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ABSTRACT 

We present measurements of the time development of the di­

electric displacement and the remanent polaroization in PVDF 
for poling times ranging from 1 ~s to 1000 s and poling fields 

between 0.8 and 2.0 MV /cm. For longer times (0.1 to 1000 s) 

we determined also the time dependence of the polarization dis­

tribution across the film thickness. After applying a steep rect­

angular HV pulse, the sample is shorted to .aero voltage. The 

remanent polarization under short-circuit conditions is com­
pared with the maximum dielectric displacement under the 

external poling field. We observed a significant time delay of 

the build-up of the remanent polarization as compared to the 

dielectric displacement under field. This time delay depends 

significantly on the applied field strength and the crystallinity 

of the films. In the case of polarization reversal we observed 

for shorter poling times of up to 200 IlS a <flipping back' of 

the polarization. Under these conditions, a large part of the 
polarization is reversed under the field , but after removal of 

the field, most of the polarization returns to the original di­

rection. The results can be understood by the ferroelectric 

cooperative coupling of oriented crystallite dipoles to charges 
trapped at the surface of polarized crystallites. This, we think 

is responsible for the extremely high stability of the permanent 

polarization in PVOF. 
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1. INTRODUCTION 

S
INCE the discovery of the strong piezoelectric effect 

in PVDF by Kawai (1), significant progress has been 

achieved in understanding the hallic mechanisms of the 

piezoelectricity (reviewed in [2,31) . 

It is commonly accepted that the origin of the high 

piezoelectric coefficient in PVDF is attributed to the 

high polarity of the ,8-pha.se. The largest part of the 

piezoelectric response is due to a change in the density 

of the oriented crystallite dipole momenh. The crystal­

lite dipole moments can be permanently oriented by the 

application of high electric fields to PVDF-films. This 

and other properties indicate that PVDF is a 'hard' fer­

roelectric materia!. The cooperative dipole interaction 

within the crystalli tes primarily can explain 'soft· fer­

roelectricity. The hard ferroelectric properties are at­

tributed to anisotropy fields of the near-hexagonal lat­

tice of the ,8-crystallites [13J. This model predicts that 

the dipoles in crystallites switch between 60 · potential 

minima if an electric field is applied. Despite t he suc­

cess of this model some experimental observations are 

difficult to explain within its frame 
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L For lower poling fields strongly inhomogeneous spa­

tial polarization distributions are found. The devel­

opment of these polarization distributions observed 

during the poling process gives strong evidence that 

injection and migration of space charges determine 

the polarization distribution [12J. 

2. One of the most surprising featu res of t he piezoelec­

t ricity in PVOF is its strong stability (i.e. the high 

coercive field strength) exceeding other ferroeledr ic8 

by almost three orders of magnitude [14] . 

J. A ferroeledric / paraeleclric phase transition is not 

observed for PVDF. But the remanent polarization 

is lost upon heating the films above SO·C. 

Based on the work of Merz [6] on the switching in 

BaTi03 single crystals, similar experiments were carried 

out with PVOF films to ddermine the switching times 

[4,7[. 

As PVOF is regarded as a hard ferroelectr ic material 

with intrinsic poten~ia l barriers for dipole orientation 

it is not expected that the dielectric displacement and 

the accompanying remanent polarization show a differ­

ent time dependence. Therefore in the switching exper­

iments [4,7[ only the momentary electric displacement 

has been investigated, but not the remanent polariza­

tion a8 a fu nction of different durations of the poling 

procedure. If instead t he mechanism of the stabilization 

(i.e. making a change in polaritation permanent) and of 

the momentary orientation of the crystallite dipoles are 

of different nature, we expect different time constants 

for both processes. We tried to answer t his question 

by corresponding experiments. This is also of interest 

with respect to practical applications as, for example, 

fe rroelectric data storage. 

2. EXPER[MENTAL 

F 
IGORE 1 shows the experimental ar rangement. HV 

is applied to the sample by closing switch 51 and 

opening sw itch S2 , shorting the sample is p rovided by 

the reverse operation. The switches S1 and S2 consist 

of field-effect power transistors and are triggered by ex­

ternal pulse generators. 

The dielectric displacement D at the end of the field 

pulse is calcu lated from the charge on capacitor C, (D = 
Uee/A, A: sample area = 15.6 mm2

, C = 10 nF is large 

compared to the sample capacitance). The time depen­

dence of the voltage Uc at the capacitor C is shown 

in Figure 2 for a typical pulse experiment. The value 
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of the displacement D is taken at the top of the fi­

nal pulse edge. The remanent polarization P caused 

by the pulse is measured after severa! minutes under 

short-circuit conditions with the PP5 method (piezo­

electrically generated pressure step) [8,9J. The result 

of this measurement is called the remanent polarization 

Pr .... in the further context. or course the remanent 

polarization can be measured also via the voltage at ca­

pacitor C. Both methods have been compared carefully 

and agree within 10%. We preferred the PPS-mdhod 

for its convenience and for the possibility of observing 

the polarization distribution. For each of these measure­

ments we used a new sample. Therefore in Figures 3- 7 
each data point corresponds to a different sample. 

u, 
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Figure 2. 

Voltage at capacito r C for a typical pulse experiment. 

The samples were 12 J.lm thick PVDF films supplied 

from KurehaChem. , Japan (fabrication date 1975). This 

material contains 37% of its crystallites in the {3-con­

formation. (The crystallite phase composition was ob­

tained by IR-absorption measurement and evaluation 

according to Murayama [IO]). Samples with a higher 
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{J content of more than 85% were 9 pm thick SoleP" 

films supplied by Solvay, Belgium (1 988) . 

3. RESULTS 

UN PO LARIZED FIL MS 

F ICURE 3 shows the dielectric displacement D and 

the remanent polarization Pr em as a function of the 

pulse duration. The applied field strength is 2 MV /crn. 

The development of the remanent polarization is sign ifi­

cantly delayed against the fast build up of the dielectric 

displacement under the applied electric field. This is 

also evident by a comparison of the corresponding time 

constants. The displacement reaches half of its final 

value of 10 ",C/cm' after 200 p.8, whereas the remanent 

polarization does not reach half of its final value of 4 

pC/cmz before 100 rns. 
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Figure 3. 

Development of the displacement D.d (000) 
and the remanent polarization Pr .... ('V'V'V), for 

unpolarized Kureha samples, E = 2 MV /crn. 

A comparison of Figure 3 with the results obtained 

under 1.2 MV /cm (Figure 4) and 0.8 MV /cm (Figure 5) 
shows, that the time delay of the beginning development 

of the remanent polarization depends crit ically on the 

field strength. For a field strength of 2 MV /cm we ob­

serve a beginning remanent polarization above 30 nC/cmz 

after poling with a 10 ps pulse, for 1.2 MY /cm after 

10 ms and for 0.8 MY /cm after 1 s. 

PO LARIZED FIL MS 

The poling procedure was the same as used by Fu­

rukawa and Johnson [4J. The samples were polarized 
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Figure 4. 

Development of the displacement D ... ~ (000) 

and the remanent polarization P~o'n ('V'V'V), for 

unpolarized Kuteha samples, E = 1.2 MY/em . 
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Figu re 5. 

Development of the displacement Den'" (000) 

a nd the remanent poiariJlation Pre ... ('V'V'V), for 

unpohnized Kureha samples, E = 0.8 MV /em. 

under 2 MV /cm for 100 s and then kep t under shorl­

circuit condition for another 100 8. After this proce­

dure the samples had a remanent polarization of 4.8± 

10% pC/cm2
. Then a reversely directed field pulse of 

2 MY /cm was applied and the displacement D and the 

remanent polarization Prom were measured as before. 

Figure 6 shows the result. After 200 iMJ the initial fast 

bu ild-up of the displacement is finished and is continued 

by a slow ascent. Within this time interval the polar­

ization under shorl-c ircuit condit ions 'flips back' and 

the remanent polarization is still oriented in the orig­

inal direction. The amount of remanent polarization 

is reduced with increasing pulse width, until after 200 

pI it starts growing in the new direction at the same 

time when the polarizat ion under the external field sal­

urates. This means that the orientation of d ipoles and 

their stabilization are different processes, which occur 

on a different time scale. After having changed its sign, 

the remanent polarization grows faster and reaches a 

higher value after 100 rna 83 compared to t he unpolar­

ized samples (Figure 3). 
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Figu re 6. 

Reversal of th~ remanent polarization in pre. 

polarized samples, Kurehl'l 12 11m, applied 

field strength 2 MV /ern. Displacement D ed 

(000), ."manent polarization, original direc_ 

tion (~ll.ll.), remanent polarization, reversed di­

rection (I1\7V). The doHed line indicates the 

time, when the remanent polarization c rosses 

zeTO value. 

Samples supplied from Solvay were prepared as the 

Kureh ... samples. The remanen! polarization after the 

poling procedure WM 6.8± 10% p.C/cm1. The results 

of the polarization reversal under an external field of 

2 MV lem are shown in Figure 7. Th e time delay of the 

remanent polarization is observed 38 with the Kureha 

samples, but the typical times are shorter. Zero rema­

nent polarization has been renched after 10 ~s. Also the 

increase of the displacement is faster. 

Since at medium field strength (1.2 MY Icm) the pol­

ing process of the Kureha sample slowly takes pla(e in 

seconds (see Figure 4) , we were able to study the time 

development of the spatial polarization distribution us­

ing the PPS-response technique (9). The HV was applied 

to the sample by a thin melalized PET-film. This al­

lows the use of the PPS-response technique even during 

the poling process. The PPS.signals on the oscilloscope 

screen were recorded with a video system. Instead of 

using a new sample for each poling process with dif­

ferent pulse length the poling field now was applied in 

pulses of 100 ms duration and at a repetition rate of 

I Hz. This is not completely equivalent to the poling 

by one continuous pulse. But it allows the analysis of 

the time-dependent development of the remanent polar­

ization without changing the sample. During the time 

interval between subsequent pulses the sample was kept 

under short-circuit condition. The amplitudes of the dis­

placement and the remanent polarization increase with 

D.l +-~~lr---~~",~,"",~~mnI 
10-1 10-' 10- 0 10-) 10-2 

pul.e lenglh [.1 

Figure 7. 

Reversal of the remanent poladution in pre· 
polar ized samples, Sold 9 pm, applied field 

st rength 2 MV fcm. Displacement D e .. " 

(OOO), remanent polariu.tion, original direc· 

tion (~~~), remanent polarization, revened di­

rection (V'V'V). The dotted line indicates the 

time, when the remanent polarisation c rONes 

l e ro value. 

increasing pulse number qualitatively similar all in Fig­

ure 3. The delayed development of the remanent polar­

ization also was observed as before. Figure 8 showl the 

displacement distribution within the sample at the end 

of the 80th pulse. The dotted line represents the cor­

responding remanent polarization after removal of the 

field. Apparently the polarization now is stabilised only 

in zones near the boundaries of the sample. The center 

of the sample is not permanently poled. Thill behavior is 

not observed for the 1.2 MV fcm continuous poling pro­

cess discussed before, where we found a single, a lmost 

homogeneous zone. The same pulsed poling procedure 

was applied to prepolarized Kureha samples. Figure 9 

shows the in itial polarization distribution obtained after 

poling first for 100 s with a field strength of 2 MV Icm. 
Within the spatial resolution of the PPS·apparatus (2 

~m), the sample is almost homogeneously poled . After 

the application of 80 pulses of reverse polarity (1.2 MV I 
cm, 100 ms duration, I Hs frequency) the permanent 

polarization is reversed only in the center of the sam­

ple (dotted line ill Figure 10). Near the boundaries the 

sample is still polarized in the original direction. 

4. DISCUSSION 

T
HE significant delay of the development of the rema­

nent polarization all compared to the fast build-up 
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Figure 8. 

Displacement ( _ _ ) and remanent polari~ation 

(- - - .) after the application of 80 pulses. Field 

strength 1.2 MV /em, pulse dun.tion 100 ms, rep­

etition rate 1 Hz. The +/- signs indicate the 

direction of the applied electric field . 

of the displacement cannot be explained by a 6-site po­

tential well model for dipole orientation [11) combined 
with cooperative behavior alone. In view of this model 

it would be expected that most of the dipoles stay in 

their new orientation after removing the poling field, in­
dependent of its duration. In contrast, our data show 

that in the case of un polarized samples (Figure 3- 5) the 

stabilizat ion process only starts after a large amount 
of the crystallite dipoles have been oriented. The slow 

increase of the remanent polarization even in the time 

regime of second, is prCllumably due to an electric field­

induced phase transition or the a phase to the 6 phase, 

since the Kureha samples have a low {3 content or only 

37%. 

For polarized samples (Figu re 6,7) we find that the re­

manent polarization starts to grow in the new direction 
only after all dipoles are reversed under field . 

The simplest model to explain the differing behav­

ior of the orientation and stabilization process is to as­

Hume that the stabilization i~ not an intrinsic: property 

or the dipole system but ror example can be de~cribed 

by a model where the remanent polarization is fixed 
by trapped charges at the boundaries of the crystallites 

[5,9\. The number of deep traps in this case is assumed 

to be proport ional to the polarization. The charges are 

trapped by dipole end~ at the surfaces of the crystal­

lites in PYDF (Figure II). Within the frame of this 

model we understand that in unpolarized films the di­
pole~ align under an external field, but rearrange after 

removal of the field if they are not stabilized by trapped 

charges. Since charges have to be injected into the poly­

mer, the trapping is delayed against the development of 

t he displacement (Figure 3). The dynamics of the dipole 

orientation under field all well as the injection current 
depend on the field strength. This leads to a strong field 

dependence of the growth of the remanent polarization 

(Figure 3- 5). In prepolatized films the dipoles align fast 

under the external, reversing field with the new field d i­

rection. For short poling times the trapped charges can­

not move very far from their sites, despite the fact that 

their trapping dipole -e nd~ have disappeared . When the 

poling field is zero, t he~e charges again orient the di­

poles into their original direction being trapped again . 

For longer poling time~ the trap ~i tes are destroyed more 
and more by the increasing dipole inversion and by in­

creasing charge depletion at the original trapping sites. 

An altemative explanation for the displacement and re­

manent polarization development within t he first 200 

~s (Figure 6) or 10 ~s (Figure 7) i~ a model with two 

different dipole systems acting in parallel. One dipole 

sy~tem can be oriented fast. These dipoles may be at­
tributed to crystallites which are not fixed in their ori­

entation, or to amorphous dipolar chains. They have a 

random distribution of orientations. The dipoles, which 

form the remanent polarization, belong to the second 
d ipole system. These dipoles cannot be oriented as fast 

as the first ones. They are oriented by their trapped 

charges. The displacement increase between 10 and 200 

~s is attributed to the reorientation of these fixed di­
pole~, slowly loosing their trapped charges. As the dis­

placement under the field increases, the 'flipping back ' 

to the original remanent polarization under short-circuit 

conditions decreases. When the displacement saturates, 

all original trap sites are lost and the original remanent 

polarization has disappeared. To stabilize the growing 

new polarization with increased poling time, charges of 

opposite sign migrate and are trapped in new trap sites 

at the crystallite surfaces according to the opposite sign 

of the polarization. This leads to a slow and delayed re­
ver~al of the remanent polarization as compared to the 

faster build-up of the displacement (Figure 6,7) . Since 

after destruction of the original permanent polarization 

the displacement has completely ~aturated , it is evident , 
that dipole orientation alone cannot be the reason (or 

the stabilization of the polarization. The most sim­

ple mechanism already discussed and obserVed earlier 

[5,9J is charge injection, charge t ransport and charge 

trapping at the surfaces of polarized crystallites. These 

charges also provide the necessary compensation charges 

for the zero-field condition. Therefore most charges are 

trapped at the boundaries of polarization zones. It is 
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therefore expected that these boundaries are especially 

stable against polarb:ation reversal. 

• 

• 
o 5 '0 '$ 

Film Thicktleu [Ilm] 

Figure 9. 

Polarisation distribution of a Kurch" sample, 

thkknen 12 ~m. poled 100 • with 2 MV tern, 
before tbe polafizalion rever. al (cp. Figure 10). 

The rate offield-induced dipole chain rotation and the 

transport of the charges in the sample both depend on 

the field strength and consequently also the times nec­

essary to reverse the remanent polarization . The faster 

development of the reversed remanent polarization in 

prepolarized films as compared to unpolarized films can 
be explained by the fact that injected charges afe al­
ready present in prepolarized films . 

The longer poling times necessary for permanent po­

larization of the Kureha material as compared to the 

Solvay films is attributed to the higher {3 content of the 

latter . The probability for charge trapping is higher for 

material with large {3 crystallite content. Therefore the 

charges have to migrate shorter distances into the poly­

mer and the stabilization process is faster. 

Additionally the dectric field-induced phase transi­

t ion from the Q to the 6 phase is important in samples 

with a smaller {3 content. Thi~ proce~~ may lead to a 

slower increase of the displacement. 

The polarization reversal with short pulses (Figure 10) 
shows that the polarization in the center of the sam­

ple can be reversed easier than that at the boundaries. 

This is consistent with our model , since charge trapping 

occurs primarily at the boundaries of the polarization 

zones. The dipoles which are adjacent to the trapped 

e / .... Etl . . . 
, ' ... 

-, 

o 5 10 '5 
.. 1m ThicknCtu IILm! 

Figure 10. 

Oisp!aeement ( __ ) and remanent polarisation 

(- - - -) for a polarized sample (ep. Fil5ure 9) after 

the applieation of 80 revene field pulses. Field 

strensth 1.2 MY fern, pulse duration 100 mB, rep­

etition rate 1 HI. The +f - ,ign. indicate the 

diredion of the applied eledric field . 

0

8 0 - -
0 -

Figure 11 . 

Charge trapping model. The charges are 

trapped at the Burfaee of crystallites at the 

boundaries of the polarisation zone and viee 

versa stabilizing the oriented crynalline dipole 

momenls . 

charges are fixed stronger to their orientat ion. With 

medium fields not al! of the trnps cnn be emptied . The 

polarization zones at the boundaries therefore are more 

stable and keep their original direction . The dipoles in 

the center of the sample are first reoriented and then 

stabilized by newly trapped charges which are injeded 
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during the polarization reversal or released from former 

trap sites. 

In discussing this interpretation of the result in Fig­

ure 10 it is important to exclude possible material inho­

mogeneities leading to a higher general stability of the 

polarization close to the film surface. This in fact is 

demonstrated by the result of Figure 8, where an un­
polarized sample of the same material polarizes first 

near the boundaries under otherwise identical condi­

tions. This indicates that the dipoles in the boundaries 

of the sample in principle can be as easily oriented as 

in the rest of the sample. The reduced permanent po­
larization in the center of the sample in this case may 

be attributed to the possibility that in polarizing with 

multiple pulses, injected charges can migrate also to the 

film center during the zero-voltage time intervals. Un­

der field pulse conditions these central charges reduce 

the central field st rength and can be trapped also at the 
inside of the two polarization zones. 

5. CONCLUSION 

T
HE observed experimental results cannot be explained 

a lone by a cooperative or ferroelectric model with 6-

site potential minima for the rotation of the chains in 

the polar crystallites. Instead it appears necessary t hat 
space charge injection and trapping have to be taken 

into account in order to arrive at a consistent descrip­

tion of the experiments. In our extended model, the 

oriented crystallite dipoles are fixed in their orientation 

by the field of trapped charges. The traps are associated 

with the dipole orientation since they are attributed to 
the dipole ends at the surfaces of polar crystallites. The 

strong stability of the polarization in PVDF appears as 

the result of the ferroelectric cooperative interaction be­

tween dipoles in the crystallite! and trapped charges at 

the crystallite surfaces. 
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