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ABSTRACT: Current—voltage characteristics of poly(vinylidene fluoride) (PVDF) films
fabricated on glass substrates by thermal evaporation technique in the metal-polymer—
metal sandwich configuration were studied. The vacuum-deposited PVDF films were
predominantly of « form. However, when subjected to high-voltage, short-duration
singular pulse, it possibly resulted in mixed a + B form. The I-V curves of such films
display the low-field ohmic region and the high-field square-law region. The current
versus thickness curves in the square-law region and the transition voltage, V,,., versus
thickness curves indicate the conduction process to be space—charge-limited. The anal-
yses of the current—voltage characteristics indicated the presence of uniformly distrib-
uted high-trapping carrier densities on the order of 10?* m™2 eV~ ! with average
activation energy of 0.263 eV. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 1347-1354,

1999
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INTRODUCTION

The discovery of strong piezoelectricity in poly(vi-
nylidene fluoride) (PVDF) has drawn consider-
able research interest of both scientists and tech-
nologists. PVDF exists in different crystalline
forms named as «, B, v, and 6.1 The B form has
molecules in planar—zigzag configuration. Its unit
cell is orthorhombic with space group Cm2m.
There are two polymer chains per unit cell and
the monomer units are rigid dipoles of moment 7
X 1073% C m. Thus, a single crystal will clearly be
piezo- and pyroelectric.*

The « phase is monoclinic with space group
P2,/C. Each unit cell again contains two molecu-
lar chains that are in the #rans-gauche—trans—
gauche' configuration. In this configuration, the
dipole moments of alternate monomer units along
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the chain are oriented at different angles and the
overall crystal is nonpolar.

Oriented B-phase samples can be obtained by
stretching melt-crystallized samples to about four
times their original length, at about 50°C,
whereas the o phase can be obtained by crystal-
lization from the melt. There are indications that
an electric field can flip one of the chains on the
unit cell of @ phase over to a new polar form and
that at higher electric fields the configuration of
the molecules can be changed from ¢trans—gauche—
trans—gauche’ to planar—zigzag.*® The B phase,
which is a polar form, is known to be mainly
responsible for piezoelectric activity in PVDF.
However, a phase, which is nonpolar, is also
known to give rise to a large piezoelectric ef-
fect.6—8

For the device applications, it is essential to
identify the type of conduction mechanism prev-
alent in these films. A good amount of work on
electrical conduction in polymeric material was
reported by many researchers.® 2 However, most
of the electrical measurements carried out on the
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Figure 1 MPM devices: (a) planar structure, and (b) cross section.

PVDF films were solution cast and in the thick-
ness range of 10—80 um and biaxially or uniaxi-
ally stretched. For many device applications, a
patterning of films is required which can be con-
veniently carried out during film fabrication by
depositing films through suitable masks. It was
shown'® that it is possible to grow good-quality
PVDEF films, in the form of metal-polymer—-metal
(MPM) structure on glass substrates using the
vacuum evaporation technique.

To the best of our knowledge, no attempt was
made to study the dc conduction in PVDF films,
with thickness < 1 um, cast by using vacuum
evaporation technique. In the present study,
therefore, we report on a dc conduction mecha-
nism in vacuum-deposited PVDF films having
thicknesses < 0.25 um.

EXPERIMENTAL

The PVDF samples used in the present study
were fabricated on thoroughly cleaned microscope
glass slides with dimensions of 75 X 25 mm. The
PVDF powder used for evaporation was supplied
by Aldrich Chemical Co., Inc. (Milwaukee, WI)
and possessed an average molecular weight of 5
X 10° a.m.u.

The metal-polymer—-metal devices were fabri-
cated by sequential vacuum evaporation of alumi-
num, polymer, and again aluminum by using ap-
propriate masks. The entire evaporation se-
quence was completed without breaking vacuum
at any stage. One evaporation cycle could provide
12 MPM devices on a single substrate (Fig. 1)
fabricated essentially under identical deposition
conditions. The thickness of aluminum was kept
at at least 0.6 um to ensure good electrical con-
tacts and also to prevent migration of sodium ions
at elevated temperatures from the glass substrate
into the active area of the devices.

All the electrical measurements on MPM devices
were carried out in a vacuum cryostat, which could
be evacuated to 10~ 2 Torr during the measure-
ments. The voltage—current measurements were
made using Keithley electrometer model 610C and
Keithley nanovoltmeter Model 181. The films used
to obtain IR spectra were fabricated by depositing
PVDF vapors simultaneously on a KBr pellet and
the substrate held close to one another in a vacuum
chamber during the evaporation. The details are
given in the previous article.'

RESULTS AND DISCUSSION

As mentioned before, the PVDF film may exist in
a, B, a + B, or y form. It is therefore essential to
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Figure 2 IR spectra of (——) thermally evaporated and (- - - -) solution-cast PVDF.
The inset shows the IR spectra for (1) a, (2) B, (3) a + B forms as reported by Murayama,

and (4) evaporated PVDF.

identify the form of the PVDF films used in the
present investigation, which may also be found
useful in interpreting the conduction behavior, as
will be discussed later. The IR spectra of solution-
cast PVDF films and that of film obtained by
evaporation of the powder are reproduced'?® in
Figure 2. The evaporated film is found to contain
mainly the « form. However, a few weak absorp-
tion peaks corresponding to 8 form are also evi-
dent. The IR spectrum of our sample was com-
pared with the IR spectra for PVDF reported by
Murayama and Hashizumi.'* This is shown in the
inset of Figure 2 superimposed with the IR of the
evaporated PVDF in the range of 450—550 cm ~*.
The curves marked 1, 2, and 3 correspond to the
spectra for «, B, and « + B forms, respectively.
Murayama and Hashizumi found two peaks at
520 and 485 cm ! for films containing « form and
500 and 485 cm ! for the films containing 8 form.
For the films possessing both the « and B forms,
peaks at 520, 485, and 495 cm ™! were displayed.
It is evident from the IR spectrum of our films
that although they possess a form predominantly;
a few weak absorption peaks that correspond to 8
form could also be seen from the enlarged spectra
shown in the inset of Figure 2. During the cur-
rent-voltage measurements, it was noticed that
the current tends to become unstable at higher
electric fields (at higher applied voltages) and the

device was found to transform itself to a much
higher conduction state than expected. To trans-
form the device again to its original low conduc-
tion state, it was found necessary to apply a high
voltage (giving field > 60 MV/m) singular pulse of
100 us. This could be expected to transform the
device back to its original high-resistance state by
sudden melting and quenching.'® This aspect is
being studied in detail and will be reported else-
where. In the case of PVDF, it was reported that
such cooling at a superhigh rate results in the
formation of B-phase crystallites.*” It is reason,
therefore, to believe that our films that were sub-
jected to high-field short-duration pulses could
also have resulted in possessing partial 8 phase.
Hence, the films used in the study of dc conduc-
tion mechanism could be of a« + B form rather
than pure « form. It was, however, not possible to
obtain IR spectra on the films owing to thick
aluminum contacts deposited on it. It was further
observed that the loss tangent of these films
showed about 10 times higher values'®'® than
reported for solution-cast films. According to Ya-
suda,” this could be attributed to the presence of
polar groups in the film. It was further suggested
by Murayama and Hashizumi that the films hav-
ing « + B form would produce trapping sites.
Electrical properties in such a case will therefore
be mainly governed by a trapping mechanism.
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Figure 3 I versus V and log I versus V'/2 curves for
PVDF film with a thickness of 90 nm at room temper-
ature.

Figure 3 shows room temperature -V and log
I-V''2 curves for a typical representative sample
with film thickness of 90 nm. The nonlinear I-V
curve suggests that the possible conduction mech-
anism could be Richardson—Schottky (RS), Poole—
Frenkel (PF), or space—charge-limited (SCL) con-
duction. However, a plot of log I-V/2 is also non-
linear, which rules out the possible existence of
the RS- or PF-type conduction mechanisms. The
I-V characteristics of Figure 3 are therefore re-
plotted as log I — log V for the samples of various
film thicknesses and are shown in Figure 4. It is
seen that the curve for each thickness, S, shows
two distinct regions. At low fields (smaller applied
voltages), it shows ohmic behavior, whereas, at
high fields, it exhibits square-law dependence. It
is also seen from the curves that conductivity
increases with the decrease in film thickness.
Also, the transition from Ohm’s law to square law
takes place at voltage, V,,, which decreases as the
thickness of the film decreases. The nature of
these curves suggests that the conduction be of
SCL type. However, to establish the dominant
mode of conduction in a particular material, one
has to look into the detailed analysis of the I-V
data of the material in terms of theoretical con-

siderations available for SCL conduction type of
process. If the material has a finite-free carrier
density, n,, under equilibrium conditions at suf-
ficiently low electric fields, the current density
due to these carriers yields an Ohmic conduction
given by

J =en,uV/S (1)

where e is the electronic charge (C), w is the drift
mobility of free carriers (m%/V s), V is the applied
voltage (V), and S is the thickness (m).

For the current to be space—charge-limited on
the high-field region, the current density, o/,
should obey the Child’s law,'®' which gives the
equation for J as

J = [9euV?]/[8S?] (2)

where ¢ is the permittivity of the material (F/m).

If the nonlinear response of current to applied
voltage is due to the charge injection at the elec-
trode—polymer interface, a large excess carrier
density will exist at the injection electrode. This
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Figure 4 Log I versus log V plots for PVDF films of
various thicknesses at room temperature.



excess carrier density will give rise to the space—
charge-limited current flow. A material that may
be ohmic at low applied voltages may now follow
the quadratic law at a certain voltage V,,. At this
voltage, the density of injected charge equals the
equilibrium charge density. The expression for
this voltage can be found by equating eqgs. (1) and
(2) at the applied voltage V = V,,. Hence,

V., = 8enyS*9¢ (3)

To further confirm the existence of SCL con-
duction in light of the above discussion, magni-
tudes of current I at a particular constant voltage
(in square-law region) for various thicknesses are
obtained by using the data of Figure 4 and replot-
ted as log I versus log S and log V,, versus log S
as depicted in Figure 5. It is seen that both the
curves are linear with slopes —3 and 2, respec-
tively. This further confirms the existence of SCL-
conduction in lieu of egs. (2) and (3), respectively.
It is now necessary to evaluate the trap density
and its variation with temperature and also to
calculate its activation energy. Figure 6 gives the
temperature variation of log I versus log V curves
for the representative sample with a film thick-
ness of 90 nm. It is seen that slopes of the curves
in region II are temperature dependent, decreas-
ing slightly with the increase in temperature.
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Figure 5 Log]! versus thickness and V,, versus thick-
ness plots for PVDF films at room temperature.
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Figure 6 Log I versus log V curves at various tem-
peratures for PVDF film with a thickness of 90 nm.

When the traps exist in the material, if they
are located above the Fermi energy level, E
(shallow traps), and are in quasi-thermal equilib-
rium with the free carriers, the form of current
density is%°

J = 0epnV?/S? 4)
and
V, = en S 0e (5)
where
0 =N, exp[(E, — E.)/KT]/N, (6)

and N, is the density of states in the conduction
band (m~?), N, is the concentration of traps (m >
eV 1), E, is the energy level of traps (eV), K is the
Boltzmann’s constant (eV/K), and T is the tem-
perature (K). 6 can also be written as

0 = ny/n, (7)

where 7, is the free carrier density (m %) and n,
is the trapped carrier density (m®). Hence,

n,=V,eleS? (8)
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Thus the decrease in V,, implies the decrease in
n, that will increase the conductivity of the de-
vice.

Although the same total charge is forced into
the insulator with shallow traps as in the case of
trap-free insulator, only a fraction of this charge
is free. The drift mobility must then be reduced by
the same fraction. The value of this fraction is
determined by the number and depth of traps and
is not dependent on the applied voltage. Hence,
the current density is then given as?!

J = 0epn'V%S? 9

where ' is the effective drift mobility.

Discrete trap levels may be expected to occur in
single crystal materials of a high degree of purity,
whereas distributed trap levels may be expected
in amorphous and polycrystalline materials and
may be related to an intrinsic disorder of the
lattice, possibly due to variation in the nearest
neighboring distances. This leads to the distribu-
tion of states in energy materials deposited by
evaporation when perfect crystallinity is unlikely
and the density of such defects might be rather
high.?2

In amorphous/polycrystalline structures, which
are characteristic of thin film dielectrics, a distribu-
tion of traps is to be expected rather than a discrete
level of traps. Rose (1955)?! treated the case of SCL
conduction in the presence of a distribution of trap
levels that decrease exponentially in density with
increasing energy below the conduction band. He
considered this dependence as N, = A exp(—E/KT,),
where A is a constant, E, is the energy measured
from the bottom of the conduction band, and 7', is a
characteristic temperature greater than the tem-
perature, T, at which the currents are measured.
Hence, the current—voltage dependence is of the
form I o« VIT&/D+ 1 Thysg, if the distribution of traps
is exponential, I o« V", where n > 2. Rose has further
shown that if T, > T but KT, < E,, the distribution
is not exponential but uniform.

In our case, as shown in Figure 4, for all the
thicknesses studied in the square-law region, n
< 2, which indicates that the distribution of traps
could not be exponential. Further, for the sample
of film thickness 90 nm, KT, = 0.026 eV at room
temperature, whereas the activation energy cal-
culated for the same is 0.263 eV. It is therefore
evident that the traps are distributed uniformly.
Thus, if the traps are distributed uniformly in
energy below the conduction band, for given ap-

plied voltage, the charge @ is forced into the in-
sulator. This will give rise to a shift in the Fermi
level proportional to the space—charge @ that in
turn is proportional to the applied voltage V.

Hence, the thermally generated free-carrier
density, n,,, will be given by

N =N, exp[(Er — E¢)/KT]exp(8E/KT) (10)

where 6F is the shift in the position of the Fermi
level, and

0E = VC/(AeN,S) (11)
where C is the capacitance formed by the mate-
rial sandwiched between the two electrodes (F),
and A is the electrode area (m?). The density of
trapped carriers, n,, in such a case, is given as

n,= Q/AeS = VC/AeS = Ve/eS? (12)
Now

0 =n./n,

Hence
0 = en,S? exp(VC/AeN ,SKT)/eV (13)
The current density, J, is then given as
J =enou'V exp(VeleN,S?’KT)/S (14)
Hence
I/V = Aenyu' exp(VIV)/S (15)
where
V,=eN,S?KT/e (16)
Hence, by plotting a graph of log(I/V) versus V,
for various thicknesses at room temperature, we
get the intercept on log(I/V) axis as
(Aenyu'/S) = A, am
and slope as, 1/V,, as shown in Figure 7. From
the slope, concentration of traps, N,, was calcu-
lated by using eq. (16). The value of the dielectric

constant was used as K = 6.4 as reported by
Tripathi and others®® and is close to the value
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Figure 7 Log(I/V) versus V plots for PVDF films of
various thicknesses at room temperature.

obtained on our samples. For the room tempera-
ture, the values of N, for various film thicknesses
are tabulated in Table I. Similarly, by plotting
log(1/V) versus V for given thickness S at differ-
ent temperatures, the variation of trap density
with temperature could be evaluated. Figure 8
gives such plots for a film thickness of 90 nm. The
variation of N, with temperature for a sample
thickness of 90 nm is given in Table II.
The mobility of carriers is given as

r = po exp(—E/KT) (18)

where E, is the activation energy. For the conduc-
tivity

Table I Variation of N, with Thickness at
Room Temperature
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Figure 8 Log(I/V) versus V plots at various temper-
atures for PVDF film with a thickness of 90 nm.

o =enyn' =enouyexp(—E/KT) (19)

Fromeq. (17), non’ = AyS/Ae; hence, nyp' can be
calculated at different temperatures for a given
thickness from Figure 8. By plotting a graph of
log(now') versus 1/KT (Fig. 9), the activation en-
ergy can be calculated. The activation energy thus
calculated for the typical sample is 0.263 eV.

CONCLUSION

Vacuum-evaporated thin films of PVDF at best
possess a form. However, application of high-volt-
age short-duration pulse converts it to mixed «
+ B phase. The conduction process in these films
is of space—charge-limited type. The traps, which
influence the conduction process, are uniformly

Table II Variation of N, with Temperature
(Film Thickness: 90 nm)

Thickness (nm) N, (m 3 eV 1) (X10%%)

Temperature (K) N, (m 3 eV 1) (X10%%)

50 2.32
90 1.39
180 0.7

220 0.5

303 14
323 1.17
348 1.107
373 1.016
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Figure 9 Log(nyu') versus 1/T plot for PVDF film
with a thickness of 90 nm.

distributed with an average activation energy of
0.263 eV. The trap density is found to decrease
with an increase in film thickness as well as tem-
perature.
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