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Abstract

We present a novel way to fabricate electronic devices from a molecular charge-transfer salt
Ag(DM), by simple illumination, which realizes a junction-structure in the single molecular
crystal. The electrical conductivity of the selected parts of samples can be controlled by
illimination time and power. The electrical behavior gradually turned semiconducting from
metallic one by illumination. X-ray photoelectron spectroscopy, Raman spectroscopy and
X-ray absorption fine structure indicated that illumination should transfer some electrons from
the conducting DM columns to the Ag ions. The X-ray powder diffraction pattern indicated that
original crystal lattice was maintained after the illumination. These observations imply that the
illumination practically effected doping (or rather dedoping) on the material.

PACS: 73.40.Ei; 73.40.Ns




1. Introduction

A large number of molecular conductors have been reported to date [1-5]. Most of them

contain planar TT—conjugated molecules with multi-redox reactivities, which exist as metastable

partially charged radical ions in the conducting solids. In general, their electrical conduction is

supported by the unpaired electrons delocalized through mi-bands, i.e. overlaps of the

T-molecular orbitals among adjacent molecular radical-ions. They usually have structurally

unique and various conduction pathways such as columns, sheets, ladders and spirals,

depending on the sturctures and arrangements of constituent molecular species. Some of them

also contain photosensitive chemical species such as silver ions and bypyridyl derivatives,

which are not involved in the conduction pathways. Such solids are generally stable in ambient

conditions. However, they could be reactive under illumination of ultraviolet and visible

(UV-VIS) light, where electron transfer could occur between the photosensitive and the

molecular species responsible for the conduction. As a result, illumination could irreversibly

increase or decrease the amount of conduction electrons by their addition or removal. In

combination with photolithography or light-focusing technique, this might open a new way to

control irreversibly electrical properties of a particular part of a molecular solid, which would

lead to fabrication of devices with junction-strutures. In this paper, we present an optical control

method of electrical properties of molecular solids together with its mechanism.



2. Experimental

The silver salt of dimethyl-dicyanoquinonediimine (DM), Ag(DM),, was prepared according

to Ref. [6]. The electrical resistivity measurements were carried out using a standard 4-probe

method with gold wires and gold paste as electrical contacts. A part of the sample (a single

crystal or a pressed pellet) or the whole sample was continuously illuminated with UV-VIS

light (200-1100 nm) using an optical fiber. Subsequently, the physical measurements were

carried out for the sample using conventional procedures in the dark. Parallel measurements of

the pristine samples were also conducted for checking out any artefacts. After the

measurements, the illumination was recommenced on the same sample and further illumination

effects were investigated. The details of illuminations and measurements of physical and

spectroscopic properties were described in earlier papers [7-9].

3. Results and discussion

DM forms charge transfer salts with various kinds of metals. Owing to its moderate electron

accepting ability, the DM molecules usually exist as radical anions with fractional valency in

these salts. In the crystal of Ag(DM),, the planar radical anions of DM stack to form a columnar

structure (Fig. 1). The unpaired electrons on the radical anions delocalize along these columns,



resulting in metallic conduction. All the DM anions are coordinated to the Ag ions through the

=N-CN groups at both ends of the fully TT—conjugation system on the molecule. It was observed

that Ag(DM), qualitatively altered its electrical properties after illumination with wavelengths

of 200-1100 nm: the temperature-dependence of a partially illuminated single crystal of

Ag(DM), was qualitatively explained as a sum of the electrical behavior of the illuminated and

the non-illuminated parts of the sample (Fig. 2) [8]. In the range of 200-1100 nm,

wav elength-dependence was not observed. The duration of illumination required for the change

of physical properties varied from a few minutes to a few weeks depending mainly on the

power of the light and the temperature.

Firstly, let us discuss what is happening in the sample during illumination. In the previous

paper [8] we reported that X-ray photoelectron spectroscopy (XPS) was powerful tool to

determine the chemical states of the illuminated part of the sample as well as how clear the

borderline between the illuminated and the pristine parts of the sample was. The high-resolution

XPS demonstrated that bulk silver (Ag(0)) was detected exclusively in the illuminated area

while silver(I) (Ag(l)) ions remained unaffected in the non-illuminated area. In addition, the

borderline was so sharp and clear that Ag(0) was not detected even in adjacent parts of the

illuminated area. If the charge (electron) transfer actually occurred between the Ag and the DM

ions, the XPS of the atoms in the DM ions should be consistent with the XPS of silver atoms. In

fact, the XPS of nitrogen atoms in the illuminated sample clearly indicated that the DM radical



anions were oxidized toward neutral DM molecules (Fig. 3). Since XPS is surface-sensitive, we

measured X-ray absorption fine structure (XAFS) in order to obtain information on the bulk of

the samples. Along with the results of infrared spectra and elemental analyses, XAFS and XPS

are consistently explained supposing that the illumination progressively induced electron

transfer (redox reaction) between the Ag(l) ions and the DM radical anions. The interpretation

thus far is consistent with a series of Raman spectra measured continually during the

illumination [ 8], which indicated the formal charge of the DM radical anions continuously

changed from -0.5 to -0.35—-0.40 in accordance with the UV-VIS illumination. Identical specta

were obtained several months after ceasing illumination, which means the photochemically

induced state as well as the interface between the illuminated and the non-illuminated areas are

stable. Powder X-ray diffraction patterns proved that the illuminated samples retained the

original (pristine) crystal structure. However, the apparent irreversibility of the phenomena

suggests that there should be some difference between the structures before and after

illumination. This issue is under investigation.

It is highly possible that one could dope this material simply by illumination with virtually

retaining the crystal structure. Thus we tried to make a rectifier from a single crystal of

Ag(DM), by illuminating on the only half of the long needle crystal. This was expected to

remove some conduction electrons from the T-band of DM columns only in the illuminated

part of the crystal, while leaving the rest of the crystal intact. Such partial photochemical



treatment would force the crystal to take a junction-structure due to the imbalance of the Fermi

levels at the interface. After illumination the I-V property curves were measured (Fig. 4). The

result clearly shows that electric current exponentially increases when a forward voltage is

applied, while it hardly flows when the applied voltage is reversed. Such “one-way” conduction

is called rectification, demonstrating its junction-structure and being characteristic to diodes. In

other words, the illumination transformed a single crystal into a diode. This method was

originally meant for the molecular crystals, yet it could be applicable to thin films and

amorphous solids as well as inorganic materials.
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Figure captions

Fig. 1. (@) Molecular structure of DM and (b) crystal structure of Ag(DM),.

Fig. 2. UV-vis illumination effects on the temperature-dependence of the electrical resistivity of
an Ag(DM);single crystal.

Fig. 3. N1S XPS of (a) pristine, and (b) illuminated samples. Note that a shoulder at lower
energy appears more clearly in the illuminated sample, which can be attributed to the
increase of the contribution from formally neutral DM molecules.

Fig. 4. 1-V property curve of a single crystal of Ag(DM), after UV-VIS illumination on the only

half of it. The illumination continued for about three weeks from both sides of the needle

crystal at room temperature.
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Figure 2
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Fig. 4. T. Naito et al.



