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As the miniaturization of silicon semiconductors reaches its
physical and economic limits, pressure has increased on device
innovation. Since molecules can now be synthesized uniformly in
large quantities with changed or added functions by chemical
techniques, interest has focused particularly on molecular elec-
tronics.1-4 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 molecules.1-4 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
between electrodes. Therefore, a new molecular interconnect method
needs to be developed to produce a molecular device from a long
molecule.

Here we report an interconnect method for molecular devices
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
with three kinds of molecules: interface control molecule (4-iodo-
benzenethiol15), orientation control molecule (polyrotaxane26),
and function control molecule (stilbene37, diarylethene48) (Scheme
1). The interconnect method is a simple liquid solution process in
which nanoelectrodes that are placed with a nanoscale spacing are
dipped into three kinds of solutions sequentially. In the first step,
the electrodes and interface control molecules1 are bound to each
other. The interface control molecules1 bound to the electrodes
are theπ-electron molecules that have chemical reaction points to
bind to the orientation control molecules2. In the second step, a
chemical reaction binds the orientation control molecules2 with
the interface control molecules1. The orientation control molecules
2 areπ-electron molecules that have two chemical reaction points
at their ends to bind to interface control molecules1 and function
control molecules3,4. Theπ electrons are covered withR-cyclo-
dextrin to keep the molecular structure almost straight9-11 and
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 molecules2. The function

control molecules3,4 have chemical reaction points at both ends
to bind to the orientation control molecules2.

After the first step, we used X-ray photoelectron spectroscopy
to measure the self-assembled monolayer of1 and found a strong
peak at 161 eV, which is the S2p binding energy in the gold-
sulfur bond.12

As in the first step, we conducted a reflective UV-vis spec-
troscopy measurement on the gold electrode after binding orientation
control molecules2 with interface control molecules1 and found
an absorption peak at 400 nm, which corresponds to the absorption
peak of 397 nm for orientation control molecules2 in solutions.
This indicates that the chemical bonding of1 and 2 molecules
extended theπ-conjugated system.

In the third step, the function control molecules3,4 and
orientation control molecules2 are bound to each other. We used
3 and4 as the function control molecules. The molecular wire is
conductive because3 is aπ-electron molecule.4 is in a ring-opening
state under visible light, but in a closed-ring state under UV
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Scheme 1. Self-Organized Interconnect Method for Molecular
Devicesa

a The interface control molecule1, orientation control molecule2, and
function control molecules (3,4). 3 and 4 function as a conduction wire
and as an optical switching device, respectively. Molecule2 is a π-conju-
gated molecule covered withR-cyclodextrin.
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radiation.13,14That is, the molecular structure switches in response
to light and the molecular wire containing4 works as an optical
switching device.

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 ofR-CD)15 and are wired in parallel
between the electrodes, there are up to 450 molecules wired between
the electrodes.

After the second and third steps, we measured electric conduction
in molecular wires possessing either3 or 4 at room temperature
with no light in a vacuum condition below 10-5 Torr. The molecular
wire with 3 was a conductive wire having Ohmic contact (Figure
1a). Its electric resistance was 5.9× 105 Ω. It showed no electric
conduction after the second step, but showed conduction after the
third step, which implies that the electrodes are wired with the
molecular wire in the third step. We measured the temperature
dependence of the electric conductance and found the conductance
decreased as the temperature decreased, indicating that the molecule
is of the thermal activation type. The activation energy in a high-
temperature range was 109 meV.

On the other hand, we placed the optical switching device in
ultraviolet light or visible light and shielded them from light to
measure the current-voltage characteristic of the device (Figure
1b). We applied ultraviolet radiation to the molecules to drive them
into the closed-ring state (ON state, 3.9× 105 Ω), and then applied
visible light to switch them into the ring-opening state (OFF state,
7.6 × 106 Ω). The electric current in the molecular wire with4
increased under ultraviolet radiation by 20-fold, but it was reduced
under visible light, indicating a reversible switching property with
light. The optical switching property was not observed after the
second step, indicating that the switching molecules were bound

chemically to the orientation control molecules2 at both ends in
the third step, and that the electrodes were wired with the optical
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 stilbene3, and that the activation energy in
the high-temperature range was 117 meV. The long length of the
orientational control molecule2 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 molecule2.
This could explain why both the molecule with stilbene3 and the
molecule with diarylethene4 have the hopping conduction mech-
anism with comparable activation energies. These results show that
the function control molecules can control the device functions of
the molecular wires.

In conclusion, we have developed an interconnect method to
program three kinds of component molecules with their own
functions and to wire a molecular device between nanoscale
electrodes in a self-organized manner. By using the interconnect
method we developed, we produced conductive wires and optical
switching devices and have demonstrated their device functions.
Combining these three control molecules allows us to produce
molecular wires with various device properties that can be
controlled.
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Figure 1. Device characteristics of the molecular wires between the
nanogap electrodes, whose spacing was 30 nm: current-voltage curves of
(a) the conductive wire and (b) the optical switching device for which we
used3 and4 as the functional molecule, respectively.
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