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As the miniaturization of silicon semiconductors reaches its Scheme 1. Self-Organized Interconnect Method for Molecular

physical and economic limits, pressure has increased on deviceP€vices

innovation. Since molecules can now be synthesized uniformly in Step 1

large quantities with changed or added functions by chemical - @ | .’
techniques, interest has focused particularly on molecular elec- L L 4

tronics~* However, the development of nanosized molecular
electronics has been precluded by the difficulty in wiring molecules
between nanoelectrodes. Many researches have already reported
synthesized molecules with thiols on both ends and bridged
nanoelectrodes with the molecufeg.However, it is difficult to
synthesize a molecule with thiols on both ends because of the low
stability of such conjugated system molecules. Also, long molecular
wires have a strong aggregation tendency and are difficult to wire 2 a-cyclodextrin
between electrodes. Therefore, a new molecular interconnect method

. Step 2
needs to be developed to produce a molecular device from a long

Here we report an interconnect method for molecular devices L
that can control electrode-molecule binding, molecular orientation, -
and device functions. The interconnect method is a self-organized
method in which three types of molecules are programmed to have
different functions and are connected sequentially between the
nanoscale electrodes. By using this method we demonstrate a
conduction wire and optical switching device. The self-organized
interconnect method is an innovative method allowing the easy
control of molecular device functions and has the potential to
significantly promote the development of nanoscale molecular
electronics.

The self-organized interconnect method consists of three steps  aThe interface control moleculi orientation control moleculg, and
with three kinds of molecules: interface control molecule (4-iodo- function control molecules3(4). 3 and 4 function as a conduction wire
benzenethioll5), orientation control molecule (polyrotaxai2é), and as an optical switching device, respectively. Moleuke a sr-conju-
and function control molecule (stilbeB? diarylethenat®) (Scheme ~ 9ated molecule covered witi-cyclodextrin.

1). The interconnect method is a simple liquid solution process in
which nanoelectrodes that are placed with a nanoscale spacing ar
dipped into three kinds of solutions sequentially. In the first step,
the electrodes and interface control moleculese bound to each
other. The interface control moleculésbound to the electrodes
are therr-electron molecules that have chemical reaction points to
bind to the orientation control molecul@s In the second step, a
chemical reaction binds the orientation control molec@esith

the interface control moleculds The orientation control molecules

2 ares-electron molecules that have two chemical reaction points
at their ends to bind to interface control moleculeand function
control molecules,4. The s electrons are covered witl-cyclo-
dextrin to keep the molecular structure almost stréightand
control the growth direction of the molecules along the electrode
spacing. In the third step, a chemical reaction binds function control
molecules3,4 with orientation control molecule®. The function

gontrol molecules3,4 have chemical reaction points at both ends
to bind to the orientation control molecul@s

After the first step, we used X-ray photoelectron spectroscopy
to measure the self-assembled monolayet ahd found a strong
peak at 161 eV, which is the S2p binding energy in the gold
sulfur bond*?

As in the first step, we conducted a reflective UVis spec-
troscopy measurement on the gold electrode after binding orientation
control molecule® with interface control molecules and found
an absorption peak at 400 nm, which corresponds to the absorption
peak of 397 nm for orientation control molecul2sn solutions.
This indicates that the chemical bonding bfand 2 molecules
extended ther-conjugated system.

In the third step, the function control molecul&4 and
orientation control molecule® are bound to each other. We used
3 and4 as the function control molecules. The molecular wire is
T The Institute of Scientific and Industrial Research. conductive beQafJ@iS_aﬂ'e'ec”c?” moleculet is_ in a ring-opening
#Graduate School of Engineering. state under visible light, but in a closed-ring state under UV
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a) 2 chemically to the orientation control molecul2sat both ends in
the third step, and that the electrodes were wired with the optical
1l switching molecule.

In the measurement of the temperature characteristics of the
molecule in the ON state, we found that the molecule has the
thermal activation type conduction mechanism, just like the
molecular wire with stilbend, and that the activation energy in
T the high-temperature range was 117 meV. The long length of the
orientational control molecul@ indicates that the orientational
' : : control molecule2 has a hopping conduction mechanism and the
' ' conduction mechanism of the entire molecular wire is dominated

by the hopping conduction of the orientational control mole@ule
b 3 This could explain why both the molecule with stilbedhand the
) Close-form . . . .
(ON state) molecule with diarylethend have the hopping conduction mech-
anism with comparable activation energies. These results show that

WT lws the function control molecules can control the device functions of
the molecular wires.

Open-form In conclusion, we have developed an interconnect method to
(OFF state) program three kinds of component molecules with their own
al functions and to wire a molecular device between nanoscale

electrodes in a self-organized manner. By using the interconnect

o 25 00 05 10 method we developed, we produced conductive wires and optical

Voltage (V) switching devices and have demonstrated their device functions.

Figure 1. Device characteristics of the molecular wires between the Combining these three control molecules allows us to produce

nanogap electrodes, whose spacing was 30 nm: cutveltage curves of molecular wires with various device properties that can be
(a) the conductive wire and (b) the optical switching device for which we  ~gntrolled.
used3 and4 as the functional molecule, respectively.
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The interelectrode spacing was 30 nm. The width and height of
the electrode were about 40 and 20 nm, respectively. Hence, if we
assume that the two molecular wires are cylindrical with a diameter
of about 1.5 nm (the diameter of CD)'® and are wired in parallel
between the electrodes, there are up to 450 molecules wired betweeri!Qeferences
the electrodes.

Adfter the second and third steps, we measured electric conduction (1) Aviram, A; Ratner, M. AMolecular Electronics Science and Technol-
’ ogy, New York Academy of Sciences: New York, 1998.
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dependence of conductivity of the molecular devices, and expanded
discussion and interpretation of the optical switching device. This
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dependence of the electric conductance and found the conductance McNeill, L. A; Hall, M. J.; Aplin, R. T.; Anderson, H. LAngew. Chem.,

decreased as the temperature decreased, indicating that the molecule __Int. Ed. 2000 39, 3456-3460. .
(7) Lucas, N. T.; Noaras, E. G. A.; Cifuentes, M. P.; Humphrey, M. G.

is of the thermal activation type. The activation energy in a high- Organometallic2003 22, 284-301.
temperature range was 109 meV. (8) Matsuda, K.; Irie, MChem—Eur. J.2001, 7, 3466-3473.
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into the closed-ring state (ON state, 3c9L0° Q), and then applied (12) Ulman, A.An Introduction to Ultrathin Organic Films from Langmuir-
- . . . " ! Blodgett to Self-Assemblpcademic Press: San Diego, CA, 1991.
visible light to switch them into the ring-opening state (OFF state, (13) Dulic, D.; van der Molen, S. J.; Kudernac, T.; Jonkman, H. T.; de Jong,
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