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Bistable switching between two impedance states was observed in copper-phthalocyanine films.
can be interpreted in terms of the steady thermal breakdown model.

The turn-on
The stable high conductivity in the on-

state is attributed to the partly carbonized copper-phthalocyanine which was formed by Joule heating along the

filamentary paths.
pressed as Joc V8/d38 and E,, oc 1/d°% respectively.

The memory- and threshold-switching phenomena
have recently received considerable attention as a practi-
cal application of organic semiconductors.1:2) Although
similar phenomena have been reported in thin films
of inorganic semiconductors,?=3 our understanding of
switching is still incomplete, particularly in organic semi-
conductors.

In the present work the preswitching conduction and
the memory-switching characteristics have been investi-
gated in thin films of a-copper-phthalocyanine (CuPc).

Experimental

Pure copper-phthalocyanine was prepared by repeated sub-
limations in vacuo at 380 °C, followed by washing with acetone
to remove any thermal decomposition products.

The geometry of the cell was of a sandwich type, where
copper-phthalocyanine was deposited from a Pyrex crucible
on a cleaned glass substrate with a silver electrode which had
been evaporated through an etched stainless steel mask. The
upper electrodes (Al) were deposited by vacuum evaporation
through the mask. The vacuum evaporation was performed
at pressures below 10-® Torr. The film of CuPc was con-
firmed to be a-type crystalline by the methods described in
a preceding paper.®)

The film thickness of the copper-phthalocyanine, as meas-
ured with the aid of an interferometer, varied over the
range of 106—10%cm. The current-voltage characteristics
were obtained by applying step voltages using a high-voltage
dc power supply (John-Fluke, model 412 B), an electrometer,
and a picoammeter (Takeda Riken, models TR8651 and
TR8641 respectively). A series resistor (10%()) was used to
limit the current flow in the circuit. The measurements were
performed at a pressure of ca. 102 Torr.

The states of the film before and after the switching were
observed using a scanning electron microscope (Hitachi and
Akashi, model MSM-4).

Results and Discussion

In the Al-CuPc—Ag cell, the current with the forward-
bias voltage (Ag(4), Al(—)) was much higher than
that with the backward-bias voltage in the high-field
region (Fig. 1). Its marked asymmetry can be ex-
plained by a pin-structure at the CuPc-Al junction,
a detailed discussion of which has been given by
Tantzscher and Hamann.”? In the present paper the
results with the backward-bias voltages will not be
discussed.

Initially the film has a very high resistance (off-state),
and the non-linear current-voltage characteristic is ob-
served, as is shown in Fig. 1, as long as the applied
voltage is lower than a certain value (threshold voltage;

The J-V characteristic in the off-state and the threshold-field strength were found to be ex-
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Fig. 1. A typical V-I characteristic in the Ag-CuPc-
Al cell. Film thickness 1.7 x 105 cm.

V.x). When the applied voltage exceeds V,,, the cur-
rent abruptly increases, and simultaneously the field
drops, so that a new low-resistance state (on-state) with
a memory effect appears. This new state can be easily
quenched by applying a short current pulse (pulse
width, 10 ps, maximum voltage, 180 V) from a capaci-
tor of 0.047 uF. The scanning electron microscopic
inspection of the film in the on-state shows that this state
is accompanied by the formation of conducting channels
(Fig. 2). The upper electrode (Al) was partly molten
(A), and the region of CuPc (B) transformed by the
localized Joule heating was confirmed in this figure, so

Fig. 2. Scanning electron microscope picture of dam-
aged region. A) Partly molten electrode (Al), B) trans-
formed region.
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that it may be presumed that a temperature higher than
660 °C (the melting point of aluminium) has been tem-
porarily attained in this region.

Souma¥ has reported that, when CuPc was heated at
625 °C, the carbonization and/or the condensation oc-
curred and the conductivity increased rapidly. It has
also been reported that poly-CuPc has a conductivity
about 108 times larger than that of the monomer, and
the activation energy (E) in 0=0,exp(—E[kT) was
estimated to be 0.06 ¢V in a sample previously heated
to 450 °C. In the present work, the activation energy
in the high-conductivity state was estimated to be 0.05
eV from the temperature dependence of the current
obtained in the range of 15—70 °C. Since this value
is in fair agreement with the value for poly-CuPc, the
conducting channels may be made up of the poly-
CuPc.

Although many authors!®-12) have reported that the
stable on-state in some organic compounds arises from
the formation of metallic filaments or carbonized paths,
the exact mechanism for the formation of such filaments
is not clear.

The various models proposed to explain the memory-
switching process for chalcogenide glass, efc. can be
classified into two categories: (1) the electronic effect
and (2) the thermal effect. In the former case, the
on-state without a memory effect is formed first, and the
lock-on occurs after a certain time by the excessive cur-
rent flow in this state, while in the latter case, the switch-
ing occurs by means of the local Joule heating in the
off-state.

The measurement of the thickness dependence of the
threshold-field strength, E,,, which equals V,;/d, is a
very powerful method of distinguishing between the
thermal effect and the electronic effect.® If the
switching is caused by the electronic mechanism, as
explained by the space-charge-overlap model® or
the one-carrier space-charge limited-current (SCLC)
model,’ in which the concentrations of the injected
carriers are sufficient to exceed the critical concent-
ration, the threshold-field strength can be expressed
as E,; o (thickness). Since Fig. 3 shows that E,, is
not proportional to the thickness, the electronic model
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Fig. 3. Therelation between log(E,;) and log(thickness).
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can be excluded.

On the other hand, according to the steady-state
thermal-breakdown model,® the furn-on occurs when
the temperature derivative of the power input exceeds
that of heat loss. Below the critical point, Eq. 1 holds:

JV=4T-T,), O

where [ is the current density; V, the applied voltage;
A, a constant external thermal conductivity, and T,
the ambient temperature. At the critical point where
thermal breakdown commences, the following equations
are given:
0(JeVe)[OT = 2, 2
Je'Ve = ATe—Ty), ®)

where J, and V, are the critical current density and the
voltage for breakdown respectively, and where T, is the
critical temperature.

To resolve these relations, the voltage and the thick-
ness dependence of the current density in the preswitch-
ing state were observed (Figs. 4 and 5). The results
are experimentally expressed as JocV®0 and Jocl/d3-8
respectively in the high-field region, while the relation
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Fig. 4. The voltage dependence of the current.
A) 0.18 ym, @) 0.48 um, O) 1.2 pm.
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Fig. 5. The thickness dependence of the current.
A) 4V, @) 5V.
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between the current density and the applied voltage ex-
pected from the scaling law'?) ( Joc Vi+1/4%141) was con-
firmed in the low-field region for thicker films. Since
the observed J-V characteristics were reversible with
an increase and then a decrease in the voltage, the
possibility of a thermal effect may be excluded. The
high value of  in the high-field region may be attributed
to the other conduction components, such as the emis-
sion limited current (ELC). A quantitative analysis of
the J-V characteristics for ELC under the conditions of
SCLC flow was reported by the Frank and Simmons.18)
According to this analysis, the transition from SCLC
to ELC for the M-I-M junction can be expected to
occur when a negative charge begins to appear on the
cathode as well as inside the insulator, and the contact
changes from an Ohmic to a blocking one with an
increase in the voltage. As is shown in Fig. 6, the
straight line in the plot of log J vs. (V/d)¥/? indicates
that the high-field conduction is predominantly govern-
ed by ELC in the preswitching state.
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Fig. 6. The plots of log J vs. (V/d)Y/2.

If it is assumed that the I-¥ characteristic is expressed
as Eq. 4* and that the on-state is formed filamentarily
as is shown in Fig. 2, the critical current density in the
area of the filamental paths is proportional to the cur-
rent density geometrically obtained (Jg):

Va.o
Jo = C—gyexp (—9/kT), “4)
Je o JG (5)

where C is a constant; ¢, the activation energy, and
k, the Boltzmann constant.

The substitution of Egs. 4 and 5 into Egs. 1, 2, and
3 gives:

V.1-9/d3-8 oc T exp (¢/kT,) = constant. (6)
Thus,
(Veld)?® = K-d-3-2, (7)

where K is a constant.

* If the ELG relation (Jg o< exp (V/d)'/?) is used, the
relation between E,; and d is expressed as log E,=
—0.5 log d+constant instead of by Eq. 8.
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Fig. 7. The plots of log(gon-d?) vs. log(Jg-Ve).

Since V,/d is equal to E,,, Eq. 8 is obtained:
log E;;, = —0.46 log d + constant. (8)

The solid line in Fig. 3, drawn with a slope of —0.46,
is in fair agreement with the experimental data. In
addition, Fig. 7 shows that ¢ -d? is proportional to
Jo V., where o, is the conductance of the sample in
the on-state. Since o, -d? is proportional to the volume
of the conducting paths and J;-V, is the heat evolved
by the current, this result is also evidence in support
of the thermal-breakdown mechanism.

One of us (Y. Sadaoka) thanks the Sakkokai Founda-
tion for a grant.
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