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Abstract

Non-linear dielectric spectroscopy (NLDS) is employed as an effective tool to study relaxation processes and phase transitions
of a poly(vinylidenefluoride-trifluoroethylene-chlorofluoroethylene) (P(VDF-TrFE-CFE)) relaxor-ferroelectric (R-F) terpoly-
mer in detail. Measurements of the non-linear dielectric permittivity £'2 reveal peaks at 30 and 80°C that cannot be identified
in conventional dielectric spectroscopy. By combining the results from NLDS experiments with those from other techniques
such as thermally stimulated depolarization and dielectric-hysteresis studies, it is possible to explain the processes behind the
additional peaks. The former peak, which is associated with the mid-temperature transition, is found in all other vinylidene
fluoride-based polymers and may help to understand the non-zero 6'2 values that are detected on the paraelectric phase of the
terpolymer. The latter peak can also be observed during cooling of P(VDF-TrFE) copolymer samples at 100°C and is due to
conduction and space-charge polarization as a result of the accumulation of real charges at the electrode—sample interface.

Keywords Non-linear dielectric spectroscopy - P(VDF-TrFE-CFE) - Relaxor-ferroelectric polymer - Dielectric hysteresis -

Curie-transition - Mid-temperature transition

1 Introduction

In recent years, terpolymers that are based on vinylidene
fluoride (VDF) and tri-fluoroethylene (TrFE), but that have
an additional fluorine-containing monomer, receive more
and more attention due to their unique properties. In contrast
to their ferroelectric counterparts such as the homopolymer
polyvinylidene fluoride (PVDF) or its well-known copoly-
mers with tri-fluoroethylene (P(VDF-TrFE)), tetrafluoro-
ethylene (P(VDF-TFE)), and hexa-fluoropropylene (P(VDF-
HFP)), the terpolymers exhibit relaxor-ferroelectric (R-F)
behavior which leads to a significantly wider spectrum of
useful properties. In R-F terpolymers, a slim polarization
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versus electric-field hysteresis curve and a very large elec-
trostriction coefficient are often available [1, 2]. A narrow
hysteresis loop with a low coercive field E_ and a high satu-
ration polarization P, leads to advantages, e.g. in energy-
storage devices [2]. In addition, a lower coercive field E,
yields lower switching voltages, which is very useful for
memory applications [3]. The ability to be cast into very
thin films makes R-F terpolymers very attractive for use in
flexible and stretchable electronics [4, 5].

Addition of a third fluorine-containing co-monomer
such as chlorofluoroethylene (CFE) or chlorotrifluoroethyl-
ene (CTFE) into P(VDF-TrFE) copolymer chains can break
the long-range interaction within the ferroelectric dipolar
regions and may reduce them to nano-domains [1, 6]. Such
a nano-structure forces the majority of the copolymer units
to adopt gauche-containing 7G*7G™ and T;G*T,G~ confor-
mations [7, 8]. As a result, the ferroelectric-to-paraelectric
(F-P) or Curie transition temperature (7) of the terpolymer
is found close to room temperature (RT) [1, 9]. The reduced
interactions between the dipoles allow them to be more eas-
ily oriented in an applied electric field, which results in a
characteristic reduction of the coercive field £ and also in a
high saturation polarization P,. The dielectric permittivity of
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the relaxor-ferroelectric terpolymers is very high compared
to that of other ferroelectric polymers and can reach values
of up to 60 in P(VDF-TrFE-CFE) (at RT and a frequency of
0.1 Hz) [9].

Previously, conventional dielectric relaxation spec-
troscopy (DRS) and thermally stimulated depolarization
(TSD) were employed to study relaxations and transitions
in P(VDF-TrFE-CFE) [1, 9-11]. However, recording and
evaluating the complex non-linear dielectric permittivities e;
and e;‘ of P(VDF-TrFE-CFE) can provide more information
about relaxations and transitions that cannot be clearly seen
in more conventional eT measurements. In particular, NLDS
may help us to better understand the mid-temperature tran-
sition and additional peaks due to charges, which had been
observed during differential scanning calorimetry (DSC) and
TSD measurements, respectively [11, 12]. Hence, in this
study, NLDS measurements were performed on spin-coated
and annealed P(VDF-TrFE-CFE) films and for comparison
also on annealed P(VDF-TrFE) copolymer films that show
typical ferroelectric properties. In this paper, we combine
results from non-linear dielectric measurements with com-
plementary insight from conventional DRS, TSD and dielec-
tric-hysteresis experiments with the aim of gaining a more
detailed understanding of the above-mentioned processes.

2 Materials and methods
2.1 Dielectric non-linearity

Landau theory provides a phenomenological description of
ferroelectric materials [13], according to which the ferro-
electric contribution to free energy F can be expressed in
terms of even powers of the dielectric displacement D for
electric field E = 0 as follows [14]:

1o 1 oy 1o
F=F,+~aD? + ~yD* + ~6D°,
0T ¥ T YTy M

where «, y, and 6 are known as Landau parameters. The
Landau parameters depend in general on temperature 7. In
simple cases, the ferroelectric transitions can be described
by the Devonshire theory in which « is assumed to be pro-
portional to temperature a = (T — T;)), while f, y and 6
are constant. With an electric field applied the free energy
becomes [15]

F=F,+ %(w2 + %yb“ + é&Dﬁ - ED. )

As the Landau parameters depend on temperature, the free
energy is a function of both electric displacement D and tem-
perature 7. The electric field E as a function of the electric
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displacement D is then obtained from the partial derivative
of F with respect to D:

_O0F(D,T)
~ aD

E =aD +yD® + 8D°. 3)
D can be expressed by a power series representation of the
electric displacement in terms of E with D = P_ (spontane-
ous polarization) at E = 0;

D =P+ ey E +eye, E* + gge3E° + ... “@

Thus, the odd- and even-order permittivities, and in par-
ticular €, €, and &, can be calculated from the coefficients
of the series expansion of the dielectric displacement D
as a function of the applied electric field E in Eq. 4 [16].
As seen in the equation, €, and &5 describe non-linear con-
tributions of the electric field E to the displacement D.
They are referred to as first- and second-order non-linear
permittivities, respectively.

In the paraelectric phase, the spontaneous polarization
disappears (P, = 0), and the nonlinear permittivities €, €,
and g5 may be calculated from the Landau parameters [14]
as follows:

g0y = 1/a, €y, =0, and eyey = —y/a’. %)

2.2 Order of phase transition

It is known that ferroelectric and relaxor-ferroelectric mate-
rials undergo a transition from the polar ferroelectric state to
a non-polar paraelectric state above a characteristic transi-
tion temperature (7) [17, 18] where the phase transition can
be of first or second order [13, 17].

The signs of the Landau parameters in the paraelectric
phase can be used to determine the type of phase transition
in ferroelectric and relaxor-ferroelectric materials [19, 20].
While the sign of § and 6 always remains positive, y is posi-
tive in the case of a second-order transition and negative if
the transition is of first order. Thus, it is possible to infer the
order of the phase change also from the sign of €5 [14, 19].
For a second-order transition, the sign of &5 changes from
positive to negative at 7, and for a first-order transition, the
sign remains unchanged, i.e. the same below and above 7.
On the other hand, the sign of ¢, is always opposite to that
of P, below T, and at T = T, the value disappears for both
the second- and the first-order transitions.
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2.3 Remanent polarization

When the material is in its ferroelectric state, £, depends on
the spontaneous polarization P, and the remanent polariza-
tion (P,) [19, 21] according to

£0€y = —P(g0€1)’ By + 106P2). )

Because of the temperature dependence of 1/e,, we have
106 Ps <« 3y. In this case, the ratio sz/e? is approximately
proportional to P, [14] according to

5()52/3(5051)3 ~ —P.y. @)

Hence, by measuring non-linear dielectric permittivities, we
can estimate the remanent polarization without subjecting
the sample to very high electric fields.

2.4 Sample preparation and measurement
techniques

A P(VDF-TrFE-CFE) terpolymer resin from Piezotech-
Arkema with a VDF/TrFE/CFE ratio of 62.2/29.4/8.4
mol% was used. For the NLDS experiments, P(VDF-TrFE-
CFE) films with thicknesses between 1.7 and 3.6 pm were
prepared by means of spin-coating. Accordingly, a 10 wt%
terpolymer solution in acetone was spin-coated onto glass
slides previously evaporated with 10 nm of chromium plus
60 nm of aluminium. Top Al electrodes (60 nm) were vac-
uum-deposited after spin-coating in order to provide elec-
trical contacts for the NLDS measurements. The samples
were annealed at a temperature of 120 °C either immedi-
ately after spin-coating or before the NLDS runs for 4 or
1 hour(s), respectively. Spin-coated P(VDF-TrFE) films
were prepared in a similar manner: P(VDF-TrFE) powder
from Piezotech S.A. with a VDF/TrFE ratio of 75/25 mol%
was dissolved in acetonitrile for a 10 wt% solution that was
spin-coated onto a glass substrate, resulting in a 3.2 pm
thick film. The samples were annealed at 120°C for one
hour before the NLDS measurements.

In order to measure the non-linear permittivities, a sinu-
soidal electric field with an amplitude E_ =5 V/pm below
the coercive field E, was applied at a frequency f; of 1
kHz to the capacitor-film sample from a lock-in amplifier
(type SR830). The current response from the sample was
recorded over a reference resistor connected in series with
the sample. A Fourier transform of the current density j(f)
was performed to obtain the spectral components:

D & U "
i) = % = g(;(ji cos iyt +j; siniayl). 8)

The linear and non-linear permittivities £, were then cal-
culated from a sum of the Fourier coefficients j;/ [16]. If
the excitation amplitude is chosen sufficiently small for the
coefficients j:; to decrease strongly with increasing order n,
the £, values can be calculated according to the approximate
equation [22]:

-1 2,

€06n ~ a)_o nEz ‘]n. (9)

The permittivities €, defined in Egs. 4 and 9 refer to the real
parts e; of the respective complex non-linear permittivities.
Their imaginary parts 5:; can be calculated by replacing the
non-vanishing component j:; with j; in Eq. 9.

For short-circuit TSD measurements, free-standing ter-
and copolymer films coated on both sides with aluminium
electrodes of 60 nm thickness were used. The films were
prepared by drop casting polymer solutions with the same
concentrations as used for spin-coating. The thicknesses of
the free-standing ter- and copolymer films were 137 and
20 um, respectively. For the TSD measurements, a Keithley
6578 electrometer was used to pole the samples at a tem-
perature 7, = 40°C with a DC field E, of 10 MV/m for a
time period 7, = 10 min before cooling them down to —60 °C,
which is lower than the glass-transition temperature of both
the terpolymer and the copolymer [9]. The depolarization
currents were measured while heating the sample at a rate
of 4K/min. Conventional dielectric measurements were also
made on free-standing terpolymer films in vacuum by means
of a Novocontrol Alpha dielectric analyzer. For both TSD
and dielectric measurements, dry nitrogen gas was used for
temperature control in a Novocontrol Quatro cryosystem.
Dielectric-hysteresis measurements were performed by use
of a Sawyer-Tower circuit. The dielectric displacement D
was recorded as a function of the electric field E applied in
the form of triangular voltage signals with a frequency of
10 Hz.

3 Results and discussion
3.1 Phase transition in P(VDF-TrFE-CFE) terpolymer

Figure 1 shows the real and imaginary parts of €, (Oth-order
non-linear permittivity) of an annealed P(VDF-TrFE-CFE)
terpolymer film, plotted as a function of temperature during
heating and subsequent cooling. Let us consider the heating
curve where we can see that the real part of the permittiv-
ity (5/1) shows a maximum at the F-P transition temperature
(around 27°C) with a peak value of 63. The corresponding
loss peak £” (imaginary part of the permittivity) with a peak
value above 5 is found around 15°C. Such high permittivity
values along with a low Curie-transition temperature are
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Fig. 1 Real and imaginary parts of the first-order permittivity g’l in an
unpoled and annealed P(VDF-TtFE-CFE) terpolymer as a function of
temperature during heating and subsequent cooling at a frequency of
1 kHz

typical characteristics of relaxor-ferroelectric (R-F) materi-
als [18]. R-F materials also show a shift in 5/1 with increas-
ing frequency [9, 11]. A closer look at the loss spectrum in
Fig. 1 reveals an additional shoulder around — 3 °C, cor-
responding to the un-freezing of the amorphous chains, as
the sample passes through the glass-transition temperature
(T,) at a frequency of 1 kHz. With increasing frequency, the
glass-transition loss peak also shows a shift in frequency
and eventually merges with the Curie-transition peak (F-P
transition) to give rise to a combined peak [9].

In order to compare the dielectric behavior of the R-F
terpolymer with that of a typical ferroelectric material, the
dielectric spectra of a P(VDF-TrFE) ferroelectric copolymer
with a VDF/TrFE ratio of 75/25 (similar to the VFE/TrFE

Fig.2 Real and imaginary parts
of the first-order permittivity

’

€, in an unpoled and annealed
P(VDF-TrFE) copolymer as

functions of temperature during
heating and subsequent cooling

at a frequency of 1 kHz
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Permitivitty &,

ratio in the terpolymer) are plotted as functions of tempera-
ture in Fig. 2. We can see that during the heating scan, the
copolymer shows a maximum permittivity (5/1) of 35, which
is lower than the value in the terpolymer investigated here.
We also observe that the copolymer shows a very high 7¢- of
approximately 128°C. It should be noted that the 7. value
of a P(VDF-TrFE) copolymer depends on the VDF/TrFE
ratio and can vary between 60 and 135°C [23], values that
are higher than the transition temperature of the terpolymer
studied here.

As mentioned in Sect. 2.2 above, it is possible to deter-
mine the order of the F-P phase transition from the sign of
€5 (real part) in the paraelectric phase. In Fig. 3, we observe
a change in the sign of e; from positive to negative when the
terpolymer passes through the temperature region of the F-P
transition, which implies that the R-F terpolymer undergoes
a second-order transition. The 2" order of the F-P transi-
tion is also confirmed by the results shown in Fig. 1 above
where 5’1 does not exhibit any significant thermal hysteresis
during cooling. On the other hand, we observe that our fer-
roelectric P(VDF-TrFE) copolymer with a VDF/TrFE ratio
of 75/25 mol% shows a first-order transition as evident from
the positive sign of E; in the paraeletric phase (cf. Fig. 4) and
from the presence of a thermal hysteresis in Figure 2 above.

3.2 Other transitions and relaxations
in P(VDF-TrFE-CFE) terpolymer

One major advantage of NLDS is that the state of polari-
zation of the material under investigation can be directly
revealed from the sign of 5'2 (Sect. 2.2). From Eq. 5, we
expect that for the terpolymer 8/2 (real part) should be zero
(even-order permittivity) in the paraelectric phase, as a die-
lectric material in its non-polarized paraelectric state must

70 T T T T T T T T T T T 20
—o— heating
| —o— cooling

1

Dielectric loss

30 40 50 60 70 80 90 100110120130 140
Temperature [°C]
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Fig.3 The real part of the third-order permittivity e; at a frequency
of 1 kHz in an annealed and unpoled P(VDF-TrFE-CFE) terpolymer
sample, measured as a function of temperature during heating
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Fig.4 The real part of third-order permittivity E; at a frequency of
1 kHz in an annealed and unpoled P(VDF-TrFE) copolymer sample,
measured as a function of temperature during heating

behave as an ideal capacitor. In Fig. 5, though 6'2 becomes 0
at 11°C (T), which is lower than the corresponding value
obtained from 5’] measurement (Fig. 1), we clearly see
that the terpolymer’s 5’2 adopts negative or non-zero val-
ues even in the paraelectric phase. In particular, new peaks
are observed around 30 and 80°C during heating as well as
cooling.

In short-circuit TSD experiments, the depolarization cur-
rent is measured, while the voltage decay is often recorded
in open-circuit measurements that are better suited for

3 T T T T T T T T T

—o— heating
2l —o— cooling

g, [107°m/V]
o

40 20 0 20 40 60 80 100 120
Temperature [°C]

’

Fig.5 Real part of the second-order permittivity €, in an unpoled and
annealed P(VDF-TrFE-CFE) terpolymer at a frequency of 1 kHz as a
function of temperature during heating and subsequent cooling
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Fig.6 TSD spectra of a P(VDF-TrFE-CFE) terpolymer and P(VDF-
TrFE) copolymer film poled with Ej, = 10 MV/m for 7, = 10 min.
Symbols are added to the continuously measured depolarization cur-
rent curves in order for easy identification

detecting charge motion during discharge processes. There-
fore, the various transitions and relaxations occurring in
a polar sample can be precisely seen in short-circuit TSD
experiments during heating at a constant heating rate. On
the TSD curve of the terpolymer shown in Fig. 6, we can
clearly observe a shoulder around 40°C and a peak around
85°C. The two features can be associated with the 5’2 peaks
found at the same temperature ranges in Fig. 5.
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Fig. 7 Real part of the second-order permittivity e; of an unpoled and
annealed P(VDF-TrFE) copolymer at a frequency of 1 kHz as a func-
tion of temperature during heating and subsequent cooling

Similar TSD and NLDS measurements were also car-
ried out on the reference P(VDF-TrFE) copolymer—as
shown in Figs. 6 and 7, respectively. In Fig. 6, the copoly-
mer TSD curve shows a peak around 40°C, but no peak
can be identified around 80°C. In Figure 7, we do not
observe the peak around 40°C that had been revealed in
the TSD measurement of the copolymer, and the 5'2 value
is essentially zero in the ferroelectric phase—as expected
for a non-poled sample. However, when heating the copol-
ymer above 110°C, 8/2 becomes positive, just below the
Curie-transition temperature 7, and during cooling, the
curve is shifted to lower temperatures. In the paraelectric
phase, the copolymer sample shows non-zero 5; values in
a similar manner as the terpolymer sample.

The peak around 30-40°C, found in NLDS (6,2) and
TSD measurements on the ter- and the copolymer, can be
assigned to the mid-temperature (7,,;4) transition that—as
discussed recently [12, 24]—has multiple origins. T ;4 pro-
cesses take place in the vicinity of amorphous—crystalline
(a—c) interfaces and therefore depend on the structure of
the respective polymer and on its processing conditions.
In case of the terpolymer, the nano-crystalline regions lead
to a much larger a—c interface area than in the copolymer
[1] with its larger crystallites. The different nanostructures
result in a much stronger 7,4 process in the terpolymer
[12] that is readily seen in 5'2 measurements. Due to the
proximity of the F-P transition to the T, 4 process in the
terpolymer, the 7,4 transition can usually not be seen as
a distinct phenomenon in conventional dielectric experi-
ments. As NLDS measurements are more sensitive, they
allow us to resolve the process much better.
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Fig. 8 Dielectric losses e’l’ of an annealed and unpoled P(VDF-TrFE-
CFE) terpolymer as a function of temperature during heating—meas-
ured at 11 distinct frequencies between 100 Hz and 1 kHz as indi-
cated

We know that the value of €, depends on the spontane-
ous polarization of the sample [19]. Since Maxwell-Wag-
ner (MW) interface polarization (which occurs at the a—c
interface [11, 25] and plays a role in the mid-temperature
transition) can contribute to spontaneous polarization, we
observe non-zero ¢, values in the paraelectric phase of the
terpolymer (cf. Fig. 5 above). Though the T, transition
is not discernible in Fig. 7, earlier remanent-polarization
measurements on thin P(VDF-TrFE) copolymer films with
the same composition revealed a clear non-zero polariza-
tion peak in the 7, range during cooling—even after the
initial polarization had been lost [15, 24], probably as a
result of surface and interface effects that are predominant
in ultra-thin films. From the TSD results shown in Fig. 6
and from other experiments [9, 24], the presence of a T,
process in P(VDF-TrFE) samples is obvious.

Looking again at the dielectric-loss curves shown in
Fig. 1 above, we can observe a high-temperature peak
around 110°C in the terpolymer, both during heating and
during cooling. It is also seen in the real part of the per-
mittivity as a shoulder. In order to study the frequency
dependence of the peak, the dielectric loss during heating
has been measured at multiple frequencies. In Fig. 8, we can
see that the position of the high-temperature peak shows
no frequency dependence—ijust like a structural transition
such as the Curie or the melting transition. Since the melt-
ing point of the terpolymer is about 128.5°C, as determined
previously in DSC experiments [9], the attribution of the
peak to melting can be ruled out, and it is clear that the
F-P transition occurs at a much lower temperature. Though
the peak position does not depend on frequency, the peak
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amplitude shows a strong frequency dependence. In the
temperature range from 50 to 120°C, the dielectric loss is
roughly proportional to the reciprocal frequency. Such a fre-
quency dependence is expected when the dielectric loss is
essentially caused by charge transport phenomena. In addi-
tion, the temperature at which the transition is seen changes
from sample to sample. For a similar annealed terpolymer
film, the transition is seen as a shoulder in the permittivity
around 90°C [26], about 20°C lower than observed in the
e’] plot in Figure 1. This further supports the explanation of
electrode polarization, and thus, the peak found at 80°C in
the 5/2 measurement (Fig. 5) should be associated with this
phenomenon. The peak is not only observed on the terpoly-
mer, but also in the loss plot of the P(VDF-TrFE) copolymer
during cooling (cf. Fig. 2 above), but at a slightly higher
temperature.

In order to shed more light on the high-temperature peak,
dielectric-hysteresis measurements at selected temperatures
were carried out. Results for the terpolymer are depicted in
Fig. 9 where, at RT, we can see that the terpolymer shows its
characteristic slim hysteresis loop [1, 27]. In the paraelectric
phase above 20°C, we notice a steady drop in the electric-
displacement values up to 100°C. Between 100 and 110°C,
however, the loop collapses into a straight line in the same
temperature range where we observe the high-temperature
peaks in dielectric-spectroscopy measurements. A small off-
set of the hysteresis curve is seen both in the direction of D
and E in the Figure. The offset in D direction is due to design
of the Sawyer—Tower circuit which only records the change
in displacement values and the shift in the E direction could
be due to variations of the top and bottom surfaces of the

—2fcc’

[e2}

SN

N

'
N

Displacement D [uC/cm?]
IS o

'
(o}

-100 -80 60 -40 -20 0O 20 40 60 80 100
Electric Field E [MV/m]

Fig.9 Electric-displacement versus electric-field hysteresis curves of
an annealed and poled P(VDF-TrFE-CFE) terpolymer film at different
temperatures as indicated. Symbols have been added to the continu-
ously measured curves to facilitate their identification

film deposited onto the glass-substrate (defects on film sur-
face, non-alignment of top and bottom aluminum electrode
area, etc.).

Since non-linear permittivities can give information
about the ferroelectric state of the sample, complementing
the results obtained from dielectric hysteresis measure-
ments, the remanent polarization ratio &,/ 35(2)5? is plotted
as a function of temperature for a poled and annealed ter-
polymer sample in Fig. 10. The plot shows a minimum at
approximately 30°C due to the mid-temperature transition.
Upon further heating, we observe yet another minimum in
the high-temperature peak range around 100°C, followed
by a steep increase in P, ratio. Both observations, i.e. a
straight line instead of a hysteresis loop and an irregular P,
curve above 100°C, indicate that the high-temperature peak
observed in the permittivity measurements has its origin in
real charges at the electrode—sample interface [28, 29]—an
explanation that is supported by the shift in the polarization
curve during cooling within the high-temperature range, as
seen in Fig. 10. In addition, we find from 8,1, measurements
at different frequencies (Fig. 8) that the peak is stronger at
lower frequencies (< 1 kHz) and gradually disappears at
higher frequencies, which is expected in the case of elec-
trode/space-charge polarization processes, as the charges
cannot follow the faster electric-field variations at higher
frequencies [28]. Furthermore, previous TSD measurements
on a similar terpolymer poled at different electric fields show
that the position of the peak seen around 90°C changes and
that the peak does not seem to depend on poling conditions,
which means that there is no distinct dipolar motion behind
the process [30]. The onset of melting in the same tempera-
ture range (see the DSC thermogram in Fig. 1 of Ref. [12])

5 T T T T T T T T T T

—o— heating
4 + —o—cooling .

&13£5¢3 [108 Vm3/C?]

0 20 40 60 80 100 120
Temperature [°C]

Fig. 10 Ratio ¢,/ 35%5? (which is proportional to the remanent polari-
zation in the sample) as a function of temperature during heating and
cooling for an annealed P(VDF-TrFE-CFE) terpolymer poled at 4°C
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Fig. 11 Electric-displacement versus electric-field hysteresis curves
of an annealed and poled P(VDF-TrFE) copolymer film at different
temperatures as indicated. Symbols have been added to the continu-
ously measured curves to facilitate their identification

150

—o— heating
—o— cooling

40 60 80 100 120 140
Temperature [°C]

Fig. 12 Ratio ¢,/ 35%5? (which is proportional to the remanent polari-

zation in the sample) as a function of temperature during heating and
cooling for an annealed P(VDF-TrFE) copolymer poled at R.T

increases conductivity in the sample, facilitates motion of
real charges towards the electrodes, and thus induces elec-
trode polarization.

The results of dielectric-hysteresis and remanent-polar-
ization measurements on the P(VDF-TrFE) copolymer are
shown in Figs. 11 and 12, respectively. From Fig. 11, we
see that as the temperature increases, not only the maxi-
mum displacement D,,, (as also found on the terpolymer),
but also its remanent value D, (related to the remanent
polarization P,.) decreases. In particular, between 100

@ Springer

and 110 °C, the displacement decreases drastically. The
decrease in D, can be explained with the gradual decrease
of the crystallinity in the copolymer at increasing tempera-
tures [31]. At 120°C, we see that the loop stops shrinking.
At 130°C, however, the recorded hysteresis loop is bigger
than that observed at 120°C with a higher D,, but a lower
D, ox-

Comparing D, in Fig. 11 with the 82/35(2)8? ratio in
Fig. 12, we see that the polarization remains stable up to
100°C. Above 100°C, we observe a sharp decrease in P, sim-
ilar to that observed for its corresponding hysteresis curves,
and as the temperature increases further, P, drops to zero at
the T-. At 130°C, we observe a steep rise in the polariza-
tion, as also observed in the high-temperature range of the
terpolymer, which confirms that the growth of the hysteresis
loop of the copolymer in the same temperature range (cf.
Fig. 11) is due to an electrode polarization that increases the
overall sample capacitance. The elliptical shape of the hys-
teresis loop corresponds to the same phenomenon. It should
be mentioned that new crystals have been observed to be
formed in the paraelectric phase of the same copolymer [31],
which can also contribute to the increase in capacitance. The
resulting charge migration could lead to a much stronger
growth of P, in the copolymer (as observed above 130°C
in Fig. 12) than in the terpolymer above 100°C (Fig. 10).
The other difference observed in the copolymer in Fig. 12,
when compared to the corresponding plot of the terpolymer,
is that P, drops to zero upon cooling, which indicates that
all the electrode polarization has been lost. Real charges
which are responsible for the electrode polarization observed
in both the ter- and the copolymer can exist in the sample
due to impurities or defects introduced during preparation
or processing. Hence, the method of preparation, the choice
of solvents, etc., play important roles for the presence of the
observed charges.

4 Conclusion

In this study, non-linear dielectric spectroscopy (NLDS)
has been employed to study transitions and relaxations in
P(VDF-TrFE-CFE) relaxor-ferroelectric (R-F) terpolymers.
In particular, non-linear measurements provide insight into
the mid-temperature transition and the high-temperature
relaxation that cannot be observed and explained through
conventional dielectric measurements. In order to comple-
ment the NLDS results, related techniques such as thermally
stimulated depolarization (TSD) and dielectric hysteresis
measurements have been used. For comparing and highlight-
ing the differences between a relaxor-ferroelectric and a fer-
roelectric polymer, reference measurements were performed
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on a P(VDF-TtFE) copolymer with a comparable VDF/TrFE
ratio as that found in the terpolymer.

Several noteworthy results have been obtained, and they
may shed new light on the large range of possible structure-
property relations in complex polymers:

e The sign of e; changes from positive to negative at the
ferroelectric-to-paraelectric (F-P) transition temperature,
which reveals that the R-F terpolymer undergoes a sec-
ond-order transition, while the ferroelectric copolymer
shows a positive sign throughout, which indicates a first-
order transition.

e As the remanent polarization vanishes in the paraelectric
phase irrespective of the order of the transition, the value
of 512 should be zero above the respective F-P transition
temperature. However, measurements on both the ter-
and the copolymer reveal non-zero values in the parae-
lectric state. Especially for the terpolymer, new peaks are
observed in the paraelectric state at 30°C and 80°C.

e The peak at 30°C in the terpolymer is associated with the
mid-temperature transition. Though the peak is absent

!

in £, versus temperature measurements on the P(VDF-
TrFE) copolymer, it is indeed observed in TSD experi-
ments and other previous measurements.

e The peak at 80°C found in 8/2 measurement is related to
the high-temperature peak observed around 100°C on
the terpolymer in conventional dielectric-loss (5/1) meas-
urements, which shows frequency-independent nature at
lower frequencies—similar to that of a structural tran-
sition. However, the amplitude of the peak is inversely
proportional to frequency, indicating that the dielectric
loss may originate from charge motion.

¢ Evaluating the ratio ¢, / 3585? which is proportional to the
remanent polarization in a given sample, we have shown
that the high-temperature peak is a result of the space-
charge/electrode polarization at the metal-electrode/sam-
ple interface—in close agreement with electrical-hyster-
esis measurements. A similar origin can be deduced for
the shift in the 5/2 values of the copolymer above 110°C.

The results and insights obtained from the non-linear meas-
urements on the terpolymer will pave the way for future
studies on the present and on other similar VDF-based
terpolymers from both a fundamental and an applications-
related point of view. A better understanding of the under-
lying structure-property relations at the micro- and nano-
scales will help to design and optimize advanced materials
for demanding future applications.
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