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ABSTRACT: Dielectric and electromechanical properties of vinylidene fluoride—trifluoroethylene co-
polymer layers with thickness ranging from 1300 nm down to 65 nm have been investigated by dielectric
spectroscopy and electromechanical interferometry. The effects of layer thickness (h) on ferroelectricity
and the ferroelectric-to-paraelectric phase transition are discussed on the basis of the temperature (T)
dependence of the dielectric constant (¢) and electrostrictive and inverse-piezoelectric effects. In the region
of h less than a few hundred nanometers, the layer-thinning effect on e becomes prominent, and ¢ decreases
with a decrease in h, but the phase transition temperature (T;) and the Curie constants are not significantly
influenced by layer thinning. The dependence of the electrostriction on the square of the applied electric
field for unpoled films is nonlinear in the ferroelectric phase, while it is linear in the paraelectric phase.
The degree of the nonlinearity decreases as the layer becomes thinner, and for a 65 nm thick film the
nonlinearity almost vanishes at temperatures fairly below T.. Remanent polarizations (P,) achieved by
poling are ca. 55 mC/m? for the films of h = 90 nm, while P, for the 65 nm thick film (40 mC/m?) is
definitely lower. Differential scanning calorimetry shows that the degree of crystallinity (fraction of
ferroelectric crystalline phase) decreases with reduction in film thickness, and especially the crystallinity
for the 65 nm thick film is much lower than those for the thicker ones. In comparison, between the 1300
and 65 nm thick films, the reduction in the degree of crystallinity is comparable to the decrease in P,.
The variation of the dielectric constant and the degree of crystallinity on h are reasonably well explained
assuming the presence of a nonferroelectric amorphous-like surface near layer. Electron microscopic studies
of the 65 nm thick layer suggest a preferred orientation of the chain axis of the crystallites parallel to
the film surface. The presence of the preferential crystalline orientation might as well explain the
appreciably different values of the surface near layer thickness (12 and 27 nm) evaluated from the h
dependence of the dielectric constant and the degree of crystallinity. The layer thickness dependence of
the dielectric and electromechanical properties is interpreted as a result of a combined effect of the

reduction in degree of crystallinity and the specific crystallite orientation due to layer thinning.

Introduction

The ferroelectric-to-paraelectric phase transition of
crystalline copolymers of vinylidene fluoride and trif-
luoroethylene [P(VDF-TrFE)] has been extensively
examined!~8 over the past two decades since Yagi et al.®
showed that the copolymers with more than 50 mol %
VDF content have a definite Curie temperature. P(VDF-
TrFE) has also been studied as a promising ferroelectric
material due to the strong piezoelectricity and pyro-
electricity, and the ferroelectric properties have been
widely investigated.1°~15 Most of the earlier studies have
treated the P(VDF-TrFE) films with a thickness of 10
um or more. Thin copolymer films with layer thickness
well below 1 um have potential application in optical
and acoustical technologies.’® Also, those ultrathin
copolymer layers represent interesting systems to study
the ferroelectric-to-paraelectric phase transition as well
as the ferroelectricity in a reduced-dimension system.
The phase transition behavior of ca. 1 um thick P(VDF-
TrFE) films was shown to be essentially the same as
that of thicker ones by dielectricl”1® and electrome-

TOn leave from Institute for Chemical Research, Kyoto Uni-
versity.

+ Kyoto University.

§ Present address: Institut fur Physik, Universitat Potsdam,
Am Neuen Palais 10, D-14469 Potsdam, Germany.

*To whom correspondence should be addressed: E-mail: neher@
rz.uni-potsdam.de.

10.1021/ma000855w CCC: $19.00

chanical’® measurements. Bune et al.l® reported that
bulklike ferroelectric properties was observed even in
films of only two monolayers (equivalent to a thickness
of 1 nm) of 70 mol % VDF copolymer fabricated by the
Langmuir—Blodgett technique. They also found that the
phase transition temperature is nearly equal to the bulk
value even in the ultrathin LB films.1° Bune et al.19=22
and Kimura et al.?® showed that the coercive electric
fields were much larger in the LB copolymer film19-22
and a spin-coated 60 nm thick copolymer film23 than
thicker films, though these thin films exhibited a high
ability of polarization by poling. The pyroelectric and
piezoelectric coefficients of a 35 nm thick LB films were
measured to be approximately 50% of that of a spun
film of the same material.??2 However, the details of the
layer-thinning effects on the ferroelectric properties and
the phase transition (such as the layer thickness
dependence) including the physical origin of the layer-
thinning effects have still remained incompletely char-
acterized and understood.

In the present study, we have investigated dielectric
and electromechanical properties of a thin spin-coated
P(VDF-TrFE) layer with a thickness ranging from 1.3
um down to 65 nm as a function of temperature.
Electrostriction and inverse-piezoelectric effects of the
thin copolymer layers have been measured by an
electromechanical interferometer. It has been demon-
strated that this technique is very useful to investigate
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the electromechanical properties of thin polymer
films.1824-28 The interferometer setup can directly
measure the change in film thickness induced by an
applied electric field and separate the contributions of
electrostriction and piezoelectricity to the field-induced
thickness change with the aid of frequency selective
(lock-in) detection. The polarization and mechanical
compliance of the film are obtained from the electro-
strictive and piezoelectric responses, if the dielectric
constant is known. We show that the dielectric and
ferroelectric properties of the 54 mol % VDF copolymer
remarkably depend on layer thickness if the thickness
is less than a few hundred nanometers. To elucidate the
origin of such layer thickness effects, the layer-thinning
effects on the degree of (ferroelectric) crystallinity and
the orientation of the ferroelectric crystallites have been
investigated by differential scanning calorimetry (DSC)
and transmission electron microscopy (TEM), respec-
tively.

Electromechanical Interferometry

The details of the electromechanical interferometry
and the setup used in the present study were described
elsewhere.1824-28 We describe here the outline of the
interferometry. The interferometric technique is based
on the Nomarski principle.?%3° As described in Experi-
mental Section, a polymer layer is sandwiched between
top and bottom metal electrodes, and two independent
and equivalent parallel plate capacitors with such a
configuration are constructed on a common glass sub-
strate. Two orthogonally polarized laser beams are
reflected at each of the top electrodes of the probe and
reference capacitors. When an electric field is applied
to only the probe capacitor, a phase shift (¢) between
the two (probe and reference) beams is generated due
to a field-induced thickness change (Ah) as ¢ = 4xAh/A.
At the working point of the interferometer, ¢(Ah) is
proportional to the intensity difference (A — B) between
two orthogonal polarized beams which are split from the
beam recombine after reflection. The modulation in (A
— B), namely ¢, is directly analyzed with aid of a lock-
in amplifier.

The thickness changes Ah of the parallel plate capaci-
tor induced by an applied electric field (E) can be written
as

ﬁ—h=dE+aE2+d'E3+a'E4+ (1)
0

where hg is the film thickness without external field.
Odd-order terms with coefficients d and d' originate
from the inverse-piezoelectric effect (in the following,
denoted as the piezoelectric contributions) and are
present only for the poled samples. The even-order
terms with the coefficients a and a' are due to the
electrostrictive effect and present in samples also with
a centrosymmetric structure. For paraelectric materials,
electrostrictive contributions of the higher-order non-
linear terms such as a’'E* are negligible relative to the
contribution aE?, unless the applied electric field is
strong. For ferroelectric materials, the higher-order
terms give significant contributions to Ah even under
fairly small electric field as shown later and in a
previous study.!®

Under a sinusoidal electric field E = Eg cos(wt), Ah is
composed of the sum of Ah(nw) modulated at certain
harmonics of the driving electric field:
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Ah _ (1 3
o =

SAE + B, + ) +

(dEO + %d'EO3 + ) cos(wt) +

(%an2 + %a’EO4 + ) coswt) + ... (2)
Ah(w) and Ah(2w) originate from piezoelectricity and
electrostriction, respectively. Experimentally, Ah(w) and
Ah(2w) are separately measured by frequency selective
(lock-in) detection. The linear coefficients d and a are
related to particular physical properties such as plate
compliance (kp), dielectric constant (¢), and remanent
polarization (Py) as follows.1824-28

d(w) = —kp(w)Prw 3)
aw) = — w (o) + (¢'(w) + 2)3(6'((0) —1) @

where €'(w) and €'(wo) are the real part of linear
dielectric constants at the driving frequency (w) and
optical frequency (wo), respectively. The plate compli-
ance ky, is related to the bulk compressibility ky as k, =
3kp(1 — v)/(1 + v) with Poisson’s ratio v. This relation is
based on the employed sample geometry which does not
allow appreciable horizontal expansion in the film plane
by vertical compression:2> The film is fixed in the plane
onto the substrate, and the film thickness is about a
factor of at least 1000 smaller than the lateral extension.

In deriving eqs 3 and 4, the polarization in the plate
capacitor is replaced by an equivalent charge density,
and the following Clausius—Mossotti relation is em-
ployed for de/oh:

g (e—1(e+2)
ah 3h )

Experimental Section

Sample Preparation. The P(VDF-TrFE) polymer with 54
mol % VDF content was kindly supplied by Daikin Kogyo Co.
No information on the molecular weight of the material is yet
available. The samples for dielectric and electromechanical
spectroscopy were prepared as follows: The copolymer was
spin-coated on the surface of a glass substrate on which three
thin Al strips of 35 nm thickness were previously evaporated
as bottom electrodes. Films with different thickness were
prepared from 2-butanone solutions with different polymer
concentrations (ranging from 20 to 84 mg/mL). The spin-coated
films were annealed at 140 °C for 1 h. A top Al strip electrode
of 60 nm thickness was deposited with an orientation perpen-
dicular to that of the bottom strips. Thus, a sandwich-type
structure with three independent capacitors (one of which is
for reserve) were constructed. The film thickness was mea-
sured by a Tencor a-step profiler.

Poling of the films was performed at room temperature by
applying an ac electric field of 100—230 MV/m and 0.01 Hz
for 10 cycles. For each sample piezoelectric measurement were
performed to make sure that the achieved polarization was
saturated against applied poling field.

Electromechanical Interferometry. The modulation (de-
tection) frequency was 5000 Hz in both the electrostriction and
piezoelectric measurements. The half of the modulation fre-
quency of 5000 Hz was used as the driving frequency (w) for
electrostriction measurements, because electrostriction modu-
lates the film thickness at double the frequency of the applied
field (2w), and the dynamic compliance is generally frequency-
dependent.
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Figure 1. Temperature dependence of the real part of the
linear dielectric constant ¢ for unpoled and poled copolymer
layers with different thicknesses. The solid lines represent the
data of the poled samples.

Dielectric Spectroscopy. Linear dielectric measurements
were performed at 2500 Hz just prior to the electromechanical
measurements at each temperature using a home-built cur-
rent/voltage amplifier in combination with a lock-in amplifier
Stanford Research Systems SR830.

Differential Scanning Calorimetry (DSC). A copolymer
film spin-coated on an Al foil substrate was immersed in an
aqueous solution of sodium hydroxide which dissolves the Al
foil but does not damage the copolymer film. The resulting
copolymer films of ca. 10 mg without the substrate were used
for DSC measurements. The DSC measurements were per-
formed by a Rigaku DSC8230B instrument with a heating rate
of 10 °C/min.

Transmission Electron Microscopy (TEM). Morphologi-
cal studies of the film surface were made with a transmission
electron microscope JEOL JEM-100U operated at an ac-
celarating voltage of 80 kV using the surface replica method.
A 65 nm thick film removed from a glass substrate was used
for electron diffraction (ED) experiments. The ED experiments
were made at room temperature using a transmission electron
microscope JEOL JEM-200CS operated at 200 kV equipped
with a rotation-tilt specimen holder (JEOL EM-SRH10).

Results and Discussion

Dielectric Constant. Figure 1 shows the tempera-
ture (T) dependence of the real part of the linear
dielectric constant €' for the unpoled and poled films
with different film thicknesses (h). All ¢ —T curves have
a definite maximum corresponding to the ferroelectric-
to-paraelectric phase transition. The decrease in ¢
around T = 150 °C is due to the melting of the
paraelectric crystal, which will be shown later in the
DSC results. No appreciable difference is observed
between the 1300 and 2400 nm thick films, while for
the films with thickness h < 240 nm €' is fairly smaller
in the region T < 150 °C, compared to the thicker layers.
In addition, ¢ significantly decreases with a decrease

Vinylidne Fluoride—Trifluoroethylene Copolymer 8271

0.12
/nm  unpoled
3|:| 1300 A
01 | 94 240 &
O
o] DD
0.08 ot
o
W 006
y—
0.04
0.02

0
30 50 70 90 110

T/°C
Figure 2. Curie plots for unpoled copolymer layers with
different thicknesses. The phase transition temperature T, for
each sample was estimated from the intersection of the two
straight dashed lines.

in h for h < 240 nm. Also, €' is smaller for the poled
samples, and the maxima are located at a higher
temperature, relative to the corresponding unpoled
samples. These differences are attributed to a higher
perfection of the crystal structure after poling.3!

The ferroelectric-to-paraelectric phase transition of
the P(VDF-TrFE) with more than 50 mol % VDF content
is considered to be of thermodynamical first order on
the basis of a finite thermal hysteresis in the dielectric
behavior.”3! A classical theory predicts the T depen-
dence of the reciprocal permittivity 1/y near a first-order
phase transition as3?

Uy =(T,-DIC+0o (T<T)  (63)
=(T-TJ)C,+0y, (T>T) (6b)

where C4, Cy, and T, are the Curie constants and the
phase transition temperature (the Curie temperature),
respectively, and oy is a constant. In the case of second-
order phase transition, oy is zero, corresponding to a
divergence of y at T, and then eq 6 coincides with the
Curie—Weiss law.

The Curie plots (1/¢' vs T) for the unpoled films with
different thicknesses are presented in Figure 2. The
inverse of €, 1/¢', varies linearly with T in the vicinity
of the minimum of 1/¢' for each sample. T and oo were
estimated from the intersection of the two straight lines
of the plots of 1/¢' vs T.3 The values of T, C1, C,, and ayo
for the unpoled and poled samples are tabulated in
Table 1. No significant dependence of T, or the Curie
constants on h is found for both the unpoled and poled
samples. This observation is in agreement with the
findings on ultrathin ferroelectric LB films!®=22 as
discussed above. In the latter case, the Curie temper-
ature of the ultrathin layers (of thicknesses between 1
and 15 nm) was nearly equal to the bulk value, and
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Figure 3. Superposition of the Curie plots for unpoled

copolymer layers with different thicknesses by a vertical shift
by Aoy, with Aoy = ag(h=1300 nm) — op(h).

Table 1. Values of T¢, C4, C,, and op for Unpoled and
Poled P(VDF-TrFE) Films

film
thickness (nm) T.(°C) C; x 1072(K) Cz x 1073 (K) 0o x 1072
1300 (unpoled) 66 5.40 2.10 1.71
240 67 4.98 1.81 2.38
90 67 5.70 1.73 3.71
65 66 6.23 1.68 6.48
1300 (poled) 72 4.18 2.05 1.86
240 73 4.43 2.16 2.86
90 74 4.91 1.68 4.14
65 74 4.64 1.94 7.43

there was no evidence for a critical minimum thickness
below which the ferroelectricity vanishes. In fact, a
second transition was observed at approximately 20 °C
and attributed to ferroelectric ordering in the topmost
layer of the LB.1°33 In our experiments on spin-coated
layers we find no evidence for a second transition in the
ferroelectric phase, which might be due to the rather
large minimum thickness of our layers. However, oo
increases with decreasing h corresponding to an in-
crease in the minimum of 1/¢'. Actually, all the 1/¢' vs
T curves for different h are satisfactorily superposed by
a vertical shift Aoo, where Aay is the difference in oy to
a reference sample. Figure 3 shows the result of the
superposition for the unpoled and poled samples using
h = 1300 nm as a reference. The successful superposi-
tion implies that the layer thinning reduces the dielec-
tric constant of the system but does not significantly
influence the essential nature of the phase transition.
The results in Figures 2 and 3 suggest that the observed
layer-thinning effect on the dielectric constant could be
interpreted by the contribution of a nonferroelectric thin
surface near layer: In this case, the layer may be
considered as a serial capacitor composed of the thin
nonferroelectric layer of thickness hs with a lower
dielectric constant ¢; and the bulklike ferroelectric layer
of thickness hg = h — hs with the dielectric constant eg.
Since the total electric capacitance C; is expressed as
1/C¢ = 1/Cs + 1/Cg where Cs and Cg is the capacitance
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Figure 4. Plot of ag against the inverse of the layer thickness
for unpoled and poled samples. The solid and dashed lines
represent the results of linear regression for unpoled and poled
samples. According to eq 7, the slope and intersection at 1/h
= 0 yield the values of (1/es — 1/eg)hs and 1/eg, respectively:
lleg = 1.18 x 1072, 1.34 x 1073 (l/es — 1leg)hs = 3.05 and
3.48 for unpoled and poled samples, respectively.

of the surface and bulk layer, respectively, the total
dielectric constant ¢ is written as

h—h,

@)

s ;!

Figure 4 shows the plots of op (corresponding to the
inverse of maximum of €') versus the inverse of film-
thickness for the unpoled and poled samples. On the
basis of eq 7, the gradient and intersection at 1/h = 0
produce (1/es — 1l/eg)hs = 3.05, 3.48 and 1/eg = 1.18 x
1072, 1.34 x 1072 for the unpoled and poled samples,
respectively. If €5 ~ 4 is assumed in the amorphous
state, this gives hs ~ 12 and 14 nm for the unpoled and
poled samples. Thus, the decrease in ¢ with layer
thinning might be explained as a result of the increase
in the contribution of the amorphous-like surface near
layer with a lower dielectric constant to the overall
dielectric signal. A contribution of a thin Al,O3 layer at
the interface of the Al electrodes to the polymer layer
cannot be fully excluded, but in general, those interfacial
Al,O3 layers are very thin (less than 1 nm). The effects
of the thin nonferroelectric surface near layer will also
be discussed later together with the calorimetric results
of the thin films.

Electrostriction. Figure 5 shows the plots of the
field-induced thickness change due to electrostriction
(Ahgs) against the square of the applied electric field
(Eo?) for the unpoled 240 nm thick film in the paraelec-
tric phase (T > T,). Ahgs varies linearly with E¢? in the
E, range examined here, and the linear coefficient a for
electrostriction was estimated from the slope of the
straight line.

The plots of Ahgs vs Eo? in the ferroelectric phase (T
< T,) of the unpoled 240 nm thick film are illustrated
in Figure 6. The Eq? dependence of Ahgs is remarkably
nonlinear, and a considerable nonlinearity is observed
even at T = 64.1 °C close to T.. For amplitudes E, lower
than ca. 70 MV/m, Ahgs varies linearly with E¢2, which
allows to determine the linear coefficient a by extrapo-
lation toward zero field. Similar nonlinear electrostric-
tion effects in the ferroelectric phase were first reported
in our previous paper'® for an unpoled 1300 nm thick
film of the same copolymer. It was shown that the
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Figure 5. Dependence of the field-induced thickness change
due to electrostriction Ahgs on the square of the applied electric
field Eq? for an unpoled 240 nm thick film in the paraelectric
phase.
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Figure 6. Dependence of the field-induced thickness change
due to electrostriction Ahgs on the square of the applied electric
field Eo? for the unpoled 240 nm thick film in the ferroelectric
phase. Dashed lines represent the linear extrapolations toward
zero field.

experimental nonlinear electrostriction was much larger
than a theoretical prediction taking into account the
nonlinear third-order dielectric constant, except in the
vicinity of T..18 An interaction between and/or within
the ferroelectric domains in the polydomain structure,
which is not considered in the theory, was expected to
be a major origin of the nonlinear electrostriction.1®
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To discuss the effects of temperature and layer
thickness on the nonlinear electrostriction, we used the
coefficient ratio a'/a as a measure of degree of nonlin-
earity, obtained by fitting the equation Ahgs/hy = (@Eq?
+ a'Eo*)/2 to the experimental data. The T dependence
of a'/a for the 1300, 240, and 65 nm thick films is
presented in Figure 7. In the entire T range the degree
of nonlinearity is smaller for the 240 and 65 nm thick
films compared to the 1300 nm thick film. The ratio a'/a
has a maximum at T = 50—55 °C for the 1300 and 240
nm thick films, while a'/a for the 65 nm thick film does
not have a definite maximum and becomes close to zero
near T = 60 °C, fairly below T.. Such layer thickness
effects on nonlinear electrostriction suggest that the
ferroelectric character of the films is weakened by
thinning the copolymer layer.

It should be noted that a quantitative measurement
of the nonlinear electrostriction for the poled samples
was not possible, because the high electric fields neces-
sary to reach the nonlinear region disturbed (reduced)
the original polarization in the samples. This point was
discussed in our previous paper.1® The linear coefficient
a for the poled samples was evaluated by linear regres-
sion using the data in a low-E, region where the original
polarization is not disturbed.

Figure 8 shows the T dependence of the linear
electrostriction coefficient a for the samples with dif-
ferent thicknesses. The a—T curves have a maximum
around T, and the maximum value decreases with a
decrease in h. The h dependence of the a—T curves is
qualitatively similar to that of the ¢ —T curves. As is
seen in eq 4, a is a product of the plate compliance and
an increasing function of ¢'. The similarity of the ¢'(T)
and a(T) curves suggests that the T dependence of a is
mainly governed by the T dependence of €'

Plate Compliance. Figure 9 shows the values of k;
as obtained using eq 4 with experimental data of ¢’ and
a as a function of T for the unpoled samples. It is
common to all samples that k;, increases in a stepwise
fashion with T. The results for the poled samples are
essentially similar to those for the unpoled ones except
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kp for unpoled samples with different layer thicknesses.

for the location of T.. The data for the poled samples
are not shown here. As can be seen in the figure, Kk
calculated from electrostriction is almost independent
of layer thickness. This suggests that the applied electric
field is not reduced inside the layer due to a hypothetical
thick isolation layer such as Al,Os. The T dependences
of the Young’s modulus® and bulk modulus®* of thick
samples of ca. 52 mol % VDF copolymer were reported,
but their results in the vicinity of T, were much
different: The Young’'s modulus vs T curve only showed
an inflection around T,° while the bulk modulus vs T
curve exhibited a conspicuous minimum at T¢.3* k;, is
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due to piezoelectricity Ahpg on the applied electric field
amplitude E, for a poled 240 nm thick film.

related to both Young’s modulus and bulk modulus by
an equation from classical elasticity theory. However,
the direct comparison of the present and earlier studies
is rather questionable because they strongly defer in the
pretreatments of samples such as annealing and draw-
ing. A systematic study on different elastic moduli of
the same sample will be necessary in order to elucidate
the elastic behavior in the vicinity of T¢.

Piezoelectricity. Figure 10 shows the field-induced
thickness change due to piezoelectricity (Ahpg) as a
function of applied electric field amplitude E, for the
poled 240 nm thick film. The electric field amplitudes
were small enough not to disturb the original polariza-
tion. In this case, Ahpg increases linearly with Eo, and
the linear piezoelectric coefficient d was evaluated by
linear regression.

Figure 11 shows the T dependence of d for the poled
samples. For all samples, d slightly increases with an
increase in T in the region of T < 50 °C, while it
decreases in the range of T > 55 °C and becomes zero
around T.. No significant differences in the d—T curves
are observed for the films of h = 90 nm, while the
absolute values of d in the region of T < 65 °C are
significantly smaller for the 65 nm thick sample.
Because k; is not significantly dependent on h in the
region of T < T, as shown in Figure 9, the smaller d
for the 65 nm thick film mainly originates from a
smaller P,.

Remanent Polarization. The remanent polarization
Pr was calculated by eq 3 with values of d and k;
obtained from electromechanical measurement with low
field amplitudes. ¢ = 4.0 at 200 MHz reported for a
poled P(VDF-TrFE) film3® was used as €' (wo) in eq 3.
Figure 12 shows the calculated P, for the poled films
with different thicknesses as a function of T. The
absolute values of P, and its T dependence for the films
of h = 90 nm are almost the same, while the 65 nm thick
film shows a considerably smaller P,. As stated in the
Experimental Section, P, for each sample was experi-
mentally checked to be maximum (saturated) against



Macromolecules, Vol. 33, No. 22, 2000

20
18 | X
o<>°°° /nm
16 g0o”" _ 13000 Q1 300 A
14 i %*’ o
i 90 O
12 | 65 O

o DDDDDDDDDDD fe)

?
¥

2

0

8 I

%
4

2

0

d/ (pm/V)

7 &
| by

1 L ! L%L
V

30 40 50 60 70 80 QO

T/ °C
Figure 11. Temperature dependence of the linear piezoelec-

tric coefficient d for poled samples with different layer thick-
nesses.

70

60 |
B N /nm
AQRA mA‘

50 L ®ooo oogoa 1300 A
o 240 O
S X\ 0 O
) 40 % 65 O

Fooo- | o
\E, DDD o A
— 30 ¢ ooy Q&
o a9
20 | &
g
10 +
0 ' L L e W
30 40 50 60 70 80 90
T/ °C

Figure 12. Temperature dependence of the remanent polar-
ization P, for poled samples with different layer thicknesses.

the poling field. P, = 55—57 mC/m? at T ~ 30 °C for the
films with h = 90 nm is close to the reported values 55
and 63 mC/m? for 45% and 20 um thick3® films,
respectively, of a P(VDF-TrFE) with almost the same
VDF composition (52 mol %). The two reported values
were obtained by different experimental techniques such
as thermally stimulated current®” and electric displace-
ment (D)—E hysteresis methods.3® The fairly good
agreement between the reported values and P, for the
films of h = 90 nm suggests that the polarization
achieved in the copolymer layers is as large as that for
the bulk samples, provided that the film thickness
exceeds ca. 100 nm.
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The remanent polarization gradually decreases with
increasing T in the range of 55 °C < T < T,. The gradual
reduction of Py, instead of sharp drop of P, at T = T,
can be understood in terms of the coexistence of the
paraelectric crystalline phase with the ferroelectric
crystalline phase over a finite temperature range. Some
studies”5 reported that the coexistence region extends
from T, down to ca. T, —10 K for 60 mol % VDF
copolymer. In the coexistence region, with increasing
T, the volume fraction of the ferroelectric crystalline
phase decreases, while a concurrent increase of the
volume fraction of the paraelectric phase is observed.”
Such type of crystalline transformation in the coexist-
ence region will gradually reduce the remanent polar-
ization as well as the piezoelectric response (Figure 10)
in the range of 55 °C < T < T,.

The significantly smaller P, for the 65 nm thick film
is in contrast to the results by Kimura et al.2® for a 60
nm thick film of P(VDF-TrFE) with 75 mol % VDF.
These authors demonstrated that the saturated polar-
ization for the 60 nm thick film is comparable to that
for thicker films, though the thinner the film thickness,
the larger is the minimum poling field necessary for
saturation of polarization. Poling field amplitudes as
large as 200 MV/m were found to be necessary for the
polarization saturation in the 60 nm thick film. The
maximum poling field in the present study (230 MV/m)
exceeded this value, and saturation of polarization was
observed. The difference in the polarization behavior of
the ca. 60 nm thick film in their and our studies might
be due to the difference in VDF. As reported else-
where,3 the crystallinity as well as P, of P(VDF-TrFE)
increases with an increase in VDF content unless the
VDF contents exceed 80 mol %. In the case of the
P(VDF-TrFE) with 75 mol % VDF content, the ferro-
electric crystallinity will still be high enough to achieve
large polarization even in the 60 nm thick film, though
it was also observed that the crystalline grains in the
60 nm thick film are smaller than that in thicker films.23
On the other hand, for the P(VDF-TrFE) with 54 mol
% VDF content, the crystallinity will be more readily
influenced by thinning the copolymer layer due to the
relatively low crystallizability of the copolymer itself.
The effect of layer thinning on crystallinity will be
shown in the DSC results. Bune et al.?240 reported that
the ultrathin LB film composed of 30 monolayers of 70
mol % VDF copolymer has a polarization comparable
to that of the thicker spin-coated films. The high ability
of polarization of the LB film originates from the high
crystallinity and crystal orientation achieved by LB
monolayer transfer technique.2240

DSC. Figure 13 shows the DSC thermograms of the
unpoled films with different thicknesses. The two en-
dothermic peaks around T = 65 °C and T = 155 °C are
assigned to the ferroelectric-to-paraelectric phase tran-
sition and the crystalline melting, respectively. As the
film thickness becomes smaller, the peak related to the
phase transition becomes broader, and the peak area
for the crystalline melting becomes smaller. The en-
thalpy of fusion (AHp) and the crystalline melting
temperature (T,) for each sample are summarized in
Table 2. AHy, decreases with decreasing film thickness,
indicating that the degree of crystallinity is smaller in
thin samples. In particular, the crystallinity of the 65
nm thick film is much lower than that of the 90 nm thick
layer. It has often been observed that T, decreases with
reduction in crystallite size,*! but in the present study
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Figure 13. DSC thermograms of unpoled samples with
different layer thicknesses. The two endothermic peaks around
T =65°Cand T = 155 °C are assigned to the ferroelectric-

to-paraelectric phase transition and the crystalline melting,
respectively.

Table 2. Crystalline Melting Temperatures (Tn) and
Heats of Fusion (AHn,) of P(VDF-TrFE) Films

film thickness (nm) Tm (°C) AHm (3/9)
1300 156.3 27.9
240 156.1 24.6
90 154.6 22.1
65 155.0 15.6

no significant effect of h on T, was observed. However,
the definite reduction in AH, by layer thinning should
be interpreted as a result of decrease in degree of
crystallinity.

As in the case of the layer-thinning effect on the
dielectric constant, the degree of crystallinity with
decreasing h might be explained by the presence of a
thin surface near layer of thickness hs with a lower
melting enthalpy AHs (or a lower degree of crystallinity)
and a bulklike layer with the enthalpy AHg. The total
melting enthalpy AH,, may be written as a sum of each
contribution in the following:

hAH,, = heAHg + (h — hg)AH, ®8)

Figure 14 illustrates the plots of AHy(h) against the
inverse of layer thickness. According to eq 8, the slope
and intersection at 1/h = 0 of the plots yield the values
of (AHs — AHg)hs and AHpg, respectively: AHg = 28.5
J g% (AHs — AHg)hs = =757 J g~! nm™L If one
assumes AHs = 0, then hs is ca. 27 nm, which is
comparable in magnitude but slightly larger than hs =
12 nm evaluated from €'(h) using eq 7. The appreciable
difference in the two values of hs derived from the
thickness dependence of ¢ and AHy, is not fully under-
stood but might be attributed to the preferential orien-
tation of the crystals as discussed in the next section.
Also, the evaluation of the data based on egs 7 and 8 is
quite critical due to the small number of data points.
The good linearity and the reasonable values obtained
from the linear regression in both the plots, however,
suggest that both the layer-thinning effects on ¢' and
AHp, can be consistently explained when assuming a
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Figure 14. Plots of AHn(h) against the inverse of layer
thickness. According to eq 8, the slope and intersection at 1/h
= 0 of the plots yield the values of (AHs — AHg)hs and AHg,
respectively: AHg = 28.5Jg™%; (AHs — AHg)hs = =757 J g*
nm™L.

thin amorphous-like surface near layer: The reduction
in ¢ and AH,, with layer thinning can be interpreted
in terms of the increase in the relative contribution of
the thin amorphous-like surface near layer with a lower
melting enthalpy as well as a lower dielectric constant
to the overall layer. We like to point out that this
observation might be a direct consequence of the prepa-
ration by spin-coating. As outlined above, ultrathin LB
assemblies prepared by layerwise deposition did not
exhibit a significant dependence of the properties with
film thickness.’®=22 It is thus meaningful to conclude
that the layer-thinning effects observed here are caused
by changes in the morphology, crystallinity, and chain
orientation in the spin-coated layers and not a direct
consequence of reduced dimensionality.

It should be noted that the ratio of AH, of the 65 nm
thick film to the 1300 nm thick one (~0.56) is slightly
smaller than but close to the ratio of P, at room
temperature (~0.64). These DSC results suggest that
the h dependence of the dielectric and electrostrictive
behaviors mainly originates from a decrease of crystal-
linity due to layer thinning and that the smaller
polarization in the 65 nm thick film is closely related
to the lower content of ferroelectric crystal.

TEM. A specific orientation of the (ferroelectric)
crystallites in the thin copolymer layer, if any, can
further influence the dielectric and electromechanical
properties. Figure 15 shows TEM photographs for
surface replicas of the copolymer films with h = 1300
(Figure 15a), 240 (Figure 15b), and 65 nm (Figure 15c).
It can be seen that the surface becomes smoother as the
film thickness decreases. The variation of the surface
roughness against h is qualitatively similar to the h
dependence of degree of crystallinity revealed by DSC.
The surface roughness is likely to be dominated by the
size of crystalline grains. However, we cannot rule out
the possibility of surface smoothing for thinner layers
due to some preferred orientation of the crystalline
grains.

Figure 16 shows the ED patterns from the unpoled
65 nm thick film untilted (Figure 16a) and tilted by ca.
30° and ca. 60° around the axis parallel to the equator
(Figure 16, b and c, respectively). The ED experiment
was not carried out for the poled 65 nm thick film due
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Figure 15. TEM photographs for the surface replicas of the
unpoled samples with different layer-thicknesses: (a) 1300 nm,
(b) 240 nm, (c) 65 nm.

to the difficulties to remove the electrodes (which are
required for poling and which are too thick to transmit
the electron beam) without giving serious damage for
TEM observation. In Figure 16a, all the reflection rings
have uniform intensity distribution along the Debye—
Scherrer circle, which shows that the crystallites in the
thin layer have random orientation in the plane parallel
to the film surface (or substrate). These rings seem to
correspond to the reflections from the (110) + (200),
(001), (220) + (400), and (002) planes, as indicated in
the figure. These assignments were made on the basis
of the reported lattice spacings for the cooled phase of
the 55 mol % VDF copolymer.*! Tashiro et al.*! reported
that the ferroelectric crystal of the 55 mol % VDF
copolymer has essentially the same structure as the so-
called 3-phase crystal of PVDF (all-trans structure), but
strictly speaking, the ferroelectric crystalline structure
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Figure 16. ED patterns from an unpoled 65 nm thick film
for normal incidence (a) and tilted by ca. 30° (b) and ca. 60°
(c) around the axis parallel to the equator. The rings are
assigned to the reflections from (200) + (110) (innermost),
(001), (400) + (220), and (002) lattice planes in order of inner
location, which is in correspondence to the assignment of the
lattice planes for the cooled phase.
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is classified into two types depending on thermal
history: a low-temperature phase for as-cast samples
and a cooled phase for samples cooled after annealing
above T.. It was observed that the intensity of the 001
reflection was fairly stronger than that of 002 in the
low-temperature phase, while the 001 reflection is
rather diffuse and the intensities of the 001 and 002
reflections are comparable in cooled phase, although
both phases have almost the same lattice spacings of
the crystalline structures.*142 On the basis of the diffuse
and weak reflection of 001 in Figure 16a, the ferroelec-
tric crystalline structure in the 65 nm thick film is
assigned to the cooled phase. This assignment accords
with the simple expectation from the thermal history
of the sample (annealed at 140 °C). It is important to
mention that Lovinger et al.*4%> proposed a different
structure model, a mixture of disordered trans-planar
and 3/1-helical phases, for the ferroelectric crystal of 52
mol % VDF copolymer. However, we prefer the cooled
phase model by Tashiro et al. as the reference because
it provides more information about the unit cell param-
eters and the structure factors necessary for the assign-
ments of the reflections. Furthermore, the cooled phase
model was reported to be consistent with the results of
infrared spectroscopy.*?

When the specimen is tilted around a certain axis
(around the equator in Figure 16), each ring becomes
arc-shaped: With increasing tilting angle, the intensity
in the meridional part of the innermost ring becomes
stronger, while the intensity in its equatorial part is
unchanged. The meridional parts of the 400 + 220 and
002 rings disappear first, and its remaining arcs on the
equator become shorter. The 001 and 002 rings are
invisible at tilting angles over 30° and 60°, respectively.
These results reveal that there is a specific orientation
of the crystallites in the plane perpendicular to film
surface (or substrate). Unfortunately, it was difficult to
quantitatively characterize the orientation of the crys-
tallites, which is due to the low degree of crystallinity
of the specimen and the small numbers of visible
reflections. For example, no additional reflections ap-
peared when the specimen was tilted. On the basis of
the limited information, it is tentatively speculated that
the crystallites are preferentially oriented with their
(010) plane being parallel to the film surface (or
substrate), taking into account the fact that the meridi-
onal part of the 110 reflection becomes more intense
with increasing tilting angle. Though the 110 and 200
reflections are almost overlapped in the innermost ring,
it will be plausible to attribute the major contribution
of the intensity increase by tilting to the 110 reflection,
because the reported structure factor of the 110 reflec-
tion is definitely larger than that of the 200 reflection
in the cooled phase.*! The speculated model implies that
the chain axis of the all-trans crystalline structure is
preferentially aligned parallel to the substrate. How-
ever, it is worth noting that the crystal structure of the
cooled phase is constructed by bent trans segments
including skew linkages (what they call the 60° domain
structure).*! Consequently, the directions of the CF;
dipoles in the cooled phase are not globally unique (but
locally unique) in the molecular chains. The lack of any
spontaneous piezoelectricity (polarization) in the un-
poled samples directly proves the absence of a global
orientation of the CF, dipoles in a unique direction
perpendicular to the film surface. It should also be
noticed that, in principle, the ED pattern analysis for
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the types of samples used here cannot distinguish
between certain chain configuration and its mirror
image having the CF; dipoles in the opposite direction.

As described previously, the smaller polarization in
the 65 nm thick layer is explained by the reduction of
the overall crystallinity as suggested by the thickness-
dependent melt enthalpy (AHp,); however, note that the
analysis of the h dependence of ¢ and AHy for the
unpoled samples yields considerably different values of
hs (12 and 27 nm, respectively). This difference can be
attributed to the much larger sensitivity of the dielectric
constant to the crystalline alignment in comparison with
the heat of fusion. For example, the preferential crystal-
line orientation in the thin layer might also alter the
dielectric constant of the crystalline phase with decreas-
ing thickness. The h dependence of the dielectric and
electromechanical properties is thus interpreted as a
result as a combined effect of the reduction in crystal-
linity and the enhancement in the specific crystalline
orientation due to layer thinning.

Summary

Ferroelectricity and the ferroelectric-to-paraelectric
phase transition in a thin layer of P(VDF/TrFE) with
layer thicknesses (h) ranging from 1300 nm down to 65
nm have been studied with respect to dielectric and
electromechanical properties. Electrostriction and inverse-
piezoelectric effects of thin copolymer layers were
investigated utilizing an electromechanical interferom-
eter. In the region of h less than a few hundred
nanometers, pronounced effects of layer thinning on the
dielectric and electrostrictive behaviors are observed.
The dielectric constant and the linear electrostrictive
coefficient decrease with reduction in h. The electros-
triction in the ferroelectric phase shows a nonlinear
dependence on the square of the applied electric field,
and the degree of nonlinearity decreases as the layers
becomes thinner. On the other hand, no significant
effects of layer thinning on the phase transition tem-
perature or the Curie constants are observed. The
remanent polarization (Py) in the thin copolymer layers
as induced by poling was evaluated from the data of the
electrostrictive and inverse-piezoelectric effects. A promi-
nent layer-thinning effect on Py is recognized for the 65
nm thick film. P, in the 65 nm thick film (40 mC/m?) is
considerably smaller than P, in the thicker films (ca.
55 mC/m?). DSC measurements reveal that the degree
of crystallinity (the fraction of the ferroelectric crystal)
decreases with the decrease in h, and especially, the
crystallinity in the 65 nm thick film is rather small. The
ratio of the degrees of crystallinity of the 1300 and 65
nm thick films is close to the ratio of the corresponding
P/’s. Both the layer thickness dependence of the overall
dielectric constant and crystallinity can be consistently
interpreted when assuming the presence of an amor-
phous-like surface near layer. The reductions of the
overall dielectric constant and crystallinity by layer
thinning might be explained by the increase in the
contribution of a thin surface near layer of a lower
crystallinity as well as a lower dielectric constant. The
analysis of the thickness dependence of ¢ and AHp
assuming the presence of a (nonferroelectric or amor-
phous) thin surface near layer yielded a layer thickness
of 12 and 27 nm for the unpoled samples, respectively.
TEM observations for the 65 nm thick film show that
the chain axis of the all-trans structure of the ferro-
electric crystallites appears to have a preferred orienta-
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tion parallel to the film surface (or substrate). The
appreciable difference in the values of the surface near
layer thickness evaluated from the h dependence of ¢
and AHn, might be attributable to the preferential
orientation of the crystals in the thin layer, which is
more decisive for ¢'. These results imply that the layer
thickness dependence of dielectric and electromechani-
cal properties is a result of the combination of the
reduction in crystallinity and the enhancement in
crystalline orientation due to layer thinning.
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