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Key Sentence :

1. Fabrication of sub 10nm nanostructures

2. Demonstration of quantum nanodevices

3. Application of teraherz wave to material science

4. High resolution teraherz imaging technique

5. Carbon nanotubes for bio-sensor application

6. Medium energy ion scattering for 3-dimensional surface analysis
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Outline

To explore future nanoelectronics, we develop fabrication processes of sub-10nm structures, and
study their electronic properties to apply them to functional nanodevices. We use carbon nanotubes,
semiconductor (Si, Ge, InAs et al.) nanowires, graphene and functional molecules as building block
of those nanostructures. Besides, we are interested in THz properties of solid state materials and
development of the near field THz imaging system. Surface analysis with the medium energy ion
beam scattering is also our research target. With a combination of the top-down and bottom-up



technology, we  fabricate guantum dots, CNT/molecule heterostructures, and
semiconductor/superconductor hybrid nanostructures for use of single electron devices, quantum
computing devices and new quantum THz detectors, and so on.

1. Device fabrication processes in nanoscale (Hida, Negishi, Tabata, Mori, Zhou, Toyokawa,
Shimoda, Nishino , Suzuki, Watanabe, Shiokawa, Ishibashi)

To realize nanostructures with a size of several nm is difficult only with conventional
lithography techniques (top-down technology). A bottom-up technology in which the nanostructures
with several nm are easily formed in a self-assemble manner is a attractive technique for the aim.
However, to merge the two technology is needed to really fabricate extremely nanostructures that
can be applied for nanodevices. To do that, we are interested in carbon nanotubes and
semiconductor nanowires that have a diameter of several nm and a length longer than micron, as
building blocks of nanodevices.

(1) Fabrication of molecular scale nanostructures with carbon nanotubes

One of the unique features of the carbon nanotube is a possible chemical modification of its
surface. By using the feature, we are developing to fabricate molecular scale nanostructures with
carbon nanotubes and molecules. The atomic image of the single-wall carbon nanotubes was
observed with the scanning tunneling microscope, and the electronic structures of the carbon
nanotube ring connected chemical bonds at the both ends was studied.

(2)Growth technique for aligned carbon nanotubes for integrated nanodevice fabrication

To grow the aligned nanotubes is a important issue to fabricate integrated nanodevices. We have
succeeded in it by the methanol CVD (Chemical Vapor Deposition) with a use of quartz substrate.
The grown nanotubes could be transferred to another useful substrate for device fabrication, and
the technique turned out to give serious damage to the nanotubes. In fact, we could made single
electron transistor with the technique.

(3)Nanogap fabrication with novel self-assembled molecular lithography technique

To realize a nanogap less than 10nm in a controlled manner is important for measurements of a
molecular scale nanoparticle and a single molecule. For this purpose, we have developed a
technique with the novel self-assembled molecular lithography technique, and succeed in
demonstrating single electron transistors with Nb nanogap electrodes and individual Au particles
as dots.

2. Functionality in nanostructures and application to nanodevices (Mori, Huang, Morimoto,
Shimizu, Shin, Tarun, Oie, Kutsuna, Kozakai, Hirano, Kawano, Yamaguchi, Ishibashi)

(1) Quantum dots with Si nanowires

The important feature of the Si nanowire is that the width can be less than 10nm and the
surface is covered by a stable oxide layer. We have developed fabrication processes of quantum dots
with Si nanowires with diameters larger than 30nm. The nanowire dot with 70nm in a diameter
showed the classical dot behaviors, but the one with 30nm in a diameter showed indication of the
guantum nature revealing the non-uniform Coulomb peak height. It was found that high
temperature annealing increased the reproducibility of the device performance. For nanowires of
the order of 10nm in diameter, the fabrication process needs to further investigation.

(2) Quantum dots with Ge nanowires

Germanium has a smaller effective mass than Si, so that the quantum effect becomes more
important. However, the device process is not easy because Ge nanowires are easily resolved in
water. To overcome the problem, we have developed a method with which we can go around the
problem, and succeeded in demonstrating the single electron transistor.

(3) InAs nanowires with superconducting contacts

An InAs nanowire with superconducting contacts may be a new SNS (Super/Nomal/Super)
system that is interesting from both physics point of view and a new qubit application. We have
developed to realize low contacts between the nanowire and the metal. A chemical etching method
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and a Ar sputtering methods were used to obtain low contact resistance. In the former device, the
single electron transistor operation was observed with clear zero-dimensional confined states, and
no clear indication of the effect of superconducting contacts was observed. In the latter devices, not
Coulomb blockade was observed, and the indication of the increased conductance at V=0 due to the
supercurrent was observed.

(4) Teraherz (THz) response of carbon nanotube quantum dots

Carbon nanotube quantum dots have energy scale as an artificial atom in a range of THz
frequencies. We have observed quantum response of carbon nanotube quantum dots to the THz
wave. To increase the coupling efficiency between the THz and nanotubes, the fabrication process to
form the antenna structures have been developed. A new device that are consisted of the carbon
nanotube single electron transistor on the GaAs/AlGaAs two-dimensional-electron gas wafer was
fabricated, and are found to work as a highly sensitive THz detector.

(5) Molecular ruler technique applied for the fabrication of ultra-small carbon nanotube quantum
dots

The Molecular ruler technique was applied to fabricate an extremely small carbon nanotube
guantum dots with a dot size about 20nm. The device showed the single electron transistor
characteristics with zero-dimensional confined states. Besides, the superconducting gap was
observed in the Coulomb diamonds. The contact resistance was so high, that the supercurrent was
not observed at all. The process to improve the contact resistance is necessary to apply the
technique to the Andreev qubit.

(6) Teraherz (THz) response of the graphene sheet

A graphene sheet is an ideal two-dimensional system with unique band structures. Due to the fact,
the Landau levels in magnetic fields are formed in a different way from the conventional two
dimensional system such as 2DEG in GaAs/AlGaAs. We can expect Landau level transitions with
larger energies, so that the effect can be applied to broad band THz detector. In fact, we have
succeeded in observing a signal in magnetoresistance in the infrared range, which was not observed
in the GaAs/AlGaAs 2DEG.

3. Development of inspection techniques in nanoscale (Mori, Morimoto, Kobayashi, A. Koyama.
Yajima, Kawano, Ishibashi)

(1) All-in-one chip THz detector for near field THz imaging

We have demonstrated higher resolution of THz imaging than that determined by the wave
length. This was done by fabricating a small hole with an antenna structure on the GaAs/AlGaAs 2-
dimensional electron gas that works as a detector. The probe will be used to study local physical
properties of material surface. The graphene will be used for the broad band detector.

(2) Biosensor application carbon nanotube transistor

The carbon nanotube FET may be used for biosensor application. We have fabricated FETs with
individual double-wall carbon nanotubes (DWCNTSs), because the DWCNT-FET is considered to
have a larger transconductance than that of the single-wall carbon nanotube FET. The preliminary
sensor operation has been demonstrated by measuring the change in the source drain current when
the DWCNT was put in the solution that includes the biomolecule.

(3) Development of three-dimensional medium-energy ion scattering equipments

Three-dimensional medium-energy ion scattering (3D-MEIS) has been developed for
crystallographic structure of nanomaterials. The system of 3D-MEIS is that a pulsed He* ion beam
with a pulse width of ~2 ns at a medium energy of 100 keV is used for an incident beam, the
particles scattered by atoms in a sample are detected using a three-dimensional (position-sensitive
and time-resolving) detector. 3D-MEIS provides information on the two-dimensional blocking
pattern and flight times of particles scattered from a crystalline sample. Recently we developed a
compact 3D-MEIS system with a length of 4 m. In order to examine the performance of the system,
we have carried out experiments on single crystal Si samples and epitaxially grown SiGe films on Si
substrate. The results reveal that the compact 3D-MEIS system is feasible to analyze the structure



(strain) of thin films.
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