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USING THE PYROELECTRIC RESPONSE TO STUDY
THE POLARIZED STATE IN A TYPICAL
FERROELECTRIC POLYMERS

This article examines the correlation between the pyroelectric response in typical films of ferroelectric
polymers and the value of the residual ferroelectric polarization. The pyroelectric response was obtained by
the thermal pulse method proposed by Collins. The magnitude of the residual polarization was measured de-
pending on the magnitude of the applied electric field during primary electrification (poling) and during its
switching. It is shown that the used method has the high sensitivity. It was found that the magnitude of the py-
roelectric response depends significantly on the polarized state, which is determined by the values of the elec-
tric field during electrification and polarization switching and on the duration of exposure to this field. The
identity of the graphs of the dependence of the residual polarization on the field and time and the correspond-
ing graphs of the magnitude of the pyroelectric response led to the final conclusion about the proportionality
of the magnitude of the response to the residual polarization. Thus, it is concluded that the pyroelectric re-
sponse method can be used to estimate the magnitude of polarization in ferroelectric polymers.

Introduction
Ferroelectric  polymers, in particular
polyvinylidene fluoride (PVDF) and its

copolymers with tetrafluoroethylene P(VDF-
TFE) and trifluoroethylene P(VDF-TrFE),
have been considered for a number of years as
an alternative material for replacing ceramic
ferroelectrics in production of various types of
sensors and electromechanical converters [1].

The most important parameter of such ma-
terials is the magnitude and stability of the
residual ferroelectric polarization P. Such po-
larization is created in original materials, usu-
ally thin films, by electrifying (poling) them in
a strong DC electric field, which is carried out
either by the sandwich method (a polymer film
is located between two metal electrodes [2]),
or under the action of corona discharge [3].

Performance characteristics of the finite el-
ements, such as the piezoelectric and pyroelec-
tric coefficients, depend on the magnitude of
the residual polarization.

At the same time, it is known that the mag-
nitude of the residual polarization in ferroelec-
tric polymers depends on the value of the ap-
plied electric field during poling, as well as on
the duration of poling, and on temperature [4].

It is also known that a part of the formed
residual polarization can be switched back, if
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the conditions for neutralizing the depolarizing
field, which inevitably arises during electrifi-
cation, are not provided [5].

Given the above, it is clear how important
to know the magnitude of the polarization. Un-
fortunately, the known methods for determin-
ing the value of the residual polarization are
rather complicated and cumbersome. The most
commonly used method is to construct a hys-
teresis curve in the coordinates of the depen-
dence of polarization on the changing electric
field [6]. The Sawyer-Tower method [7] often
used in the study of ceramic ferroelectrics for
obtaining dielectric hysteresis loops at fre-
quency of 1 kHz is not suitable for ferroelec-
tric polymers because of the long relaxation
time in such polymers [8]. To obtain the cor-
rect polarization values, measurements must
be carried out at infra-low frequencies during
long time.

The purpose of this article is to prove that
the dependences of the polarization value on
the field strength and the poling time in ferro-
electric polymers correlate with similar depen-
dences of the pyroresponse obtained by the
heat pulse method.

The carried out experimental studies con-
firm this position, which allows us to recom-
mend the pyroresponse method for the rapid



determination of the value of ferroelectric po-
larization in ferroelectric polymers.

Pyroelectricity in ferroelectric polymers

Pyroelectric effect in PVDF films was dis-
covered more than 40 years ago. However, de-
spite the large number of works, the nature of
pyroelectricity in PVDF still remains unclear.
A series of papers were devoted to the pyro-
electric properties of the ferroelectric poly-
mers, the results of which are summarized in
reviews [10-13] that describe the main pro-
posed models of pyroelectricity in PVDF. It is
stipulated in all models that electrostriction,
fluctuation of dipoles and change in the di-
mensions contribute to the pyroelectricity.

Under the pyroelectric effect, one means
the range of phenomena associated with re-
versible changes in the electric displacement D
vector (induction) when the temperature
changes. Since induction depends on the inter-
nal polarization P, then for the case of a flat
short-circuited sample with homogeneous po-
larization P we obtain
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where p, is the pyroelectric coefficient, ¢ and o
are magnitude and density of the bound
surface charge; S is the surface area.

In the experimental conditions, the current
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dt
temperature change (d7/dt), and the pyrocoef-
ficient p is considered to have the following
value

is measured occurring when the
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Investigating the pyroelectric effect in
PVDF, Lines and Glass [8] came to the con-
clusion that this is a real pyroelectricity, but
not a depolarization effect observed in many
polar electrets, because the crystalline phase of
PVDF completely corresponds to the defini-
tion of a ferroelectric, as a pyroelectric with
reversible spontaneous polarization under ap-
plication of the electric field.

Fedosov and von Seggern [4,14,15] proved
that compensating charges localized on the
surface of crystallites are very important in
two-component ferroelectric polymers of the
PVDF type for obtaining high and stable po-
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larization. It is generally accepted that the py-
rocoefficient in PVDF is directly proportional
to the value of the residual polarization.

Material and methods

We studied thin films of ferroelectric poly-
mers, such as PVDF and its copolymer with
tetrafluoroethylene P(VDF-TFE). Samples of
PVDF and P(VDF-TFE) films having thick-
ness of 20-30 um were obtained from the ex-
perimental batches of "Plastpolymer", St. Pe-
tersburg, produced by the method of extrusion,
followed by uniaxial orientation (stretching) in
the ratio 1:4 at the temperature of 100 °C fol-
lowed by annealing at 120 °C for 1 hour. The
degree of crystallinity of PVDF and P(VDF-
TFE) films according to the manufacturer was
(47 £ 3) %. The crystallites sizes according to
the results of X-ray analysis have the follow-
ing values: L, = 966 A, Ly = 70£8 A. The
percentage of tetrafluorethylene in P(VDF-
TFE) was 5-10%.

Biaxually oriented PVDF films of the
Kureha Co. had a thickness of 12.5 um. In or-
der to determine the relation between non-po-
lar a-phase and ferroelectric B-phase, transmis-
sion and reflection spectra of all types of films
in the range of 400-650 ¢cm™ were studied us-
ing the IR spectrometer FT-IR Perkin-Elmer
1750 with Fourier transform. Judging by the
magnitude of 535 and 510 cm™ peaks, it was
found that the ratio 43:57 was between o and f3
in PVDF (Plastpolymer) films, 30:70 in
Kureha Co. films, and 5: 95 in P(VDF-TFE)
films.

The pyroelectric effect is usually investi-
gated in quasi-static or dynamic mode. In the
first case, the pyroelectric current is measured
during the slow heating of the short-circuited
sample, while in the second case, the variable
component of the current is studied during a
rapid change of temperature. The main diffi-
culties of the quasi-static method are the sepa-
ration of the pyroelectric (reversible) compo-
nent of the thermal shock from the relaxation
(irreversible) component in the Thermally
Stimulated Depolarization (TSD) current.

We measured the pyroelectric dynamic co-
efficient by the thermal pulse method devel-
oped by Collins [16] and used in a number of
other studies.

The light pulse of 50 ps duration was gener-



ated using the Metz 45 CT-3 flashlight and
was used as a reproduced heat source that pen-
etrates the surface of the poled films. The py-
roelectric signal was recorded using a broad-
band Tektronix TDS 510A. oscilloscope. This
method is the dynamic one.

With the help of a highly sensitive pyro-
electric sensor it was established that light
pulses are characterized by a rather high repro-
ducibility. The average energy scatter in mea-
suring of 200 consecutive pulses was 2.4%.
The magnitude of the pyroelectric coefficient
was judged by the maximum value of the elec-
tric signal. Thus the results were obtained in
relative units.

Dependence of the residual spontaneous
polarization on electric field and poling time
was studied on samples of PVDF by the
method of poling and switching of polarization
described in details in works of Fedosov and
von Seggern [4,14,15]

Results and discussion

Pyroelectric studies of PVDF films have an
independent value, since PVDF is widely used
in pyroelectric sensors. However, it is
interesting to study pyroactivity in conjunction
with the residual ferroelectric polarization,
because it will allow on one side to clarify the
nature of the pyroelectricity in PVDF, and on
the other to ensure its stability.
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Fig. 1. The pyroelectric signal after the polarization
switching of PVDF film by applying 2 kV voltage for
50 seconds. Pyroelectricity was measured after 1.5 min
after the voltage switching off.

Measurement of the pyroactivity by the
Collins method was carried out immediately
after poling or polarization switching. Fig. 1
shows how the pyroelectric signal changes
when the polarization is fully switched from a
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fully polarized state. Although the value of the
pyrocoefficient can only be judged in relative
units, it is evident that the sensitivity of the
method is rather high and the signal is com-
pletely symmetric after the full switching. In
Fig. 2 it is shown that full switching occurs
only if the voltage pulse duration exceeds 100
s. At a shorter duration of the voltage pulse,
there is only a partial switching of polarization
judging from the data of Fig. 2.
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Fig. 2. Dependence of the pyroelectric signal on the
duration of the polarizing pulse in the range from 10 ps
to 100 s during initial poling of the PVDF film by 2.5
kV voltage.

Fig. 3 shows the results of four series of
experiments, in which the polarization switch-
ing was performed at different durations of the
voltage pulse, but with the same magnitude in
each series. At a voltage of 0.5 kV (Fig. 3) that
provides a field strength of about 40 MV/m,
being in the same order as the coercive field,
even with a pulse duration of 50 s, only 6.4%
of the polarization is switched, which in prin-
ciple can be switched, and if the pulse duration
is shorter than 50 ms, no switching is practi-
cally happening.
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Fig. 3. Pyrosignal at sequential polarization switching in
PVDF films by pulses of 0.5 kV voltage with duration
from 5 ms to 50 s. The duration of the voltage pulse is
indicated near the curves.



At the voltage of 1 kV applied for 50 s,
44.4% of the residual polarization is switched,
that is, the sample is almost converted to the
state with zero mean polarization. At this volt-
age, the 2.2% polarization is switched even
within 50 ps of the switching voltage applica-
tion. Increasing the voltage to 1.5 kV leads to
the switching of 79.4% of the residual polar-
ization by 50 s application of voltage.

At a voltage of 2 kV for 50 s, the polariza-
tion is completely switched. It is interesting to
note that the specific shape of the pyroelectric
signal when switched polarization is more than
50%, that is, when the direction of the average
predominant orientation of the dipoles changes
to the opposite direction.
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Fig. 4. Evolution of pyroelectric activity and stable
ferroelectric part of polarization obtained by sequential
application of switching voltage pulses with increasing
duration from 0.5 ps to 50 s and at different field
strength.

In the electrode zone, which the thermal
pulse passes during 7, = 0.2 ms, when the po-
larity direction changes to the opposite, a non-
symmetric in shape pyroelectric signal is
formed in relation to the initial one. In the
vicinity of the electrode, the direction of the
pyroelectric signal change is maintained dur-
ing the switching of polarization indicating the
existence of a near-to-electrode layer of thick-
ness about x=+/ At, where / is the thermal con-
ductivity of PVDF. According to the literature
data, the coefficient of thermal conductivity of
PVDF is A = 6:10® m?/s, thus the thickness of
the electrode layer is of the order of 3 um. We
believe that the feature revealed by us is due to
the fact that the originally formed polarization
in this layer does not switch even in high fields
[17].

It is natural to assume that polarization
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near the electrode does not increase sharply,
but there is some transition layer in which the
polarization grows from zero at the electrode
to a maximum uniform value in the volume of
the film.

According to the Poisson equation, inho-
mogeneous polarization in any layer can be
stable only with the presence of a compensat-
ing charge in this layer [15]. Apparently, this
charge was trapped by deep traps and not re-
leased during the polarization switching. The
revealed phenomenon is similar to the estab-
lished by us feature about impossibility of im-
proving the polarization uniformity if its initial
formation took place in weak or medium fields
[17].

It was found that polarization switched un-
der the action of several successive short volt-
age pulses is much smaller than the polariza-
tion switched by one pulse of the duration
equal to the total time of several short pulses.
This indicates that there is some distribution of
switching times, i.e. some dipoles are easily
switched, while others require more time to be
switched. Under the influence of short voltage
pulses, only "fast" dipoles are switched, while
during the continuous voltage application both
"fast" and "slow" dipoles are switched, so the
total switched polarization significantly in-
creases.

All described experiments were carries out
on PVDF and P(VDF-TFE). It was found that
obtained results were identical for both kinds
of samples.

Conclusion

In this paper, polarization switching at dif-
ferent times and field strength is compared
with the values of the pyroelectric signal under
the same poling and switching conditions. The
absolute similarity of the above experimental
graphs indicates that there is a direct propor-
tional relationship between the residual ferro-
electric polarization and the value of the pyro-
electric coefficient in the studied ferroelectric
polymer. This provision makes it possible to
use the technically simple pyrocoefficient
measurement to evaluate the polarized state of
poled ferroelectric polymer films, that is, to es-
timate the magnitude and the direction of the
residual polarization.
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USING THE PYROELECTRIC RESPONSE TO STUDY THE POLARIZED STATE IN
A TYPICAL FERROELECTRIC POLYMERS

Summary

In the presented paper, the correlation between the pyroelectric response in typical films of
ferroelectric polymers PVDF and P(VDF-TFE) and the value of the residual ferroelectric
polarization was investigated. The pyroelectric response was measured by the thermal pulse



Collins method. Dependence of the residual polarization on the value of the applied electric field
during primary electrification (poling) and during its switching was also measured. It has been
found that the used methods have high sensitivity and reproducibility. It was shown that the
magnitude of the pyroelectric response depended significantly on the polarized state, which was
determined by the values of the electric field during electrification and polarization switching
and on the duration of exposure to this field. The identity and absolute similarity of the residual
polarization dependence graphs on the field and time and corresponding graphs of the
pyroelectric response magnitude led to the conclusion that the magnitude of the pyroelectric was
proportional to the residual polarization. Thus, the pyroelectric response method can be used to
estimate the value of the residual polarization in ferroelectric polymers.
Key words: ferroelectric polymers, pyroelectricity, residual polarization
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BUKOPUCTAHHS ITNIPOEJIEKTPUYHOTI'O BIATI'YKY JJIA JOCJIIIZKEHHSA
HOJIAAPU30BAHHOI'O CTAHY Y TUIIOBUX CETHETOEJIEKTPUYHUX
HHOJIIMEPAX

Pesrome

VY mnpexcraBieHiii poOOTI AOCHIPKEHO KOPEJSLII0 MK MIPOETEKTPUYHUM BIATYKOM Y
TUNOBUX IUTIBKax cerHetoenekTpuyHux mnoniMmepis [IBJI® ta [I(BJAD-TOE) ta BenuuuHOO
3aMMIIKOBOi  mojsipuzanii. IlipoenexkTpuuHy peakuito BuMmiptoBamun MertogoM  Kosminza
TEIJIOBOTO IMITYJIbCY. BHUMIPSIHO TaKOX 3aJIeKHICTh 3JIMINKOBOI TMOJSpH3aIlli BiJ BEIMYWHU
eJIEKTPUYHOTO MOJIS Mij Yac MepBUHHOI eIeKTpHu3allii Ta miJ yac ii mepeMukanHs. BeranoBieHo,
0 BHUKOPUCTaHI METOAM MAalTh BHCOKY 4yTiuBICTh. IlokazaHo, 1m0 BelMuYMHA
MiPOENEKTPUYHOTO  BIATYKY 3aJ€XUTh BiJl TOJSIPU30BAHOTO CTaHy, SKUH BHU3HAYaBCS
BEJIMYMHAMHU €JIEKTPUYHOTO TOJS MpH eNEeKTpu3alii Ta MepeMUKaHHI Moisipu3anii Ta Bif
TPUBAJIOCTI BIUIMBY MoJyiA. TOTOXHICTH Ta abCoNIIOTHA MOMIOHICTh TpadikiB 3aJeKHOCTI
3aJIMIIKOBOI MOJIIPU3alii BiJl MOJIS Ta Yyacy Ta BIAMOBIIHUX rpadikiB BETUYUHU MIPOETEKTPUYHOL
peakiii J103BOJIMIM 3pOOUTH BUCHOBOK, IO BEJIWYMHA MIPOEIEKTPUYHOTO BIAryKy Oyina
MIpOMopIiHA 3aTUIIKOBIN nospusaiii. TakumM YMHOM, METO] IPOEIEKTPUIHOTO BIATYKY MOXKE
OyTH BHKOPHCTAaHHMH JUIsl OLIHKM BEJIWYMHHU 3aJHMIIKOBOI MOJIIpH3alii B CETHETOCNEKTPUIHHUX
MmoJTriMepax.

K11040Bi cj10Ba: cerHETOCNEKTPUYHI MOJIIMEPH, MIPOETEKTPUKA, 3aJIUIIKOBA MOJISpU3aLis
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NCITOJIb30BAHUE MUPOIJIEKTPUYECKOI'O OTKJIMKA JJIsA
HNCCIEJOBAHMUSA NOJAPU3NPOBAHHOI'O COCTOAHUA B TUIIMYHbBIX
CETHETOQ2JIEKTPUYECKUX ITIOJIMMEPAX

Pesrome

B npencraBnenHoi paboTe ucciegoBaHa KOPPEsys MEXy MUPOITEKTPHUECKUM OTKIMKOM
B TUIIMYHBIX IJIEHKaX cerHetoliekrpudeckux nonumMepos [IB® u II(BAD-TD) u BenuunHoit
OCTaTOYHOM CETHETOXJIEKTPUUYECKOU Mosipu3auuu. IIuposaekTpudecKkyo peaknuo U3Mepsiin
METOJIOM TEIUIOBOTO HMMITyJIbCa, IpemtokeHHoro Kommma3oMm. M3MepeHa Takke 3aBHCUMOCTB
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OCTaTOYHOM MOJSPU3ALMU OT BEIIMYMHBI MPUIIOKEHHOTO AJIEKTPUUECKOr0 MOJsl P MEePBUYHOMN
ANIEKTPHU3AIINN U TIPU €€ TIEPEKITIOYCHUH. Y CTAHOBJICHO, YTO MCITOJIb30BAHHBIE METO Il 00JIaat0T
BBICOKOM  YYBCTBUTEJIBHOCTBIO W  BOCHpoOM3BOAUMOCTBIO. [lokazaHo, 4ro BenuyMHa
MAPOIJIEKTPUIECKOTO OTKIWKA CYIIECTBEHHO 3aBUCHUT OT TMOJSPH30BAHHOTO COCTOSIHHS,
ONPENIETAEMOT0 3HAUYCHUSAMH DJIEKTPUYECKOTO TMOJS TPH DBJIEKTPU3ALMH U MNEePEeKII0YCHUN
MOJISIPU3AIMN U TIPOJOJKUTEIPHOCTA BO3JEHCTBUS ITOTO TOJIA. TOXIECTBO W aOCONIOTHOE
CXOACTBO TpadUKOB 3aBUCHMOCTH OCTAaTOYHOW TONSPH3AIMM OT TOJS H BpPEMEHH W
COOTBETCTBYIOIINX Tpa)UKOB BEIMYUHBI MUPOITEKTPUUECKON PEAKIIMH TIO3BOJIMIN 3aKITIOYHUTH,
YTO BeJIMYMHA THPOIIEKTPUYECKOrO OTKJIMKA ObUla MPOMOPLIMOHANBFHA  OCTATOYHOM
noyisipu3anui. TakuM 00pa3om, METOT TUPOITEKTPUICCKOTO OTKINKA MOXKET OBITh HCIIOJIb30BaH
JUIS1 OLIEHKU BEJTMYMHBI OCTATOYHOM MOJISPU3ALNUH B CETHETOAIEKTPUUECKUX MOTUMEPAX.
KiioueBble cj10Ba: CErHETOMOIMMEDPBI, TUPOITIECKTPUIECCTBO, OCTATOYHAS OIS PU3AIIUS
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