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The depth profiles of the polarization in films ofpolyvinylidene fluoride (PVDF) as well as in
vinylidene~ftuoride-trifl.uoroethylene (VDF~ TrFE) copolymer films polarized by a focused
electron beam were investigated using the piezoelectrically generated pressure step method.
The dominant polarization exhibits a broad maximum inside the film. The position of this
maximum depends not only on the energy of the incident electrons but also on the material
parameters of the sample. Close to the surface exposed to the electron beam we have in
addition observed a small secondary maximum of opposite polarization (amounting to about 1
mClm2 ). A qualitative model is presented for the poling of films ofPVDF and its copolymers
with TrFE by focused electron beam accounting for most of the observed features. The
application of electron beams for the poling of ferroelectric films allows the production of
piezoelectric bimorphs. By using a well-focused electron beam also ferroelectric domains of
very small lateral dimensions can be created which could become important for ferroelectric
data storage.

I. INTRODUCTION
In view of the many applications of polyvinylidene
fluoride (PVDF), the research interest in this material has
grown rapidly during the last few years. 1-4 A number of poling methods for the production of piezo-, pyro-, and ferroelectric PVDF films have been reported: The classical method of electret formationS by the application of a high electric
field at elevated temperatures to a PVDF sample, metallized
on both sides,6 and the corona poling 7 are well established.
A new method of poling PVDF reported by Sessler et
al. 8 uses an unfocused monoenergetic electron beam which
irradiates a large area of the sample. The special feature of
electron-beam poling as explained by Sessler et al. 8Hes in the
finite depth of penetration for electrons into the sample,
building up a zone of negative space charges at the character~
istic penetration depth (see also Ref. 9). This space charge
leads to a nonuniform polarization across the sample thickness as first observed by Sessler et ai. 8 and Gross et aI, 10 using
their well~known method of laser~induced pressure pulses
(LlPP). 1i-13
In this paper we report experimental results for poling
of PVDF films by a focused electron beam as proposed by
Byatt in 1977 (Ref. 14) as a new method for data storage in
PVDF based on the ferroelectric properties of this material.
We used a focused electron beam to scan across the PVDF
film to be poied, and we succeeded also in the electron-beam
poling of copolymer films of vinylidene-ftuoride-trifiuoroethylene (VDF-TrFE),
There are three important differences between poling
PVDF by a focused and by a defocused electron beam.
( 1 ) By using a focused electron beam, poling patterns of
very small lateral extension can be created. They can be
oj
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made visible by a scanning electron microscope using the
method of "potential contrast imaging" as reported elsewhere. 15 As mentioned above, this possibility to write and
read out may be important for memory applications of
PVDF, whereas the method of "defocused poling" is quite
useful for the production ofmonomorphs 16 oflarge area.
(2) There is another interesting qualitative difference
between both poling methods: Whereas in the defocused
case the sample surface is charged up uniformly such that all
subsequent electrons are slowed down in the planar stopping
potential, thi.s does not oc.cur in the same way in the case of
poling by a focused electron beam. Here the initial charges
are deposited at a small spot deep inside the sample, and
therefore the portion of the beam reaching the sample later
on is only partly stopped, but mainly deflected laterally, and
is still able to penetrate into the sample.
(3) As a consequence of the concentrated energy depo~
sition by the focused electron beam, rapid local heating of
the PVDF sample occurs and the temperature can reachaccording to our estimates-values of more than 60
for
slow scanning rates (below 0.1 m/s), This local temperature
rise may have an accelerating influence on the dipolar
switching time in the poling process and may therefore be
quite useful for fast recording. If, however, the charge deposition exceeds values of about one electron per A2 ,17 chemical changes of the PVDF surface can also occur.
For a detailed investigation of the polarization created
by the electron~beam-poling process, we applied the method
of piezoelectrically generated pressure step (PPS) developed by Haardt and Eisenmenger IS, 19 to our electron-beam~
polarized PVDF samples.
This pressure-step~response method is very similar and
complementary to the LIPP method mentioned above. 20
The acoustic pulse response of the LIPP method can be obtained from the PPS response by simply differentiating. For
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a comparison of the various pressure wave methods, see Ref.
13. We used the PPS method to obtain an easy calibration of
the signal amplitude with respect to the absolute value of the
apparent piezoelectric constant e*. Since e* in PVDF is proportional to the polarization Po (x,) (to be discussed in Sec.
n B), the acoustic step response of the PPS method-after
proper calibration-provides a simple means for directly determining the polarization profile in PVDE
Therefore, by using the PPS method we can study the
absolute magnitude of the polarization in the PVDF films
both for the electron-beam-irradiated and for the nonirradiated regions, respectively, as well as for foils of different
origin or different processing. This information on the comparative magnitude of the polarization is very useful for a
clear understanding of the process of electron-beam poling
inPVDF.
II. EXPERIMENTAL METHODS

A. Electron-beam poling
Unmetallized PVDF films, from different sources varying in thickness between 25 and 40 pm, were bonded onto a
polished copper substrate and afterwards inserted into a conventional scanning electron microscope (Cambridge Mk
2A). All experiments were performed at room temperature
at a pressure of 2X 1O~-5 mbar.
In general, a small area of the PVDF foil (2 mm 2 ) was
scanned by a focused electron beam at energies varying from
5 to 30 ke V. A single scan of this area lasted 400 s, The sweep
rate of 100 lines/s resulted in an effective spot velocity of
0.16 mls across the sample.
Before the poling experiments the current of the incident electron beam was measured to be about 8 X 10- 10 A
using a Faraday cup. During the poling process the current
collected from the rear side of the PVDF film was also monitored.
The magnitude of the incident beam current as well as
the irradiation time and the irradiated area, were optimized
such as to create a large amount or polarization, but staying
below the critical dose for the destruction of the specimen
surface by chemical changes or by overheating.!7 Immediately after poling we could demonstrate the piezoelectric activity of the irradiated PVDF films by generating ultrasound
at MHz frequencies using the well-known pulse-echo technique. 21

B. Piezoelectric pressure step (PPS) measurement
We used a PPS system as recently described elsewhere. 18,19 An acoustic rectangular pressure pulse of I-ns
rise time and lOO-ns pulse duration is generated by the transient response of an x-cut-quartz disk of 3 mm thickness and
20 mm diameter to a rectangular pulse signal of 600 V and
100 ns. The repetition rate can be varied between 20 and 200
Hz. The mechanical pulse is coupled to the PVDF film by a
thin oil layer. A conducting rubber electrode of 3 mm diameter is pressed against the sample for the collection of the
charge and the polarization-induced electrical current signals. These are amplified and directly displayed on a 1-GHz
oscilloscope. The pressure pulse leading edge corresponds to
a velocity or a pressure step wave, propagating in the sample.
Space charges, polarization, or true piezoelectric distribu270
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tions (by changes of elementary dipole moments under
strain) contribute to the observed corresponding time-dependent current signal. In the case of the piezoelectric polymer PVDF, having a finite conductance, the general quantitative expression 18.19 reduces to the following relation
between the signal current Is and the charge~compensated
polarization:

I (0 = Av e*
S
I
with

e* = Po(x s )

-

e33 (x,) ,

where Po(x s ) denotes polarization at the position x"
e33 (x,) denotes other piezoelectric contributions, A denotes
cross section of the sample and sensing electrode, v denotes
acoustic particle velocity behind the pressure step, and I denotes sample thickness (cf. Refs. 18 and 19).
It is important that the time constant defined by the
capacity of the measuring electrode and the input impedance
of the amplifier (50 H) is always kept below 1 ns. For thin
samples the electrode capacitance can be reduced by insert~
ing-in series-an additional dielectric film in front of the
conducting rubber electrode. In the absolute evaluation of
the piezoelectric properties we determined the constant e*
with an experimental accuracy of ± 5%. (For further details, including the calibration, see Refs. 18-20.) The dominant contribution to e* results from the local polarization
Po (x s ) via the pure geometrical polarization change (i.e.,
the dipole density) under the step-wave deformation. All
other contributions which are also proportional to Po (x,)
are contained in e33 (xs ). These, in principle, can be ascribed
to changes of the effective microscopic dipole moments in
the polar crystallites including pyroelectric contributions
due to the temperature increase within the pressure step,
eIectrostriction (change in €) , thermal lib ration, direct
change of elementary dipole moments under stress, and others. The different mechanisms are well described and reviewed in the literature (de Reggi,22 Broadhurst et 01.,23
Kepler and Anderson,24 and Gerhard~Multhaupt, Gross,
and Sessler25 ).
The lack of detailed microscopic data makes it difficult
to predict the exact ratio or even the sign between e33 (xs )
and Po (x s ) in the present case of uniaxial plane-wave deformation. We therefore compared e* with the polarization Po
obtained from measurements of the charging and discharging currents in poling the sample first by high-voltage application and afterwards by discharging under zero-voltage
condition. 26 In these experiments the ratio between Po and
e* amounted to 1.1 with an experimental error of5%.26 Apparently the different signal contributions mentioned above
cancel each other under the deformation condition of the
PPS method, thus leaving the dipole density term Po (x s ) as
the dominant signal source, and therefore the signal current
Is is a good measure for the polarization.
III. RESULTS AND DISCUSSION

The polarization ofthe PVDF films, which we observed
after electron irradiation, was obtained for the following
conditions.
Schilling et al.
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(a) The energy of the incident electrons was changed
from 5 to 30 keV in order to investigate the influence of the
electron penetration depth on the polarization.
(b) As will be described below, we found to our surprise
that the polarization profile is strongly dependent also on the
physical characteristics of the PVDF sample under investi~
gation. Therefore we examined the polarization profiles of
PVDF films of different origin and after different treatment
but for identical, current, and voltage conditions in the scanning electron microscope (SEM).
(c) It was of special interest to us to measure the shape
of the polarization profiles for electron-beam poling and
compare it with those obtained by other poling methods.
A. Shape of the polarization profiles

Due to the finite penetration of electrons into the sample
we cannot expect a uniform distribution of the polarization
across the film thickness. This fact is clearly demonstrated in
Figs. l(a)-1(d) which shows the polarization profiles observed for the identical material (27-fLm uniaxially stretched
KF-polymer film) irradiated with focused electrons swept
across an area of 2 mm2 , beam current: 0.78 nA at a rate of
100 lines per second. The electron energy was 5, 10,20, and
30 keY, respectively. The PPS signals refer to the case that
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FIG. 1. Polarization profiles of
uniaxially stretched 27-f.lm KFpolymer films poled by electrons of
different energies Eo. The polarization grows with increasing electron energy (see also Fig. 2), At
the same time the proliles become
more asymmetric [see (c) and
(d)]. Note the different scale in
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the acoustic step enters the PVDF sample from the same side
from which the film surface had been irradiated by the polarizing electron beam. In the fonowing this surface will be
called the beam~exposed (BE) surface. The polarization is
seen to build up a few microns away from the BE surface
inside the sample at a critical depth R (see arrow). This
starting depth R grows when increasing the beam energy as
is dearly evident from Figs. 1(a)-l (d), It must be emphasized, however, that generally R is considerably smaller than
the average penetration depth of electrons, which is rather
more comparable to the range further inside the sample
where the pOlarization exhibits its steepest rise.
In Fig. 1 (a) a different scale is used for the polarization.
It is interesting to note (Fig. 2) that the maximum of the
polarization inside the film grows with the beam voltage (for
constant electron dose and for the same material), particularly between 5 and 10 keY. Above 10 keY the polarization
still increases slightly with beam voltage, in our view because
of the decreasing effective thickness of the polarized region,
thereby increasing the effective field strength across the sample. This observation, however, shows the tendency of the
polarization in PVDF to saturate at high poling fields.
Furthermore, it is clearly visible in Fig. 1 that for increasing the energy of the polarizing electron beam the po~
larization profile becomes more asymmetric: The rising
slope of the polarization becomes less steep and the plateau
of maximum polarization is displaced towards the rear side
of the PVDF film for the higher beam voltages. This effect is
more pronounced for the samples irradiated by 20- and 30keY electrons, whereas for PVDF films polarized using electrons of only 5 and 10 keY the profiles are rather symmetricaL
As already mentioned the energy of the polarizing electron beam is, however, according to our observation not the
only parameter which determines the shape of the polarization distribution across the sample thickness. The polarization profiles differ strongly for materials of various sources,
which have been shown to contain different fractions of aand .a-phase crystallites, and consequently they also exhibit
a different conductivity.27 This fact is clearly demonstrated
in Fig. 3, showing the observed polarization profiles of two
different samples poled under identical conditions: The up-
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FIG. 2. The maximum polarization inside the sample for constant beam
current as a function of electron-beam energy. For other details see Fig. 1.
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FIG. 3. PPS response of two different PVDF films irradiated with lO-keV
electrons under identical poling conditions. Left-hand side: profiles for an
unstretched 25-llm KF-polymer film (US). Right-hand side: profiles obtained for biaxialiy stretched 25-flID Soleffilm (5). The upper (a) and the
lower curves (b) differ only in that the pressure step enters from opposite
surfaces of the sample.

per two curves in Fig. 3(a) show profiles which were both
measnred by PPS in such a way that the acoustic transducer
for the generation of the pressure pulse was adjacent to the
BE surface. Vice versa, for the measurement of the lower two
curves in Fig. 3 (b) the piezoelectric transducer was in contact with the grounded rear electrode which is caned the G
surface (GS) in the following. In this way we could demonstrate the reliability of our observation of asymmetric
shapes.
Let us now look at Figs. 3(a) and 3(b) in more detail.
They represent observed profiles from two different samples,
called US (unstretched) and S (stretched), respectively,
which were poled by electron irradiation under identical
conditions. The two left curves refer to an unstretched
PVDF foil (US) from Kureha 25 11m thick, containing a
mixture of a- and j.J-phase crystallites and showing a relatively high electrical conductivity under the influence of
electron beam while the two curves on the right are taken
from a biaxially stretched (8) 25-pm Solvay film, which
consists of nearly purej.J-PVDF and shows lower electrical
conductivity.27
Clearly, the unstretched sample (US) on the left in Fig,
3 shows a narrow profile which is displaced off center
towards the grounded G surface (GS). It is interesting that
the two samples (US) and (S) represented in the left- and
right-hand sides of Fig. 3, respectively, exhibit such different
polarization profiles in spite of having been polarized under
identical conditions. In particular, it is exactly those PVDF
films that already show a highly asymmetric piezoelectric
activity for thermal and room-temperature poling2l •28 which
are also the most asymmetric under electron-beam polariza272
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FIG. 4. Polarization distribution of a weakly polarized
27-pm uniaxially stretched
KF-polymer film poled by
electrons of 20 keY. The
weak
polarization
was
achieved by scanning the
electron beam for 400 s
across an area which is 4
times larger than in the
curves of Figs. 1-3, Between
the depth R and the BE surface a region with opposite
polarization can be clearly
seen.

tioD. This fact clearly demonstrates that for the asymmetry
of the profiles the material parameters of the foil are at least
as important as the process of electron-beam polarization.
The electrical conductivity of the samples which grows with
increasing a-phase content seems to be an important parameter for the shape of the profiles and the homogeneity of the
polarization. Mobile charge carriers, the nature of which is
still unknown, seem to have a considerable influence on the
poling process and on the final profile of the polarization.
There is another interesting feature which we have observed: In Fig. 4 let us focus our attention on the region
between the depth R (onset of the polarization) and the BE
surface. A small amount of polarization pointing into the
direction opposite to the main polarization discussed so far
has been observed. This surprising effect of "opposite polarization" (shown in Fig. 4) appeared in most of the samples
investigated so far and could best be seen under the conditions of weak polarization. We believe that this "reverse polarization" can be attributed to the reverse electric field existing between the negative space charge of the injected
electrons, at a depth of a few microns, and a positive surface
layer, about 10 nm deep, adjacent to the BE surface. In our
view these positive charges close to the BE surface are generated by the secondary-electron emission from the contactfree beam-exposed surface.
Referring to the sample- and beam-dependent asymmetries of the polarization profiles, shown in Figs. 1 and 3, as
well as to the effect of reverse polarization near the BE surface shown in Fig. 4, we propose the following qualitative
picture of the poling process occurring during electron irradiation.
As the electrons penetrate into the film (up to a few
microns dependent on their energy), they create a virtual
negative electrode located at the average penetration depth. 9
Between this virtual electrode and the grounded rear electrode of the film the main poling field builds up, apparently
modified by the electrical conductivities in the polymer samples. Under the infiuence of this effective electric field and
dependent on the dielectric properties of the film dipolar
orientation takes place in the ferroelectric sample, i.e., the
main polarization builds up.
Between the main (negative) space-charge region and
the weaker positive charges near the BE surface a secondary
electric field of reverse direction is formed as pointed out
above. It remains rather small by comparison with the main
Schilling et al.
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field perhaps because of the increased electrical conductivity
in the irradiated region-often referred to as "radiation-induced conductivity" (RIC). 9 But the resulting field seems to
be high enough to orient the molecular dipoles to a certain
degree. The RI C is not strong enough to completely suppress
the occurrence of the reverse polarization shown in Fig. 4.
Under the influence of electron bombardment the
charge carriers in PVDF are known to acquire a relatively
high mobility,9 particularly when the beam energy is large.
Driven by the electric fields of the virtual negative electrode
the charge carriers are drifting easily towards the grounded
rear electrode and also towards the BE surface. The growing
asymmetry of the profiles in Figs. l( c) and 1 (d) as well as
the larger polarization for the higher beam energies (see Fig.
2) can perhaps be accounted for by such a radiation-induced
(or thermally activated) motion of the virtual electrode
towards the G surface.
In contrast, PVDF samples having been poled by electrons of only 5 or 10 keY, which penetrate into the sample
less than one-tenth of the whole sample thickness, are observed to show nearly symmetrical profiles. These samples
are known to have a high p-phase content (sample marked S
in Fig. 3 on the left-hand side). The electrical conductivity
for oriented PVDF films is known to be more than one order
of magnitude smaller than in the ulloriented state. 29 We believe that in stretched PVDF samples the charge carriers
cannot move easily towards the G surface during the irradiation with low-energy electrons, and therefore a more uniform poling field and polarization builds up. For the unstretched sample, on the other hand, marked US in Fig. 3,
which probably contains a large proportion of a-phase crystallites, the poling process is more complicated, Here an
a --+ 8 phase transition occurs as we observed in x-ray-diffraction experiments,27 which agree well with the results ofDavis et ai, 30 and Newman et al. 31 for corona-poled PVDF containing a mixture of a- and p-PVDF. We assume a poling
mechanism which is basically similar to the process of thermal poling and which has already been described elsewhere. 28 ,32-34
It has been concluded by Lang et al.,35 as well as by
Mopsik and DeReggi',6 from thermal pulse experiments that
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FIG. ;, Production of a bimorph
by electron irradiation of PVDF
films. (a) Profile of the commercially polarized 4O-llm Yarsley
film; (b) profile of the same film
after irradiation with 3D-keV electrons in the reverse direction resulting in a partially reversed polarization and in a reduction of the
original polarization.
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polarization properties across the film may be related to inherent inhomogeneities in the samples. Finally, we cannot
completely exclude that fact being responsible-at least partially-for our observed profiles.
It should also be mentioned that electron-beam-polarized PVDF films produce PPS signals, which are quite different from those obtained for electret materials such as polyfluoroethylenepropylene (FEP) and polyethyleneterephtalate (PETP) charged by a 20- or 30-keV electron
beam, but with a charge density which is more than 2 orders
of magnitude below that used in our experiments. 37 The
much higher charge storage capability ofPVDF is regarded
as a consequence of the strong charge-compensated polarization in this material. In FEP and PETP the electrons entering the foil during the irradiation are trapped at the penetration depth and no further motion seems to occur even if
the sample is, afterwards, heated up to 150°C.
B. Bimorph generation by electronmbeam poling

The finite penetration of electrons into the PVDF film
during the electron irradiation is very useful for the production of piezoelectric bimorphs. Bimorphs are used for a wide
variety of applications mostly based on piezoelectric flexure
mode devices. 38
In order to generate a bimorph we used a commercially
polarized 40-jlm-thick PVDF film (from Yarsley Technical
Centre, Ltd), the positive surface of which was exposed to an
electron beam of 30 keY. In Fig. 5 the polarization distribution before (curve a) and after (curve b) the electron irradiation is shown. The polarization profiles have been measured only for the case that the pressure step enters the
sample from the G surface. From curve b of Fig. 5 it can be
seen that near the G surface the polarization is reversed, and
near the BE surface the polarization is reduced. The fact that
the polarization remains partly in its initial direction up to a
depth exceeding the penetration depth for 30-keV electrons
seems to us to support the poling model for ,8-phase PVDF
described above.

C. Poling of VDFa TrFE copolymer by electron irradiation

The poling method described in this paper cannot only
be applied to pure PVDF, but also allows the poling of its
copolymers with TrFE. This was demonstrated by irradiating a solution grown 60/40 vinylideneftuoride-trifluoroethylene (VDF -TrFE) copolymer sample by 20-ke V electrons.
The resulting polarization profile is shown in Fig, 6. It can be
seen that the amount of polarization of the copolymer is
weaker than for PVDF (cf. Fig, 1) and that its profile is
asymmetrically displaced towards the G surface. The same
behavior was observed for a VDF-TrFE copolymer film of
composition 75/25.
The reason for the relatively weaker polarization of the
copolymer is not yet understood. Lovinger 39 has reportedinduced by 1(x}-keV electrons at a charge density of more
than 4 C/m 2-a ferroelectric to paraelectric phase transition
to occur in the VDF-TrFE copolymers. In our own preliminary x-ray-diffraction experiments we did, however, observe
no difference in the diffraction pattern of unirradiated coSchilling et ai.
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polymer films compared with samples irradiated by 20- and
3D-keV electrons, respectively. But the electron doses used in
our experiments were more than 1 order of magnitude below
those quoted by Lovinger.
Our x-ray diffraction results, however, indicate that copolymers grown from a solution (acetone) contain a certain
fraction of a paraelectric crystalline phase. Thus the rather
asymmetric polarization profile in electron-beam-polarized
60/40 VDF-TrFE copolymer may be a consequence of partly disordered crystal phases in solution-grown copolymer
films. Moreover, we could show that the electric conductivity of the copolymer samples are of the same magnitude as
for the sample whose profile is shown on the left-hand side of
Fig. 3 having considerable a-phase content. For a fuller understanding of this behavior more experiments are necessary.

show a highly nonuniform piezoelectric activity with a maximum always dose to the positive poling electrode. 21 ,28
For samples of pure P-PVDF we observed a small
amount of reverse polarization (opposite to the main polarization) between the beam-exposed surface and the depth R
where the main polarization starts inside the film. We believe that secondary emission from the beam-exposed surface is responsible for the small reverse-poling field near the
front surface.
Electron-beam poling of VDF-TrFE copolymer films
leads to a much smaller and asymmetric polarization. The
reason for this behavior is not yet understood.
As far as applications are concerned, electron-beam poling of PVDF foils can be used for the production of welldefined piezoelectric monomorphs 16 and bimorphs for flexure mode devices as pointed out previously.
When using a focllsed electron beam for the poling process, in addition, very small domains can be poled in PVDF.
A focused electron beam may therefore be useful for fast
data storage in ferroelectric materials. The spatial resolution
is only limited by the width of the electron diffusion inside
the sample. For the read-out process a weaker electron beam
can be used with or without pyroelectric enhancement of the
surface charges.
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IV" CONCLUSIONS

It has been shown that the irradiation ofPVDF films by
a focused electron beam is a useful tool for creating a wide
variety of polarization profiles with a high lateral resolution
in PVDF films. Using the PPS method for examining the
polarization profiles of the electron-beam-poled PVDF
films, we have demonstrated that the polarization is strongly
dependent on the electron energy. The polarization builds
up at a characteristic depth R below the beam exposed surface, rising when the electron energy is increased and at the
same time becoming more asymmetric as a consequence of
the increasing electronic penetration depth. Due to the finite
penetration of the electrons into the sample a strong polarizing electric field builds up between the negative charge cloud
and the positive image charges in the grounded metal electrode at the rear of the sample.
The polarization profile is found to depend not only on
the beam energy but equaUy strongly on the material parameters. 28,35,36
For samples of high a-phase content and of a relatively
high electrical conductivity, we observed a very asymmetric
distribution of the polarization, the maximum of which is
displaced towards the grounded rear electrode. These asymmetric profiles-often referred to as "thermal profiles"-are
observed for exactly those specimens which are ·known to
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