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Electrical Switching in Amorphous (NCTA);Ni(DMIT); Thin Films
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Uniform amorphous thin films of molecular semiconductor
(NCTA),Ni(DMIT), were electrodeposited onto ITO glass. A
reversible and reproducible bistable electrical memory
switching was observed in an asymmetrical sandwich-type
device upon applying a small voltage. More than 10°
cycles were repeated without failure.

Switching based on molecular semiconductors
provides great opportunity to miniaturise the size of
memory unit of electronic device.* Switching
phenomena have been reported originally in a few of
inorganic thin films of metal oxides and amorphous
chalcogenide glass alloys semiconductors,> aftervards
in organic semiconductor thin films.>® However,
compared with organic molecular semiconductors, such
as CuTCNQ (TCNQ denotes 7,7,8,8-
tetracyanoquinodimethane), it has not been observed in
an inorganic molecular semiconductor with organic
counter cations incorporated by intermolecular weak
covalent bonds instead of strong ionic bonds,” although
several inorganic molecular superconductors based on
Ni(DMIT), (DMIT denotes 1,2-dithiolene) anions etc.,
have been reported.®
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In the present work a switching phenomenon is
observed in a new-type chalcogenic inorganic molecular
semiconductor [CH;(CH,);sN"(CHj);],Ni(DMIT), [ie.,
(NCTA);Ni(DMIT),, and denoted subsequently as CML,
see Scheme 1] system which distinguishes itself from
traditional chalcogenide glass alloys. Reversible memory
switching effect is achieved simply by changing the
polarity of the applied electric field across the device. It
is unlike CuTCNQ system which switching can be erased
by the application of a short current pulse.®”’

An improved method according to the literature'®
was used for the synthesis of CML. The basic configuration
used to study the switching phenomenon was 0.2 um amorphous
CML thin films sandwiched between an indium tin oxide
(ITO) glass bottom electrode and Al top electrode. A soft
contacting electrical connection was adopted that a Ga-In
liquid electrode was put directly on the Al top electrode
surface. The thin films were prepared onto an ITO glass
slide by potentiostatic electrodeposition (1.0 V, 20 min)

in 1.0 mmol dm™ CML and 0.1 mol dm™ acetonitrile
solution of tetrabutylammonium perchlorate and the
reference electrode used was SCE.

The characteristics of the amorphous thin films were
tested and verified by XRD and SEM. XRD patterns
show no diffraction peaks except a non-crystalline
fringing peak in the small angle region. No microcrystals
were observed by SEM. XPS results show that the
composition of the thin films was nearly the same as the
raw material since a large amount of the starting material
can be embedded quite fast in the fractional oxidised
(NCTA)Ni(DMIT), thin films in a high concentration of
CML solution. The Ni 2ps, and the S 2p binding energies
for the powdered sample and the thin films are (853.8
eV, 871.0 eV), (8539 eV, 871.1 eV), and (162.2 eV,
162.3 eV), respectively.
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Figure 1. The /-V characteristics showing bistable
switching in the sandwich structure AlI/CML/ITO.

Figure 1 shows an oscilloscopic picture of the /-V
characteristic curve which reveals electrical memory
switching phenomenon. A 100 Hz pulse wave, which was
generated from a full-wave rectification of a 50 Hz
alternating current, was applied across the device.
Initially, at a small applied forward bias voltage, the thin
film was at high-impedance OFF state. When the forward
bias voltage surpassed a threshold voltage (V), the
resistance of the thin film dropped rapidly to a low-
impedance ON state. The switching from the OFF to ON
state occurred at an applied bias voltage of 2.0 V for the
particular device which corresponding to an applied field
strength of about 10° V/cm, and remained in this state
without a holding voltage. Then it could be revert to the
initial OFF state simply by a slightly smaller reversed
bias voltage relative to the forward one applied across

Copyright © 1997 The Chemical Society of Japan



44

the device. These results demonstrated that the
relationship between the direction of the applied voltage
and that of the switching is structurally determined, viz.,
the asymmetry of /-V characteristic is mainly due to the
asymmetrical structure of the device, not the different
morphologies at both sides of the thin films.

An identical I-V characteristic curve of the switching
was also measured using a DC voltage linear scanner
instead of a 100 Hz full-wave rectification pulse in the
same device.

The switching parameters appeared independent of
the cross section of the Al top electrode. The threshold
currents (Iy,) were fairly constant over a wide variety of
electrode sizes; The threshold voltage (V) was almost
independent of electrode size, it was only a function of
the thickness of the thin film. These indicate that
conduction filaments were formed in the switching
process.

The non-ohmic behaviour before switching and the
ohmic behaviour after switching were noted. The non-
ohmic behaviour in the OFF state can be explained by the
initial formation of conduction filaments, whereas the
ohmic behaviour in the ON state shows that the
conduction filaments have been formed eventually.
Therefore, the proposed switching transitions can be
illustrated as Scheme 2:
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Scheme 2.

where x stands for the fractional charge. It is believed
that the mixed-valence species have higher conductivity
than' the original charge-transfer complexes.’ This is
because that the [Ni(DMIT),]" (= = 2, 1, 0, and
fractions) species can exist as dianionic, monoanionic,
neutral and fractional charge complexes, of which the
first three ones are semiconductors due to their filled
HOMO orbitals or Peierls instability which usually show
non-ohmic behaviour in switching devices. Non-integral
charge species due to strong interactions between the
molecule parts display high conductivity usually show
ohmic behaviour after switching.

It is reported that some other switching processes can
also be achieved rever51bly by altering the polarity of the
applied voltage pulse.'’ Most of the reversible recording
and erasing mechanisms, such as those in vanadate
glasses, have been explained on the basis of smaller
ionised metallic ions migration possessing high mobility
along the electric field.

In our experiment, there were no smaller ionised
metals with high mobility in the thin films. In the process
of the electrodeposition, only a few of lone pair electrons
(not 7 electrons) in CML were first lost from the S atoms
in the inner pentacycle containing Ni ion. In order that
electrodeposition can be carried out continuously, there
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must be some irregular conductive channels in the
amorphous thin films because the long chain stackings
are insulating. In addition, NCTA" cation is so large that
it can only move around its original position thermally.'
Thus, the ON state must be generated from Ni(DMIT),
stackings instead of the long chain stackings.

Due to the strong S---S molecular interactions, the
high conductive films in the ON state are so stable that
they need not a holding voltage to keep the ON state of
the memory switching.® When the polarity of the applied
field was reversed, the device switched to the OFF state
because fractional negative charges were injected into
the films along the filaments.

Compared with inorganic thin films, the unit number
of the CML molecules with large volume in the thin
films is greatly reduced. As the CML amorphous films
with a long NCTA" cationic chain are very stable,'! it is
difficult to separate out excess crystals which makes the
switching become an irreversible process. Therefore, the
irregular polymer-like aggregates based on Ni(DMIT),
stackings instead of the contribution of amorphous-
crystalline conversion should be crucial to the ON state.
If the chain length of the counter cation shorter, such as
(CH;)N* and CH;(CH,),N*(CH;); cations, switching
processes were broken after a few cycles. Perhaps it is
because they are easily to separate out excess crystals,
which hinders the reversible switching processes. These
results demonstrate that long chain counter cations play
an important role in the reversible and reproducible
electrical memory switching.

In conclusion, the switching behaviour of the
amorphous thin films, recorded on an oscilloscope, can
be observed continuously for several hours without
noticeable changes in their characteristics. The switching
cycles can reach 10° without failure. This reveals the
high reversibility of such devices based on Ni(DMIT)2
amorphous thin films with long chain counter cations.
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