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Abstract. Pyroelectricity and fractional thermally stimulated depolarization currents (TSDC) were
experimentally studied in polyvinylidene fluoride (PVDF) films poled by application of high DC field
at room temperature. The obtained polarization is found to be less thermally stable than the correlated
compensating charge. It is demonstrated by investigation of the charge balance and the pyroelectric
coefficient measured during cooling in a fractional experiment, that trapped polarization-compensating
charge is responsible for a partial realignment of polarization during cooling.

The polarization and the volume charges in PVDF samples poled by application of a high
field at room temperature are not thermally frozen. All processes of their buildup and relaxation are
interrelated. If there is any polarization, it is necessarily compensated by trapped charges.

The intention of the paper is to investigate in more depth the nature of the residual polarization
in PVDF by comparing TSDC during successive heating of the poled samples to higher and higher
temperatures (fractional TSDC) with pyroelectric currents obtained during the subsequent cooling the
sample in each thermal cycle.

It has been found that the poled PVDF samples should be conditioned by heating to 80 °C and
cooling down for obtaining the stable pyrocoefficient.

Keywords: pyroelectric sensors, PVDF, thermally stimulated depolarization current,
ferroelectricity, polarization

Introduction

Solid-state sensors and detectors are widely
used in measurement technology to convert
non-electric physical quantities into electrical
ones. One of the important areas of solid-state
electronics is the development of sensors based on
ferroelectric polymer films, the increased interest
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in which is due to the possibility of their wide
application as active elements of piezoelectric
and pyroelectric sensors. The most known and
promising ferroelectric polymer is polyvinylidene
fluoride (PVDF) [1].

PVDEF is a semicrystalline material in which
ferroelectric crystallites are combined with an
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amorphous phase occupying about 50% of the
volume. When the melt is cooled, the molecular
chains fold, forming plate-like crystals (lamellae),
in which sections of macromolecular chains are
arranged in a zigzag pattern [2]. The crystallites
are brick-like blocks located parallel to the
direction of mechanical drawing [2] having a
length of 5.9—7.6 nm, a height of 2.5 nm, and a
thickness of 3.7 nm. They are separated by gaps
(0.4-0.7 nm) of the amorphous phase consisting
of 1-3 polymer chains [3].

The polymer chain of PVDF consists
of ~CH,~CF— units, which have a dipole moment
of u=7-103° C-m (2.1 D), due to the spatially
symmetric arrangement of H and F atoms [2].
Polymorphism is characteristic of PVDF. In the
crystallites of the a-phase formed during the
crystallization of PVDF from the melt [4], the
chains are arranged antiparallel, and the total
dipole moment per unit volume is zero, i.e. the
a-phase is non-polar.

When PVDF is orientationally drawn by 3—4
times [1], the a-phase is partially transformed
into the polar B-phase, which has spontaneous
polarization (P =130 uC/m?), the direction of

which can be changed under the action of an
electric field. The ratio between the a- and B-phases
depends on mechanical drawing and heat treatment
[5], as well as on the electric field strength [1].

EXPERIMENTAL DETAILS

We studied biaxually oriented ferroelectric
polymer PVDF thin films from the Kureha Co.
having thickness of 12.5 um. The degree of
crystallinity according to the manufacturer was
(47 £ 3)%. The crystallites sizes according to
the results of X-ray analysis have the following
values: L =96 + 6 A, L,=70+8 A.

Transmission and reflection spectra of the
films in the range of 400-650 cm™ were studied
using the FT-IR Perkin-Elmer 1750 spectrometer
with Fourier transform in order to determine
the relation between non-polar a-phase and
ferroelectric f-phase. Judging by the magnitude
of 535 cm™ and 510 cm™! peaks, it was found that
the ratio 30:70 was between « and £ in Kureha Co.
films and remained unchanged after poling.

The diagram of the experimental setup used
in this study is shown in Fig. 1 and is described
elsewhere [6].

Pulse generator

Digital oscilloscope

Personal
computer

h 4

T 3

HV switcher

Power supply

Sample

T

=

Qﬁ,

=

Fig. 1 Experimental setup.

Gold electrodes of 0.2 cm? were deposited
by cathode sputtering on both sides of the
sample. Poling was performed at U =2 kV
(E=160 MV/m) during =20 s. The residual
ferroelectric polarization P =6.1+0.2 uC/cm* after
poling was measured by processing displacement
currents. Then the sample was short-circuited and

stored in the short-circuited condition for 8 h. The
isothermal depolarization current was measured
at 20°C.

Fractional TSDC consisted in 4 sections.
The samples were heated from 20 °C with
the heating rate f,=4 K/min to the maximal
temperature of the section t =60 °C, t,=105 °C,
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t,=140°C and t,=185 °C. Then the samples were
linearly cooled with cooling rate f =20 K/min to
the initial temperature of 20 °C. Pyroelectricity
was measured during cooling segments of the
fractions.

ISOTHERMAL RELAXATION AFTER
POLING. If the relaxation is due to intrinsic
conductivity g, the current decreases exponentially
with the characteristic Maxwell relaxation time
t=¢ ¢/g. The observed in Fig. 2 decay is not
exponential, as if 7 increases with storing time.

The process can be formally characterized
by the exponential decay with a time dependent
relaxation time 7(?)
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Fig. 2. Isothermal relaxation current and time
dependence of the characteristic relaxation constant.

It is seen that 7 increases from 50 to
450 s during 2000 s of storing indicating that
the relaxation is caused not by the intrinsic
conductivity, which would result in a constant
7, but rather by the charge carriers injected from
electrodes during poling.

After storing for a long time, the isothermal
current finally decays to zero indicating that not
only the average field, but also local fields become
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zero everywhere in the sample. This condition
has to be fulfilled before starting the TSDC
experiments.

TSD CURRENTS. The TSD current is
caused by relaxation of the residual polarization
P and the compensating space charge o

do dP

()= A ﬂh( j : (2)

dT  dT

Assuming that the relaxations of ¢ and P

are first order processes with characteristic time

constants z_and 7, and related activation energies
E_and E,, one obtains

— g - ’
1= Aﬂh[ra exp(— E_ /kT) Tp exp(— Ep /kT)J O

By analyzing the expressions (1-3) and TSD
currents shown in Fig. 3 we made the following
conclusions:
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Fig. 3. Fractional TSD currents (1-4) measured
during the heating fractions. Also shown are (5)
overall TSD and (6) the pyroelectric currents.

— The TSD current at any moment reflects
the interrelation between o(7) and P(7).

— The direction of the TSDC is opposite to
the poling current, so dipoles are less stable than
the trapped charges. The relaxation process is
controlled by the stability of the polarization.
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— If o could immediately follow the decay of
P, there would be not any TSD current.

— It is not appropriate to derive the value of
P_from the integral of the TSD current. Indeed,
P =6.1 nC/cm?, while the integral of the complete
TSD current is only (1.24 uC/cm?).

RESIDUAL POLARIZATION AND
PYROELECTRICITY. The pyroelectric
coefficient p obtained from the subsequent cycle
and shown in Fig. 4 becomes lower when the
poled sample is heated and cooled back down.
Since p is proportional to P, it means that
P_irreversibly decreases with heating. The
initial value of the polarization P =6.1 pC/cm?
corresponds to the pyrocoefficient p=25 pC/m?K.
After heating to 60°C p decreases to 21.5 nC/m’K
(at 20°C), after the 2" cycle p=14 pnC/m’K, after
the 3" one p=6 uC/m?K. The data are sufficient to
derive the temperature dependence of P shown
in Fig. 4.
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Fig. 4. Pyroelectric coefficients measured during
cooling fractions of the TSDC experiments
compared to the temperature dependence

of the residual polarization.

It is interesting to disclose the behavior
of the polarization during the fractional TSDC
experiments. The question is what would happen
if the polarization during the TSDC experiment
becomes “over-compensated” by the charge?

Such a situation arises when the heating gives
place to cooling. During the subsequent cooling
the polarization P is adjusting rapidly to the
value of the charge . Thus, a part of the relaxed
polarization is restored during the cooling to
re-establish the equilibrium condition 6=P, so
that the next cycle of the TSDC begins with the
polarization equal to the charge at the end of the
preceding cycle as shown schematically in Fig. 5.

&
3
g
2
[
u
)
Lh)
=
m :% 9+ n
&
En Charge
el -
.E Polarization
5
g
o
[
0 T T T T
0 10 20 30 40
Time, a.u.
- ] -

Fig. 5. Schematic diagram showing dynamic of the
charge and the polarization during the fractional
TSDC experiments.

PARTIAL RESTORATION OF
POLARIZATION. A part of the already relaxed
residual polarization is restored after completion
of the fractional heating. This is proven by the
temperature dependence of the pyroelectric
current measured during the cooling parts of the
TSDC cycles. In the 2" and 3™ cycles p increases
during the cooling down to 80 °C indicating an
increasing polarization. The decrease of p at
lower temperatures might be caused by thermal
compression of the sample.

It appeared that the temperature of 80 °C
seems to be characteristic for PVDEF, but the origin
is not clear yet.

CONCLUSION

1. The isothermal relaxation in short-circuited
PVDF poled at room temperature is caused not by
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the intrinsic conductivity, but rather by charge
carriers injected during poling.

2. The dipole polarization in PVDF is less
thermally stable than the compensating charge.
However, a piece of the already relaxed polari-
zation is restored during the cooling parts of the
TSDC fractions in order to re-establish the equi-
librium between the polarization and the charge.

3. In order to guarantee reversibility of the
pyroelectricity, it is recommended to condition
the poled PVDF samples by heating to 80°C and
cooling down.

4. The residual polarization and pyro-
electricity irreversibly decrease if the poled PVDF
is heated to higher temperature than that to which
the sample was previously exposed.
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B3AEMO3B’A30K MIZK IIPOEJIEKTPUYHUMMU BJIACTUBOCTAMU
TA 3AJTMIIKOBOIO ITOJAPU3AIIEIO B ITIOJIBIHIVIIAEH®TOPU AL,
IMPU3HAYEHOMY IJi1sd BUT'OTOBJIEHHSA INIPOEJTEKTPUYHUX CEHCOPIB
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Anotauist. [Tipoenexrpuka Ta ppakiiiiHi TepMocTumMyinboBaHi ctpymu aenossipu3saitii (TCJL) Oy
€KCIIEpUMEHTAJIbHO BHUBYEHI B IUTiBKax mojiBiHUTineHPTOpuay ([IB/D), enekTpru3oBaHUX MUISTXOM
3aCTOCYBaHHS CHJIBHOTO TIOCTIHHOTO TOJIsl TP KIMHATHINA TeMriepaTypi. OTpumaHa moJsipu3aiiis BU-
SIBUJIACh MEHIIl TEPMIYHO CTaOUIBHOIO, HIXK KOPEJIbOBAaHUN KOMITICHCYIOUH 3aps. JlocmimKkeHHsIM
OaylaHcy 3apsiay Ta MipOeNeKTPUIHOTO Koe(dimieHTa, BUMIPSHOTO ITi/I 9ac OXOJIOKEHHS y (DpaKiiii-
HOMY €KCIIEPUMEHTI, IMOKa3aHOo, 1110 3aXOTUICHH KOMITCHCYIOUUH TOJISIpU3AIlito 3apsi/] BIAMOBIIA€E 3a
YaCTKOBY TiepeOyI0BY TOJISIPU3AIIIT i Yac OXOJIOHKCHHS.
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[Tonsipuzarist Ta 006’ emHi 3apsian y 3paskax [I1BJID, momspuzoBaHUX 3aCTOCYBaHHSIM CHIIBHOTO
T0JIs1 TP KIMHATHIN TeMIIepaTypi, He € TEPMIYHO 3aMOpOKeHUMHU. Bcel mpotiecu ix 3pocTaHHs 1 pesak-
carrii B3aeMOMoB’ si3aHi. SIKII0 mossipu3ariist iCHye, TO BOHa 000B’I3KOBO KOMITEHCY€EThCS 3aXOTICHUMH
3apsaamH.

Merta cTarTti moJisirae B OUIBII IHOOKOMY TOCHIKEHH] TPUPOIN 3AJIUIIKOBOI MOJIApHU3aIlii
B [IB/I® mmsixom mopiBastHHs TCJ] i yac moCIiIOBHOTO HArpiBaHHsI MOJISIPU30BAHUX 3Pa3KiB 110
Bce BUIIMX 1 BULUX Temmneparyp (¢paxuiitna TCJl) 3 mipoeleKTpuYHUMH CTPyMaMH, OTPUMaHUMHU
I1]] Yac NOJAJIbIIOTO OXOJIOIKEHHS 3pa3ka B KOXKHOMY TEIJIOBOMY LIUKJII.

Bcranosneno, mo nmomnsipuzoBasi 3paszku [I1B/I® HeoOx11HO KOHAUITIOHYBATH MIJITXOM HArpiBaHHS
10 80°C Ta 0XOJOMKEHHS 111 OTPUMAaHHS CTaOUIBHOTO MipoKoedilieHTa.

Kurouosi cioBa: nipoenexrpuuti cencopu, [IBJI®D, TepmocTuMynIb0BaHUM CTpyM Jenossipu3antii,
CErHEeTOEJIEKTPUKHU, TOJIIpU3allis.
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