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ABSTRACT:

The photoconductivity, the bulk photovoltaic effect (BPE) and the photoelectret

effect were observed experimentally in ferroelectric polymer films of poly(vinylidene fluoride)
(PVDF). The mutual influence of the photoelectret internal field on the hysteresis loops and
ferroelectric switching on the photoelectret charge is discussed.
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During the last ten years, the ferroelectric
polymers of PVDF and their copolymers
were widely investigated.! The task of the pres-
ent work is the investigation of the photoelec-
tric and photovoltaic properties of ferroelec-
tric polymers. Previously many authors®~>
investigated photocurrent and the bulk photo-
voltaic effect (BPE) in PVDF. The experimen-
tal results reported in these works are in
discrepancy. The open-circuit saturation volt-
age for a 30-um-thick film was estimated by
Sasabe et al? to be 4x 10*V, which exceeds
the energy gap E, of PVDF more than by
three orders of magnitude (E,~9eV). An
analogous result for copolymer VDF-TrFE
was obtained.’ Ogden and Gookin® measured
the open-circuit voltage directly for 27-um-
thick film and obtained a value V=
0.25 V<« E, Micheron* noted in question the
existence of BPE in poly(vinylidene fluoride)
and connected these observation with injection
of carriers from electrode into PVDF. The
discrepancy of results® > seems to arise from
the fact that not the same material was used in
different experiments.
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The photoelectret effect was not observed in
PVDF earlier in spite of the stable thermo-
electret effect.® In the present work the photo-
electret effect in PVDF was found and in-
vestigated.

EXPERIMENTAL

The ferroelectric PVDF films in this work
were supplied by the film “Bamberg”. Three
types of 14-um-thick samples were used: a)
uniaxially stretched films with a f-form crystal
structure, b) biaxially stretched films with o-
and fB-form crystal structure, and c¢) unstret-
ched films with « and f phases. All the films
used were poled, but pyroelectric and piezo-
electric properties were different according
to the concentration of -form crystals.

The photoconductivity and BPE were mea-
sured by illumination in the visible region. The
light source was a 500 W Xe lamp and Ar laser
(A~458nm). The semitransparent gold elec-
trodes were evaporated on the film surfaces.
Due to this, the photocurrent and photovoltaic
current were measured in the direction of the
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spontaneous polarization. The film was illumi-
nated in the same direction. The absorption
coefficient o* was estimated from the optical
transmittances for two samples of different
thickness. The obtained value was
30cm ! in the region 400—600 nm and there-
fore the 14-um-thick films were illuminated
uniformly. The hysteresis loops were record-
ed under 50Hz using the classical Sawyer
and Tower method. Transient pyroelectric
currents were observed, when the light was
turned on or off. The maximum values of
pyrocurrents were measured.

o* ~

RESULTS AND DISCUSSION

Photoconductivity

The measured photoconductivity of PVDF
o Was 1.0x 1072 Q7 'em ™! for the light
intensity /~1Wcm 2, which is two orders of
magnitude greater than the dark conductivity
g4 The measurement of photocurrents is ob-
tained when the transient pyroelectric current
vanishes to zero. The spectral distribution
of the photoconductivity was measured by
means of a monochromator and modulated
light. Figure 1 shows the spectral distribution
of the photoconductivity for B phase (type
a) and a broad maximum at 4A~600nm. Thus
PVDF shows extrinsic photoconductivity be-
cause £,~9eV. Figure 2 shows the photocur-
rent-voltage characteristic, which reveals the
superlinear part, caused by the photocurrent
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Figure 1. Spectral distribution of the photoconduc-

tivity for f-phase PVDF.

limited by the volume charge. The dependences
of the photocurrent J,, and pyrocurrent J, .,
on the light intensity were investigated (Fig-
ure 3). The dependence J,,, (I) is linear in
the whole interval of the light intensity. But
the dependence J,,, (I) has a superlinear part.

We also investigated the copolymer (CF,-
CF,),~(CH,—CF,),, which showed no photo-
conductivity. The different photosensitivity of
the sample is connected with impurities, in-
troduced in the polymer at the time of syn-
thesis and production.
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Figure 2. Photocurrent-voltage characteristics for f-

phase PVDF. 2=458 nm.
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Figure 3. Lux-ampere characteristics of the photocur-

rent J,, and pyrocurrent J,, . for fi-phase PVDF. /=
458 nm.
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Bulk Photovoltaic Effect

The bulk photovoltaic effect discovered for
the first time for ferroelectrics’ ~° is a partic-
ular case of a more general effect discribed for
crystals and textures without a center of sym-
metry by the third-rank tensor o

JizfxijkEjEk* (1)

According to eq 1, when a homogeneous ferro-
or piezoelectric crystal (or texture) is illumi-
nated uniformly with linearly polarized light, a
photovoltaic current J; arises in it. The sign
and magnitude of the current depend on the
orientation of the light polarization vector
with projections E; and E,. Taking into ac-
count the point group of the f-phase of PVDF
(mm 2) and the difference from zero com-
ponents of the photovoltaic tensor a;;, we
obtain from eq 1 the expression for J, (the
direction of the linear polarized light prop-
agation coincides with z-axis)

J, =y [+ (055 —23,)  sin® 6 ()

where [ is the light intensity, 6 is the angle
between the light polarization plane and
stretching axis and the z-axis is perpendicular
to the film surface. The expression for J,
under illumination with natural light has the

form,
J,=ko*I (3)

where

1 _
k=?(0€*) 1(0531 +o3,)

Figure 4 shows the kinetics of the short-
circuit photocurrent generated in the poled
sample (type a) when the light is switched on
and off. The surface of the film was illuminated
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Figure 4. Kinetics of the photoresponce in the f-phase
for short-circuited electrodes. /=1.4 Wem 2.
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Figure 5. Photocurrent-voltage characteristics of the f-phase for two different light intensities. /, =

1.4Wem 2, I,=1.8 Wem 2.
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with natural light. The stationary bulk photo-
voltaic current J, was observed during 5 hours.
The value of J, linearly depends on the light
intensity /. The ferroelectric switching of the
sample leads to change of the sign of J..
The substitution of J,~7.5x1071°Acm ™2,
I~14Wcm™2, and «*~30cm™! into eq 3
gives k~2x 1071 Acm(W)~!. For “Kureha”
films, k~1.0x 1073 Acm(W) '3 The same
dependence was observed in the films of types
b and c. However, the magnitudes of the
photovoltaic current were smaller and thus
k<10"""Acm(W) ™! due to the smaller con-
centration of th f phase.

Figure 5 shows the photocurrent-voltage
characteristics of the f§ phase (type a). It is seen
from Figure 5 that the open-circuit photo-
voltage for 14-um-thick film is equal to
0.6 V< E,. There is no contradiction between
this result and existence of BPE. The re-
lationship between the short-circuit J, and the
open-circuit voltage V is given by eq 4’
Ty @

Opn 1T 04y

V=

where o, and o, are the photo- and dark
conductivity respectively. / is the distance be-
tween the electrodes. The measured value of
the photovoltage is in good agreement with the
estimated one from eq 4. According to eq 4, V
is proportional to / and may be larger than
the energy gap E, for thick films.

The above mentioned results do not reveal
the microscopic nature of the BPE in PVDF.
The ferroelectric polymer is a semicrystalline
nonhomogeneous material. Therefore, for
microscopic explanation of BPE in PVDF the
model which was applied to the ferroelectric
ceramics may be used. The BPE in the fer-
roelectric ceramics is connected with the com-
position of the elementary photo e.m.f. which
develops on separate microcrystals.'®

Photoelectret Effect
The possibility of photoelectret polarization
in ferroelectrics is based on photoconductivity
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Figure 6. Kinetics of the photoelectret dark depolari-
zation for fi-phase PVDF.

and deep traps. The stability of photoelectret
polarization is determined by a large value of
u/kT, where u is the energy of the traps
responsible for the photoelectret effect.!!

It was found that photoconductivity in
PVDF leads to volume charge, which remains
for a long time in the poly(vinylidene fluoride)
film after switching off the light and electric
field. The kinetics of the photoelectret dark
depolarization are shown in Figure 6 for type a
sample. The curve of the photoelectret charge
decay consists of rapid and slow parts. The
relaxation time of the rapid part 7, ~10%s.

Experiments were performed with 14-um-
thick film of the B-phase (type a). The values of
the spontaneous polarization P~5uCcm™2
and coercive field E,~0.7MVcm ™! were ob-
tained from the hysteresis loops. Figure 7
shows curves of the photoelectret polarization
and depolarization. The sequence of obser-
vation and measurements was the following.
The constant voltage V=600V was applied to
the film, which was illuminated through the
semitransparent electrode in the visible region.
The photocurrent was observed at the time of
illumination, which decreased due to the vol-
ume charge (Figure 7, curve 2). The sample
was polarized during 1 hour, after which the
illumination was switched off and the external
field was removed and the electrodes were
shortcircuited. After 1 hour, the polarized
sample was illuminated for the second time.
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Figure 7. Kinetics of the photopolarization and photodepolarization of the photoelectret for f-phase
PVDF. At the time of light switching, there are transient pyrocurrents, which are not shown in the figure.
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The illumination leads to the photodepolari-
zation current (Figure 7, curve 3). By integrat-
ing the photodepolarization current over time,
the density of the photoelectret charge Q ~
8x1077Ccm ™2 was determined. This value
corresponds to the internal field of the photo-
electret E~QJee,~0.9MVem™!  which is
the same order of magnitude as the coercive
field.
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b

Ferroelectric hysteresis loops before (a) and after (b) photoelectret polarization.

Influence of the Photoelectret Internal Field on

the Ferroelectric Switching

Figure 8 shows the influence of the photo-
electret internal field on the ferroelectric hys-
teresis loop of PVDF. Figure 8a shows the
typical symmetric hysteresis loop in the PVDF
film without photoelectret polarization. It is
seen from Figure 8b that after creation of
photoelectret polarization, the hysteresis loop
becomes asymmetric. The change of sign of the
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photoelectret polarization reverses the asym-
metry of the loop. The depolarization of the
PVDF photoelectret at illumination leads to
recovery of the symmetric loop. Thus, the
asymmetry of the hysteresis loop is caused by
the internal field of the photoelectret. This
phenomenon was observed earlier in the fer-
roelectrics of the AyBy,Cyy type.!!

Influence of the Ferroelectric Switching on the

Charge of the PVDF Photoelectret

The observation of the ferroelectric hys-
teresis loops in the PVDF photoelectrets re-
vealed decrease of the photoelectret charge
during ferroelectric switching. This is seen
from Figure 8, which shows the transition of
the asymmetric loop in the symmetric one
during the ferroelectric switching. The tran-
sition time t depends on the amplitude of the
switching field. In the low electric fields E<E,
7 is a few seconds. In the electric fields E> E|
1<1073s and coincides with the switching
time.! It was shown that the decrease of the
photoelectret charge is directly connected with
the ferroelectric switching. This is illustrated
in the Figure 9, which shows the dependence
of the photoelectret charge density Q on the
amplitude of the alternating field £ (50 Hz). In
the low electric field E<10"!MVem ™! the
photoelectret charge Q is not changed. For
these fields, there is no hysteresie loop and
correspondingly the dependence of polar-
ization on field is linear. In the field region
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Figure 9. Change of the photoelectret charge in the
external alternating field.
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107! <E<0.3MVcm™! the nonsaturated hys-
teresis loops are observed and correspond-
ingly there is decrease of the charge Q. In the
high fields E = E_ the saturated hysteresis loops
are observed and correspondingly Q ~0. The
heating of the sample in the alternating field
was negligibly small.

In spite of the observation of the asymmetric
hysteresis loops in ferroelectric photoelectrets,
their depolarization in the alternating electric
fields was not observed.'' Perhaps this new
phenomenon is specific for ferroelectric poly-
mers. Here we propose a model for this phe-
nomenon.

Let us consider first the mechanism of the
formation and dark relaxation of the photo-
electret polarization in the n-type crystals.'?
The energy-band diagram is shown in Figure
10. Here M, and M, are the concentrations of
the donors and traps respectively, N is the
concentration of electrons in the traps, f and «
are the probabilities of trapping and recom-
bination and k7 is the probability of the
electron thermal excitation from the trap to
the band:

kT=pNexp(—u/kT) (5

where N, =2QnmkT/h*)*? is the density of
states, u is the trap energy and m is the effective
mass of electron.

The illumination of the crystal in the exter-
nal electric field E leads to filling of the traps
by electrons and their redistribution in the
crystal volume. This leads in tutn to the crea-

[ I )
kT /6
N — L — M,

—— —— M,

Figure 10. Energy-band diagram of the photoelectret.
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tion of the photoelectret charge Q. Provided
that d« 1, where d is the screening length and /
is the length of the crystal in the field direction
(the photoelectret of the barrier type), Q has
the form

d
Q= f plx)dx (6)
0

where p is the volume charge density.

The dark depolarization of the photoelectret
is caused by the thermal excitation of the
trapped electrons and their recombination
(Figure 10). If the trapping is small in com-
parison with the recombination (f/a<«1), the
kinetics of the photoelectret dark depolari-
zation are exponential.'?

ln%=k7t
Q
where Q, is the initial value of the charge and ¢
is the time of the dark depolarization. The time
of the dark relaxation = (k7)" is determined
by the trap energy u.

In ferroelectrics, u can be expanded in a

series in the spontaneous polarization P.’

()

u,=u2+a—2’P2+--- 8)

The possible mechanism of the influence of
the ferroelectric switching on the photoelectret
charge relaxation is described by eq 5, 7, and 8.
For effective switching time P=0 and hence
the energy of the traps decreases for the value
Au=u, —u, which in turn accelerates the de-
polarization of the photoelectret.

Substitution of the typical values N ~
10cm and f~10 #cm’s ! 2 int=(k")"!
gives

t=10""exp(u/kT) 9

The value of Au can be obtained from eq 9.
The substitution of the dark relaxation time
7,~10%s in eq 9 gives u,; ~0.9¢V. The switch-
ing time in PVDF for the coercive field
E.~08x10°MVem ™! is 7,~107%s.! This
value of the switching time can be taken as the
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Figure 11. Influence of the ferroelectric switching on

the trap energy in PVDF.

effective time of relaxation of the photoelectret
charge in th external alternating field E=E,.
Substituting 7,=10"7s in eq 9 we obtain
u,~0.5eV and hence Au~0.4eV. In PVDF
P~5uCcm™? and in accordance with eq 8
a,~2x10°eVcm*C™%  The constant a,
(which is proportional to the square of the
constant of the electron-phonon interaction)
exceeds the value of g, in ferroelectric crystals
by two orders of magnitude.

This discrepancy can be explained by the
fact that the band theory of the photoelectret is
not applicable to the polymer. It may be sup-
posed that for PVDF there is strong depen-
dence of u on the orientation of the dipoles
CH,CF,. This situation is shown schemati-
cally in Figure 11. This strong dependence
leads to thermal release of carriers from the
traps at ferroelectric switching.
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