDF-TrFE) thin film for 40 min
at 140 °C. Figure 4a shows an AFM image of the P(VDF-
TrFE) thin film where the P(VDF-TrFE) thin film exhibits
stripe grains on the surface. Figure 4b shows typical piezo-
electric hysteresis loops of the crystallized P(VDF-TrFE) thin
film and the two nanodots (nanodot A and nanodot D, as
denoted in Figure 2). The coercive voltage of the nanodot D is
higher than that of the nanodot A and becomes saturated to the
coercive voltage of the thin film as the dot size increases. Figure
4c,d shows PFM image of nanodots formed on the crystalline
P(VDF-TrFE) thin film by applying biases of 5 and 7 V to the
PFM tip, respectively, where the size of the reversed domain
increases as the bias increases. In the case of the nanodot A,
however, we could not distinguish the size of the reversed
domain at different bias voltages because the size of the
crystalline nanodot was already determined at the local
annealing process. We suggest that the local heating P(VDF-
TrFE) with h-AFM can be applied to make a high-density
nanobit array, which can be used to store information in
NVRAM.

■ CONCLUSIONS

We fabricated size-controllable crystallized P(VDF-TrFE)
nanodots with diameters ranging from 40 to 250 nm by locally

heating the amorphous P(VDF-TrFE) using the h-AFM tip.
While the diameter of ferroelectric nanodots is closely related
to the heating time and temperature of the h-AFM tip, the size
of the switchable ferroelectric domain was confined to the
crystallized P(VDF-TrFE) nanodot surrounded by the
amorphous P(VDF-TrFE). In contrast with the crystallized
P(VDF-TrFE) nanodots, the size of the switchable ferroelectric
domain in the crystallized P(VDF-TrFE) thin films could be
changed depending on the applied bias of the PFM tip and the
operation time.
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