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Abstract
Vinylidene fluoride and tetrafluoroethylene copolymer 94/6 texturing has been carried out by one-axis drawing at Td = 75 °C up
to the ratio of 6 with subsequent isometric tempering at 130 °C. Data of X-ray diffraction and IR-spectroscopy indicate partial
polymorph transition from the metastable γ-phase to the polar β-modification with long segments in the conformation of the
planar zigzag. The surface topography data show that the oriented film roughness turns out to be almost three times lower than
that of the isotropic one. High-resolution vector piezoresponse force microscopy (PFM) has been used to investigate topography
and ferroelectric domains in polymer films for visualization out-of-plane and in-plane polarization components. It is shown that,
in the oriented sample, both crystallinity and the degree of polar β-phase crystal perfection are higher. It was found that
conductivity Babnormal^ dropping takes place at the stage of intensive Pr rising with the field growing. This fact is explained
by quick trapping of charge carriers by polar planes of crystals with increasing the effective trap area.
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Introduction

Ferroelectric polymers on the basis of polyvinylidene fluoride
(PVDF) relate to the class of crystalline polymers. This re-
spectively new class of materials is interesting in connection
with its possible technical applications [1–3]. In comparison
with inorganic ferroelectrics, these polymers have a number of
specific qualities such as high shock viscosity, low dielectric
permittivity, thermo-plasticity, the possibility of production of
large active areas, high breakdown fields, etc. In a number of
cases, it makes ferroelectric polymers competitive with

respect to classic inorganic materials. That is why the scien-
tific world’s interest to these polymers does not subside.
Nowadays, there is no strict theory of ferroelectricity. In com-
plex morphology of crystallizing polymers, where along with
the crystalline phase, there are regions without a long order
that hinders such investigations. The situation is aggravated
by the fact that at room and higher temperatures, the amor-
phous phase has liquid-like dynamics. Thus, polymers under
consideration are systems which are characterized both by
structural and by dynamic heterogeneity. All this creates com-
plications for strict description both of ferroelectricity and of
piezo- or pyroelectricity observed in such polymers. In this
regard, accumulation of new data on the influence of structural
particularities in polymers under consideration on their ferro-
electric properties is required. Experimental works with such
objects are carried out mainly on isotropic films which are
characterized by polycrystal texture. Crystalline polymers
may be textured, for example, by uniaxial drawing due to their
high thermoplasticity. In such case, axes of c-crystals acquire
the main direction in the film plane, and the symmetry type
changes. In this work, comparison of ferroelectric characteris-
tics of isotropic and textured films was carried out using as an
example one of PVDF copolymers. Values of remnant
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polarization are shown to be higher in textured films. On the
contrary, high-voltage conductivity falls.

Samples and investigation methods

Random PVDF and tetrafluoroethylene (TFE) copolymer 94-
6 characterized earlier by 19F NMR [4] was the object of our
investigation. Isotropic films [1] have been prepared by the
copolymer crystallization from its solution in acetone at the
room temperature. Orientation of the film was carried out by
uni-axial drawing at 75 °C up to the ratio value of 6 with
subsequent isometric annealing at 130 °C. To measure electri-
cal properties of the copolymer, 100-nm-thick Al electrodes
were deposited on films via thermal vacuum evaporation.
Low-voltage electrical characteristics were obtained with the
use of the admittance-meter in the frequency range of 25–
106 Hz at the room temperature. Measuring of high-voltage
polarization and conductivity was carried out on the modified
setup combined according to the Sawyer–Tower scheme de-
scribed earlier [5]. The external field amplitude being varied
and short-circuit regime was applied to the sample before
every experiment.

The surface morphology and the static domain structure of
the polymer films were characterized by piezoresponse force
microscopy using a commercial scanning probe microscopes
MFP-3D (Asylum Research, USA) with Pt-coated conductive
probes (CSG30/Pt, TipsNano). Vertical PFM (VPFM) and
lateral (LPFM) images of the samples were recorded by ap-
plying an AC voltage of VAC = 2 V with a frequency of
150 kHz to the cantilever.

Infrared spectra were obtained on Bruker Equinox 55 s
(with Fourier transform) spectrometer. Shooting was per-
formed in transmission and attenuated total reflection ATR
(ZnSe crystal) regimes; the latter was used to probe 0.5–
2 μm thick surface layer of polymer.

Results

Comparison of the electrical response of isotropic and orient-
ed films at supplying them with the bipolar rectangular im-
pulses with the same amplitude is shown in Fig. 1. It is seen
that curves obtained differ significantly. As it follows from
general relations in one-dimensional approximation for the
ideal dielectric (with zero conductivity), changing of electrical
induction D may be associated only with that of polarization
value P:

D ¼ ε0E þ Ptot ¼ ε0E þ Pnf þ P f ; ð1Þ

where E is the electrical field tension, and ε0 is the electrical
constant.

In Eq. 1, when applied to crystalline polymer, it is reason-
able to divide the total polarization value Ptot in two parts: Pnf

and Pf. As it is already noted, the material has a two-phase
structure. Therefore, the second term must be associated with
polarization of the amorphous phase which is not ferroelectric.
Accordingly, the third term relates to the reaction in the field
of polar crystals. Note that all said above relates to the case
where only bound charges are considered. Real polymer fer-
roelectrics always have free carriers in the volume. They ap-
pear, for example, because of the presence of the catalyst
remnants, introduction of additional ingredients, and so on.
As far as the amorphous phase has an increased free volume,
during the polymer crystallization, admixtures mentioned
above will be displaced just here. As it is already noted, at
the ambient temperature, chains of the amorphous phase are
characterized by cooperative Brownian liquid-like dynamics.
Since PVDF chains have high dipole moments (2.1 D), the
amorphous phase may be considered a weak electrolyte.
Therefore, molecules of the salt nature will partly dissociate
with formation of additional free charges. For the polymer
class under consideration, the presence of such free charges
in a number of copolymers is confirmed by appearance of
low-frequency relaxation of the space charge [6–9]. At high
fields, appearance of additional carriers due to their injection
from the electrode material is possible [10, 11]. As applied to
polymer objects, special role of hole carriers injection was
noted [12], which is shown experimentally with the use of
PVF-TFE copolymers as an example [13].

Thus, the time dependence of electrical induction (Fig. 1)
must show the contribution both from bound and free charges.
For this purpose, it is possible to use the half-empirical rela-
tion which gives free carriers contribution to D through the
value of conductivity σ:

D ¼ ε0E þ σtmE þ 2Pr 1−exp −
t
τ s

� �n� �� �
: ð2Þ

The contribution of bound charges is shown by the third
term through the domain switching time τs that provides ap-
pearance of remnant polarization Pr. Conductivity values were
calculated by the method of quasi-stationary currents, which
were registered at supply the film with the bipolar rectangular
impulse (Fig. 2). It was presumed that σ and the quasi-
stationary current j obey the Ohm law: j = σE. Apparently,
empirical parameters m and n in Eq. 2 are connected with
peculiarities of local fields at motion of free and bound
charges, respectively. For free carriers, parameterm, changing
with the field for the oriented sample, is presented in Fig. 3. It
is seen that there are two regions of this parameter behavior. Its
growing is observed up to the field ~ 40 MV/m, which ap-
proximately corresponds to the Ohm law. At higher fields,
substantial parameterm reduction is noted, which corresponds
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to changing of the mechanism of high-voltage conductivity.
This may be associated with the fact that apparently, the local
field will be formed out of the field of the external source Eext,
those of the ferroelectric domain Ef, and the space charge Esc.
Let us consider which component of the local field may lead
to curvesD(t) observed experimentally (Fig. 1). It is seen from
this picture that field Eext rises during millisecond range ab,
which corresponds to appearance of remnant polarization due
to reaction of domains on the external source, and shows that
the field of the ferroelectric Ef rises approximately during the
same time. Thus, the character of the time dependence D(t) in

the range of tens of seconds must be associated only with the
component of the space charge field:

Esc x; tð Þ ¼ ∫
d

0

ρ x; tð Þ
ε0ε

dx ∫
∞

0
dt; 0≤x≤d ð3Þ

here, ρ(x,t) is a volume density of the charge formed by quasi-
free carriers. This characteristic for the one-dimensional case
is the function both of coordinate x and time t. Since materials
studied are dielectrics, impurity carriers must be localized on

Fig. 1 Time dependencies of the
external electric field and
electrical induction in the
isotropic (1) and oriented (2) film
at supplying it with bipolar pulses
with the amplitude of 53 MV/m

Fig. 2 Current response in the
isotropic copolymer film at
supplying it with the bipolar
pulses of the external electric field
with the amplitude of 50 MV/m
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traps of various kinds such as defects of chemical joining of
PVDF chains, crystal imperfections, and boundaries between
crystal and amorphous phases. In the electric field, drift of
such carriers is slow, which explains low conductivity of poly-
mers studied. Formation of the equilibrium state of space
charges in heterogeneous systems is usually characterized by
Maxwell–Wagner relaxation time τM which, for a medium
with dielectric permittivity εa, may be written as follows:

τm ¼ εaε0
Aσ

ð4Þ

At low conductivity σ, this relaxation time may reach units
and tens of seconds. Thus, region Bb–c^ in (Fig. 1) reflects the
contribution of the space charge field formation into D value
measured.

The task of the further analysis was to estimate high-
voltage conductivities on the basis of field dependencies of
current densities (Fig. 2) and compare them for isotropic and
oriented samples. Such data are presented in (Fig. 4). It is seen
that for both samples the field conductivity dependencies have
forms of curves with maxima. At some field, σ starts to
Babnormally^ go down. There are some differences between
these films. In the isotropic sample, the conductivity maxi-
mum is shifted a little to higher fields, but σ values at identical
fields turn out to be two to three times as high (Fig. 4). As it
follows from (Fig. 5), for the same samples, field dependen-
cies of remnant polarization Pr determined according to the
scheme in (Fig. 1) also differ. It can be seen that here there are
two regions of the Pr behavior as well. At fields lower than
40 MV/m, weakly expressed non-linearity is observed for

both samples. We associate the existence of this region with
contribution of its component from disorderly Pnf regions into
full polarization (Eq. 1). Apparently, at higher fields, more
intensive growing of Pr takes place. We associate this with
contribution of the ferroelectric phase Pf into full polarization
of domains. It is seen that if the field is the same, remnant
polarization in isotropic samples turns out to be lower.
Coercive fields we register are in good agreement with those
for this class of compounds [1, 2]. As it also follows from (Fig.
5) data, isotropic films have lower breakdown fields than
those of oriented samples.

To our opinion, it is useful to compare field dependencies
of high-voltage conductivity and Pr that is done in (Fig. 6) for
the oriented sample. It is seen that the region of weak Pr rising
coincides with the Bnormal^ conductivity behavior, where in-
tensive rising of remnant polarization is observed in the
Babnormal^ region of the field dependency σ. Thus, it is pos-
sible to ascertain that appearance of abnormal lowering of
conductivity with the field should be explained by intensive
switching of domains in fields which are higher than coercive
ones.

Discussion

It has been shown that there are a number of differences in the
behavior of isotropic and oriented samples in the high field.
We associate it with changes in structural characteristics dur-
ing the process of films texturing. Earlier [14], it was
shown that isotropic films of the polymer class studied after
crystallization from low-boiling solvents at the room

Fig. 3 Field dependencies of the
empiric parameter m at different
sign of the field for the oriented
sample
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temperature, along with the ferroelectric phase, have metasta-
ble paraelectric one. It is also possible to see some indication
to this from IR-spectroscopy data (Fig. 7). In the isotropic
film, it was found the presence of a noticeable number of
polymer segments of the T3GT3G

− conformation since char-
acteristic lines 813 and 1235 cm−1 were found. These peaks
are characteristic of the chain conformation in γ-phase crys-
tals. The latter is present in the composition of the
paraelectrical phase [1, 2]. So, this fact also confirms the

presence of the metastable paraelectrical phase in the isotropic
film. During the process of texturing at transition of lamellar
crystals to fibril ones, it is possible to see the process of con-
formational transition in polymer chains. Changing intensity
ratios in pairs of peaks 813, 840, and 1235, 1275 cm−1 indi-
cates that orientation process is accompanied by polymorph
transition γ→ β. It is known that for chains in the last phase
with conformation chain of a planar zigzag, the dipole mo-
ment of the monomer unit was being oriented perpendicularly

Fig. 5 Field dependencies of
remnant polarization in the
isotropic (1) and oriented (2) film

Fig. 4 Field dependencies of
high-voltage conductivity in the
isotropic (1) and oriented (2) film
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to the chain axis. An increase in the intensity of peaks 840 and
1275 cm−1 at the film orientation indicates an increase in the
proportion of chains with conformation of a planar zigzag
since they are associated with the presence of sequences (-
TT-)n ≥ 3 and (-TT-)n ≥ 4 [1, 2]. Intensity lowering of the amor-
phousness peak 905 cm−1 in case of oriented sample indicates
also rising of its crystallinity. Besides, it is seen from Fig. 7
that peaks sensitive to the chain conformation have lesser
width. It means that more perfect crystals of the ferroelectric
phase, polar planes of which will have higher surface density,
are present in the oriented sample. Then, one can say that the
oriented film obtains a Bmonocrystal texture^ [15, 16].
Because of such structure changes, it is possible to formulate
the rising cause of remnant polarization at texturing of the
isotropic sample (Fig. 5). Texture analysis of the oriented
sample by the method of X-ray diffraction [13] indicates that
c-crystal axes are oriented along the drawing direction, e.g., in
the plane of the film where electrodes are deposited. It means
that polar planes a–b of ferroelectric crystals will be parallel to
the plane of the film measured. Accordingly, dipole moment
(b-axis of the lattice) will be line up along lines of the field. To
the contrary, in the isotropic film, random location of crystals
as well as all three axes of the lattice a, b, and c will take place
on the film plane. Accordingly, probability of the polar axis of
the b-lattice to be normal to the film surface goes down. Such
conceptions give qualitative explanations for differences in
Pr(E) dependences for both films (Fig. 5). Ideas about chang-
ing of the texture character with the film orientation may be
also used at analysis of field dependences of high-voltage
conductivity (Fig. 4). As it is noted above, the field rising at
its low values is accompanied by an increase in σ for both

samples. Such behavior may be predicted quantitatively on
the basis of the Poole–Frenkel effect:

jPF ¼ nTμqEexp −
ET0−βPF Eð Þ12

kT

" #
: ð5Þ

It is associated with lowering of the activation barrier ET0 for
carriers drift due to the field energy E. It is possible to connect
the fact that σ values in the isotropic sample are higher than
those in the oriented film (Fig. 6) with higher mobility of car-
riers in the first case (assuming that their type and concentration
are constant). Charges under consideration are in the amor-
phous phase. Therefore, their mobility will be determined by
the character of liquid-like dynamics. Since in the oriented
sample, the proportion of the metastable paraelectrical phase
of the γ-polymorphous modification falls down, the character
of dynamics in the amorphous phase may change. Such sug-
gestion is confirmed by last data on the copolymer of VDFwith
trifluoroethylene (TrFE) [17]. It has been shown that a decrease
in the proportion of the metastable paraelectrical phase in the
sample leads to an increase in the activation parameter for
cooperation mobility in the amorphous phase by 40%. Carrier
motion over the amorphous phase will proceed via the Btrap–
detrap^mechanism. Therefore, more hindered dynamics in the
matrix where charge transition goes on must result in lowering
of its drift rate.

As it is seen from Fig. 4, at higher fields, lowering of σ is
observed that contradicts to the Poole–Frenkel relation.
Analysis shows that Banomaly^ noted above should be asso-
ciated with decreasing in free carrier’s concentration. An

Fig. 6 Field dependencies of
high-voltage conductivity (σ) and
remnant polarization (Pr) for the
oriented copolymer film
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indirect evidence of this can be found in Fig. 6 where field
dependences Pr and σ are compared. The region of sharp
rising of remnant polarization corresponds to the turning of
the normal to crystal polar planes in the direction of the field.
We see a decrease in conductivity in the region where Pr starts
to grow rapidly. If it is considered that polar planes of crystal-
line domains are deep traps for free carriers, this corresponds
to rising of their effective cross section of trapping. These
carriers, being on the polar plane, become quasi-bound ones,
which corresponds to a decrease in nT in Eq. 5.

As it is mentioned above, breakdown voltage in the isotro-
pic state turns out to be notably lower (Fig. 5) than that in
textured film. It may be caused by the fact, that high-voltage
conductivity is lower in the isotropic film (Fig. 4). Another
cause may be associated with the character of the surface
topography, which is represented in Fig. 8a, b for both films.
Data processing shows that roughness of isotropic and

oriented film surfaces Rms is equal to 12.3 and 4.5 nm, re-
spectively. So, the former is three times greater. When elec-
trodes are deposited, their inner layers will repeat the relief of
the film surface. In case of high roughness of the latter, the
probability of metal formation in the form of Bspikes^ in-
creases. Such regions may be sources of Bovervoltage^ that
must increase the possibility of breakdown. The topography
of the oriented film indicates texturing of the surface. That is
why it seems reasonable to estimate correlation parameters in
two directions, which are perpendicular to each other (Fig. 9a,
b). Analysis of results obtained show that the correlation
length in direction X2 (the direction of drawing) turns out be
several times greater than in direction X1. Similar analysis for
the piezoelectric response (Fig. 9c) indicates that its anisotro-
py in two directions is expressed weaker.

It seems interesting to consider domains statistic of poly-
mer films studied (Fig. 10). Two distinctions can be seen.
First, the sample orientation results in the maximum shift to
lower voltage values for a vertical piezo-response, which may
be considered as lowering of the coercive field. It means that
definite correlation with data on macroscopic polarization
arises. In this case for the isotropic sample, intensive growing
of remnant polarization takes place at higher fields. Another
distinction, which is seen from Fig. 10, consists in the fact that
after orientation, distribution curves turn out to be narrower.
This is an evidence of higher homogeneity of structural pa-
rameters of domains in the process of drawing and subsequent
isometric thermal treatment. An increase in the proportion of
long sequences of chains in conformation of a planar zigzag
(Fig. 7) may cause domain equilibrium structure formation.
Most likely that the latter determines stability of the polarized
condition which is demonstrated in the inset to Fig. 11. It is
seen that 2-h exposure of the sample at the room temperature
does not practically change intensity lowering of polarized
condition. Our earlier data on the isotropic sample show that
entire relaxation of the polarized state is observed as soon as in
20min [14]. Data shown in Fig. 11 are obtained at polarization
time of 10 min. Note that this period of time is much greater
than that at macroscopic polarization (see Fig. 1). We consider
the field influence time to be the important characteristic for
the final polarized state. It can be seen in Fig. 12 where com-
parison of D(t) curves for the first and second polarization
series has been carried out for the same external field. Let us
recall that each polarization series was carried out by input of
bipolar voltage impulses with the changing amplitude at pre-
liminary electrodes shorting. As it can be seen from Fig. 12a,
D(t) curves for both polarization series differ notably. In par-
ticular, after the first series, remnant polarization rises by 40%
and parameter m in Eq. (2) becomes several times less.
Qualitatively, the similar result is fixed at supplying the film
with bipolar triangular voltage (Fig. 12b). The shape of theD–
E curves in the last figure indicates the contribution to them
from conductivity. Indeed, according to Figs. 4 and 6 at the

Fig. 7 ATR IR spectra of the isotropic (1) and oriented (2) film for
spectral interval 700–1000 cm−1 (a) and 1200–1500 cm−1 (b)
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Fig. 8 Comparison of topography (a, b), vertical (c, d), and lateral (e, f) local piezoresponse for the isotropic (a, c, e) and oriented (b, d, f) films
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selected fields in Fig. 12b, high voltage conductivity has the
maximum value. As can be seen in higher fields (Figs. 4 and
6), conductivity of in several times decreases. Therefore, the
D–E curves obtained in such fields have a smaller contribution
from the marked conductivity (Figs. 13b and 14).

One more demonstration of the polarization time role on
peculiarities of domains formed is presented in Fig. 13. It is
seen that an increase in the number of cycles results in regular
change of D(t) curves. This phenomenon manifests itself in
lowering of maximal electrical induction values, being even
more substantial for the field positive half-period. At such
high fields, the switching time of spontaneous polarization ts
will have values of milliseconds and even lower [1, 2]. So

times in seconds and above should only be associated with
the process of forming a space charge. At the bipolar field,
charges of different sign, which are present in the polymer at
the initial state, should be taken into consideration. Besides,
they can additionally be injected from the electrode material as
well. In this case, effectiveness of different signs charges in-
jection and their drift mobility may differ [13]. In particular,
injected electrons must be effectively trapped by polymer
chains, since there are fluorine atoms in their composition
which are strong electron acceptors. In this connection, mo-
bility of charges of different sign in the polymer studied must
differ, and the space charge formedmay have asymmetry with
respect to its sign. Therefore, asymmetric change of D(t)
curves with an increasing number of polarization cycles may
reflect this process. It is seen from the inset to Fig. 13a that an
increase in the number of polarization cycles is accompanied
by some decreasing of Pr, which has a tendency to stabiliza-
tion. We associate this fact with the equilibrium space charge
formation mentioned above when some part of carriers is

Fig. 9 Autocorrelation image (a) for orient polymer film obtained fromFig.
8b, the corresponding autocorrelation functions for topography in X1 andX2
directions (b), and ferroelectric domains (c) calculated from Fig. 8d, f

Fig. 10 Characteristics of domains in the isotropic (a) and oriented (b)
films for vertical and lateral piezoresponse
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captured by deep traps of polar crystal planes. It is evident that
such process must result in decreasing of the domain sponta-
neous polarization and Pr, respectively. Kinetics of this pro-
cess changing is seen in the inset to Fig. 13a.

At supplying the sample with the Btriangular^ low frequen-
cy bipolar external field, these effects must be reflected on
curves of the electrical response. Indeed, as it can be seen from
Fig. 13b, for the third cycle of the external field scanning, the
hysteresis curve is characterized by lower D values mainly in
the region of positive fields, too. At the same time, it may be

noted that an increase in the number of polarization cycles is
also accompanied by some Pr lowering.

As it is seen from Figs. 12b, 13b, and 14, hysteresis
curves obtained by supplying the sample with bipolar trian-
gle voltage have two particular features. As a rule, curves
are not closed, indicating that the system is not at equilibri-
um with respect to the number of the external field impulses
supplied. This effect is observed not only in polymers stud-
ied but also in ferroelectrics of the inorganic nature [18–20].
From the point of view of the general analysis of ferroelec-
trics, the asymmetry of the hysteresis curve is characterized
by the term of Bnon-complete^ polarization [21]. One of
causes of this phenomenon may be associated with the ma-
terial of electrodes, which compensated the depolarization
field [22–28]. However, in our case, the same electrodes
were used in both samples. So, there must be another factor.
Polymers studied have the two-phase structure; at the polar-
ization temperature Tp = + 20 °C, both phases being different
with respect to the dynamics character. Namely, liquid-like
mobility in the amorphous phase and high impurity conduc-
tivity in it may cause non-uniformity of the space charge
distribution at the anode or cathode side.

Fig. 11 The polarization picture of the oriented sample just after
polarization in the bipolar field (a) and after its exposure during 2 h (b);
inset—kinetics of polarization decrease in the isotropic (1) and oriented
(2) film

Fig. 12 Time (a) and field (b) dependencies of electrical induction n the
oriented sample for the first (1) and second (2) series of polarization at
supplying rectangular (a) and triangular (83 mHz) (b) bipolar voltage
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Since the field of the space charge takes part in formation of
the local field, this may result in the asymmetry in hysteresis
curves observed experimentally. Under conditions of carrier
low mobility, formation of the equilibrium space charge de-
mands much time. It means that the hysteresis curve form
must substantially depend on the period of the outer bipolar
triangular voltage. Data of Fig. 14 confirm such a hypothesis.
Changing of the external field frequency leads to notable
changing of the hysteresis curve form. In case of the
Maxwell mechanism of the space charge formation, lowering
of the field frequency from 190 to 7 mHz creates conditions
for its approaching the equilibrium state. It follows from this
figure that at the low frequency of the field, the hysteresis
curve changes more if the field sign is positive. This fact
indicates once more the special role of hole current carriers
which are injected from the electrode and take part in the space
charge formation.

Earlier, it was shown that the size of domains in polymers
studied turned out to be much higher than the average size of
the polar crystal [14]. It means that chains of the amorphous
phase are present in domains. In this connection, it is interest-
ing to study the high-voltage polarization of the latter. It can be
done using dielectric data presented in Fig. 15. As it is seen,
the dispersion region, in which cooperative mobility of amor-
phous phase chains [1, 2], exists in the frequency region of
106–107 Hz. It means that low-frequency values of ε′ charac-
terize static dielectric permittivity ε0.

The uni-axially drawn film is an unisotropic body where
dielectric permittivity has a view of the following matrix:

ε11 0 0
0 ε22 0
0 0 ε33

2
4

3
5; ð6Þ

Fig. 13 a Changing of the
character of electrical response in
the second polarization series at
supply the oriented film with six
successive bipolar pulses of the
electrical field with the amplitude
of 75 MV/m. Inset—Pr against
polarization cycles number N. b
Changing of the hysteresis curve
at transition from the first to the
second cycle of polarization with
the use of bipolar triangular
voltage with the same amplitude
and frequency equal to 8 mHz
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where direction 1 coincides with the axis of drawing, and
directions 2 and 3 coincide perpendicular to it. In this case,
it is possible to write the following equation [29, 30]:

Δε ¼ ε0−ε∞ ¼ Δε33 ¼ ζ
4πn
3kT

μ2
ecos

2γ; ð7Þ

where ζ is a factor of the local field, n is concentration of
kinetic units (polymer segments) with the effective dipole mo-
ment μc, and γ is an angle between of the dipole moment with
respect to the vector of the electrical field.

As noted above, the increase in the number of cycles of
polarization is accompanied by increase ε0. On the other hand,
the high-frequency permittivity ε∞ does not change.

Thus, as it follows from Fig. 15, an increase in the num-
ber of cycles of the oriented film polarization is accompa-
nied by rising of the dielectric increment of the amorphous
absorption (Δε33). An increase in the amorphous phase pro-
portion (n) is excluded since usually just an opposite phe-
nomenon is observed [31]. According to Eq. 7, either an
increase in μc or a decrease in γ may happen. Indeed, in
high voltage fields in polymer segments of the amorphous

Fig. 15 Frequency dependencies
of dielectric permittivity of the
oriented film in the initial state (0)
and after the first (1) and second
(2) series of polarization cycles at
the room temperature

Fig. 14 Curves of electrical
hysteresis of the oriented sample
at supply it with triangular voltage
of the amplitude of 80 MV/m and
frequency of 7 mHz (1) and
190 mHz (2)
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phase, conformational transitions of the type (T3GT3G
−1)→

(-TT-)n and (TGTG−)→ (-TT-)n are possible. This is profit-
able from the point of view of the energetic since ranges of
chains in the conformation of the planar zigzag (-TT-)n have
the higher dipole moment. Such conformational transforma-
tions may be accompanied by decreasing in the disorienta-
tion angle γ, too. Thus, structural conversions under influ-
ence of the field in amorphous phase regions will assist in
formation of the irreversible Bmonocrystal texture.^

As it is noted above, investigations of ferroelectricity in
textured films have been carried out extremely rarely. That is
why it is interesting to confront results of this work with sim-
ilar data, concerning oriented fi lms of VDF and
hexafluoropropylene (HFP) copolymer [32]. In particular, it
is interesting to compare the coercive field Ec, which is one of
the fundamental characteristics of ferroelectrics. As it follows
from Fig. 5, for our oriented polymer, it has the value of
40 MV/m, for the oriented copolymer VDF/HFP Ec =
100 MV/m [32]. Such substantial difference shows that the
VDF copolymer composition may strongly influence final
ferroelectric characteristics. The character of molecular dy-
namics in the amorphous phase of VDF/HFP will depend on
the proportion of the latter comonomer, which has great steric
hindrances. Earlier, we showed that in the copolymer studied,
an increase in HFP proportion from 7 to 14% is accompanied
by growing of a number of parameters such as glass transition
temperature, equilibrium temperature of transition to glass,
enthalpy ofmicro-Brownianmotion, and so on [7]. It indicates
more hindered dynamics in the copolymer amorphous phase if
the copolymer contains much HFP. In case of ferroelectricity,
the character of such dynamics may affect acts of generation
of domains of new direction during polarization process. It
may be associated with the fact that in crystalline polymers,
the same chain (with covalent bonds) can be either in the
crystal or adjacent amorphous phase with intensive
Brownian dynamics. Since the copolymer with high HFP con-
tent (15%) was used in work [32], facts on change of dynam-
ics character in the copolymer amorphous phase noted there
could lead to high values of the coercive field.

It makes sense to compare presented data on Fig. 1 with
similar results in the work [33]. Here the authors on the exam-
ple of VDF copolymer with TFE followed the charge response
when applying to the sample, as in our case of a rectangular
voltage pulse. The difference was that the authors had a time of
100 ms, whereas in our case, the times were two orders of
magnitude longer. However, the curves are in Fig. 1 and in
[33] are qualitatively the same. In [33], an analytical method
for estimating the contribution of conductivity to the measured
curveD(t) was proposed. In our case, the empirical Eq. (2) was
used for this purpose. The authors of the cited paper found the
relaxation of a part of the polarization after a field shutdown.
Similar preliminary experiments on our samples show that they
also observed a qualitatively similar relaxation of polarization.

We believe that the marked fast relaxation proves the validity of
the previously obtained conclusion [14] that domains in ferro-
electric polymers in addition to polar crystals include sections
of amorphous phase chains. The fluid-like dynamics in the
latter at room temperature may be responsible for the rapid
relaxation of the polarization part after field removal.

Conclusions

Comparison of hysteresis curves for isotropic and oriented
films shows that in the last case under equal conditions, po-
larization is higher. IR-spectroscopy data indicate that it
should be attributed to the fact that at orientation the propor-
tion of regions with conformation of a flat zigzag increases.
Such conformation is characterized by the higher value of the
dipole moment transverse component. Data of the atomic
force microscopy show that the film orientation with its sub-
sequent isometric tempering results in substantial decrease in
the surface roughness. According AFM data, appearance of
fibrils with average thickness of 132 nm has been fixed.
Calculation of the correlation length along and across fibrils
shows that in the last case, it turns out to be four times lower.
Such structural transformation at orientation results in the
narrower size distributions of ferroelectric domains and to
smaller relaxation of the local piezoelectric response after po-
larization. Hysteresis curve asymmetry noted in the experi-
ment is also attributed to the spatial charge field contribution
to the local field. Comparison of hysteresis curves obtained at
different frequencies of the external field indicates an impor-
tant role of the hole carriers injected from the electrode mate-
rial in formation of the space charge.
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