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Abstract

Since the resistivity of PVDF films increases when the films are po-
led, the voltage across the samples must be increased during the poling
process in order to keep the current constant. Under these conditions
we observe the formation of a polarization zone in the center of the film
depth. The thickness of the polarization free zone close to the film sur-
faces is found to decrease with larger current densities. The results are
consistent with a model assuming charge trapping in deep traps associa-
ted with the orientation of polar crystallites.

1. Introduction

The poling of PVYDF films in high electric fields of MV /cm leads to a strong elec-
tric polarization. Part of this polarization remains permanent after removing
the poling field. This remanent polarization is responsible for the piezoelectri-
city found in poled PYDF films.

In most cases poling is done by applying a constant field to the films. The
time development of the polarization and its spatial distribution across the film
thickness can be measured using pressure wave techniques [3, 1]. With lower
field strength (< 1 MV /cm) spatially inhomogeneous polarization distributions
are observed. This gives evidence for the influence of space charges on the
formation of the remanent polarization [4].

Poling the films under the condition of constant charging allows to compare
the experimental results with a theoretical model. Together with the indepen-
dent measurement of the dielectric displacement with the PPS (piezoelectrically
generated pressure step) technique it is possible to seperate the displacement
current from the true charge transport through the films.

2. Experimental

Figure 1 shows the block diagram used for poling the samples.

During the poling process the time development of the spatial charge and
polarization distribution was measured using the pressure step technique (PPS
[3, 1]). When using the PPS technique the rear site of the sample has to be at
ground potential. Therefore the current has to be measured at high potential.
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Figure 1: Block diagram of
the circuit used for poling
the samples. The current

high voitage ™ reference through the samples is con-
supply SIIREINeS input verted inlo a voltage by an

operational amplifier and fed
through an isolation amplifier
j|>__ into an controller of the high
s b3 e Ritibi voltage supply. During the
amplifier poling procedure the dielectric
displacement in the sample 1s
monitored with the pressure
step technique. (The sample
1s symbolized by a capacitor
with a leakage resistor in par-
allel in the circuit diagram.)

current-
voltage -
converter

We developed a ground-isolated ampere meter to measure the current jg into
the sample. A controller for the high voltage supply keeps the measured current
through the sample constant (see Figure 1).

We used commercial samples supplied from Solvay, Belgium. The films had
a thickness of 38um. Almost all crystallites in this material are of the polar
f-phase.

3. Results

During the poling process with constant current density the voltage across the
sample increases. Figure 2 shows this behavior for the example of 5 nA/cm?
current density.

The corresponding development of the polarization is shown in Figure 3.

At the beginning we observe that the polarization is homogeneously dis-
tributed over the film thickness. But with increasing time we observe charge
injection at both electrodes. The injected space charges reduce the field at the
electrodes and increase the field in the center of the film. In this central zone
the dipoles are oriented to a higher degree, thus forming a polarization layer
in the film center.

Together with the development of this central polarization zone the resi-
stance of the films increases. Therefore the voltage has to be increased in order
to keep the current constant. The space charge distribution defines where the
polarization develops.

After approx. 50000 seconds (=214 hours) a time stationary state is approa-
ched. In this state the applied potential becomes constant and the polarization
distribution does not change any more.

With higher current densities the potential increases faster and the thickness
of the central polarization zone is found to be larger. We could not observe
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the time stationary state for current densities larger than 10 nA/cm? because
the potential exceeded the maximum isolation voltage of the current/voltage
converter (compare Figure 1) before reaching the stationary state.

Figure 5 shows the polarization distributions obtained with larger current
densities. The polarization zones develop thicker with larger current densities.

4. Discussion

The simplest model is to assume that the poling process consists basically of
the charging of a capacitor. In the case of constant current condition during the
poling the time integrated current density gives the charge density on the ca-
pacitor surface. This charge density is equivalent to the dielectric displacement
measured with the pressure step technique.

Figure 4 shows the time dependence of the maximum value of the displa-
cement measured during poling with the pressure step technique. The same
data as in Figure 3 is used. The integrated current density of 5 nA/cm? gives
a straight line marked ”a” in Figure 4.

The experimental data points fall below this line, indicating a finite parallel
conductivity of the sample. Part of the current flows through the sample.
Correspondingly the dielectric displacement falls below the straight line.

If the sample is regarded as a capacitance with a leakage resistor in parallel,
the time dependence of the dielectric displacement will follow an exponential
law with the time constant 7 = epep. For PVDF 7 is of the order of 100 to 1000
s. The corresponding curve is shown in Figure 4 marked ”b”. Since saturation
is reached after more than 50000 s in the experiment this curve does not give
the correct time dependence.

For a model which gives more account to the specific behavior of PVDF
a nonlinear response of the polarization with applied electric field must be
included. The dielectric displacement D can be expressed by a Taylor series
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Figure 3: Time development of the po-
larization distribution in PVDF films
during poling with a constant current
density of 5 nA/cm?.
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depending on the electric field E. The coefficients are the corresponding diel-
ectric permittivities ¢;.

D = ¢(61E + 2E? + ..)) (1)

For simplicity we will assume that the polarization due to the orientation of
dipoles in PVDF contribute only to the quadratic term ¢ and ¢, contains the
contribution of electronic and ionic polarizability. Since the electronic and ionic
contributions (¢ = 3.5) are much smaller than the contribution of oriented
dipoles (¢ &~ 100 at high fields), we will neglect ¢; and use only the quadratic
term.

The increase of the sample resistance with the poling time (see Figure 2),
which coincides with the development of the polarization zone can be explained
by a model, describing the formation of traps connected with the orientation of
crystallite dipoles. These traps are located at the boundary between crystalline
and amorphous regions, where the oriented dipoles of a crystallite end.

The charge carriers, which approach the boundary of the polarization zone
are trapped and the conductivity through the polarization zone is therefore
reduced. We take this into account by assuming the specific resistance p to be
a linear function of the electric field:

5= oy F B (2)

We can estimate the values for the coefficients in 1 and 2 from the measured
data. The basic resistance pg is calculated from the measured potential at the
beginning, when the field is not large enough to orient the crystallite dipoles.
The value for b can be calculated from the long time stationary value of the
applied potential at the end of the poling time.



100

Figure 4: Time dependence of
the mazrimum dielectric displa-

o T v cement taken from the polari-
T [ e e i 1 zation distribution in Figure 1
BU E‘|_' / o - ® 1 (single data points) compared
2.0 I . | with theoretical models. Line
T L S { marked "a”: If the sample con-
f‘g ok [ ; (U,f-'b‘&"{. ductivily is neglected the dielec-
v k& e tric displacement equals the in-
2 3L A | tegrated current demsily. Line
2 1 P ’ marked "b”: Charging of a ca-
o 2 ° 4 pacitor with a leakage resistor
;E in parallel. (r = eep =
g ! 1 1200 s;e = 100; p =
& 0' l . ) | 1014 Qcm) Line marked "c”:

;mo 6000 soo(; o 10000 fmprot!ed modCI w“k Clectrl-c
field dependent polarization and
conductivily.

0 2000

Poling Time [s]

The total current jj, which is kept constant during the experiments consists
of two parts: the displacement current and the charge flow.

jo=D+p 'E = const. (3)

This differential equation for D can be integrated using numerical methods
(Runge-Kutta [5]). The calculated time development of the displacement with
the above estimated coefficients gives the line marked "c” in Figure 4.

This model can represent the measured data with good agreement. [t does
not describe the spatial distribution of charges and polarization along the thick-
ness direction, since only the time dependence of the variables D is used in 3.

A complete description of space and time derivates can be obtained using the
Maxwell-Equations together with 3. The resulting partial differential equation
can be integrated in space for the time stationary case ( all time derivatives
vanish ) if the current jq is kept constant [4].

The analytical solution gives an internal polarization zone:

P(z) = \/ joc (exp% -1) (4)

6 and ¢ include parameters concerning the model (density of traps with app-
lied field) and the material (linear polarizability due to the polar crystallites,
mobility of the charge carriers). The solution diverges for z — oo since no
saturation of the polarization is taken into account. Only one polarity of homo
charges is considered. Therefore the solution applies only for one side of the
films. This solution is compared in Figure 5 with the measured polarization
distributions obtained after poling with constant current density. We find the
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_ Figure 5: Polarization distribu-
ST T T T "] tion oblained afler poling with

constant current densifies. For
| currenl densities exceeding 5
nA/cm? the poling process was
stopped before becoming time
stationary when the mazimum
isolation voltage of the poling
circuit was reached. The dotted
lines correspond to the charge
| trapping model (4). Only the
left side of the 38 u thich films
1s shown here. Since the mo-
del consideres homo charges of
a single polarity 1t can only de-
scribe the polarization distribu-
tion close 1o one surface.
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predicted polarization form and the shift of the polarization zone towards the
film surface with increasing current density.
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