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ABSTRACT

Modification of relaxor behavior and large enhancement in dielectric permittivity are demonstrated in a P(VDF-TrFE) ferroelectric polymer
film by thermal annealing treatment. For coexisting normal ferroelectric and relaxor behavior in P(VDF-TrFE) (molar ratio: 45:55) films, the
relative contribution from the relaxor component is increased when annealed at high temperature and subsequently quenched. A relative
peak permittivity of e0 � 100 is obtained for an annealing temperature of T¼ 90 �C, which is one of the highest reported so far among
poly(vinylidene fluoride) copolymer and terpolymer films. Based on x-ray diffraction analysis, we attribute the changes in dielectric proper-
ties to a decrease in crystallite domain size and a consequent increase in the crystalline-amorphous interfacial area.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010569

The copolymers of poly(vinylidene fluoride) (PVDF) are
interesting due to their attractive dielectric and electromechanical
properties as well as the fascinating physical mechanisms underlying
their functional properties.1–13 The properties of PVDF copolymers
are dependent on both the crystal structure and the lamellar mor-
phology of the polymer chains. Several crystallographic phases are
known to exist in PVDF copolymers, including the most commonly
observed a, b, and c phases, each of which have a distinct configura-
tion of monomer units along the long C chain. The non-polar a-
state contains alternating trans (T) and gauche (G) bonds with an
�660� dihedral angle between the neighboring monomer
units.6,13–15 For the polar b and c phases, an all-trans (all-T) config-
uration and skewed arrangement of T3GT3G’ segments are
observed, respectively.6,13–15 The configuration of the monomer
units can be changed by compositional modifications. For example,
when PVDF is copolymerized with trifluoroethylene (TrFE), the
addition of F atoms stabilizes the b-phase.6,10,16 Additional intro-
duction of bulky monomers such as chlorofluoroethylene (CFE) and
chlorotrifluoroethylene (CTFE) causes breakup of large ferroelectric
domains into nanoscale polar domains.17–20 Recent work deter-
mined the presence of a defective ferroelectric phase containing
skew linkages between the trans segments in PVDF-TrFE-CTFE
and PVDF-TrFE-CFE terpolymers.21

The configuration of the T and G bonds along the long C-chain
can also be altered by different processing modifications. For example,

nanoscale polar domains with a defective ferroelectric phase can be
induced by irradiating with c rays or electron beams.3,22,23

Interestingly, both PVDF-terpolymers and irradiated PVDF-
copolymers exhibit relaxor behavior, which is characterized by fre-
quency dispersions of their dielectric permittivity peak as a function of
temperature.3,22,23 The induced relaxor phases in PVDF-based copoly-
mers and terpolymers are attractive because of their enhanced dielec-
tric and electromechanical properties. Nevertheless, the above stated
methods for modification of dielectric behavior in PVDF polymers are
not without shortcomings. Beam irradiation can cause undesirable
cross-linking of polymer chains, while inclusion of bulky comonomers
is more expensive. It is, therefore, desirable to examine alternative
methods for modification of dielectric behavior in PVDF-copolymers.
Recent studies indicated that post-processing thermal annealing
treatments can be effective in controlling the phase composition of
PVDF-based polymers, offering new avenues for tuning of their func-
tional properties.23–25 Nevertheless, the possibility for modification of
dielectric behavior in PVDF-copolymers by post-processing thermal
annealing has not been examined so far.

In this Letter, we report on the modification of dielectric relaxa-
tion in PVDF-TrFE copolymer films through a thermal annealing
treatment. In a recent study, it was shown that both normal ferroelec-
tric and relaxor behavior coexist in P(VDF-TrFE) copolymers with
compositions near the morphotropic phase boundary.16 We show
here that the relative contribution from the relaxor component to the
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overall dielectric permittivity can be enhanced through a thermal
annealing procedure, which furthermore leads to an enhancement in
the peak dielectric permittivity. Notably, for an annealing temperature
of T¼ 90 �C (Tm > T > Tc), where Tm and Tc represent the melting
point and Curie temperature, respectively, a relaxor dielectric behavior
with a relative peak dielectric permittivity of e � 100 is obtained.
X-ray diffraction analysis indicates that the increased contribution
from the relaxor component is concurrent with increases in both the c
phase content and amorphous-crystalline interfacial area. However,
based on earlier direct measurements of molecular relaxation dynam-
ics in the GHz range using QENS,12,21 it is likely that the increased
relaxor character of the thermally annealed films is primarily due to an
increase in the crystalline-amorphous interfacial area. The current
study emphasizes the roles of crystallite size and crystalline-
amorphous interfaces toward the macroscopic functional properties of
PVDF-based polymers, which is consistent with the viewpoint
expressed in earlier works, Refs. 21 and 25–27.

Polymer film samples of PVDF-TrFE (ratio: 45:55) in poled form
were purchased from Piezotech, S. A. S (France). The thicknesses of all
the polymers were 40lm. The polymers were cut into pieces and then
annealed at two different temperatures of 50 �C and 90 �C. For anneal-
ing, the films were kept in a vacuum furnace (pressure 1.5� 10�3 mbar)
at a particular temperature for 24h, which was followed by quenching to
room temperature. Both the annealed and the untreated polymers were
coated with gold electrodes and connected with wires. The dielectric
measurements were performed using an Agilent 4284A Precession LCR
meter, which was attached with a furnace and a pour-fill liquid nitrogen
cryostat to achieve high and low temperatures, respectively. The x-ray
diffraction measurement was undertaken using a Rigaku Smartlab
diffractometer with Cu-Ka radiation (k¼ 1.5406 Å).

The temperature-dependent real [e0(T)] and imaginary (e00)
dielectric permittivity of the polymer film samples for various mea-
surement frequencies (1 kHz� f� 1MHz) are shown in Fig. 1. For all
the films, two features in their dielectric spectra can be identified.
These are marked by a sharp peak in the e0(T) curve near T � 50 �C
and a broad shoulder in the temperature range of �20 �C–40 �C. The
two features become clearer from the e0 0(T) spectra. The first peak PA
is sharper, located near T� 50 �C, and shows no frequency dispersion.
In contrast, the second peak PB in the range of T � �10 �C–40 �C is
broader and shows clear frequency dispersion. It is also apparent from
the e0 0(T) spectra that the peak PB grows in intensity with respect to PA
after the annealing treatment. The current result is similar to an earlier
study by Ang et al., which reported that the intensity of the lower tem-
perature peak in the loss spectrum is enhanced upon electron irradia-
tion or upon introduction of additional monomers.28 In addition, the
peak PB has broadened for the sample annealed at 90 �C, which leads
to an increased overlap between peaks PA and PB, especially at higher
frequencies. As a result, the overall e0 spectrum is broadened and the
anomaly at lower temperature becomes almost indistinguishable. The
dielectric loss tan d¼ e00/e0 for all the films is below 0.2. While both
normal ferroelectric and relaxor components coexist in both the
untreated and the thermally annealed films, the relative contribution of
the relaxor component is significantly enhanced in the later.

The peak PB in the lower temperature regime (��2 �C @ 1kHz)
is particularly important for understanding relaxation behavior of
PVDF copolymers.26 To characterize the frequency dispersion of PB,
we applied the Vogel–Fulcher relation:

f ¼ foexp
�Ea

kB Tm � Tfð Þ

� �
; (1)

FIG. 1. Temperature-dependent relative dielectric permittivity (e0) of polymer films: [a(i)] untreated, [b(i)] annealed at 50 �C and quenched, and [c(i)] annealed at 90 �C and
quenched. The corresponding imaginary part of dielectric permittivity (e0 0) plots is shown in [a(ii)], [b(ii)], and [c(ii)], respectively.
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where f is the measurement frequency, fo is the attempt jump fre-
quency, Ea is the activation energy for the relaxation mechanism, kB is
the Boltzmann constant, Tm is the temperature for the peak PB in the
e00 curve, and Tf is the freezing temperature. Figure 2 represents the
logarithmic variation of the inverse angular frequency (x¼ 2pf) as a

function of Tm in Kelvin and the solid red line represents the fitted
curve using the Vogel–Fulcher equation. The fitting parameters are
depicted in Table I. Most notably, EA and f0 are lower for the annealed
samples as compared to those for the untreated sample. The results
indicate that the relaxation phenomenon in the thermally annealed
samples is slower and requires less activation energy.

Figure 3 shows the variation of e0 and e0 0 as a function of angular
frequency (x¼ 2pf) at�25 �C, for the untreated film as well as for the
films annealed at 50 �C and 90 �C. In general, e0 decreases with the
increase in x, while a sharp fall is observed beyond 105 rad/s. At low
frequencies of applied electric fields, the dipoles are almost fully polar-
ized at the measurement temperature. Consequently, e0 increases with
the decrease in frequency and saturates at lower frequencies. For
higher frequencies, the dipoles lag behind the applied electric field and,

FIG. 2. The logarithm of inverse angular frequency [ln(1/x)] as a function of Tmax for peak PB in films: (a) untreated, (b) annealed at 50 �C and quenched, and (c) annealed at
90 �C and quenched. The solid lines depict the V–F fits to the data.

TABLE I. List of parameters obtained from the Vogel–Fulcher analysis.

Sample fo (Hz) Ea (eV) Tf (K)

Untreated 7.5� 1010 0.061 217.5
50 �C annealed 1.7� 1010 0.045 230.7
90 �C annealed 2.1� 1010 0.042 232.1

FIG. 3. Frequency dispersion of e0 (upper panel) and e0 0 (lower panel) of P(VDF-TrFE) polymer films at 25 �C. a(i) and a(ii) for the untreated film; b(i) and b(ii) for the film
annealed at 50 �C and quenched; and c(i) and c(ii) for the film annealed at 90 �C and quenched. The solid red lines show the fit to the data using the Havriliak–Negami
equation.
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hence, a sharp decrease in e0 value is observed beyond 105 rad/s. The
sharp fall in e0 at higher frequencies can also be partly ascribed to
smaller space charge contributions to e0.29

The frequency dependence of e0 and e00 can be described by the
Havriliak–Negami (HN) equation:30

e� ¼ e0 � je00 ¼ e1 þ
es � e1

1þ jxsð Þ1�a
� �b : (2)

Here, e1 represents the permittivity at the high frequency limit, es is
the static, low frequency permittivity, and s is the characteristic of the
relaxation time. The difference between es and e1 gives the dielectric
strength De; i.e., De ¼ es � e1. The exponents a and b describe the
asymmetry and broadness of the corresponding spectra, respectively.
(A detailed derivation is described in the supplementary material.)

In Fig. 3, the solid red line shows the fit to the dielectric data with
the HN equation (including the conductivity term after separating real
and imaginary parts) over the entire range of measurement frequen-
cies. Generally, the Cole–Cole model (b¼ 1) is used to measure the
dielectric relaxation of polymers.28,31 Here, we have fitted the experi-
mental data by keeping b¼ 1 and a< 1. Since the maxima of the peak
in dielectric spectra PB lie in the range of �4 �C–40 �C, we choose to
fit with the HN equation the dielectric data measured at 25 �C (close
to room temperature). The fitting parameters are listed in Table II.
The dielectric strength is De¼ 52.2 for the untreated sample.
Furthermore, De increases with the increase in the annealing tempera-
ture, which indicates that the major contribution to the overall dielec-
tric permittivity comes from PB and that it increases with the increase
in annealing temperature. The value of a is lower for the annealed
samples as compared to the untreated film. Since a signifies interaction
between the dipoles,32 it can be deduced that the interaction between
the dipoles decreases upon thermal annealing. The relaxation time s
(¼ 1/2pfo) closely matches with the values obtained from the
Vogel–Fulcher analysis, which signifies the relaxor behavior of the
peak PB. An increase in relaxor character upon thermal annealing is
also consistent with slimming of the dielectric displacement–electric
field (D–E) hysteresis loop, such as reported in earlier studies.25,33

In the above analysis, we also added complex conductivity term
to the dielectric permittivity. The imaginary part of the conductivity
(r00) can enhance e0 due to a localization of the charge carrier at the
interface, while the real part of conductivity (r0) is related to the free
charge carriers and contributes to dielectric loss.29 For the P(VDF-
TrFE) films, the conductivity is low (�10�11 S/m) and, therefore, its
contribution to the overall permittivity is estimated to be minor. We
observed a steep increase in both e0 and e00 at low frequencies and at
high temperatures (> 60 �C), which can be attributed to the trapping

of the charge carriers at the crystalline-amorphous interface or
Maxwell–Wagner–Sillars (MWS) polarization, as well as at the inter-
face between the sample and the electrodes or space charge
polarization.34

Figure 4 represents the x-ray diffraction (XRD) patterns of the
untreated and thermally annealed polymer films in the 2h range of 16�

- 22�, which shows the main crystalline peaks. The XRD peak profiles
are fitted using Gaussian functions and the crystalline phases are iden-
tified following the procedure reported in Ref.13. For the untreated
film sample, the peak at 2h � 19.5� corresponds to the b-phase with
all-trans segments and the peak at 2h � 19.2� is attributed to the
defective ferroelectric phase c, which have random distribution of
skew linkages in-between the trans segments. Additionally, a broad
background corresponding to the amorphous phase exists. For the
sample annealed at 50 �C, the c-phase content has increased by�18%,
while the amorphous phase has slightly decreased in volume fraction.
For the sample annealed at 90 �C, the XRD peak profile indicates that
only the crystalline c-phase and the amorphous phase are present,
while the b phase is absent. In addition to changes in phase composi-
tions, the peak widths are also different for the three samples. Based
on the peak widths, the corresponding crystalline sizes (D) were
obtained using the Debye-Scherrer equation, D� 0.9k/(FWHM
� cosh), where FWHM represents the full width at half maxima, k is
the wavelength of the x-ray radiation, and h is half of the Bragg diffrac-
tion angle. The average crystalline size along with the percentage of
the corresponding phases is depicted in Table III. Figure 4(d) schemat-
ically illustrates the microstructural changes with annealing. In the
untreated sample, the crystalline domains of b and c phases with crys-
tallite sizes of �20nm and �10nm, respectively, are embedded in an
amorphous matrix. For the sample annealed at 50 �C, the percentage
of c-phase crystallites with a lower crystalline size (�8nm) increases
at the expense of the b-phase. For the sample annealed at 90 �C, only c
phase crystallites with domain sizes of�8nm can be observed. For the

TABLE II. List of parameters obtained from the fitting analysis using the
Havriliak–Negami equation.

Sample e1 De s (s) a r0 (S/m) r0 0 (S/m)

Untreated 1.9 52.2 2.1� 10�11 0.49 6.9� 10�12 6.7� 10�11

50 �C
annealed

4.7 59.4 1.6� 10�10 0.44 1.3� 10�11 1.2� 10�11

90 �C
annealed

4.9 63.1 2.4� 10�10 0.42 1.7� 10�11 1.1� 10�10
FIG. 4. X-ray diffraction patterns of the PVDF-TrFE polymer films, which are (a)
untreated, (b) annealed at 50 �C and quenched, and (c) annealed at 90 �C and
quenched. Measured patterns are shown together with the Gaussian fits. (d)
Schematic illustration of the microstructural changes induced through the thermal
annealing procedure.
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same amount of crystalline and amorphous phase fractions, a
reduction in the crystallite size equates to an enhancement in the inter-
facial contact between the amorphous and crystalline domains. In
semi-crystalline polymers, the relative proportion of the interfacial
contact for disc-shaped particles roughly scales with Lc/(LcþLa)2,
where Lc and La correspond to the thickness of the crystalline and
amorphous phase regions, respectively. Considering La is approxi-
mately of the order of 5 nm based on earlier analysis of PVDF-based
semi-crystalline polymers,21 a decrease in the crystallite size from
20nm to 8nm would amount to an �1.5 times increase in the
crystalline-amorphous interfacial area.

The evolution of the phase microstructure with thermal
annealing treatments can be understood based on the phase transition
behavior described in Ref. 13. At room temperature, the equilibrium
crystalline phases present are b and c. When the film is heated to
50 �C, the volume fraction of the b phase is decreased.13 Therefore,
when the film is quenched subsequent to annealing at 50 �C, it pre-
serves both the b and c phases, but the c phase content is increased.
The thermal annealing treatment at 50 �C also leads to an increase in
the overall crystallinity, which is reflected in a decrease in the amor-
phous phase content. However, when the film is heated to 90 �C, both
b and c phases transform to the paraelectric a phase.13 When the film
is quenched after annealing at 90 �C, only the c phase is retained at
room temperature. It is noteworthy that the a phase is the equilibrium
phase at 90 �C and some eventual phase transformation should be
inevitable during the quenching process. The amorphous phase con-
tent is also higher for the film annealed at 90 �C, which is likely due to
the relative proximity to the melting temperature of the film.12 Most
importantly, it is observed that the nucleated c phase following the
annealing treatment has a smaller crystallite size of �8nm, which is
finer than the starting crystallite sizes in the untreated sample of
�20nm and �10nm for the b and c phases, respectively. Similar
results were obtained by Han et al., whereby finer crystallites were
obtained upon quenching from high temperatures.25 Since the trans-
formation from the a to c phase likely proceeds through a nucleation
and growth process,13 it is expected that a faster cooling rate will result
in a finer size for the c crystallites.

Based on the microscopic and crystallographic evidence, the evo-
lution of the dielectric behavior with thermal annealing treatment is
discussed below. Earlier studies identified three principal features in
the dielectric spectrum for PVDF-based polymers: (a) a sharp peak

representing paraelectric to ferroelectric transition in the crystalline
domains at higher temperatures, such as �60 �C for P(VDF-TrFE)
(45/55 molar ratio),28,35 (b) a broad feature near the glass transition
temperature (Tg � �30 �C),36 which can be attributed to micro-
Brownian motion in the amorphous chain segments,35 and (c) a broad
shoulder close to T� 0 �C, the origin of which is debatable. The broad
shoulder near T � 0 �C in irradiated PVDF-copolymers and PVDF-
terpolymers was tentatively attributed by Ang and Yu to relaxations in
the crystalline-amorphous interfacial regions,28 whereas the later study
by Bao et al. assigned this feature to relaxation within nanodomains.35

The direct measurement of molecular level relaxation mechanisms in
PVDF co-polymer and terpolymers using QENS21 supported the view-
point of Ang and Yu.28 The current results show that the feature near
T � 0 �C, that is, PB in the e0 0 spectrum, becomes stronger upon ther-
mal annealing, which can be associated with the increase in both the
crystalline c phase content and the crystalline-amorphous interfacial
area. However, based on direct measurements of molecular dynamics,
the molecular motion within the crystalline domains cannot be the
principal origin of macroscopic dielectric dispersion in semi-
crystalline PVDF-based polymers.21 Additionally, an increase in the
defective ferroelectric c phase is expected to cause a decrease in the
molecular jump diffusivity coefficient,12,21 which should translate to a
weaker relaxational component in the dielectric spectrum. Instead, we
observe here that the relaxational component PB becomes stronger
upon annealing. Therefore, it is more likely that the enhancement in
PB is due to an increase in the crystalline-amorphous interfacial area.
Although the exact nature of molecular dynamics in the crystalline-
amorphous interfacial regions is not clear at the moment, it is possible
that they are related to the interaction between the micro-Brownian
motion in the amorphous segments and hindered chain motion at the
edges of crystalline lamellae. Further insights into this area could be
provided using high resolution QENS measurements, such as
described in Refs. 12 and 21.

The mode represented by PB also dominates the overall permit-
tivity, as explained above. Therefore, concurrent with an increase in
the relative intensity of PB, an increase in the overall peak permittivity
is also observed. The relative permittivity for the sample annealed at T
� 90 �C is e0 � 100 (@ 1MHz), which is one of the highest reported
for PVDF polymers. The enhanced dielectric permittivity for films
with the reduced crystallite size is likely caused by two factors: first, the
smaller crystallite size leads to reduced coupling between ferroelectric
domains and, therefore, aids easier rotation of dipoles in the polymer
chains;25 and second, the local polarization field for the crystalline
domains is increased by the additional polarization of the amorphous
phase chains at the crystalline-amorphous interface.27 Therefore, an
increase in the relative interfacial region can also lead to enhanced
polarization of the crystalline domains during an electrical cycle.

It is also noteworthy that both the activation energy and jump
frequency are reduced upon annealing treatment. A decrease in activa-
tion energy indicates an easier alignment of the dipoles in the annealed
films, which can be expected since the amorphous chain segments at
the edge of crystallites are much more flexible in responding to an
electric field, as compared to those within the crystalline lamellae. A
decrease in jump frequency in the annealed films is intriguing. Since
the dynamics within the amorphous segments are expected to be
faster, we can discount the possibility that enhanced PB arises solely in
the amorphous phase. At the same time, changes in the molecular

TABLE III. Phase composition and sizes of crystalline domains obtained from x-ray
diffraction analysis.

Sample Phase Percentage
Crystalline
size (nm)

Untreated b-phase (19.55�) � 30% 20.3
c-phase (19.28�) � 37% 10.9
Amorphous � 33% …

50 �C annealed b-phase (19.48�) � 23% 20.6
c-phase (19.15�) � 54% 8.2
Amorphous � 23% …

90 �C annealed c-phase � 68% 8.2
Amorphous � 32% …
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conformations in the crystalline phases of PVDF-based copolymers do
not lead to a significant change in the characteristic jump times.21 We,
therefore, propose that the decrease in jump frequency in the annealed
polymer films is due to an entanglement of the chain segments at the
crystalline-amorphous interfaces, which make them slower to
respond.

In summary, the present study demonstrated a way to modify
the dielectric relaxor behavior in PVDF-copolymer through a thermal
annealing treatment. Most notably, the relaxor character of the films is
increased upon annealing at high temperature followed by quenching.
A relative peak permittivity of e0 �100 (@ 1MHz) is obtained for the
polymer film annealed at 90 �C, which is �1.5 times of that of the
untreated sample. The change in dielectric properties is correlated
with the microstructural changes elucidated from x-ray diffraction
analysis. It significantly showed that the relaxor character and peak
permittivity can be enhanced in PVDF-copolymer films through a
reduction in the crystallite size and a consequent increase in the inter-
facial area between the amorphous and crystalline domains.

See the supplementary material for the details on fitting of dielec-
tric data using Havriliak–Negami and Vogel–Fulcher equations.
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