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Abstract

The measurements of ac conductivity [o,(w)], dielectric constant [¢/(w)] and loss [¢”(w)] have been performed on solution grown (thickness
~ 85 um) and uniaxially stretched (thickness ~25, 45 and 80 um) films of poly(vinylidene fluoride) (PVDF) in the frequency range 0.1 kHz—
10 MHz and in the temperature range 77—400 K. The ¢,,(w) can be described by the relation o(w) = Aw®, where s is close to unity and decreases
with increase in temperature. Three relaxations, observed in the present investigation, have been designated as the a.-, the a,- and the B-relaxa-
tions appearing from high temperature side to the low temperature side. The o.-relaxation could not be observed in the case of uniaxially
stretched poly(vinylidene fluoride) films. The o.- and o,-relaxations are associated with the molecular motions in the crystalline regions and
micro-Brownian motion in the amorphous regions of the main polymer chain, respectively, whereas the B-relaxation is attributed to the rotation
of side group dipoles or to the local oscillations of the frozen main polymer chain.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of dielectric relaxation behavior as a function of
temperature and frequency has revealed two or three types of
relaxation processes in polymeric materials, namely; o, B, v,
respectively, appearing from high temperature side to the
low temperature side and from low frequency side to the
high frequency side [1]. The a-relaxation or the primary relax-
ation process is attributed to the rotation of dipoles from one
quasi-stable state to another in which the diffusional motion
of the segment occurs. The B-relaxation is associated with
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the partial orientation of the dipoles in the range of local
environments where the large-scale rearrangement of the
main chain is frozen. In the recent years, the field of ferroelec-
tric polymers has become an interesting part of research partly
due to their piezoelectric behavior responsible for making
electromechanical transducers and partly because they exhibit
interesting molecular processes associated with various phe-
nomena such as ferroelectric to paraelectric phase transition
and polarization switching, etc. [2—8]. After the discovery
of piezoelectricity in poly(vinylidene fluoride) (PVDF) [5,9],
the interest has been generated for its piezoelectric and pyro-
electric applications. The molecular vibrations of the a, B, vy
phases of PVDF have been investigated earlier [10]. The mor-
phology and phase transition as well as the effect of crystalline
phase, orientation and temperature on dielectric properties of
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high melt temperature crystallized PVDF have been reported
[8,11,12]. Also the distribution of relaxation times from
dielectric spectroscopy, using Monte Carlo simulation, in
a-PVDF reveals two relaxation processes, i.e. the a,-relaxa-
tion process associated with glass transition and the o -relax-
ation process due to changes in confirmation in the crystalline
region [13]. It is known [14] that PVDF possesses low acoustic
impedance having excellent matching with water and human
tissues, making this polymer very useful for underwater acous-
tics and medical imaging applications. Before these fascinat-
ing properties of PVDF can be used for device applications
it was thought worthwhile to investigate its low frequency ac
conductivity and dielectric relaxation behavior because very
few data on dielectric relaxation are available in literature
[11,12,15—18]. Moreover, the detailed studies on the mecha-
nism of low frequency ac conduction and dielectric relaxation
behavior are lacking. It is significant to mention here that the
form (a-, B-, v-, 8-, and mixture of these forms, etc.) and film
processing methods of PVDF materials for device applications
are also very important. In the past, many techniques such as
injection molding, die-casting, hot rolling, etc. have been em-
ployed for the preparation of thick films of polymeric mate-
rials. These techniques, however, require sophisticated and
costly equipment and large amount of raw materials.
Further, with the earlier techniques it was difficult to obtain
as-grown virgin films without strain since mechanical stress
on the raw material is invariably applied while using the above
techniques. Such strains may induce peculiar behavior of the
dielectric and piezoelectric properties [19] in materials such
as PVDF having high molecular weight (~140,000) and
P(VDF—CTFE). The solution evaporation technique used in
the present studies is free from the effect described above.
Further, it has many advantages viz.; (i) films of any thickness
(>10 um) can be prepared under any desired conditions of
temperature, etc., (ii) the preparation of doped films is very
easy and safe, and (iii) the films prepared are free from
unwanted impurities.

Keeping all these in mind we studied the ac conduction
behavior of solution grown PVDF films in their virgin
(unstretched) and uniaxially stretched state. Before conducting
ac measurements, PVDF matrix was characterized for their
structural, morphological and thermal behaviors. Our investi-
gation is an attempt to provide an exhaustive data on low
frequency ac conduction and dielectric relaxation behavior
of solution grown and uniaxially stretched PVDF films in
the frequency range 0.1 kHz—10 MHz and in the temperature
range 77—400 K.

2. Experimental procedure

PVDF in white powder form, obtained from M/s. Poly-
sciences, Inc. USA, was dissolved in N,N-dimethylformamide
(DMF). Films of PVDF having thickness ~80—300 um were
prepared in vacuum oven at ~353 K by keeping the different
amounts of PVDF—DMF solution in separate flat petri-dishes
for 6 h. These PVDF films were very smooth and translucent
in nature. The films were uniaxially stretched at an elevated

temperature ~423 K by using a specially designed stretching
device. Fourier transform infra-red (FT-IR) investigation of
both stretched and unstretched PVDF has been performed
using Perkin—Elmer FT-IR Spectrometer. Change in PVDF
morphology/phases has been observed by Leo 440 scanning
electron microscope. Thermal analysis (DSC) has been
performed on Mettler Toledo Star System. The phase determi-
nation in PVDF matrices has been observed by D-8 Advanced
X-ray Diffractometer (Bruker). The stretched films having
thickness ~25, 45 and 80 um were cut into pieces and gold
electrodes were vacuum evaporated on both the sides of these
stretched and unstreched (thickness ~85 pum) films making
M—P—M sandwich structure. The ac conductivity [o,,(w)], di-
electric constant [¢'(w)] and dielectric loss [¢”(w)] were mea-
sured using a GR 1615 A Capacitance Bridge in the frequency
range 0.1 kHz—100 kHz and by HP 4192 A LF Impedance
Analyzer in the frequency range 0.1 kHz—10 MHz in a spe-
cially designed three terminal cell in the temperature region
77—400 K. The dc conductivity was measured using Keith-
ley’s 617 electrometer and 2000 DMM.

3. Results

3.1. Structural, morphological and thermal
characterization

Fig. 1 shows the FT-IR spectra of solution grown (un-
stretched) (Fig. 1 (a)) and uniaxially stretched (Fig. 1(b))
PVDF films. The entire characteristic vibronic bands before
stretching (431.9, 481.6, 510.4, 601.6, 772.5, 838.1 and
878.1 cmfl) and after stretching (411.6, 444.4, 487.7, 532.2,
613.5, 763.7, 796.1, 839.4, 879.3 and 9759 cm™ ") and its
comparison with reported values [12] indicates that PVDF
(of present work) before stretching is in o-form and after
stretching a mixture of o~ and B-forms exists in the polymer
matrix wherein o-form is in majority. Other notable observa-
tions from Fig. 1(a,b) are: (i) the peaks are more prominent/
intensified in stretched film, (ii) a new peak at 975.9 cm ™! has
appeared in stretched film, (iii) peak at 772.5 cm ™" of solution
grown film split into two peaks at 796.1 and 763.7 cm™ ', and
(iv) all peak positions of solution grown film shifted to corre-
spondingly higher wave number in spectrum of stretched film.
These facts indicate that the polymeric chains are more packed
and forming crystals of PVDF when film was stretched with-
out significant changes into polymer phases. Once molecules
are more tightly packed it requires more energy to vibrate
and hence resultant vibronic peaks shifted to higher wave
number. Thus, all these observations indicate that in a stretch-
ing process (at specified stretched conditions employed in this
study) amorphous matrix of solution grown PVDF film gets
transformed into more ordered matrix which indeed was ob-
served in its morphology discussed later in this paper.

As can be seen from the spectra of solution grown and
stretched PVDF films, they both show similar vibronic bands
except slight changes in peak positions. It can be inferred
that in stretching process, form of PVDF matrix does not
change and the polymer remains largely in the a-form. Only
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Fig. 1. FT-IR spectra of solution grown (unstretched) and uniaxially stretched PVDF films: (a) blue curve shows vibronic bands of solution grown PVDF
(translucent) film and (b) gray curve shows vibronic bands of uniaxially stretched PVDF (transparent) film. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

change at a given condition is the ordering of the matrix. Thus,
from the various vibronic peak positions of both solution
grown and stretched PVDF films, it is clear that the PVDF
employed in the present investigation is mainly in o-form
(mixture of a- and B-forms with a-form in majority) [12].
As per the conditions of the preparation of PVDF films we
believe that in our case materials exist predominantly in
a-form when the film is in unstretched form and in crystallized
o-form when the film is stretched [12]. The dominance of
the o-form of PVDF has been further confirmed by X-ray
diffraction studies of unstretched film. Intense peaks at
20 = 17.8°, 18° and 20° correspond to (100), (020) and (021)

reflections, respectively, indicating o-form (in majority) and
a diffuse peak around 26 = 20.8° corresponding to (110) and
(200) reflections of B-form (in minority). These results are in
agreement with previously reported [12] values; for a-form
(260 = 17.7°, 18.4° and 19.9° and B-form 20 = 20.3°).

Fig. 2(a,b) shows the scanning electron micrographs of
solution grown and uniaxially stretched PVDF films, respec-
tively. It is evident from these micrographs that significant
number of crystallites has been formed upon uniaxial stretch-
ing of PVDF film. It confirms the observation regarding the
phase transformation of PVDF into more ordered phases
upon film stretching at the conditions employed in the present
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Fig. 2. Scanning electron micrographs (SEM) and differential scanning calorimetric (DSC) spectra of solution grown (unstretched) and uniaxially stretched PVDF
films: (a) SEM of solution grown (unstretched) PVDF film having largely amorphous features; (b) formation of PVDF crystals in uniaxially stretched PVDF film;
(c) and (d) DSC curves of solution grown (unstretched) and uniaxially stretched PVDF films.
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study. Thus, stretching of the film produces PVDF in crystal-
lized a-form. This is further supported by thermal behavior of
these two types of PVDF films as shown in Fig. 2(c,d).

Fig. 2 (c) shows the DSC thermogram of solution grown
PVDF film recorded as a function of temperature in the range
313—673 K at the rate of 20 K/min scan rate under nitrogen
atmosphere. It shows endothermic peak at 443.28 K. This
endothermic peak is associated with melting of the polymer
having an enthalpy change of 8.811 cal/g. The sharp melting
suggests the semi-crystalline nature of the polymer. At the
same time the DSC thermogram (Fig. 2(d)) of uniaxially
stretched PVDF film shows single endothermic peak at
44729 K associated with the melting phenomenon. This
peak is even sharper than the peak obtained for unstretched
PVDF film (Fig. 2(c)) and shifts to the higher temperature
side. Enthalpy change associated with the melting of stretched
PVDF film suggests the increase in the crystallinity of the
polymer as a result of uniaxial stretching. According to Naka-
gawa and Ishida [20], the percentage of crystallinity can be
calculated from the ratio of enthalpy associated with the melt-
ing curve to the enthalpy of fusion of fully crystalline polymer,
which is 25 cal/g. On this basis, unstretched PVDF film shows
35.24% crystallinity while upon uniaxial stretching this crys-
tallinity has been increased to 39.83%. This clearly indicates
that there is an increase in crystallinity after uniaxial stretching
of the polymer.

3.2. Electrical characterization

The ac conductivity [o,(w)], dielectric constant [¢'(w)] and
dielectric loss [¢”(w)] of solution grown (thickness ~ 85 pum)
and uniaxially stretched (thickness ~25, 45 and 80 um)
PVDF films have been measured in the temperature range
77—400 K and in the frequency range 0.1 kHz—10 MHz and
the results are presented in the following section. The dielec-
tric parameters were evaluated by measuring equivalent paral-
lel capacitance Cp, and dissipation factor tan ¢ or the equivalent
resistance R, of the samples. A frequency dependent complex
conductivity can arise from interfacial polarization at contacts,
grain boundaries or from other inhomogeneities present in the
system. The evidence for such effects arising from ohmic and
nonohmic contacts has been discussed earlier [21,22]. The
dielectric parameters are usually represented in terms of
dielectric constant ¢(w) and loss ¢”(w). In the past decades,
especially in the interpretation of the data of amorphous mate-
rials [23], it has been customary to represent the data in terms
of the dielectric constant &' (w) and ¢(w). Here, a(w) is the real
part of the conductivity and is related [23,24] to dielectric
loss as

(W) = wepe" (w), (1)

where e is free space permittivity and w = 27tf, f being the
frequency. In the present investigation these parameters have
been used to represent the observed experimental data. In an
ideal insulator there are no free charges and ¢’(w) or o(w) is
related only to the bound charges or the charges hopping

between well defined sites, without contributing anything
to long range motion or dc conductivity. However, in real
material there are also some free charges, which give rise to
dc conductivity without contributing anything to dielectric
polarization. Hence, the measured ac conductivity o, (w)
will have the contribution from both ac and dc conduction
and we can express [23—25] o, (w) as

on(w) =0(w)+ g, (2)

where o(w) denotes the ac conductivity and g4, the dc conduc-
tivity. All these parameters discussed above have been used to
represent and analyze the experimental data of the present
investigation.

3.2.1. Temperature variation of ac conductivity [d,(w)],
dielectric constant [¢'(w)] and dielectric loss [¢"(w)] at
fixed frequencies

Fig. 3 shows the variation of ac conductivity [o,(w)] as
a function of temperature in the range 77—400 K at four fixed
frequencies; 0.1, 1, 10 and 100 kHz for uniaxially stretched
PVDF films having three different thicknesses (~25, 45 and
80 um). It is evident from Fig. 3 that in the low temperature
region the measured ac conductivity o,(w) is considerably
higher than the dc conductivity o4 and it increases with
increase in frequency. It shows a very weak dependence on
temperature in the low temperature region, however, at high
temperatures, o,(w) becomes equal to o4 [22] and the tem-
perature at which o,,(w) becomes equal to o4, increases with
increase in frequency.

Fig. 4 shows the variation of dielectric constant &'(w) as
a function of temperature in the range 77—400 K at four fixed
frequencies 0.1, 1, 10 and 100 kHz for uniaxially stretched
PVDF films having three different thicknesses (~25, 45 and
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Fig. 3. Measured ac conductivity [o,,(w)] as a function of reciprocal temper-
ature at four fixed frequencies for three different; 25, 45 and 80 pm for
uniaxially stretched PVDF films.
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Fig. 4. Dielectric constant [¢'(w)] as a function of temperature at four fixed
frequencies for three different thicknesses; 25, 45 and 80 pm for uniaxially
stretched PVDF films.

80 um). For a good electrode [21,22], ¢'(w) shows a peak when
it is measured as a function of temperature. The possibility of
a large barrier width giving rise to a small value of surface ca-
pacitance and a reasonable value of dielectric constant cannot
be ruled out [21]. The barrier width is expected to be indepen-
dent of the thickness of the sample. Hence, the value of dielec-
tric constant shown at high temperatures for a fixed frequency
should decrease with decreasing thickness provided the area of
the sample is kept constant and the preparation conditions re-
main the same. It is evident from Figs. 3 and 4 that the &'(w)
and o,,(w) are independent of thickness in the entire tempera-
ture region of measurement at all fixed frequencies indicating
thereby that the measured values of dielectric constant and ac
conductivity represent the true bulk behavior of the sample
[26]. The thickness independent dielectric constant of the sam-
ple and a decrease of static dielectric constant with increasing
temperature clearly indicate that the measured values of di-
electric constant represents the true bulk phenomenon [27]
and the electrode polarization and other spurious effects
have negligible effects as has been observed earlier in case
of vinyl chloride—vinyl acetate copolymer. It is also observed
that the behavior of variation of &¢'(w) with temperature is sim-
ilar for all the frequencies. At low temperatures & (w) shows
a little dependence on temperature, however, in the higher
temperature region it shows strong temperature dependence
and increases rapidly with increase in temperature at a given
fixed frequency. This rapid increase in dielectric constant is
followed by a slow decrease and thus giving a peak (Fig. 4).
The temperature at which a peak in ¢'(w) is observed increases
with increase in frequency. The peak value of dielectric con-
stant is higher for low frequencies and lower for high frequen-
cies. This behavior is consistent with a Debye-type dielectric
dispersion characterized by a relaxation frequency f,, where
the measuring frequency is higher than f; in the low tempera-
ture region and lower at high temperatures than f;.
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Fig. 5. Dielectric loss [¢”(w)] as a function of temperature at four fixed
frequencies for solution grown (unstretched) PVDF film (thickness ~ 85 pum).
The data have been taken from Ref. [17] for comparison with the present work.

Figs. 5 and 6 show the variation of dielectric loss ¢”(w) as
a function of temperature in the range 77—390 K at four fixed
frequencies; 0.1, 1, 10 and 100 kHz for solution grown film
(thickness ~85 pum) and uniaxially stretched PVDF film
(thickness ~25 pum), respectively. Three relaxations have
been observed [17] for solution grown PVDF (Fig. 5) whereas
for uniaxially stretched PVDF film (Fig. 6) only two relaxa-
tions are observed. The relaxations observed in the present
investigation have been designated as the a.-relaxation, the
a,-relaxation and the B-relaxation appearing from high tem-
perature side to the low temperature side. It is evident from
Figs. 5 and 6 that the high temperature side of the relaxation
is masked by the dc conductivity and its magnitude increases
with increase in frequency. The magnitude of a,-relaxation
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Fig. 6. Dielectric loss [¢”(w)] as a function of temperature at four fixed
frequencies for uniaxially stretched PVDF film (thickness ~25 um).
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(b) B-relaxation for uniaxially stretched PVDF film (thickness ~ 25 pm).

increases with increase in frequency and shifts towards higher
temperature side for higher frequencies. The [-relaxation
(smaller in magnitude) appears in the low temperature side
of the spectrum. The activation energy for these relaxations
observed in ¢’(w) versus T plots (Figs. 5 and 6) has been
evaluated by Fuoss approach [27,28] in which a variable x is
defined as x=[1+(1 — K"K, where K =¢"/¢" .. The
plot of log x as a function of 10*/T plots (Fig. 7) gives a straight
line and can be given by an empirical relation; log x = a + b/T,
where a is the intercept of the straight line on x-axis and b is
the slope which gives the value of activation energy as

Table 1
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Fig. 8. Variation of measured ac conductivity [¢,,(w)] with frequency at dif-
ferent fixed temperatures for uniaxially stretched PVDF film (thickness
~25 um). The data for three different thicknesses; 25, 45 and 80 pum are
shown at 224 K.

U =bkg (eV), where kg is the Boltzmann’s constant. The
values of activation energies obtained from the slopes of
log x versus 10°/T plots (Fig. 7) are given in Table 1.

3.2.2. Frequency variation of ac conductivity [o,(w)],
and dielectric constant [€'(w)] at fixed temperatures

As a representative result Fig. 8 shows the variation of
measured ac conductivity o,,(w) as a function of frequency
in the range 0.1 kHz—1 MHz at different fixed temperatures
for uniaxially stretched PVDF film (~25 pum). Here, the
values of measured ac conductivity for three different thick-
nesses (~25, 45, 80 um) are shown at 224 K. It is observed
[17] that for solution grown PVDF film (~ 85 um), the value
of slope s at 77 K is ~0.93 and is independent of temperature
up to 200 K and then decreases with increase in temperature.
For uniaxially stretched PVDF film, the value of slope s is
~0.97 at 77 K. This value is constant up to 224 K and then
decreases with increase in temperature. It is also observed
that at 77 K the measured ac conductivity shows an increase
with increasing frequencies. This trend is also observed at
higher temperatures.

Fig. 9 shows the variation of dielectric constant ¢'(w) as
a function of frequency in the range 0.1 kHz—10 MHz at
different fixed temperatures for uniaxially stretched PVDF
film (~25 pum) as a representative result. Here, the measured
values of dielectric constant for three different thicknesses

The activation energy (W) calculated by Eq. (6), the range of activation energy (U ) for the o.-, the o,- and the B-relaxations and activation energy (U ) at 77 K for

solution grown (unstretched) [17] and uniaxially stretched PVDF films

Samples W (eV) U(o,) (eV) U(a,) (eV) U(B) (eV) U (at 77 K) (eV)
Solution grown PVDF film 0.57 0.232—-0.474 0.189—0.226 0.052—0.068 0.02—0.05
Uniaxially Stretched PVDF film 1.99 — 0.190—0.200 0.043—0.064 0.02—-0.04
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Fig. 9. Variation of dielectric constant [¢(w)] with frequency at different fixed
temperatures for uniaxially stretched PVDF film (thickness ~25 pum). The
data for three different thicknesses; 25, 45 and 80 pum are shown at 224 K.

(~25, 45, 80 um) are shown at 224 K. The dielectric constant
at 77 K shows a very little dependence on frequency. However,
at higher temperatures a rapid increase in dielectric constant
is observed with decrease in frequency. It is evident from
this figure that a frequency independent region for ¢(w) is
observed in the low frequency region at higher temperatures.
However, this region could not be observed at all the temper-
atures because of the limitation of the measuring instrument.

4. Discussion
4.1. Low temperature region

At low temperatures a frequency dependent conductivity
described [24] by

o(w) = Aw’, (3)

is observed where the exponent s is observed to be less than
unity. The values of measured ac conductivity at 0.1, 1, 10
and 100 kHz at 77 K are given in Table 2. In the low temper-
ature region, i.e. at 77 K where o,,(w) > 04, the variation of
om(w) as a function of frequency can be expressed in terms of
Eq. (3). The values of parameter s is ~0.93 for solution grown
PVDF and ~0.97 for uniaxially stretched PVDF [17] films at

Table 2

5925

77 K and are independent of temperature up to 200 K for for-
mer and 224 K for latter, respectively, and beyond this tem-
perature region it decreases with increase in temperature.
The activation energy (U) for the charge carriers calculated
at 77 K for these samples are given in Table 1, which provides
the evidence of electronic hopping conduction [29] in these
systems at low temperatures. An estimate of the density of
states near the Fermi level N(EEg) could be made from the ac
conductivity o(w) at low temperatures by using Austin and
Mott [30] relation given as

() = (1/3)me ks TN (Er) S w[In (vpn/w)] ", (4)

where the hopping near the Fermi level is expected to domi-
nate. In Eq. (4), e is the electronic charge, kg is the Boltz-
mann’s constant, w = 27tf is a frequency factor and « is the
radius of the carrier wave function. Assuming v, = 10" Hz
and taking the value of ac conductivity at 77 K and at 0.1,
1, 10 and 100 kHz, and taking the numerical value of « in
the range 1—4 A~ the values of N(Eg) have been computed
for different samples by using Egs. (4) and (5), and are given
in Table 2. The above equation is valid for uncorrelated hops
between pairs of sites and the condition for which is given
[30] by

[(470/3)N (Er)ksT]' > o' In(vpn /o), (5)

This condition is satisfied for the value of « given in Table
2. The reasonable estimate of N(Eg) from Egs. (4) and (5)
suggests that the charge carrier hopping near the Fermi level
is between the nearest neighbor sites. In spite of the fact that
Eq. (4) gives the reasonable estimate of N(Ef), it fails to
explain the temperature dependence of a(w). Eq. (4) predicts
a linear temperature dependence of o(w), however, the mea-
sured values of ac conductivity show very weak temperature
dependence in the low temperature region. Pollak [31] has
argued that the temperature dependence of ac conductivity is
due to multiple hops. However, it has been shown [32] that
multiple hops cannot give strong temperature dependence of
o(w) in transition metal oxide glasses. Pike [33] has tried to
explain the temperature dependence of ac conductivity o(w)
and the exponent s and suggested the following expression:

1 — s =6ksT /Wi, (6)

where W, is the activation energy and kg is the Boltzmann’s
constant. Springett [34] and Elliott [35] have also suggested

The measured ac conductivity g,,(w) at 77 K and density of states at Fermi level N(Er) computed by using Egs. (4) and (5) assuming vy = 10 Hz and « = 1.0, 2.0
and 4.0 A™! at four fixed frequencies for solution grown (unstretched) PVDF [17] and uniaxially stretched PVDF films

Frequency (Hz) Solution grown (unstretched) PVDF film

Uniaxially stretched PVDF film

om(w) at 77K N(Ep) (10% cm3ev)

om(w) at 77K NEgp) (108 cm3ev)

Q@ 'em ™)

Q@ 'em™

a=10A" a=20A" a=40A" a=10A" a=20A" a=40A""
100.0 251 x 10713 0.44 2.52 14.30 447 %1071 0.59 3.37 19.05
1000.0 3.16 x 10712 0.62 3.48 19.70 5.25%x 10712 0.79 4.49 25.69
10,000.0 401 x 1071 0.98 5.52 31.22 5.62x 1071 1.03 5.85 33.10
100,000.0 7.08 x 10710 1.15 8.50 48.12 7.94 x 10710 1.59 9.01 50.98
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the similar temperature dependence of s. The number of pair
centers responsible for ac conductivity can also be estimated
by Pollak and Geballe [25] expression given for the frequency
range 0.1—100 kHz in the following form:

o(w) = (mt/123) (e’ /ksT)NaNp I (s/2)I (1 — 5/2)
X (wr)sr’l(ll/ofl)s, (7)

The average value of 7 in the frequency range 0.1—100 kHz
has been taken [27,36] and a value of « as 4 10%71, with the
known value of s and the measured value of ac conductivity
om(w) at 77 K and 100 kHz has been used to estimate NaNp
from Eq. (7). The estimated value of N = (V. ANp)'? is of the
order of 1 x 10'"® cm™ indicating a large number of donor
and acceptor levels in this polymeric system. The estimated
value of N seems to be reasonable and is in good agreement
with the values reported [23,24] earlier for amorphous
semiconductors.

The activation energy (W) calculated at 77 K using Eq. (6)
for solution grown PVDF and uniaxially stretched PVDF films
are higher than the activation energy (U) estimated at 77 K
from ac measurement (Table 1). This shows that both Mott
and Pike’s model [24,33] give a qualitative picture and fail
to give a quantitative agreement with the experimental results
of the present investigation.

4.2. High temperature region where 7,,(w)
approaches a .

The dielectric relaxation at high temperatures can be due to
the following reasons: (i) electrode barrier [21,22] or surface
effects [37] or macroscopic inhomogeneities [38], (ii) bulk
effects: (a) micro-inhomogeneities [38,39]; (b) true bulk
behavior (conventional Debye-type relaxation) [22,27,39].
Conclusive evidence whether the low frequency saturation
dielectric constant or static dielectric constant &, is due to
surface barrier or due to bulk effects can be obtained by
changing the thickness of the sample while keeping the area
and preparation conditions of the sample same. Static dielec-
tric constant (¢y) will be independent of thickness for bulk
effect and will decrease with decreasing thickness if it is due
to a surface barrier capacitance [21]. Figs. 3 and 4 show
om(w) and ¢(w) independent of the sample thickness [26]
representing the true bulk behavior of the sample.

It is evident from Fig. 8 that the decrease of slope s with
increase in temperature is an outcome of the larger increase
of conductivity with temperature at lower frequencies as
compared to that at higher frequencies. At 77 K there is an
evidence of dielectric dispersion in the low frequency region
while at higher temperatures the dielectric constant shows
a large dispersion (Fig. 9). The measured values of ¢'(w) at
224 K are independent of thickness and the scatter in the
measured values is within the accuracy of measurement.
This also suggests that the dielectric dispersion in this system
is not due to the electrode polarization or surface barrier at the
electrodes.

In the low temperature region the measured ac conductivity
om(w) is almost independent of temperature and the strong
temperature dependence occurs at higher temperatures for
higher frequencies (Fig. 3). The nature of the temperature
dependence of measured ac conductivity ¢,,(w) in the low
temperature region makes it difficult to define a characteristic
relaxation frequency f,. However, in the high temperature
region where o,,(w) approaches the dc conductivity o4, the
ac component of the conductivity may show a clearer evidence
for fo. In particular, the dielectric loss &”(w) derived from Egs.
(1) and (2) may show a Debye-type loss peak at f=f,. Here,
o(w) is the ac component of conductivity and e, is free space
permittivity. A difficulty in this approach is that the magni-
tudes of o,(w) and o4, are comparable at some temperatures
(Fig. 3) and the uncertainty in the evaluation of ¢’(w) is large.
Hence, it has been preferred to present the results in terms of
¢'(w) and o,,(w) and more emphasis has been given to &'(w) in
interpreting the results in the temperature region where o,,(w)
approaches .. It is, therefore, necessary to justify an analysis
in terms of Debye-type dispersion.

The dielectric constant for a Debye-type process is given
[40] as:

¢ (w) —ew = (0 —e=) {1+ (F/R0)}, (8)

where ¢ and ¢, are the static and infinite frequency dielectric
constants, respectively, f is the measuring frequency and fj is
the relaxation frequency at which a peak in dielectric loss
¢"(w) is observed. In the low temperature region fify > 1
then ¢(w) — €. and at high temperature flfy < 1, then
&'(w) = . In the low temperature region the change in
¢'(w) with temperature is negligible and then it has a sharp
rise at the temperature at which f=f,. It can be observed
that a strong temperature dependence starts at higher temper-
atures for higher frequencies or at lower temperature for lower
frequencies indicating thereby that f, increases with an in-
crease in temperature. It can be seen here that the region where
there is a strong temperature dependence of ¢'(w) at a given
frequency (Fig. 4) is the same at which o,,(w) approaches
o4c (Fig. 3). Thus, the variation of &'(w) with temperature
confirms the existence of loss peaks indicated in Fig. 3. The
measured values of ¢(w) at frequencies 0.1, 1, 10 and
100 kHz show a saturation region at high temperature end of
the spectrum (Fig. 4) and this may be taken as an estimate
of the static dielectric constant. The static dielectric constant
has been estimated from the plots of dielectric constant versus
temperature (Fig. 4) and the values have been plotted as a func-
tion of reciprocal temperature in Fig. 10(a). These values are
in good agreement with the values of &, achieved at higher
temperatures in the dielectric constant versus frequency spec-
trum (Fig. 9). It is evident from Fig. 10(a) that ¢y decreases
with increase in temperature. Figs. 4 and 9 are consistent
with Debye-type dispersion and suggest that the loss peaks
depicted in Figs. 5 and 6 are real. The existence of well
defined loss peaks has also been observed in vinyl chloride—
vinyl acetate copolymer [27], polypyrrole, poly(N-methyl
pyrrole) and their copolymers [41,42].
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Fig. 10. (a) Static dielectric constant (&y) and (b) relaxation frequency (fp) as
functions of reciprocal temperature for solution grown (unstretched) PVDF
(thickness ~85 pm) and uniaxially stretched PVDF (thickness ~25 pm)
films.

The evaluation of relaxation frequency f, from ac conduc-
tivity measurements becomes difficult especially when the
measurements have been made as a function of temperature.
The alternative method for the determination of fy from the
measured dielectric constant ¢ (w) versus temperature (Fig. 4)
seems to be unrealistic. However, it does not have an ambigu-
ity caused by the closeness of measured ac conductivity o,,(w)
and dc conductivity g4 in the high temperature region (Fig. 3).
It can be seen from Eq. (8) that if the temperature at which
¢'(w)—e4 becomes equal to (e9—e o )/2 for a given frequency,
the measuring frequency f becomes equal to the relaxation fre-
quency fp. The above discussion indicates that the well defined
dielectric loss peaks have been observed in the temperature re-
gion where the measured ac conductivity ¢,,(w) approaches
the dc conductivity g4. (Fig. 3). The relaxation frequency fy
can be estimated from the measured dielectric constant &'(w)
as a function of temperature or frequency (Figs. 4 and 9) and

has been plotted in Fig. 10(b). The static dielectric constant
g can also be determined from the measured frequency varia-
tion of dielectric constant ¢'(w) or temperature variation of di-
electric constant ¢'(w) at fixed frequency. The estimated value
of static dielectric constant ¢y (Fig. 10 (a)) could at best be ac-
curate within £10%.

4.3. Dielectric relaxation behavior of solution grown and
uniaxially stretched PVDF films

It is evident from Figs. 5 and 6 that there are three relaxa-
tions observed in solution grown PVDF film, however, only
two relaxations are observed in uniaxially stretched PVDF
film. These relaxations have been designated as the o.-relaxa-
tion, the o,-relaxation and the B-relaxation appearing from
high temperature side to the low temperature side. It is inter-
esting to note that the o -relaxation is absent in uniaxially
stretched PVDF film (Fig. 6). It has already been reported
[43] that the o.-relaxation disappears on biaxial stretching of
the PVDF films. The activation energy estimated [27,28] in
the present investigation lies in the range 0.232—0.474 eV
for the a.-relaxation, 0.189—0.226 eV for the a,-relaxation
and 0.052—0.068 eV for the B-relaxation in case of solution
grown PVDF film [17]. For uniaxially stretched PVDF film,
the activation energy of the a,-relaxation lies in the range
0.190—0.200 eV and for the PB-relaxation it is 0.043—
0.064 eV. The o -relaxation observed in the present investi-
gation (Fig. 5) has been attributed to the molecular motions
in the crystalline regions of the polymer main chain whereas
the o,-relaxation (Figs. 5 and 6) is associated with the
micro-Brownian motion of the main polymer chain in the
amorphous regions. In a-PVDF, two relaxations, i.e. the o,-
and the o -relaxations have been reported in the temperature
region 233—278 K, where the former is due to the segmental
motion of the main polymer chain associated with glass
transition and the latter is due to changes in confirmation
that can occur in the crystalline region of the polymer [13].
The B-relaxation observed in Figs. 5 and 6 is attributed to
the rotation of the side group dipoles or to the local oscilla-
tions of the frozen main chains [44—46]. The electronic
hopping conduction is dominant in the low temperature region
in uniaxially stretched PVDF film. However, in the higher
temperature region the dipolar relaxation process dominates
over the electronic hopping mechanism.

5. Conclusions

The structural, morphological and thermal characteriza-
tions of solution grown (unstretched) and uniaxially stretched
PVDF films show that PVDF matrix in unstretched form is
largely amorphous and in o-form whereas in uniaxially
stretched form, the PVDF matrix possesses large number of
PVDF crystals and still retains the o-form in majority. The
measured ac conductivity o,,(w) has been described by the
relation o(w) = Aw’, where the value of parameter s at 77 K
is close to unity, which decreases with increase in temperature.
The activation energy (U) estimated at 77 K gives indication
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of electronic hopping conduction at low temperatures. Three
relaxations, observed in the present work, have been desig-
nated as the o.-, the a,- and the PB-relaxations appearing
from high temperature side to the low temperature side. The
d.-relaxation is attributed to the molecular motions in the crys-
talline regions of the main polymer chain. The a,-relaxation is
associated with the micro-Brownian motion of the main poly-
mer chain in the amorphous regions whereas the B-relaxation
is attributed to the rotation of side group dipoles or to the local
oscillations of the frozen main polymer chain.
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