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The dark conductivity in a sandwich-type cell of PVCz films was investigated in a high vacuum, taking the

temperature, the applied voltage, and the film thickness as parameters.
In high fields, however, it was proportional to the fourth power of the applied

portional to the applied voltage.
voltage.

This nonohmic dark conductivity in high fields may be attributed to the Pool-Frenkel effect.

In low fields, the conductivity was pro-

A model

of the energy-level diagram is presented which can explain the dark conductivity in both low and high fields.

In the previous paper the authors have reported the
photo and dark conductivities in a surface-type cell of
poly-N-vinylcarbazole (PVCz) films.))  Although PVCz
has a large z-electron system as a pendant group, its
dark conductivity is too small to be measured at mode-
rate temperatures in a high vacuum. In the present
paper, the dark conductivity was investigated in a
sandwich-type cell. Interesting behavior was observed
in the high-field conductivity, as will be mentioned
below.

Experimental

PVCz was prepared as has been described in the previous
paper.) A certain amount of a 5 wt%, benzene solution of

*  Present address: Department of Chemical Engineering, Facul-
ty of Engineering, Yamaguchi University, Ube, Yamaguchi 755.

1) K. Okamoto, S. Kusabayashi, and H. Mikawa, This
Bulletin, 46, 1948 (1973),

the polymer was poured onto a nesa-coated quartz plate,

and the solvent was evaporated slowly in the dark. Films

8, 15, and 24 u thick were thus prepared, to which three

lead wires were attached by using silver paste, as is shown in

Fig. 1 (a). The film with lead wires was set in the apparatus
Y]

Nesa is scraped
off.

T
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Fig. 1. Sandwich-type cell.
(1) metal electrode lead wire, (2) nesa-electrode lead wire,
(3) guard ring lead wire, (4) evaporated metal electrode,
(5) evaporated guard ring electrode, (6) PVCz film, (7) nesa-
electrode coated on quartz plate, (8) quartz plate (20 X25 X
1 mm).
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for the electrical measurement described in the previous
paper and was kept in a high vacuum (10-? mmHg) for
several hours. Semitransparent main and guard electrodes
were evaporated on the film to prepare the sandwich-type
cell, as is shown in Fig. 1 (b, ¢). Several kinds of metals,
such as Au, Ag, Cu, and Al, were used as the electrode mate-
rial. The sandwich-type cell thus prepared was subjected
to the electrical conductivity measurements after it had stood
for a day in the dark in a high vacuum, without exposure to
air after the evaporation of the metal electrodes. The meas-
urements were carried out by means of a vibrating-reed
electrometer (Takeda Riken TR 84M) in a high vacuum
(10~ mmHg).

Results

Time-dependence of the Dark Current. The dark
current slowly decreased with the time after applying
the voltage, as is shown in Fig. 2. The dark current
requires from several hours to a day to reach a steady-
state value. After the voltage was taken off, a fairly
large back current was observed in the short circuit.

In low fields the dark current showed the time-
dependence given by Eq. (1), where » was 0.4—0.7,
and reached the steady-state value in scores of minutes
or in a few hours at room temperature, as is shown in
Fig. 3.

iy oc tn 1)
In high fields the dark current obeyed Eq. (1) for only
a short period after the voltage was applied and the
current continued to decrease slowly with the time
even after ten hours. It reached the steady-state value
after more than 20 hr at room temperature.

Voltage-dependence of the Dark Current. The voltage-
dependence of the forward dark current (abbreviated as
“dark current’) is shown in Fig. 4(a), taking the time
after the application of voltage as a parameter, and in
Fig. 4(b), taking the temperature and the polarity of the
clectrode as parameters. The voltage-dependence of
the dark current showed a dramatic change at a certain
voltage (transition voltage, V,); that is, the dark
current was proportional to the applied voltage below
the transition voltage and to the fourth power of the
applied voltage above that. This voltage-dependence

Forward dark current Vol
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Fig. 2. Dark current-time response curves in the sandwich-
type cell.
Au-PVC(Cz-Nesa sandwich-type cell, Film thickness; 15 4,
applied voltage; 20V (nesa-electrode biased positively),
20 °C.
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Fig. 3. Time dependence of the dark current in the Au-
PVCz-Nesa sandwich-type cell.
The numerical values show the applied voltage when the
nesa-electrode was biased positively. Solid lines; at 20 °C,
dotted lines; at 106 °C. Film thickness; 15 u.

was observed for the dark current (charging absorption
current) within several minutes after the application of
the voltage as well as for the steady-state dark current.
The transition voltage changed with the temperature,
the polarity of the electrode, and the thickness of the
film. In the asymmetric Au-PVCz-Nesa sandwich-
type cell of the film 15 g thick, the transition voltage
was about 35 V at room temperature or 60 V at 106 °C
when the nesa-electrode was biased positively, while
the transition voltage was about 90 V when the nesa-
electrode was biased negatively at 20°C. On the
other hand, it was 60—80V at 20 °C in the sym-
metric Au-PVCz-Au sandwich-type cell. Sandwich-
type cells with other electrode materials (Ag, Cu, and
Al) acted the same.

At a constant applied voltage, the dark current was
inversely proportional to the thickness of the film
below the transition voltage and apparently so to the
fourth power of the thickness above the transition
voltage, as is shown in Fig. 5(a). The transition
voltage was proportional to the thickness of the film,
as is shown in Fig. 5(b).

Temperature-dependence of the Dark Current. Figure
6(a) shows the temperature-dependence of the ohmic
dark current below the transition voltage. Though
the measurement was carried out after the cell had
stood with an applied voltage of 7000 V/cm for a day
in the dark, on the first heating the dark current
behaved in a manner similar to that of the thermally
stimulated current. After the subsequent cooling and
heating cycles, the dark current showed a reproducible
temperature-dependence. The activation energy? was

2) The activation energy (4E) is represented by the equation:
ig oc exp (—AE[kT).
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Fig. 4(a). Voltage dependence of the dark current in the
sandwich-type cell.
Au-PVCz-Nesa sandwich-type cell, film thickness 15 u.
The nesa-clectrode was biased positively at 20 °C. Dark
current was measured the following minutes after applica-
tion of the voltage; —(O— 2 min., ---@--- 20 min.,
—A\— 180 min., and --- 4 --- 1000 min.
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Fig. 4(b). Voltage dependence of the dark current in the

sandwich-type cell. Dark current was measured 10 minutes
after applying voltage.
Au-PVCz-Nesa sandwich-type cell (film thickness 15 u);
—(QO— at 20 °C, nesa-electrode biased positively, ---@--- at
106 °C, nesa-electrode biased positively, —A— at 20 °C,
nesa-electrode biased negatively. Au-PVCz-Au sandwich-
type cell (film thickness 15 yu); ---A--- at 20 °C.
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Fig. 5. Effect of the film thickness on the dark conductivity
in the sandwich-type cell.
Dark current was measured in Au-PVCz-Nesa sandwich-
type cell (film thickness 15 ) 15 minutes after applying
voltage at 27 °C.
(a) Dark current s. applied voltage.
—(QO— 8 u thick, ---@--- 15 u thick, —A\— 24 u thick.
(b) Transition voltage vs. film thickness.

1.1—1.3 ¢V, which was identical with that measured
in the surface cell in the high-temperature range
(100—200 °C) in a high vacuum. After the ther-
modynamic equilibrium had been built up, the dark
conductivity was very small; the specific conductivity
was only 1x10-2 Q-1 cm~* at 90 °C.

Figure 6(b) shows the temperature-dependence of
the nonohmic dark current above the transition voltage.
In the applied field (200000 V/cm), the activation
energy of this dark current was 0.6—0.8 eV, which
was considerably smaller than that of the ohmic dark
current.

Discharging Absorption Current. When the applied
voltage was taken off, the back dark current was
observed in the short circuit. This back dark current
is referred to the discharging absorption current. For
many cells this current followed Eq. (1), as is shown
in Fig. 7(a), and the n value was 1.0—1.4 regardless
of the field strength. The discharging absorption cur-
rent, was proportional to the pre-applied voltage in
any voltage region, as is shown in Fig. 7(b). It should
be noted that the discharging absorption current showed
a linear dependence on the pre-applied voltage even
in the high-voltage region, where the dark current
showed the nonohmic dependence.

The temperature-dependence of the discharging
absorption current was small in comparison with that
of the dark current; that is, the discharging absorption



1956

7000 V/cm

Dark current (A)

1078 ‘t\\
\
AY
\\
AE,=13eV\
\

-
AY

w
>

2 \
107" N N . . xw N s
23 24 25 2.6 27 28 29 30 31

Reciprocal temperature (103/T)

Fig. 6(a). Temperature dependence of the ohmic dark current
at low field in the PVCz sandwich-type cell.
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Fig. 6(b). Temperature dependence of the nonohmic dark

current at high field in the PVCz sandwich-type cell.

current was approximately doubled in magnitude with
a rise in the temperature from 20 to 100 °C.

The amount of the electric charge carried by the
charging absorption current, which is indicated by
the symbol Q¢ in Fig. 2, did not depend on the struc-
ture of the electrodes, but that carried by the dis-
charging absorption current (Q pc in Fig. 2) was affected
by the structure of the electrodes. In the asymmetric
Au-PVCz-Nesa sandwich-type cell, the Qpc value was
about three times that in the symmetric Au-PVCz-Au
sandwich-type cell. Furthermore, the Qpc value was
much smaller than the Q¢ value; that is, the Qpc/Qc
ratio was 1:2 in the asymmetric sandwich-type cell
and 1:6 in the symmetric one in the ohmic voltage
region.
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Fig. 7(a). Time dependence of the discharging absorption
current in the Au-PVCz-Nesa sandwich-type cell. ipc=
gt~ n=1.1—14.

Film thickness; 15 u, nesa-electrode biased positively.
(1) 35V, 20 °C, (2) 100V, 20 °C, (3) 300V, 20 °C,
(4) 100V, 106 °C.

10u | ®

10712 b

Discharging absorption current (A)

10 2030 50 100 200300500
Applied voltage (V)

Fig. 7(b). Voltage dependence of the discharging absorp-
tion current in the Au-PVCz-Nesa sandwich-type cell.
Film thickness; 15 4. The numerical values show the time
(min.) after closing the external circuit. Solid lines are
measured at 20 °C and dotted lines at 106 °C.

Discussion

Absorption Current. It is well known that, for
many insulating polymers, both charging and dis-
charging absorption currents obey Eq. (1), where the
n value is equal to 0.7—1.1.3-% 1In the case of the
polymers such as polymethylmethacrylate, the two
absorption currents equal one another in magnitude
(superposition principle) and are attributable to the
slow orientation of the permanent electric dipoles or
ionic charges by the applied voltage.®) On the other
hand, for the polymers such as polyethylene the super-
position principle fails to hold and the Q¢ value is
usually several times larger than the Qpc. Another
mechanism besides the orientation of the permanent
electric dipoles (for example, the accumulation or
dissipation of space charge) must, therefore, be used

3) R.]J. Munick, J. Appl. Phys., 27, 1114 (1956).
4) S.Ieda and G. Sawa, J. Inst. Elect. Eng. Jap., 89, 812 (1969).
5) G. Lengyel, J. Appl. Phys., 37, 807 (1966).
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for both absorption currents of these polymers.39

In the case of PVCz, the discharging absorption
current had an n value, 1.1—1.4, similar to those of
polyethylene and others, but the charging absorption
current showed a very small n value, 0.1—0.7, especially
in the high-voltage region. The Q¢ value was two or
six times larger than the Q¢ value, and the super-
position principle failed to hold. Both absorption cur-
rents in a PVCz sandwich-type cell, therefore, should
not be attributed to the orientation of the permanent
dipoles by the applied voltage, but to another mech-
anism in the same manner as in the case of polyethylene.
The accumulation of space charges could be the reason
for the charging absorption current in the low-voltage
ohmic region, but not for that in the high-voltage
nonohmic region, because the back electromotive force
which would be caused by that is too large compared
with the applied voltage.

Lindmayer has applied Eq. (2) to the discharging
absorption current in the Au-SiO,-Si system; he
attributed this relation to the asymmetric field caused
by the space charges trapped inhomogeneously in the
bulk by the trap levels distributed energetically:?

I (=ipac) =S-8-C-V,/t 2)

where I ., is the discharging absorption current; C,
the capacity of the sandwich-type cell; f, the charge
in the insulator divided by C-V,; V,, the applied
voltage; g, the charge appearing in the discharging
current (Qpc) divided by C-V, and ¢, the time after
the electrodes were short-circuited. Now, Eq. (2) was
used for the PVCz sandwich-type cell the following
f+ g values were obtained; f+g=0.8—1.0x10-3 (20 °C)
or 1.2—1.6 X102 (106 °C). These values are in agree-
ment with the requirement that f-g<{0.06.7

The Qpc value in the asymmetric Au-PVCz-Nesa
sandwich-type cell was larger than that in the sym-
metric Au-PVCz-Au one. The asymmetric structure
of the electrodes, therefore, seems to contribute to the
formation of the asymmetric field to a fairly large
extent.

Ohmic Dark Current under a Low Field Strength.
The ohmic dark current under a low field strength
in a sandwich-type cell showed a behavior similar to
that in a surface-type cell described in the previous
paper.) The dark current increased upon UV-light
pre-illumination and decreased upon repeated IR-light
illumination. The activation energy of the ohmic dark
current was quite small, while the dark current was
fairly large, because of the effect of the previous history.
After the thermodynamic equilibrium was achieved, it
was, however, the same value, 1.0—1.3 eV, as that
observed in a surface-type cell in a high vacuum in the
high-temperature range.)? These facts suggest that the
ohmic dark current in a sandwich-type cell may be
due to the thermal reexcitation of the trapped carriers,
just as in the case of a surface-type cell.

On the other hand, the considerable effect of air on
the dark conductivity observed in a surface-type cell
was not observed for a sandwich-type cell; that is,

6) R. H. Partridge, Polym. Lett., 5, 205 (1967).
7) J. Lindmayer, J. Appl. Phys., 36, 196 (1965).
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there were no significant differences in the magnitude
of the dark current and the dark activation energy
between that in the air and in a high vacuum. This
suggests that the trap level which gave an activation
energy of 0.7—1.0 eV in a surface-type cell (trap level
E,; shown in Fig. 6 in the previous paper?) is negligibly
small in a sandwich-type cell. This trap level was
introduced by air or the irradiation of UV-light or
y-ray, and may, therefore, be attributed to some surface
impurity. In a sandwich-type cell, the layer containing
both some surface impurity and adsorbed oxygen
molecules will be covered by the evaporated electrode
layer.

Nonohmic Dark Current under a High Field Strength.
The nonohmic dark current under a high field strength
was different from the ohmic dark current under a low
field strength in the following three characteristics;
(1) iqec V4, (2) a small activation energy, and (3) the
dark current decreased very slowly with time. The
dark current with a superlinear dependence on the
applied voltage has often been attributed to the space-
charge limited current (SCLC), the Schottky con-
ductivity, or the Poole-Frenkel conductivity.®)

When there are trap levels with an energetic distribu-
tion such as an exponential one, the SCLC is propor-
tional to the n-th power (n>>1) of the applied voltage
and the transition voltage from the ohmic current to
the SCLC is proportional to the second power of the
film thickness.?!® This kind of SCLC has been re-
ported for anthracene,'® stilbene,'? and polyethylene-
terephthalate.'® In a sandwich-type cell of PVCz film,
the nonohmic dark current was proportional to the
fourth power of the applied voltage and inversely
proportional to the same power of the film thickness.
The nonohmic dark current, therefore, showed the same
value for films with different thicknesses under the same
field strength; that is, there was no effect of the film
thickness. Furthermore, the transition voltage was

energy (eV)

Potential
(=2}

Au PVCz Nesa

Fig. 8. Energy level diagram of the Au-PVCz-Nesa system.

8) D. R. Lamb, “Electrical Conduction Mechanisms in Thin
Insulating Films,” Methuen and Co., Ltd., London, p. 3 (1967).
9) A. Rose, Phys. Rev., 97, 1538 (1955).
10) P. Mark and W. Herfrich, J. Appl. Phys., 33, 205 (1962).
11) N. I Gritsenko and M. V. Kurik, Phys. State. Sol. (a), 3, K57
(1970).
12) G. Caserta, B. Rispoli, and A. Serra, Phys. Stat. Sol., 35, 237
(1969).
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proportional to the film thickness. The carrier injec-
tion from the electrodes is difficult, as will be discussed
below. The nonohmic dark current can not, therefore,
be explained by the SCLC for these three reasons.
Figure 8 shows the energy diagram for the Au-
PVCz-Nesa sandwich-type cell. The work function
of gold is 4.83 €V.1® The ionization potential and the
electron affinity of nesa coating are 7.2 and 3.6 eV
respectively.’® The ionization potential of PVCz has
been reported to be 6.1 eV from the measurement of
the photoinjected hole current from the gold elec-
trode,'® and its electron affinity has been estimated to
be only the polarization energy, the estimated value
being 1.5 eV.1® From Fig. 8 the hole injection from
a gold electrode to PVCz is most conceivable, and the
electron injection from a gold or nesa electrode to
PVCz is not conceivable. As the nesa coating is a
n-type semiconductor; the possibility of a hole injection
from a nesa electrode to PVCz can be neglected.
When a nesa-electrode was biased positively, the transi-
tion voltage was usually smaller and the nonohmic
dark current was usually larger, as is shown in Fig.

4(b). For the nonohmic dark current to be attributed
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Fig. 9. Poole-Frenkel plot of dark conductivity vs. applied -
field for the PVCz sandwich-type cell.
(1) 8u thick, 27 °C, 15 min. after application of voltage.
(2) 15 g thick, 27 °C, 15 min. after application of voltage.
(3) 24 u thick, 27 °C, 15 min. after application of voltage.
(4) 15 p thick, 20 °C, 20 min. after application of voltage.
(5) 15 u thick, 20 °C, steady state value.

13) P. A. Anderson, Phys. Rev., 115, 553 (1959).

14) M. Nagasawa, Oyo Buturi, 39, 465 (1970); H, Hurukawa, T.
Takeuchi, A. Ebina, and T. Takahashi, The report for the JSPS
125th Committee. (Conversion between Light and Electricity).

15) A. 1. Lakatos and J. Mort, Phys. Rev. Lett., 21, 1444 (1968).

16) J. H. Sharp, J. Phys. Chem., 71, 2587 (1967); W. Kloppfer,
Z. Naturforsch., 24a, 1923 (1969).
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to the Schottky emission, an electron injection from a
gold electrode to PVCz must be supposed. This injec-
tion, however, is difficult, as has been discussed above.
The other electrode materials (Ag, Al, and Cu) which
have a lower work function than that of Au, did not
affect either the magnitude of the dark current or the
transition voltage. From these facts, it can be said
that the nonohmic dark current can not be explained
by the Schottky emission from the electrode.

Now the application of the Poole-Frenkel effect was
attempted in the case of the nonohmic dark current.
This effect is not concerned with the electrode limited
conductivity, but with the bulk conductivity. The
Poole-Frenkel effect gives the conductivity a field
dependence of this form:1?

opp = 6o exp (BprEY2/ET) 3
Ber = (¢°/nKeo)"/? @

where o, is the low-field conductivity of the system,
q is the unit of electric charge, ¢, is the permitivity of
free space, K is the high-frequency dielectric constant
of the film, and E is the electric field strength in the
film. When the voltage-dependence of the dark current
given in Figs. 4 and 5 is replotted, with log ¢ as ordinate
and E2 as abscissa, a straight line is obtained in the
high field strength region, as is shown in Fig. 9. The
Poole-Frenkel constant, Brp, was obtained from the
slope of the straight line in Fig. 9; it is shown in Table
1. On the other hand, this constant is calculated to
be 4.1 x10-5eV m¥/2 V-2 from Eq. (4) by assuming
K as 3.0.18 As is shown in Table 1, the agreement
between the calculated and the experimentally found
values of the Bpr constant are very good. The nonohmic
dark current under the high-field strength in the
sandwich-type cell of the PVCz film thus satisfies well
Egs. (3) and (4) and may, therefore, be attributed to
the Poole-Frenkel conductivity. A similar behavior
has been reported for the high-field conductivity of
the polymers, such as polyethylene'® and polyacryl-
onitrile,2® and has been attributed to the Poole-Frenkel
effect.

In order to exhibit the Poole-Frenkel conductivity
under a high-field strength, a trap is required to be

THE Ppy VALUES OBSERVED FOR
THE PVCz FILMS

TABLE 1.

Film
thickness
8u 4.3x107%eV (m/V)1/2
15 4.4x1075®
24 4.0x107®
a) Measured for the dark current in 15 minutes after
application of voltage at 27 °C.
b) The same value was obtained for the steady-state
dark current at 20 °C.

Per Observed® Bpr Calculated

4.1x 1076 eV (m/V)1/2

17) J. G. Simmons, Phys. Rev., 155, 657 (1967).

18) R. C. Hughes, Chem. Phys. Lett., 8, 403 (1971).

19) T. Tanaka, Thesis, Osaka University (1969); S. Kato, G.
Sawa, and S. Ieda, The anual meeting of the Institute of Electrical
Engineering of Japan, No. 242 (1971).

20) O. Nakata and T. Hirai, Rep. Progr. Poly. Phys. Jap., 8, 339
(1965).
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Fig. 10. Energy level diagram explaining the dark conduc-
tivity in PVCz sandwich-type cell.
The symbols E, (=0), Ey; (=0.1—0.3 eV), E (=2¢eV),
E, (=1.0—1.3eV) and EF express the potential energy of
each level measured above the valence band edge. The
values in parentheses were obtained from the activation
energy for the dark current. The symbols Ny, Ny, Ny, and
N, express the density of each level.

positively (or negatively) charged; that is, it must be
charged when empty and uncharged when filled (donor
or aceeptor), and these traps must be the main source
of the dark conductivity under a low-field strength.
A model must, therefore, be presented which can
explain both the low-field and high-field conductivities.
The energy level, 0.7—1.0 eV, above the valence band
was negligibly small in the sandwich-type cell, as has
been mentioned above, and so it has been excluded
from Fig. 10. An acceptor level was considered as the
trap level causing the Poole-Frenkel effect, because
holes are the majority carriers in PVCaz.

We located the position of the Fermi level by equating
e number of holes missing from the acceptor centers
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with the number of the deep traps occupied by holes,
the number of holes in the valence band being negli-
gibly small. The thermodynamic Fermi level, Ef, as
measured above from the valence band edge, is there-
fore, given by Eq. (5).

E; = E, — kTIOg{(Na—NLZ)/Na} (5)

At a zero (or low) field, the number of free holes, p,
is given by:

P = {N,(N,— Ny)/N,} exp (—E,[kT) 6)
The low-field conductivity o, is, therefore, given by:
6o = Pquy = {quN,(N,— Ny,)/N,} exp (—E,JkT)  (7)

where u;, is the hole carrier mobility. In the high
field, the acceptor barrier is lowered by the Poole-
Frankel effect, so that the number of free holes in the
valence band increases to:

P = {N,(N,— Np)/N,} exp {— (E,— BerEY?) KT}  (8)
and the dark conductivity is given by Eq. (3). The
magnitude of the lowering of the activation energy for
the dark conductivity was 0.3—0.5 eV at the field
strength of 2x10°V/cm, which is in approximate
agreement with the calculated value, 0.2 eV. Thus,
the energy-level model given in Fig. 10 can give a
reasonable explanation of the dark conductivity in the
sandwich-type cell of the PVCz film in both low- and
high-fields.

The authors wish to thank the Fuji Photo Film Co.
for its finacial support of this work.






