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Abstract

Nanotechnology has been developed as a new concept in the 21st century that covers
various research fields and it has been established that Nanotechnology can bring about
technological innovations in the future. The targets of nanotechnology range from physics and
chemistry to biology, which will inevitably result in the fusion of different fields. New materials
and devices with unique functions can be developed by designing and controlling
two-dimensional structures at the nanometer scale. Recently, molecular electronics, one area of
nanotechnology, has been attracting attention. Molecular electronics can be roughly divided into
two fields: one in which molecules are treated as a bulk and another in which molecules are treated
at the molecular level. In particular, molecular complexes and polymers with high conductivity
have been found among organic molecules observed at the molecular level. Conductive organic
compounds are carbon-based materials with a skeleton formed by conjugated m-electrons, and
their conductivity is induced by the transfer of these n-electrons. In the crystal structure of highly
conductive graphite, networks of six-membered carbon rings form a layered structure via van der
Waals interactions. The conductivity of graphite in the layer direction is equivalent to that of
metals (10°-10° S/cm).  The above-mentioned polymers are conjugated polymers, which exhibit
conductivity through conjugated chains, whereas the above-mentioned graphite is formed by
molecular chains, which exhibit conductivity via intermolecular interactions. Note that
conductive paths formed by the intermolecular interactions significantly contribute to the
conductivity of conductive polymers. However, there is an upper limit of conductivity for
polymers because they are affected by the structure between conductive layers. In contrast, high
conductivity is expected using low-molecular-weight monomolecular layers.

The primary purpose of this study is to examine highly conductive materials with
conjugated © bonds based on intermolecular interactions, using low-molecular-weight chemically
adsorbed monomolecular layers (CAMs) with five-membered carbon rings.

We succeeded in synthesizing a molecular wire structure that exhibits conductivity in the



planar (horizontal) direction, induced by a newly established process for forming conjugated n
bonds through the electrolytic oxidation and polymerization of appropriate CAMs. What is
crucial in molecular electronics is a technique visualizing the surface structure and electrical
properties of samples while directly observing the samples at the nanoscale. In particular, the
direct observation of the interface between an electrode and a monomolecule under bias
application is extremely important. Conductive atomic force microscopy (C-AFM), a type of
scanning probe microscopy (SPM), can be used to simultaneously obtain images of nanoscale
shapes and measure the electrical current distribution. Thus, C-AFM is a promising technique
for evaluating the electrical properties of monomolecular samples. In this study, the feasibility of
C-AFM for the nanoscale evaluation of the electrical properties of monomolecular devices was
examined. We demonstrated that the real-time detection and determination of electrical paths is
possible using an SPM probe as an electrode. In addition, the properties of CAMs were
evaluated by determining the temperature dependence of electrical conductivity (resistivity) of
CAMs using a semiconductor probe. The carrier transfer in a PNN  (N-[11-(trichlorosilyl)
undecyl]pyrrole) layer, which is a CAM, was affected by the conduction in molecular chains,
between molecular chains, and between fibrils. We succeeded in making the conduction within
molecular chains the dominant conduction using a PEN(N-{6-[11-(trichlorosilyl)undecanoyl]
hexyl}pyrrole) layer obtained by introducing ester groups into the above-mentioned CAM. The
temperature dependence of conductivity for the PEN layer with 1.9-fold-longer molecular chains
was similar to that for metals.

Meanwhile, metals are expected to show significantly different properties when they are
in their nanoparticle form, although they cannot form various structures, in contrast to carbon
atoms. Nanoparticles are a collective term for fine particles with a diameter of 100 nm or less.
When their size becomes smaller than the wavelength of an electron, properties different from
those of the bulk appear. If their diameter is further decreased to 10 nm or less, the proportion of

atoms exposed to the surface becomes a significant factor. Namely, surface atoms affect the



properties of all the nanoparticles. However, nanoparticles tend to agglutinate owing to their high
surface energy and are difficult to disperse.

To apply nanoparticles in bio-nanotechnology, we propose connecting them with
biomaterials. Enzymes, antigens, antibodies, and receptors have the potential to bind with
nanoparticles because their diameters are in the range of 2-100 nm, similar to those of
nanoparticles. We considered that we could synthesize an array of nanoparticles with a uniform
diameter by confining nanoparticles in hollow proteins because the genetic engineering and
modification of proteins with a specific anchor group are possible. In addition, proteins do not
agglutinate with each other, thus compensating for the above-mentioned disadvantage of
nanoparticles and enabling the self-assembly of nanoparticles immobilized on a substrate. We
attempted to synthesize two-dimensional arrays by confining nanoparticles in hollow proteins by
biomineralization.

The second purpose of this study is to synthesize, evaluate, and practically apply ferritin
(a basketlike supermolecular protein existing in living organisms). Ferritin in living organisms
generally has a spherical protein outer shell with a diameter of 12 nm and an iron oxide core
(5Fe;039H,0) with a diameter of 7 nm inside the shell. The dynamics of the formation of
two-dimensional arrays of ferritin with proteins in ultrapure water were observed by high-speed
AFM. We succeeded in the first ever imaging of a phenomenon in which ferritin supermolecular
proteins being in dynamic random motion in a solution form two-dimensional arrays on a
substrate surface. After demonstrating the two-dimensional crystallization of ferritin, the
application of these crystals to floating gate metal-oxide-semiconductor field-effect transistors
(FGMOSFETs) was examined. In the FGMOSFET structure, a material that can retain charges
is embedded in a gate insulator film with a field-effect transistor structure based on a metal — oxide
- semiconductor (MOS) capacitor structure as a “floating island”. Concretely, we fabricated a
conductive core at a low temperature so that the ferritin core could be used as a floating gate, then

evaluated and analyzed the conductive core by a Kelvin probe force microscopy (KPFM), a type



of SPM. The detailed KPFM examination of the charge retention properties of a single Fe core
particle (diameter, 5 nm) revealed that electrons confined inside the Fe core were reduced at a low
temperature, enabling us to visualize the potential of confinement effects at a supermolecular level.

The power consumption of electronic devices is approximately proportional to the
number of electrons transferred from an electric source to the grounded electrode of a logical
operation unit.  If nanoparticles are applied to FGMOSFETs or single-electron tunneling (SET),
the power consumption can be markedly suppressed. Furthermore, if the resistance of wiring
materials can be decreased similarly to that of CAMs, the power consumption can be further
suppressed. We believe that self-organized molecular electronic devices will be realized in the
near future by designing both molecules and nanoparticles, and precisely forming and controlling

the devices using a bottom-up method.
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