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Abstract: In this work, the phenomenon of polarization of polyvinylidene fluoride-
tetrafluoroethylene copolymer (P(VDF-TFE)) polymer films in the field of a corona discharge 
at elevated temperatures has been studied in order to elucidate the mechanism of formation 
of the piezoelectric state. The TSD spectroscopy was used to analyze the charge accumulation 
and relaxation processes occurring in the (P(VDF-TFE)) films during polarization. The results 
obtained made it possible to reveal an interrelationship of forming the electret and piezoelectric 
states in the (P(VDF-TFE)) as well as to explain the mentioned mechanism. On this basis a 
polarization procedure in the field of the corona discharge was developed and tested. This 
procedure permitted reducing the probability of electrical breakdown leading to mechanical 
damage of the films and allowed improving key characteristics of the objects under question.
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ПЬЕЗОЭЛЕКТРИЧЕСКОГО СОСТОЯНИЯ В ПЛЕНКАХ 
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Аннотация. С целью выяснения механизма формирования пьезоэлектрического 
состояния, в работе изучено явление поляризации полимерных пленок сополимера 
поливинилиденфторида с тетрафторэтиленом (П(ВДФ-ТФЭ)) в поле коронного разряда 
при повышенной температуре. Для анализа процессов накопления и релаксации зарядов, 
происходящих в П(ВДФ-ТФЭ) при поляризации, применялась спектроскопия токов 
термостимулированной деполяризации. Полученные результаты позволили обнаружить 
взаимосвязь процессов формирования электретного и пьезоэлектрического состояний в 
П(ВДФ-ТФЭ), а также объяснить указанный механизм. На этой основе была разработана 
и опробована методика поляризации в поле коронного разряда, позволяющая снизить 
вероятность электрического пробоя, приводящего к механическим повреждениям 
пленок, а также улучшить ключевые характеристики исследованных объектов. 
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Introduction

The piezoelectric properties were first discovered in polyvinylidene fluoride (PVDF) by Heiji 
Kawai in 1969. However, producing piezoelectric films from the PVDF homopolymer comes with 
challenges due to a high coercive field (of the order of 108 V/m, which is two orders of magnitude 
higher than that of piezoceramics) [2], so piezoelectric polymers with lower coercive fields are 
commonly used as piezoelectric elements: these are composites based on vinylidene fluoride 
copolymers with trifluoroethylene, P(VDF-TrFE), and with tetrafluoroethylene, P(VDF-TFE). 
Notably, both the PVDF homopolymer and its copolymers only exhibit piezoelectric properties 
after repeated pre-stretching, causing the sample to extend by several times compared to the 
initial length [3, 4].

PVDF displays polymorphism, existing in five different crystalline modifications, denoted as 
α-, β-, γ-, δ- and ε-phases [5]. The β-phase has attracted the greatest attention from researchers 
due to its piezoelectric properties [6].

There are several approaches to generating a piezoelectric state in PVDF-based polymer 
films. A traditional method is film polarization by a corona discharge at elevated temperatures. 
This method is popular because larger field strengths can be achieved under corona polarization 
(compared to those obtained by the direct contact method) [7]. However, corona polarization 
at elevated temperatures induces electrical aging in polymer films: the probability of electrical 
breakdown increases with increasing polarization temperature, leading in turn to mechanical 
damage to the polymer films.

The goal of this study consisted in establishing the relationship between the electret and 
piezoelectric states generated in P(VDF-TPE) films, as well as in modifying the technology for 
inducing a piezoelectric state in PVDF-based polymer films, which can serve to decrease the 
probability of electrical breakdown in the given sample, preserving or even improving its key 
characteristics. 

Experimental samples and procedure

The experimental sample was a mechanically pre-stretched F2ME-type P(VDF-TFE) 
copolymer film with a thickness of 20 μm. A piezoelectric state was induced in the samples with 
a corona discharge but under different polarization conditions. 

The accumulation and relaxation of charges in P(VDP-TPE) under polarization was studied by 
the method of thermally stimulated depolarization currents (TSDC). TSDC measurements were 
carried out with a TSC II thermal analyzer (from Setaram, Lyon, France).

The piezoelectric coefficient d33 was measured by the dynamic method using a D33 test meter 
(Yangzhou, China).

Fig. 1. Thermally stimulated depolarization currents 
in P(VDF-TPE) films polarized by negative corona discharge 

at different polarization temperatures, °C: 50 (1), 70 (2) and 80 (3)
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Experimental results and discussion

The traditional procedure for inducing a piezoelectric state in the P(VDF-TPE) copolymer 
by a corona discharge field is as follows: the sample is placed in the given field at an elevated 
temperature, held in it for 10 minutes (maintaining a constant temperature), and then cooled 
to room temperature in the same field. It was experimentally established in earlier studies that 
polarization must be carried out with a negative corona discharge to achieve better electret 
characteristics [8].

The electric field strength required to obtain a high piezoelectric coefficient d33 is equal to 1.2 
MV/cm [9]. We varied the polarization temperature from 50 to 80 °C.

Fig. 1 shows the TSDC curves in P(VDF-TPE) films polarized by negative corona discharge 
at different polarization temperatures. As evident from the data obtained, a single peak is ob-
served on the TSDC curves for low polarization temperatures (50–60 °C) at about 50 °C, while 
two strongly overlapping peaks appear on the curves (near 40–70°C) with increased polarization 
temperatures (70 and 80 °C). A possible explanation for this difference is that the homocharge 
is captured by deep near-surface traps in films polarized by the negative corona discharge. The 
actual homocharge in the P(VDF-TPE) sample does not contribute to the piezoelectric effect, 
but orientation of the polar structures occurs in the internal electric field generated by the homo-
charge (constituting the piezoelectric β-phase of PVDF). Apparently, there are two classes of po-
lar structures with different activation energies. Polar structures of only one type (with lower ac-
tivation energies, their current peak is located at about 50 °C) are oriented in the internal electric 
field of the homocharge under corona polarization at 50–70 °C, while increasing the polarization 
temperature to 80 °C produces orientation in both types of polar structures, which is manifested 
as two strongly overlapping peaks on the TSDC curves (in the temperature range of 40–70 °C). 

In this case, it is possible to estimate the activation energies and the frequency factors for 
the polar structures in the P(VDF-TPE) samples, characterized by lower activation energies 
(Table 1); the samples were subjected to polarization at different temperatures. The calculations 
were performed by two methods: initial current rise and heating rate variation [10].

We also estimated the activation energy of the homocharge for a negatively polarized corona 
electrode (the release of the homocharge from the near-surface traps shown in Fig. 1 appears 
as an increase in current above 80 °C) by the initial rise method. The resulting value amounted 
to (1.90 ± 0.09) eV. A similar calculation for a positively polarized corona electrode gave an 
activation energy of the homocharge equal to (1.20 ± 0.06) eV.

Analyzing the dependence of the piezoelectric coefficient d33 on the polarization temperature 
(Fig. 2), we can conclude that the values of the piezoelectric coefficient are high (in the range of 
24–26 pC/N) immediately after polarization (curve 1) and only slightly depend on the polarization 
temperature. However, it is not only the actual magnitude of the piezoelectric coefficient but also 
its thermal stability that is an important characteristic of the piezoelectric properties.

Tab l e  1
Key characteristics of polar structures 

in P(VDF-TPE) films 
polarized at different temperatures 

Method 
for determining W

Activation energy W, eV,
for polarization temperature

50 °C 70 °C 80 °C
Initial rise method 0.82 ± 0.04 0.82 ± 0.04 0.83 ± 0.04

Heating rate 
variation method 0.84 ± 0.03 0.83 ± 0.03 0.83 ± 0.03

The frequency factor found by varying the heating rate was 
equal to ω = 1010 s–1 for the three polarization temperatures

Note s . 1. The results are given for polar structures characterized by lower 
activation energies (see Fig. 1 and explanations in the text). 2. The values of ω 
were determined up to a half decade.
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To test the thermal stability of the values obtained for the piezoelectric coefficient d33, 
P(VDF-TFE) films were kept in a thermostat at 70 °C for two and a half hours. We then 
discovered that the piezoelectric coefficient in P(VDF-TFE) films polarized at a low temperature 
(50–70 °C) decreased considerably after exposure in a thermostat (see curve 2 in Fig. 2). 

Thus, this quantity turns out to be unstable at polarization temperatures below 70 °C. On the 
other hand, polarization at 80–90 °C yields stable values of the piezoelectric coefficient.

As noted above, exposing the film to the corona discharge at elevated temperatures often leads 
to electrical breakdowns, mechanically damaging the film as a result. We used polarization in 
the internal field of the homocharge to reduce the risk of electrical breakdown: P(VDF-TPE) 
films were first subjected to polarization at room temperature under negative corona discharge 
for 10 minutes (the electric field strength was 1.2 MV/cm), then heated (the sample was in the 
open state, i.e., in the absence of an external electric field) to a different temperature, and finally 
cooled to room temperature. Fig. 3 shows the TSDC curves in P(VDF-TPE) films polarized by 
this method.

It can be seen from the TSDC curves in Fig. 3 that the peak on the curve rises with increasing 
heating temperature, and the area under the curve increases. We should note that the TSDC 
curves have a similar appearance to low-temperature equivalents in Fig. 1 (in terms of their shape 
and the positions of the peaks on the temperature axis), suggesting that the homocharge is held 
in deep near-surface traps in this case, while orientation of the polar structures occurs in the 
generated internal electric field. Thus, the mobility of polar structures increases with increasing 
heating temperature, more of them have time to orient themselves, so both the maximum value 
and the area under the curve grow. 

Fig. 2. Dependences of the piezoelectric coefficient d 33 in P(VDF-TPE) films 
on the polarization temperature, obtained immediately after polarization (1) 

and after 2.5 hours of subsequent annealing at 70°C (2)

Fig. 3. Thermally stimulated depolarization currents in P(VDF-TPE) films polarized 
under negative corona discharge at room temperature, followed by heating 

(in the absence of an electric field) to different temperatures, °C: 
50 (1), 70 (2) and 80 (3)
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Table 2 gives the activation energies and frequency factors (with an accuracy up to half a decade) 
of polar structures in P(VDF-TFE) films polarized at room temperature, subsequently subjected to 
heating to different temperatures and further cooling to room temperature (in the open state, i.e., in 
the absence of an electric field), calculated by methods of initial rise and variation of the heating rate.

We estimated the activation energy of the homocharge; in this case, the homocharge release 
from near-surface traps was manifested as an increase in depolarization current after it reaches 
80 °C. (see Fig. 3). The value obtained by the initial rise method was (1.90 ± 0.09) eV, as in the 
case of the traditional polarization method.

Fig. 4 shows the dependence of the piezoelectric coefficient d33 on the heating temperature 
measured immediately after polarization (curve 1) and after two and a half hours of exposure 
in a thermostat at 70 °C (curve 2). Apparently, in the first case, the piezoelectric coefficient 
measured immediately after following the steps of the procedure (including polarization at room 
temperature, heating to a given temperature, then cooling to room temperature) increases with 
increasing heating temperature, reaching a maximum (25 mC/N) at a heating temperature of 
90 °C. However, in the second case, when the procedure includes exposure in a thermostat after 
heating to a given temperature, the piezoelectric coefficient in P(VDF-TFE) samples, heated to 
50–70 °C, decreased significantly, while the piezoelectric coefficient of the samples heated to 
80–90 °C practically did not change. The optimal heating temperature was 90 °C, yielding the 
maximum value of the piezoelectric coefficient d33 (25 pC/N). On the other hand, heating to a 
higher temperature led to mechanical deformation of the samples.

Fig. 4. Dependences of the piezoelectric coefficient d33 in polarized P(VDF-TPE) 
films on further heating temperature, obtained without subsequent annealing (1) 

and after 2.5 hours of subsequent annealing at 70 °C (2)
The films were polarized at room temperature

Tab l e  2
Key characteristics of polar structures in P(VDF-TPE) films 

heated to different temperatures after polarization 

Method 
for determining W

Activation energy W, eV,
at heating temperature

70 °C 90 °C
Initial rise 0.81 ± 0.04 0.83 ± 0.04

Heating rate variation 0.83 ± 0.03 0.84 ± 0.03

 The frequency factor found by varying the heating rate was 
equal to ω = 1010 s–1 for the two heating temperatures

Note s .  1. Film samples were heated after polarization under negative corona 
discharge at room temperature. 2. The values of ω were determined up to a 
half decade.
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We can therefore argue that the technique proposed for inducing a piezoelectric state allows 
achieving the value of the piezoelectric coefficient comparable to that obtained by the traditional 
method in P(VDF-TFE) films; moreover, the probability of electrical breakdown (and mechanical 
damage to the sample) is significantly reduced. 

Conclusion

As a result of the studies carried out by the method of thermal activation spectroscopy, we 
have proposed a mechanism for polarization in polymer films of the copolymer P(VDP-TPE): a 
homocharge is trapped by deep near-surface traps during polarization in corona discharge field, 
which itself does not contribute to the magnitude of the piezoelectric coefficient. However, 
orientation occurs in the internal electric field of the homocharge and the oriented state of the 
polar structures is preserved. Increasing the polarization temperature increases the contribution 
of dipoles with higher activation energies (this appeas as two strongly overlapping peaks on the 
TSDC curves). Thus, homo and hetero charges coexist under corona discharge for polarized 
P(VDP-TPE) films. The activation energy of polar structures amounts to (0.82 ± 0.03) eV, and 
the frequency factor to 1010 s–1 (up to half a decade). The activation energy of the homocharge 
for a negatively polarized corona electrode is much higher than that for polar structures and 
amounts to (1.90 ± 0.09) eV. A similar calculation for a positively charged corona electrode gives 
an activation energy of the homocharge equal to (1.20 ± 0.06) eV.

Thus, we have established that the electret and piezoelectric states emerging in P(VDF-TPE) 
films are interconnected. Inducing an electret state in these samples is necessary to produce and 
preserve piezoelectric properties.

The traditional method of polarization in the corona field at elevated temperature often leads 
to electrical breakdowns, and, consequently, to mechanical damage to polymer films. The method 
for polarization in the internal field of the homocharge proposed in this study significantly reduces 
the risk electrical breakdown; furthermore, the values of the piezoelectric coefficient d33 obtained 
by this method in P(VDF-TPE) films are not inferior in their level and thermal stability to the 
piezoelectric coefficient d33 obtained in the samples by polarization using the traditional approach. 
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