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The ferroelectric nanocrystals of the copolymer of vinylidene fluoride and trifluoroethylene P(VDF-TrFE) were grown from
ultrathin Langmuir-Blodgett (LB) films on Si substrate. The annealing of ultrathin LB films with thickness of 3 monolayers
(5 nm) in air in paraelectric phase at temperature 125◦C was performed. The self-assembly leads to the growth of nanocrystals of
ferroelectric copolymer 15–25 nm thick and 100–200 nm in diameter. The nanocrystals presumably belong to orthorhombic space
group, where axis 2 is the direction of spontaneous polarization (and normal to substrate). By means of atomic force microscopy
(AFM), the kinetics of ferroelectric nanocrystals growth and their switching were investigated. The obtained results confirm the
conclusions that copolymer nanocrystals are candidates for high-density nonvolatile storage media devices.

1. Introduction

The first studies of independent nanocrystals of the copoly-
mer of vinylidene fluoride and trifluoroethylene P(VDF-
TrFE) were reported in [1, 2]. They were prepared from
ultrathin LB films (1–5 monolayers) by annealing in air in
the paraelectric phase at temperature 125◦C with heating
and cooling rates of 1◦C per min. The ultrathin films
were prepared by horizontal (Schaefer) LB method on Si
substrate, investigated and described in detail in [3–5]. As
shown in [1, 2], self-assembly leads to growth of nanocrystals
of ferroelectric copolymer with thickness approximately
15–25 nm and diameter approximately 100–200 nm. These
dimensions depend on the composition of copolymer,
number of monolayers, and the annealing temperature.

Ferroelectricity in copolymer nanocrystals was con-
firmed by polarization reversal evident in the hysteresis
of both capacitance and pyroelectric response of arrays of
nanocrystals [1]. The switching time of nanocrystals arrays
was measured by the pulsed current method indicating
that they switch by nucleation and domain wall growth
mechanisms [6]. In [7], by electron diffraction were obtained

the lattice parameters of what appeared to be single lamel-
lar nanocrystals, corresponded to the orthorhombic space
group mm2, which is also consistent with ferroelectricity
(axis 2 is special polar direction).

The first investigation of the ferroelectric properties of
individual copolymer nanocrystals have been reported in
[8, 9], where polarization switching and hysteresis loops
were observed with the method of piezoresponse force
microscopy. As a result, the domain mechanism of switching
and existence of nanodomains in the copolymer nanocrystals
were proposed. The kinetic studies of copolymer nanocrys-
tals switching were also consistent with nucleation-limited
switching dynamics [6, 9].

The polarization switching kinetics was reported recently
[9] for individual nanocrystals of ferroelectric of copolymer
approximately 15–25 nm thick and 100–200 nm in diameter.
The nanocrystal polarization could be repeatedly switched
between two stable states and exhibit a well-saturated hys-
teresis loop. The dependence of switching time on switching
voltage for an individual nanocrystal thickness h = 25 nm
follow, the Merz exponential form exp(Eal/V) where the
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Figure 1: Piezoresponse images of the crystals at the following stages: nanocrystal no. 1 (R ≈ 50 nm, h ≈ 15 nm) (a) initial phase image, (b)
after applying a bias voltage +10 V, and (c) after applying a bias voltage −10 V; nanocrystal no. 21 (R ≈ 100 nm, h ≈ 25 nm) (d) topography,
(e) initial phase image, and (f) after applying a bias voltage −10 V.

activation field Ea = 1, 4 GV/m, a little larger than the value
1 GV/m obtained with thin-film capacitors of a similar 73 : 27
composition copolymer [10].

It was also found [8, 11] that the copolymer nanocrystals
reveal multiple domains with opposing polarization states.
What remains is to find out whether or not these crystals
are homogeneous. The task of this paper is investigation of
growth kinetics of the ferroelectric copolymer nanocrystals
from the smallest size to the saturation, and observation of
the nanocrystals switching in dependence of their size.

It is important to add, that in [9, 10] the kinetics of
switching was performed for voltages v > vc, where vc is the
coercive voltage.

2. The Fabrication and
Observation of Nanocrystals

The nanocrystals were fabricated from a ferroelectric copoly-
mer by Langmuir-Blodgett deposition of a copolymer con-
sisting of 70% vinylidene fluoride and 30% trifluoroethylene.
Deposition was accomplished by dispersing a 1.3% by
weight solution of the copolymer in dimethyl sulfoxide on
the surface of ultrapure water at room temperature and

compressed slowly to a pressure of 5 mN/m2. One monolayer
was transferred to a silicon substrate coated with a 50 nm
thick aluminum film. To make the nanocrystals the, film
consisting from 3 monolayers was then heated to 125◦C
for different time and cooled to room temperature at a
rate of 1◦C per min. Measurements were carried out with
a scanning probe microscope (model SOLVER P47, NT-
MDT, Moscow). The growth kinetics was investigated in
tapping mode by means of silicon cantilevers (model TL01,
MicroMasch, Estonia) which had a lever force constant
of approximately 2 N/m, a resonant frequency of 90 kHz,
and tip radius of approximately 10 nm. The switching
kinetics was studied with method of piezoresponse force
microscopy (PFM). For the PFM measurements tips with
Ti/Pt conductive coating (CSC38, MicroMash, Estonia) were
used. Tip radius is about 10 nm, and lever force constant is
approximately 0.05 N/m. The piezoresponse was obtained by
applying an excitation voltage of amplitude 0.5 V and fre-
quency 200 kHz to the tip and recording the amplitude and
phase of the resulting tip deflection signal from the cantilever
position detector with a lock-in amplifier. The piezoresponse
signal is enhanced, because the bias voltage frequency was
just above the piezoresponse resonance frequency, which was
between 180 and 190 kHz. The PFM images consist of x-y



Journal of Nanotechnology 3

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(µm)

(µ
m

)

(a)

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(µm)

(µ
m

)

(b)

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(µm)

(µ
m

)

(c)

1.4

1.2

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(µm)

(µ
m

)

(d)

Figure 2: Kinetics of nanocrystals growth: (a) starting point, (b) 2 min, (c) 3 min, and (d) 4 min.

maps of the composite PFM signal, which is equal to the
PFM amplitude times the cosine of the PFM phase. The
measurements were carried at room temperature. The self-
assembly led to the creation of nanocrystals of ferroelectric
copolymer approximately 15–25 nm thick and 50–100 nm in
radius with somewhat irregular shapes.

3. The Switching of Ferroelectric
Copolymer Nanocrystals

As we mentioned in introduction, the switching of copoly-
mer nanocrystals, its kinetics, and hysteresis loops were
investigated in [6–9, 11]. In the present paper we revealed
peculiarities in the crystal switching of different size.

Figure 1 shows the PFM image of small (Figures 1(a),
1(b), and 1(c)) and large (Figures 1(d), 1(e), and 1(f))
crystals, 1 and 2. The images of crystal 1 are obtained
for following three states: (a) initial phase image (b) after
applying a bias voltage of V = +10 V, and (c) after applying
a bias voltage of V= −10 V. For crystal 2 the following
images are presented: (d) topography image; (e) initial phase

image, and (f) after applying a bias voltage of V = −10 V.
The comparison of the PFM images for crystals 1 and 2
shows the homogeneous switching of the small crystal 1 and
inhomogeneous switching of large crystal 2. The right upper
side of crystal 2 is not switched and it does not depend
on the position of the tip. At the same time the all small
crystals reveal homogeneous switching. Perhaps it shows
that some large crystals are not monocrystals, consisting of
parts with different orientation. The other explanation is
the existence of so-called “stubborn” domains, which are
known in ferroelectric crystals. The solution could be found
by the investigation of electron diffraction patterns and
transmission electron microscopy images of the copolymer
nanocrystals [7].

4. Growth Kinetics

The polymer film perturbation and nanocrystal formation
kinetics were analyzed in detail in [12]. Here we consider
the nanocrystals growth just after film perturbation with a
voltage pulse applied to the AFM tip.
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Figure 3: Time dependence of the middle radius R and concentra-
tion N (1: crystal concentration N , 2: middle radius of crystals R).

Just after polymer film perturbation and the first smallest
crystals formation, we keep them at temperature +125◦C for
different periods of time ranging from 1 min to 6 min. This
leads to the growth of crystals and a decrease of their concen-
tration. Figure 2 illustrates 4 AFM images, corresponding to
the initial stage (just after the film perturbation) and to three
different period of annealing.

Figure 3 shows the time dependence of the middle
radius R (curve 2, left side) and crystal concentration N
(curve 1, right side). The values R and N reveal saturation
at approximately same relaxation time τ. The experiment
shows that the middle values of radius R and height h of
the crystals grow from the initial values R0 ≈ 50 nm and
h0 ≈ 15 nm to the saturation values Rs ≈ 100 nm and
hs ≈ 25 nm.

This kinetics based on the well-known growth kinetics
from the melt [13] could be explained by the simplest
model of drops merging. At T = 125◦C we can consider
material as a plate of round drops with radius R0, height
h0, and concentration N0 (on the substrate surface). As
the temperature decreases the drops are crystallized in the
ferroelectric phase. Let us consider one of the drops. The flow
of the other drops to it is given by j+

j+ = ν exp
(
− u1

kT

)
N. (1)

The flow of the material in the opposite direction is given by
j−

j− = ν exp
(
− u2

kT

)
n, (2)

where ν, u1, and u2 are frequency and energy of drops
merging and tearing accordingly, N and n are concentration
of drops outside of drop 1 and on its surface accordingly. The
condition of growth of the drops leads to u1 < u2. Then the
time dependence of concentration N is given by

dN

dt
= − j+ + j− = −a1N + a2n, N + n = N0, (3)

where a1 = ν exp(−u1/kT), a2 = ν exp(−u2/kT), a2 < a1.
The solution of (3) for N(t = 0) = N0 gives

N = N0

{
a2

a1 + a2
+

a1

a1 + a2
exp
(
− t

τ

)}
, τ = 1

a1 + a2
.

(4)

The velocity of drop growth is given by

dR

dt
= ( j+ − j−

)
aS = {a1N − a2(N0 − n)}aS

∼= a1NaR2 (a2 � a1).

(5)

Here a is lattice constant and S is the length of the drop circle.
The solution of (5) for R(t = 0) = R0 gives

R = 1
(1/R0)− a1aN0τ

{
1− exp(−t/τ)

} , (6)

where τ is given by (4).
This kinetics model for the average size of the drops,

neglecting the size distribution, explained the saturation of
the concentration and size with the same relaxation time τ.
The relationship between saturated values of Ns and Rs is
obtained from the conservation of copolymer mass:

Ns

N0

(
Rs

R0

)2 hs
h0

∼= 1. (7)

The substitution Ns ≈ 5 108 sm−2, N0 ≈ 4 109 sm−2, Rs ≈
100 nm, R0 ≈ 50 nm, hs ≈ 25 nm, and h0 ≈ 15 nm meets (7).

5. Conclusions

The obtained results show the drastic difference in small
and large nanocrystals switching. May be it is caused by
heterogeneity of large copolymer nanocrystals. The size of
copolymer nanocrystals at definite thickness of LB film is
determined by the time and temperature of annealing.

The conditions of the ferroelectric nanocrystals growth
and their switching are of critical importance to the per-
formance of ferroelectric memory technology. Recently, the
fabrication of high-density arrays of crystalline nanostruc-
ture of a ferroelectric copolymer P(VDF-TrFE) was realized
by nanoembossing [14]. The results of [13, 14] show that
copolymer ferroelectric crystals are candidates for high-
density nonvolatile storage media devices.
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