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SPACE-CHARGE-LIMITED CURRENTS IN POLY-N-VINYLCARBAZOLE FILMS
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The space-charge-limited currents in poly-N-vinylcarbazole films were investiaated
with the use of electrolytic solutions such as A92+ in 7.5N HN03, Nal solution
saturated with iodine, and Ce4+ in 15N HZSO4. These oxidizing solutions are suitable
hole-injecting electrodes. The current-voltage characteristic indicates the existence

of exponentially-distributed traps, the concentration of which is about 5x1018cm'3.

The studies on the space-charge-limited (SCL) currents provide many useful informations regarding
traps in insu]ators.]) Although many investigations have been made in organic molecular crystals
such as anthracenez) and naphtha]ene,3) there are few studies on the traps in polymers. One of the
important things for a better understanding of the electrical properties in polymers is to know the
influence of traps, since there seem to be many traps in amorphous polymers. Traps in polymers are
roughly due to two causes, i.e., impurity and structural origin, because of the difficulty of purifi-
cation and the low crystallinity of polymers.

Concerning the traps in poly-N-vinylcarbazole (PVK) film, the studies on the activation energy of
dark- and photo-currents suggested the existence of both deep and shallow traps,4) and the studies on
the thermally stimulated currents showed that the uniformly distributed traps 1ie between 0.66 and
0.77 eV above the valence band.s) The details are, however, still unknown.

The present paper shows the preliminary results on the SCL hole-current in PVK films with the use
of the electrolytic injecting electrodes. The experimental results suaagest the existence of exno-
nentially-distributed traps in PVK films.

EXPERIMENTAL

The PVK was obtained from radical polymerization of vinylcarbazole in a benzene solution with AIBN
catalyst, and was purified by repeated reprecipitations from benzene solution with distilled methanol.
For the preparation of film, a benzene solution containing desired quantity of PVYK was deposited on a
quartz plate and the solvent was slowly evaporated in a vessel saturated with solvent vapor at room
temperature. The film was stripped from the plate by edging the hem of the film and dipping it in
distilled water, and dried in vacuo.

For the measurement of injection currents, a similar cell to the Pope-Kallmann ce116)
One electrode compartment was filled with an electrolytic solution (A92+/7.5N HN03, Nal solution saturated
with iodine, or Ce4+/15N H2504)7) which injects holes into PVK films, and the other was filled with a TM
aqueous solution. The voltage was applied between two platnum electrodes in these compartments.

was used.

The contact area of hole-injecting electrode was 0.031 cmz.
RESULTS AND DISCUSSION
In the measurements of the SCL currents, it is a serious problem to find a suitable injectina
material to make an ohmic contact. The energy condition for a hole-injecting contact to he ohmic is
¢::ID » where ¢ denotes the work function of the electrode and I_ the eneray required to remove an
electron from the valence band of the material into the vacuum. In the case of oraanic materials,
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however, this condition can hardly be achieved with ordinary metals or semiconductors because of their
higher ionization potential and smaller polarization energy, but can be achieved with electrolytic
solutions.

We have attempted the injection of holes into PVK films with three electrolytic solutions described
in the experimental section. Possibility of hole injection into PVK films from these electrodes was
provided from the ESR studies. When PVK films contacted with these oxidizing solutions, the color of
films changed brown. After the brown-colored films were washed with water and sealed in a quartz-tube
under vacuum, the ESR absorption spectra were measured. Figure 1 shows the ESR absorption spectra of
these brown-colored films. A1l the samples show the ESR signal with a g-value of about 2.005, indicating
that the radical species are formed on the surface of PVK films by the contact with these solutions.
Compared with the results of the ESR studies of y-irradiated PVK8)'and the ESR studies of the charge-
transfer complexes of PVK,g) the radical species seem to be cation radicals of PVK. It is well known
that the presence of the paramagnetic radical ions formed in connection with the electron-donor-acceptor
complexes is necessary for the hole injection,]o) although the detailed mechanism of the production of
free holes from these radical species is still unknown. ,

With the use of these electrolytic solutions, the injection currents were measured as a function
of applied voltages. Figure 2 shows the results observed for the forward current versus applied voltage.
We could not obtain a reliable current-voltage curve with the use of A92+ solution, because the oxidizing
ability changes with time and the color of the solution disappears. The current-voltage curve is ohmic
at lower fields and superlinear at higher fields, although the transition from ohmic to superlinear
behavior is not so clear. The current-voltage curve at higher fields fits the relation, jccv3, which
is typical for the SCL currents assuming the existence of an exponential trap distribution.

In order to obtain another evidence for the observed current to be space-charge-limited, the thick-
ness dependence of the current was investigated at various voltageS. Figure 3(b) shows the plot of the

observed current at the superlinear region versus the thickness (d) of the film. The currents fit the

relation, j°Cd'L (L =5~6). This result indicates that the observed current is not only volume-
-8

controlled but space-charge-limited. 10 T ‘ T
According to Mark and He]frich,]]) the SCL current in the
presence of exponentially distributed traps follows the
relation; g%k PVCz-film thickness: 16p ]
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Fig.1. ESR absorption spectra of complexes Voitage (V)
formed between PVK and oxidizing agents in Fig.2. Current-voltage characteristics
the solid state. with the use of electrolytic injecting

electrodes.
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N0 is the effective density of states in the band (valence band or conducticn band), e the electronic
charge, € the dielectric constant, H0 the total trap concentration, d the thickness of samples, p the
mobility, V the applied voltage, and L=TC/ T where Tc characterizes the trap distribution.

Now assuming L=2, the current should be proportional to the cubic power of the voltage and also
inversely proportional to the fifth power of the thickness. These power dependencies agree well with
the experimental results.

Further, if we assume the extreme case that the SCL hole current is controlled only by exponentially
distributed traps in PVK films, it is expected that the quasi-Fermi-level moves toward the valence band
with increasing applied field and that the apparent activation energy decreases with increasing
applied field. As shown in Fig.4, the activation energy decreases with the applied voltage. In the
case of an exponential trap distribution, the energy distance of the Fermi-level from the valence band
should be expressed by the relation;

(L+1)? e Hy d?
Ef = k Tc ]n oooooooooooooooooo (2)
L(2L+1) € €0 V

The density of free carriers, which is proportional to the current, is given by the relation;
n = NO exp (“Ef JKT) e (3)

Therefore, the temperature dependence of the SCL current yields Ef. Figure 5 shows the plot of the
obtained activation energy versus the applied voltage. The experimentally obtained activation energy
approximately agrees with the calculated value with equation (2), though an extreme case was assumed.

Thus, the above described electrolytic solutions form ohmic contacts with PVK films, and the
injection of holes into PVK films can be achieved with these solutions. Also, the SCL hole current
can be expressed by assuming an exponential trap distribution. These exponentially distributed traps
would be mainly due to the structural disorder in amorphous PVK films.
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