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ABSTRACT

The polymer PVDF and its copolymers with TrFE show a
strong piezoelectric effect after poling in high electric fields
(100 MV/m). In order to study the dynamics of the poling
process we have applied HV impulses of definite duration to
the polymer. The dielectric displacement during the HV im-
pulse is recorded. After the impulse the remanent polarization
under short circuit condition is measured. Thus it is possible to
obtain the minimum poling time dependent on the applied field
strength necessary to stabilize the remanent polarization. By
comparing the time development of the dielectric displacement
with the corresponding remanent polarization we find a time
delay between the orientation of the dipoles and their stabiliza-
tion. Therefore we conclude that the process of orientation of
the dipoles itself is not sufficient to lead to a remanent polariza-
tion. An additional interaction between trapped charges and
the oriented dipoles can explain the stability of the remanent
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polarization and the observed time delay,

1. INTRODUCTION

AWAI discovered piezoelectricity in the polymer of
polyvinylidenefluoride (PVDF) in 1969. Later it was
shown that the copolymers of vinylidenefluoride (VDF)
with trifluoroethylene (TrFE) also exhibit piezoelectricity

(2].

In the last twenty years significant progress has been
made to explain piezoelectricity in both polymers [3-
5]. Today it is commonly accepted that the spontaneous
and remanent polarization of the crystallites of the po-
lar B-phase is responsible for the high piezoelectric con-
stants in both polymers. After applying high electric
fields (~ 100 MV /m) to thin films of PVDF and P(VDF/

TrFE) the crystallite dipoles can be permanently aligned.
Unpoled films show no piezoelectricity. The piezoelectric
response can be described mainly by a change in the num-
ber density of aligned crystallite dipole moments under
strain. While PVDF crystallizes in the unpolar a-phase,
the P(VDF/TtFE) copolymer crystallizes directly in the
(-phase, if the TrFE portion is greater than 15 mole% [6].
a-PVDF is transformed to the polar 3-phase by stretch-
ing the films.

The fact that the crystallite dipoles are permanently
aligned by an external electric field indicates that PVDF
and P(VDF/TrFE) are ‘hard’ (by analogy with ferromag-
netic materials) ferroelectric polymers. The hard ferro-
electric behavior has been attributed to the anisotropy
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field of the near-hexagonal lattice of the 3-phase crystal-
lites [8]. This model predicts a switching of the dipoles
under field in steps of 60° from one potential minimum
to another [7]. If all dipoles of a crystallite are aligned
into the field direction they would remain in this direc-
tion after turning off the electric field and the polarization
would be immediately remanent. Despite the success of
the 60” model to explain the orientation of dipoles under
field some experimental observations are still difficult to
interpret within the frame of this model:

By poling with lower field strength spatial inhomoge-
neous polarization distributions are found in PVDF. The
investigation of the development of these inhomogeneous
distributions during the poling process gives strong evi-
dence that injection and migration of space charges de-
termine the polarization distribution [9].

Another point is the surprising stability of the rema-
nent polarization in both polymers at room temperature
for many years. In addition, the coercitive field strength
is three orders of magnitude larger than in other ferro-
electrics [3].

Based on the switching experiments of Merz in BaTiO;
single crystals [10] similar experiments were carried out
with PVDF [11] and P(VDF/TrFE) [12-15] to compare
with the predictions of the 60° model. The switching
times derived from the dielectric displacement under field
agree with the switching times predicted by the 60? model
[24]. In all these experiments it has been tacitly assumed
that the remanent polarization is immediately stable for
short-time field application and the dipoles remain ori-
ented in the field directions after removing the electric
field. Thus in the case of PVDF as a hard ferroelectric
material with intrinsic potential walls, it is expected that
the dielectric displacement D and the remanent polariza-
tion Pyem show the same time constants during the poling
procedure.

Figure 1 shows this expectation schematically for un-
poled films: An external electric field is applied at t = 0
to unpoled PVDF or P(VDF/TrFE) films. There is a
fast polarization attributed to electronic and ionic dis-
placement. The orientation polarization starts with some
delay at ¢ = .

At ¢, all dipoles are aligned into the field direction and
the displacement reaches its maximum. At longer poling
times the displacement will not grow any more. If the
electric field is switched off at a time between t, and ¢,
the partly oriented crystallite dipoles will remain in the
field direction, resulting in the corresponding remanent
polarization Py..,. It is expected that both the remanent
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Figure 1.

Schematic diagram for the development of the di-
electric displacement D and the remanent polar-
ization P,.,, with poling time ¢. The electric field
is switched on at ¢ = 0. The orientation of di-
poles starts at t = ty. If dipoles come into a new
equilibrium position as expected by the 60° mod-
el they stay in that position and contribute to the
remanent polarization Pr...

polarization and the displacement reach their maximum
at t; (Figure 1).

In Figure 2 the expected behavior is shown for the case
of polarization reversal of prepolarized films. At ¢, the di-
poles begin to invert under the field and the displacement
starts to grow as in the case of unpoled films (compare
Figure 1). At i, all dipoles are inverted under the field
and the displacement attains its maximum. For longer
poling times it remains constant. Under short circuit
the remanent polarization in the original direction first
decreases to zero and then grows in the new, opposite
direction. The remanent polarization in the opposite di-
rection saturates again at ¢;.

Since the values of the remanent polarization are the
same (but in opposite direction) before the application
of HV (Prem,pre) and after saturation (Prem,iny), the re-
versed polarization will cross zero value, when the dis-
placement D has reached half of its final saturation value.
In the experiments we will compare this time ¢, for the
remanent polarization to cross zero value with the cor-
responding time f; for the displacement to reach half of
the saturation value. In the expectation of the 60” model
however, these times t, and t; should coincide, since the
dipoles are immediately stabilized in their new positions.

In contrast to these expectations, our measurements
show a significant time delay between the development
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Figure 2.
Schematic diagram for the development of the di-
electric displacement D and the remanent polar-
ization Pr.m with poling time t in the case of po-
larization reversal.

of the remanent polarization and the immediate fast de-
velopment of the displacement by poling and inverting
the remanent polarization of as-received PVDF films with
lower (37%) and higher (85%) B-content [16]. These mea-
surements indicate that the dipole orientation under field
and the development of the remanent polarization are
due to different mechanisms with correspondingly differ-
ent time constants.

This raises the questions: Does a corresponding time
delay also show up in P(VDF/TrFE) copolymers? Is the
stabilization process of the remanent polarization also
consistent with a model where charges are trapped at
the boundaries of the crystallites [18,16,23] explaining
the time delay as measured in PVDF? In the following
we present some corresponding results.

2. EXPERIMENTAL

Foa the experiments a specially developed HV pulse
generator has been used as described in [16]. Figure 3
shows the block diagram of the circuit: High voltage is
applied to the sample by opening switch S2 and closing
switch S1. After charging for a definite pulse length, the
sample is later shorted by opening S1 and closing S2.
Both switches consist of HV field effect transistors trig-
gered by external pulse generators.

The dielectric displacement D is measured via the volt-
age U, at capacitor C, which capacitance is large com-
pared to the sample capacitance:
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Figure 3.

Block diagram of the HV pulse generator used for
poling the samples.

where A = 15.6 mm? is the sample area, and C =

50...300 nF.

The time dependent voltage U. is recorded by a digital
storage oscilloscope. The dielectric displacement was al-
ways calculated at the end of a HV pulse. Following the
HV pulse the sample was kept for several minutes under
short circuit conditions. After this the remanent polar-
ization is measured with the PPS-method (Piezoelectri-
cally generated Pressure Step) [17,18]. Thus the dielec-
tric displacement and the remanent polarization can be
measured simultaneously for one individual sample for a
definite poling time. For each poling time we used a new
sample. Therefore in Figures 4 and § each measured point
corresponds to a different sample. The remanent polar-
ization can also be obtained from the voltage at capacitor
C. But the capacitor gives only a spatial average. There-
fore we used the PPS-technique for the measurement of
the polarization distribution and also of its sign.

The 75/25 mole% P(VDF/TrFE) samples consist of 75
mole% VDF and 25 mole% TrFE. The films of (12 + 5
pm thickness were cast from methylethylketone solution
at room temperature and then annealed at 120°C for 2h.
The influence of the annealing temperature is reported in
the literature [15,20-22]. The crystallinity of the films is
increased. With higher annealing temperature we find a
reduction of the poling time necessary to achieve satura-
tion.

3. RESULTS
3.1 UNPOLARIZED FILMS

Flcuns 4 shows the dielectric displacement D and the
remanent polarization P,.,, as functions of the pulse
length for poling at various field strengths E. The start
time of the development of the displacement and the re-
manent polarization defined by the linear extrapolation



72

e L LAl T T i T 1T VTEem T T Einm
- ° o o [-]
70 ° ° - 4
% . ,:3/"_ E = 160 Mv/m °
~ 80 } L
‘-E’ E = 120 MV/m
0L " -
s
s 1
&
£ 40 —/ i ¥ -
g [ 2 a g
0 30 - a o -
u o o o
o o a2
g 20| % =
o o o
5 Fi
B il e B #1801V
0 TWENEITI IR Lo Lot 1 1 Ly
10°5 1074 1073 1072 107!
| U L e SR R R BRI T T TTIm T
1
70 | % 4
| = T T
60 | | E = 160 MV/m o |
NE I
£ 50 z .
(5] | =
B Aot I £ =120 MV/m = ]
™ 20t " .
E © f &
%0 | oo s
a” |
10 + 7 1 a & E = 80 M\'{S_T{ 4
° | ‘,a/a o —8 o
'] T— _.rs:“__ - a0 2 _ _

e L T erTam
10°5 107t 1073 1072 1071
Pulse-Length / s

Figure 4.

Time development of the displacement (top) and
the remanent polarization (bottom) dependent on
the applied HV pulse length. Unpoled films of
75/25 mole% P(VDF/TtFE) copolymer. Film
thickness (12 & 5 pum). Applied field strength:
O: 80 MV/m; A: 120 MV/m; o: 160 MV /m.
The vertical line marks the time, when half of the
saturation value is reached with 160 MV /cm.

of the maximum slope to zero depends on the applied
field strength. In order to compare the time development
of the displacement with the remanent polarization, the
time, when half of the final value is reached can be taken
from the Figures. These times are listed in Table 1.

The remanent polarization starts to grow later and in-
creases more slowly than the displacement. There is a
difference of approximately one order of magnitude in
time between the development of the displacement and
the remanent polarization. This is independent from the
reduction of the time scales with increased field. Dou-
bling the field strength reduces the times by a factor of
approximately three orders of magnitude in time.

Compared with corresponding measurements with pure
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PVDF films [16], the polarization development in the
copolymer films is more than two orders of magnitude
faster. The time scale is determined by the crystallinity
and the @ content. With increased crystallinity and 8
content the poling times are reduced.

3.2 POLARIZATION REVERSAL

As with PVDF films, the dynamics of polarization re-
versal in copolymer films are of fundamental and also
practical relevance. The samples were poled for 100 s
using the same field strength as later applied in oppo-
site direction in order to reverse the polarization. One
exception: Samples to be reversed with 160 MV/m field
strength were poled with 200 MV/m. After poling all
samples were kept under short circuit condition for an-
other 100 s. After this procedure the samples had a re-
manent polarization (see Table 2)

Table 2.
[ Field MV /m [ Polarization mC/m?
200 105 + 10%
120 68 + 10%
80 48 + 10%

Subsequently to this a HV impulse of definite duration
was applied to the samples in opposite direction in order
to reverse the polarization.

The displacement was measured with the capacitor C
in series with the sample. The samples are kept under
short circuit condition for a few minutes before the rema-
nent polarization was measured using the PPS method.
It is a great advantage that the PPS method reveals also
the sign of the remanent polarization.

Figure 5 shows the displacement and the remanent po-
larization as a function of the pulse length at different
field strengths. Again a strong field dependence is to be
seen. At 80 MV/m the displacement remains at a low
level of 10 mC/m? until 300 ps pulse length. For a longer
pulse duration it increases until 5 ms pulse length and
finally saturates. The amount of remanent polarization
decreases after 100 us pulse length, but it is not inverted
before 2.5 ms. After 2.5 ms it starts to increase in the op-
posite direction and saturates after 100 ms. In this time
interval the displacement has already saturated.

It is remarkable that the inverted remanent polariza-
tion raises with about the same delay as observed in the
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Table 1.

Comparison of typical times for the development of displacement and remanent polarization in
P(VDF/T:FE) copolymer (taken from Figure 4) and pure PVDF [16].

field start of the development | half of final values reached
strength displacement | remanent Pol. | displacement | remanent Pol.
MV/m Hs Hs s Hs
P(VDF/TrFE):
80 400 3000 1000 17000
120 30 100 50 2000
160 1 10 <10 ’ 80
pure PVDF:
200 <10 B0 10 3000
120 200 2000 20000 40000
stabilization of the dipoles in the new direction is caused
140 | o 4 by the same mechanism in poling unpolarized samples as
o 1R0E ! 5 ! t o | well as in poling polarized samples. After inversion of its
£ :f: - : ,//—"—; o £ = 160 MV/m 1 gign the remanent polarisation grows faster as compared
Q 100 |- ! ‘JI : ,_,___-———a-—-" 4 to unpolarized samples.
N :'gt | | | E =120 MV/m ]
E 70 | Vo | t.a/n : - B Table 3 compares the time ¢,, when the remanent po-
el | % | }/"T—__B'u 1 larization crosses zero value, with the time ¢, when the
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Figure 5.
Polarization reversal: Time development of the
displacement (top) and the remanent polariza-
tion (bottom) dependent on the applied HV
pulse length. Prepolarized films of 75/25 mole%
P(VDF/TrFE) copolymer. Film thickness (12+5
pm). Applied field strength: D: 80 MV/m; A
120 MV/m; e: 160 MV/m. The vertical lines
mark the time t; when the displacement reaches
half of its saturation value.

poling of unpolarized samples (Figure 4). Therefore the

of the saturation displacement under field.

field strength MV/m| ¢; t,
80 1.2 ms|2.5 ms
120 50 us {130 us
160 15 us | 30 ps

Thus the observed time delay between the development
of the dipole orientation and the stabilization of this ori-
entation is in contrast to the expectation deduced from
the cooperative 602 model. In view of this model it would
be natural that the orientation of dipoles under field and
their stabilization after removing the external field show
no significant time difference. Therefore both times ¢,
and ¢, should coincide.

Previous experiments with pure PVDF films [16] show
that the corresponding times are more than two orders of
magnitude larger. At 120 MV /m field strength we mea-
sured time ¢, = 15 ms for PVDF films with a 8 content
of 85%.
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3.3 POLING OF UNPOLARIZED
SAMPLES WITH REPEATED SHORT
PULSES

Using periodically repeated pulses for sample poling it
is possible to observe the time dependent development of
the displacement and of the remanent polarization in one
sample. This reduces the strong scattering of data points
by using a new sample for each poling procedure.

In this experiment poling field strength was again 80
MV /m. Under this field strength the poling process takes
place in a few seconds and it is possible to measure the
displacement as well as the remanent polarization using
the PPS-method. HV is applied to the sample by a thin
metalized PETP film. The PPS-signals are observed on
the oscilloscope screen and recorded with a video system.
Applying HV pulses with 100 ms pulse length to the sam-
ple and shorting between the pulses allows the simulta-
neous observation of the displacement and the remanent
polarization in steps of e.g. 100 ms poling time. The
pulse length of 100 ms was short enough that after the
first pulse the sample is not completely poled and that
we can analyze each HV pulse. (The video system needs
20 ms for one picture!) The displacement is determined
at the end of the pulses and the remanent polarization
before the beginning of the next pulse. This remanent
polarization is larger than the long-time remanent po-
larization as determined in the single pulse experiments
discussed before. But it can also be used as a qualitative
measure for the long time remanent polarization.

Samples were 15 4+ 5 pm thick 75/25 mole% P(VDF/
TrFE) films annealed at 135°C for 2h.

In this experiment 100 pulses were applied to every
sample. The short circuit time ¢,,. between the pulses var-
ied from 30 ms to 100 s. Figures 6 and 7 show the results.
Figure 6 represents the displacement D, at the n-th pulse
related to the displacement at the 100th pulse D, /D;yy.
Figure 7 represents the remanent polarization after the
n-th pulse P, related to the remanent polarization after
the 100th pulse P, /Pino. Each pulse corresponds to a
poling time of 100 ms.

The values were related to the last pulse because the
absolute values differed from sample to sample. After the
first pulse the displacement took a value between 30 and
40 mC/m?, the remanent polarization between 10 and 25

mC/m?,

Figures 6 and 7 show that there is no change in the
time development of both the displacement and the re-
manent polarization, if t,. lasts < 1 5. The displacement

T T T ] T T T T L] ™ 1
| E
100 + v -:g__ =1
D . e ‘
o o} | ’ 4
% &
~ g0 l ‘é Short circuit: i
g B o : 100ms
a 8k |7 a t 18 4
- 2 8 : 10s
O gol |é @ 1 100s =
) 1
75 | ﬁ 4
| L I 1 1 ] 1 1 L 1 1
0 10 20 30 40 S50 60 7O 80 90 100

Pulse-Number n

Figure 6.
Development of the displacement during poling
75/25 mole% P(VDF/TrFE) samples with 100
pulses of 100 ms pulse length, field strength 80
MV/m. The values are related to the final value
after 100 pulses (o: 47 mC/m?; A: 42 mC/m*;
O: 41 mC/m?; ©: 40 mC/m?). Short circuit time
between the pulses: o: 100 ms; A: 1 s; O: 10 55
©: 100s.

and the remanent polarization grow very fast during the
first 20 pulses and slower during the next pulses. But if
t,c is increased to 10 and 100 s there is a change. At
t,. = 100 s the displacement does not grow during the
100 pulses. From pulse to pulse it takes always the same
value, in contrast to t,. < 1 s (Figure 6). The rema-
nent polarization also stays almost constant from pulse
to pulse (Figure 7). But after applying another 100 puls-
es to this sample with ¢, = 100 ms the displacement as
well as the remanent polarization grow during this sec-
ond pulse series. Shortening t,. causes an increase of the
displacement and the remanent polarization.

These experiments indicate that a critical short circuit
time t.ri: between the pulses exists, in which the displace-
ment does not change at all and the remanent polariza-
tion increases only a little. The order of magnitude of ¢.4
amounts 10 to 100 s for the P(VDF/TrFE) 75/25 copoly-
mer. If the short circuit duration is < t.., for example
1 s, this short circuit time between the pulses does not
make a great difference to poling under constant voltage.

On the other hand we can estimate the time r, which
injected charges need to leave the copolymer film under
short circuit. This time 7 is given by the dielectric re-
laxation time T = ecop (p & 10'? Qlem resistivity, € = 10
to 15) of 100 s. The agreement between . and 7 indi-
cates that charges participate in the development of the
remanent polarization.
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Figure 7.

Development of the remanent polarization during
poling 75/25 mole% P(VDF/TrFE) samples with
100 pulses of 100 ms pulse length, field strength 80
MV/m. The values are related to the final value
after 100 pulses (o: 34 mC/m?; A: 25 mC/m?;
O: 24 mC/m?; ©: 20 mC/m?). Short circuit time
between the pulses: o: 100 ms; A: 1 5; O: 10 s;
<: 100 s.

4. DISCUSSION

THE delayed development of the remanent polarization
as compared to the fast development of the dielectric
displacement can be explained by two mechanisms.

The first mechanism is the orientation of the crystal-
lite dipoles in the field direction under an external elec-
tric field. Since the predictions of the 60° model [7,8,
24] agree with the measured development of the displace-
ment under field [12], it appears justified to assume that
the dipoles in 75/25 mole% P(VDF/TrFE) and in PVDF
crystallites are oriented under fields similar to that in
hard ferroelectric materials. But in contrast to hard fer-
roelectrics our experiments show that the dipole orienta-
tion under field alone makes this orientation not remanent
after removing the field.

Therefore the 60° model must be supplemented by a
second model which describes the dipoles stabilization by
the field of injected charges, which are trapped at the
surface of the crystallites [16, 18,23]. This supplemented
model can explain the observed time delay of the rema-
nent polarization compared to the displacement under

field.

Charge injection and trapping can also explain why
the rise of the remanent polarization in repeated pulse
poling experiments depends on the duration of the short
circuit time between the pulses. The fact that the di-
electric relaxation time 7 agrees with f..,; indicates that
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injected charges can escape if the short circuit duration
approaches 1., and are not longer available for the stabi-
lization process of the remanent polarization. In the view
of this supplemented model the poling process of unpoled
P(VDF/TrFE) films can be described as follows.

The crystallite dipoles are oriented by applying an elec-
tric field. Simultaneously charges are injected into the
polymer film. Both the orientation and the injection, de-
pend on the field strength. After the dipoles are aligned
in the field direction, charge trapping at the crystallite
surface is possible. If the field is switched off, the dipoles
keep their orientation in the field of these trapped charges.
All dipoles which are not fixed in the field of trapped
charges distribute randomly because of their thermal en-
ergy. They do not contribute to the remanent polariza-
tion. Vice versa, injected charges which are not trapped
leave the film under short circuit condition or recombine.

If an electric field is applied in the reverse direction
to prepolarized films, the dipoles can be oriented in the
opposite direction and the charges are set free. If the
field is removed before all charges are set free and be-
fore the inverted dipoles are stabilized by new charges,
the remanent polarization points in the old direction, but
with a reduced amplitude. After longer poling all dipoles
are inverted and fixed again by new charges under field.
As consequence of the primary poling there are already
charges in polarized films. That is why the inverted re-
manent polarization grows faster as if unpolarized films
are poled (compare Figure 4 with Figure 5).

5. SUMMARY

EASUREMENTS at unpoled 75/25 mole% P(VDF/

TrFE) films show that a time delay of the devel-
opment of remanent polarization compared to the fast
development of the displacement under field was observed
as in pure PVDF films [16]. This time delay cannot be
explained by a ferroelectric model with 6-side potential
minima for the chain rotation in crystallites alone.

Therefore the dipole orientation model was supplement-
ed by a model which describes the dipole stabilization by
the field of trapped charges at the surface of the crystal-
lites. The dipoles are fixed in the field of this charge as
also suggested in [16].

In poling copolymer films with repeated short pulses
the dependence of the development of the displacement
and the remanent polarization on the short circuit time
between the pulses also indicates that injected charges
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are participating in the development of the remanent po-
larization.
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