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In this laboratory, we are working on fabricating nanoscale-structures that are not realized with conventional
lithography techniques, exploring new physical properties in the structures, and trying to apply them to functional
nanodevices. For this purpose, we are interested in carbon nanotubes that have extremely small diameters as building
blocks of nanostructures as well as conventional semiconductor materials. A basic structure of our interest is a quantum
dot, where electrons are confined in an artificial potential. In the structure, a single electron charging effect (Coulomb
blockade effect) and a zero-dimensional confinement effect are important. With these unique effects, we study single
electron transport at low temperatures and try to apply the unique effects to functional devices such as single electron
devices, quantum computing devices and ultra-sensitive THz detectors with new functions.

1. Device fabrication processes in nanoscale
(1) Nanodevice fabrication process with alcohol CVD
To fabricate an integrated nanodevice system, it is important to grow single-wall carbon nanotubes in a desired direction

and at a desired direction. For that purpose, the chemical vapor deposition technique is useful. We have developed the
nanodevice fabrication process including the CVD growth.
(2) Single-wall carbon nanotube CVD in ultra-low pressure

The standard CVD growth of single-wall carbon nanotubes is made at around 10kPa with metal catalyst particles
deposited in a separate way. To explore the more controlled growth, we have built a ultra-high vacuum chamber where we
can feed alcohol gas with pressure below 0.1Pa. Also, the catalyst deposition can be made without breaking vacuum. We
have succeeded in growing single-wall carbon nanotubes even at a pressure of 0.05Pa, and found that the growth
temperature was decreased as the pressure was decreased.
(3) Fabrication process of individual nanoscale molecular crystals with electrical contacts

We are also interested in nanoscale devices with molecular crystals where electrons are highly correlated and show
phase transitions, such as superconductivity, charge density wave and spin density wave. Nanoscale blocks from the
materials are fabricated, and the device process to make electrical contacts to the block is being developed for transport
measurements. We are facing various difficulties at the memoment, such as tiny blocks of the molecular crystal, is easily
destroyed when electgron beam lithography is made to fabricate local electrodes to them.

2. Study of basic physics in carbon nanotubes
(1) Interaction of carbon nanotube quantum dots with electromagnetic wave

Single quantum dots can be fabricated in individual single-wall carbon nanotubes (SWCNTs) by depositing metallic
contacts on top of them. The energy scales associated with the dot can be in a range from submillimeter to teraherz, which
should be contrasted with those values in a conventional semiconductor quantum dot. This fact makes us to expect strong
interactions of SWCNT quantum dots with electromagnetic wave in these frequencies. We have succeeded in quantum
response of the carbon nanotube quantum dots, which means that electrons in a dot absorb THz photon to tunnel out of the
dot (Photon assisted tunneling). Another type of response is shift of Coulomb peaks when THz wave is irradiated. This is
turned out to be because trap states near the carbon nanotube quantum dot may be charged due to the activation by the
THz wave, and the change in the charge state is detected by the quantum dot as a ultra-sensitive electrometer.



3. Demonstration of nanodevices with carbon nanotubes
(1) Development of single electron devices with carbon nanotubes

Single electron devices are one of the possible devices for future nanoelectronics, because they may operate with very
low power consumption, and cab be made in really small dimensions. The use of the carbon nanotube is a natural choice to
realize these devices. We have demonstrated the CMOS-type single electron inverter and the XOR gate device fabricated in
single-wall carbon nanotubes, which were operated up to around 10K. But, the operation temperature is not limited by the
charging energy, but is limited by the height of the tunnel barrier.

In single electron circuits and quantum computing circuits, the information may be stored in quantum dots as a charge
or a spin, and to read out the information is important. The single spin may be transferred into a charge using spin
blockade mechanism. Therefore, to detect single charge in carbon nanotube (CNT) quantum dots is necessary. To do this,
we combine CNT quantum dots with a quantum point contact (QPC) fabricated in a GaAs/AlGaAs 2 dimensional electron
gas. We have succeeded in fabricating CNT quantum dots on a GaAs/AlGaAs substrate, and we observed Coulomb
oscillation due to a gate on a GaAs/AlGaAs substrate.

(2) Towards quantum computing devices with carbon nanotubes

For application of quantum dots to quantum computing devices, it is important that the quantum dot shows an artificial
atom behavior, where shell structures are clearly formed. In this case, a spin quantum bit (qubit) is realized when one
electron is put in a shell. The carbon nanotube quantum dot has an advantageous for this due to the one-dimensional
nature of the quantum dot, where quantum level spacing is much larger than the electron-electron interaction energy.
Therefore, a shimple shell filling is realized. This feature may be generally satisfied in electrons confined in
one-dimensional hard wall potential, not specific to carbon nanotubes, but be realized in general one-dimesional structures.
Semiconductor nanowire may be also usuful for this purpose. In fact, we have tried to manipulate a single electron in the
dot with microwave, but were not successful. This may be due to the fact that the coupling between an electron spin and
electromagnetic wave was not efficient enough to rotate the spin.

The natural carbon does not contain nuclear spins. This means that we can make carbon nanotubes with host atoms
which have nuclear spin. To this purpose, we have grown carbon nanotubes with ethanol with 13C which has nuclear spins,
and estimated their characteristics with Raman spectroscopy and NMR method.
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