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Orientation control of poly „vinylidenefluoride-trifluoroethylene … crystals
and molecules using atomic force microscopy
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We have developed an aligning technique for polymer crystals and molecular chains utilizing
contact-mode atomic force microscopy~AFM!. We have aligned lamellar crystals and molecular
chains of poly~vinylidenefluoride-trifluoroethylene! thin films. By scanning the film surface using an
AFM cantilever tip at the temperature range of 70– 100 °C, we aligned the crystals to the scan
direction. Moreover, we successfully aligned the molecular chains to the scan direction by scanning
at a higher temperature (135 °C). The aligned chains subsequently formed large lamellar crystals,
which were still ferroelectric. ©2003 American Institute of Physics.@DOI: 10.1063/1.1581974#
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Orientation control of crystals or molecules in polym
films is essential for the introduction of anisotropy in the
material properties such as elastic constant, sound velo
refractive index, and dielectric constant. In particular, orie
tation control in local regions is greatly useful for the dev
opment of nanometer-scale structures in polymer mater
The stretching method, one of the most common orienta
control techniques for thick polymer films, is not suitable f
control in specific localized areas. Recently, orientation c
trol of liquid crystals using atomic force microscopy~AFM!
has been demonstrated.1–4 In this technique, a thin polyme
film was rubbed by an AFM tip for aligning liquid crystal
on its surface. The driving forces of liquid-crystal alignme
are rubbed grooves1 or some structural changes on the po
mer surface which were imaged by friction microscop2

However, the orientation of polymer molecules is not elu
dated yet.

We have developed a technique to align small crystal
molecules to the desired direction using an AFM cantile
tip with precise control of film temperature and applied loa
In this letter, we describe how we applied this technique
vinylidenefluoride and trifluoroethylene copolymer~P~VDF-
TrFE!! thin films. The copolymer has a strong intrinsic p
larization originating from C–F dipoles and shows rema
able ferroelectric properties5,6 at the temperature lower tha
the Curie point (TC). Many studies on the ferroelectric prop
erties of this material,7 including piezoelectricity8 and its ap-
plication to high-frequency (.100 MHz) ultrasonic
transducers,9 have been reported. Recently, the structural a
ferroelectric properties of this copolymer at nanometer sc
have been studied using AFM.10–12

P~VDF-TrFE! thin films used in this study were prepare
as follows. A methylethylketon solution of P~VDF-
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TrFE!~75/25 molar content! was spin coated on a graphit
substrate. The sample was annealed at 140 °C for 1 h to
improve crystallinity. The surfaces of the films prepared
the same procedure were imaged by electron microscop
randomly oriented rectangular or ellipsoidal crystals.13,14

They are lamellar crystals whose lamellar planes are perp
dicular to the film surface and the molecular chains in
lamella are aligned perpendicular to the longer axes of
crystals with folding turns.13 We believe that the structure o
our films is the same as that in the previous studies. T
25-nm-thick and 75-nm-thick copolymer films, obtained
described, herein, were used for the experiments. The
thickness was measured from the line profile of AFM imag
across a pin hole. We used a commercially available AF
instrument~JEOL JSPM4200! equipped with a heating stage
We used a Si cantilever~Nanosensors CONT! with a nomi-
nal spring constant of 0.2 N/m and a tip radius of about
nm. For the experiments of electrical poling and piezoel
tric response imaging described later, the same cantile
was used with its tip side coated with 30-nm-thick Rh. A
experiments were done in an ambient condition.

In order to modify the microscopic orientation of th
film, an AFM tip in contact with the film surface wa
scanned in the direction perpendicular to the longer axis
the cantilever~we refer to this process as ‘‘modificatio
scan’’! with a scanning line spacing of 8 nm, an applied lo
of 2 nN, and a tip velocity of 20mm/s. The film surface was
kept at 80 °C during the modification scan but imaged
30 °C in the contact mode using the same cantilever. Fig
1~a! shows a topographic image after the modification. T
lower half corresponds to the region where the modificat
scan was performed. We can clearly see in Fig. 1~a! that the
longer axes of lamellar crystals are well aligned in the sc
direction. The result indicates that lamellar crystals are
tated by the AFM tip, and that their longer axes are align
in the scan direction as illustrated in Fig. 1~b!. The degree of
0 © 2003 American Institute of Physics
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the crystal alignment deteriorated when the modificat
scan was done at 50 °C. It suggests that the amorphou
gion existing around the crystals should be sufficiently s
for the smooth movement of the crystals.

We consider the molecular chains can be affected du
the modification process near the melting point (Tm), 147 °C
in this copolymer,8 because of their large thermal fluctuatio
In fact, the modification scan right belowTm drastically
changed the result. We scanned 2mm32 mm area of a 75-
nm-thick P~VDF-TrFE! film at 135 °C using the same cant
lever with a load of 3 nN and a tip velocity of 4mm/s. Figure
2~a! shows a topographic image taken at 30 °C after
modification scan. The lower three quarters in Fig. 2~a! cor-
respond to the region modified at 135 °C by the scanning
the direction indicated by an arrow. The longer axes of
lamellar crystals were perfectly aligned in the direction p
pendicular to the scan. A possible explanation for this re
is that the tip scan at this temperature directly arranged
molecular chains rather than the crystals, as schematic
illustrated in Fig. 2~b!, and that molecules subsequen
formed lamellar crystals whose longer axes were perpend
lar to the scan direction. In fact, this structure is very simi
to that of the stretched thick P~VDF-TrFE! films.13

FIG. 1. ~a! Topographic image of a 25-nm-thick P~VDF-TrFE! film
(2 mm32 mm). Lower half was modified at 80 °C by scanning an AFM t
along an arrow.~b! Schematic illustrations of the aligning technique f
lamellar crystals and its result.

FIG. 2. ~a! Topographic image of a 75-nm-thick P~VDF-TrFE! film
(1 mm31 mm). Lower three quarters were modified at 135 °C by scann
an AFM tip along an arrow.~b! Schematic illustrations of the aligning tech
nique for molecular chains and its result.
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This result strongly depended on the temperature
modification scan. When we scanned at 130 °C, a sim
structure to the one in Fig. 2~a! was obtained. However, th
size of lamellar crystals was heavily reduced after the mo
fication scan at lower temperature. Figure 3~a!, imaged at
30 °C, shows a topographic image of a 75-nm-thick P~VDF-
TrFE! film which was modified at 110 °C. The lamellar cry
tals drastically shrank compared to the ones in Fig. 2~a!, but
their longer axes were still perpendicular to the modificat
scan. Furthermore, when the modification temperature
reduced to 100 °C, the lamellar crystals were aligned
perpendicular but parallel to the scan direction as shown
Fig. 3~b!, that is due to the same phenomenon as seen in
1~a!.

We consider the mechanism of orientation control
molecular chains as follows. The molecular conformati
changes atTC from all-trans to the statistical combination o
isomers constructed byall-trans, trans-gauche, and
trans-gauche8.7,15 The molecular chains of this copolyme
are rather rigid in the ferroelectric phase, whereas CuC
main chains are rotationally fluctuated around their a
aboveTC @(;123 °C) Ref. 8#.16 In addition, the molecular
chains in the paraelectric phase are considered very so
the chain direction from its elastic modulus.13 These facts
support the possible alignment of the molecular chains w
an AFM tip aboveTC . The measurements of differentia
scanning calorimetry for P~VDF-TrFE! ~74/26! ~Ref. 8! sug-
gest that some parts of the crystals change to the paraele
phase above 105 °C, which explains well the results sho
in Figs. 3~a! and 3~b!.

We performed polarization reversal and piezoelectric
sponse imaging on the crystals modified at 135 °C to ob
certain proof of their ferroelectricity. First, a certain area o
75-nm-thick P~VDF-TrFE! film was scanned at 135 °C, us
ing the conductive cantilever tip in the same modificati
condition as before. Then, we poled a 1mm31 mm area,
which is inside the modified area, by scanning the tip with
dc voltage of27 V at 30 °C, and made another 0.3mm
30.3mm polarized area with the opposite polarity in th
previously poled area by applying17 V. The polarization of
this area was visualized by piezoelectric response imag
using the same tip with an applied ac bias voltage~10 kHz,
1 Vpp). The amplitude-and-phase signal (A cosf) of the
cantilever deflection induced by the piezoelectric vibration
the film was detected by a lock-in amplifier.17 Figures 4~a!
and 4~b! show a topographic image and a piezoelectric

g

FIG. 3. Topographic images of 75-nm-thick P~VDF-TrFE! films (1 mm
31 mm): ~a! modified at 110 °C and~b! modified at 100 °C by scanning an
AFM tip along arrows.
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sponse image of the poled area measured at 30 °C, res
tively. We have confirmed that the crystals in the area wh
molecular chains were aligned at 135 °C were polarized
their polarization was reversible. These results show that
lamellar crystals artificially formed at 135 °C are ferroele
tric.

In summary, the lamellar crystals and molecular cha
of P~VDF-TrFE! thin films were aligned by the AFM scan i
appropriate conditions. The modification scan aboveTC

made the molecular chains of P~VDF-TrFE! remarkably well
aligned. We believe that our technique is applicable to ot
many crystalline polymers by heating at the temperat
close to theirTm .

The authors would like to thank Professor Masami
Hikosaka, Professor Hideki Miyaji, and Professor Hiro

FIG. 4. ~a! Topographic image and~b! piezoelectric response image of
75-nm-thick P~VDF-TrFE! film (1.5 mm31.5mm). After modification at
135 °C, the film was poled with27 V (1 mm31 mm), and poled again
with 17 V (0.3mm30.3mm) in the previously poled area.
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