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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 and Si nanowires, which are self-assembled and 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

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 Si nanowires
that have a diameter of several nm and a length longer than micron, as building blocks of spin-related nanodevices.
(1) Carbon nanotube growth in ultra-high vacuum and in-situ process

We study carbon nanotube growth in ultra-high vacuum. It was found that the optimum growth temperature in which
the largest growth yield is obtained decreased as the growth pressure was decreased. The similar tendency was observed
for the quality of the nanotube. In our system, the deposition of the catalyst particle and the CVD growth can be carried out
without taking a sample out of the vacuum (in-situ process). In this process, we have found that the Ar gas introduction,
which is usually used in a conventional CVD growth, was not necessary in the in-situ process.
(2) Fabrication of the SET with the SWNTs coiled around by polymer molecules

Tunnel barriers in the SWNT single electron transistor (SET) fabricated in a standard method is not satisfactory in
terms of the controllability and the quality of the barrier, so that the method to fabricate more controllable tunnel barrier is
required for the practical application of nanodevices. Using carboxymetylcellulose (CMC) as a dispersant of the SWNT
suspension, the CMC molecules coil around SWNTs. The SETSs fabricated with the suspension have operated up to about
80K. This improvement of the temperature characteristics is due to the improvement of the interface property between
metal electrode and SWNT. The coiled CMC makes electric dipoles at the interface and modulates the work function of the
metal electrode. As a result, the barrier height becomes higher than the generally simplest SWNT-SET.
(3) Fabrication of the SWNT-SET using ion beam irradiation technique

The irradiation of low energy ion beam can induce defects on the SWNTs and the defects induced SWNTs have higher
electric resistivity. If we irradiate locally the individual SWNT with the ion beam, the higher resistive parts can work as
the barriers for the SET. We achieved the SET operation using this technique up to 120K. Now the mechanism of the
higher temperature operation is under consideration, however, we expect the much better improvement in the future.
(4) Aligned growth of carbon nanotubes

To control positions and orientations of carbon nanotubes on a substrate is important to realize the integration of
nanotube devices such as SET and FET and to assemble the functional devices consist of several nanotubes. Lately, we
have succeeded in controlling the positions of carbon nanotube by a CVD-growth of nanotubes directly on the substrate
with a patterned catalyst. However, it was not enough for our purpose, because the grown nanotubes have random
orientations. Therefore, we are trying to control the orientation of growth of nanotubes. It is known that CVD-growth
nanotubes can be aligned along a specific atomic arrangement or atomic steps of substrate surface when specific substrate
such as a sapphire and quartz are used. Based on this nature, we will fabricate carbon nanotube array in which all
nanotubes hollizontally align to the substrate, and use it as a template for nanotube devices. Until now, we have succeeded
in the aligned growth of nanotubes using quartz substrate and ferritin as a catalyst. We have also succeeded in the aligned
growth of nanotube in local position with catalysts patterned by a photography technique. We are now working on the
optimization of the catalyst density and the CVD conditions in order to match the length and tube density of growth
nanotubes to the fabrication process of hanotube devices.
(5) Fabrication of carbon nanotube quantum dots with nuclear spins

A nuclear spin could be important for the quantum bit since it has a long coherence time. To explore the feasibility of the

use of nuclear spin in carbon nanotube quantum dot, we have grown carbon nanotubes made of 13C atoms which have 1/2
nuclear spins and characterized by Raman spectroscopy and transport measurements. Carbon 13 nanotubes are obtained
by the CVD growth with ethanol with 13C. By Raman spectroscopy of samples with various content of 13C, we have found
that the 13C content of carbon 13 nanotubes can be controlled by that of ethanol, and that 13C content dependence of the
FWHM shows peak around 50 % probably due to randomness. We have established the fabrication process of quantum-dot
devices using the carbon 13 nanotubes and succeeded to observe clear Coulomb diamonds at low temperature. To clarify the
interaction between nuclear spins and electron spins in the carbon 13 nanotube quantum dots, measurements and analysis
of the magnetic field dependence and the response to radio wave are under way.
(6) Molecular nanostructures with chemically modified carbon nanotubes

In the field of carbon nanotube-based electronics, the methodology of band engineering which enables us to design
various device properties is one of the key technologies that should be developed. We have been trying to synthesize the
super-structures of carbon nanotubes (CNTs) involving the CNT-molecule junctions. Since the presence of molecules
modifies the electronic structures around the junctions, it is expected that the electron transport properties in the
super-structures of CNTs are able to be controlled by choosing an appropriate combination of CNTs and molecules. In
addition to it, the molecular junctions might be useful to fabricate the super-structures with distinctive shape, for example,
a ring-shape and a Y-shape, that are applicable to the electron wave interference devices. At current year, the electron
confinement was observed in such a super-structure that both ends of metallic CNT were terminated with the polypeptide
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chains. We also succeeded in producing the CNT rings of 100 nm to 300 nm in diameter by connecting both ends of
individual CNTs with ester linkages.

2. Functionality in nanostructures and application to nanodevices
(1) Carbon nanotubes fabricated on a GaAs/AlGaAs 2-dimensional electron gas wafer

To explore the useful combination of carbon nanotube (CNT) devices with a 2-dimensional electron gas (2DEG) system
in a GaAs/AlGaAs heterostructure, we have fabricated carbon nanotube single electron transistor on the 2DEG wafer, and
investigated the gate action mechanism, which was fabricated on the surface of the 2DEG wafer. It was found that the gate
on the wafer surface acts to the CNT quantum dot through the 2DEG. We could switch on and off the gate action by
grounding and floating the 2DEG layer.

The quantum point contact (QPC) realized in the 2DEG is a sensitive electrometer when it is set in a tunneling regime.
We have succeeded in detecting the change in the number of electrons in the CNT quantum dot in the current in the QPC
formed in the 2DEG.

(2) Quantum THz response of the carbon nanotube quantum dot

The energy scales associated with the QD, which are the single electron charging energy (Ec) and the level spacing of the
confined states (AE), exist in a frequency range from submillimeter to teraherz (THz). These numbers are larger by more
than an order, compared with those in semiconductor QDs fabricated by the standard lithography techniques. We have
observed the quantum THz response of an individual CNT-QD at liquid Helium temperature. The main finding is that the
new satellite peaks appeared as the sample was irradiated with the THz wave. The distance between the main Coulomb
peak, which appeared also without THz irradiation, and the satellite peak increased linearly as the THz frequency was
increased. The observation suggests the THz photon assisted tunneling (THz-PAT) of an electron in the QD to the drain
electrode. The THz power dependence of the main peak and the satellite peak showed an indication of Bessel-type behavior,
which is well-known in the quantum response of the superconductor-insulator-superconductor (SIS) junction in a
microwave range. The overall features of our observations can be explained by the Tien-Gordon model, in which the tunnel
rate at the barriers is modified by the formation of the photon side bands. The THz-PAT was possible in the CNT-QD where
Ec>>hfis easily satisfied.

(3) Single-wall carbon nanotube with superconducting contacts

Superconductor with a one-dimensional normal constriction is possible with a single wall carbon nanotube (SWNT). We
have studied the electron transport in a SWNT with superconducting contacts of Al. A low contact resistance as small as a
guantum resistance can be realized with Pd sandwiched between the Al and SWNT. This indicates that the ballistic
transport is realized in the SWNT. The current was measured as functions of the source drain voltage (Vsd) and the gate
voltage (Vg). The measurement showed the Fabry-Perot interference pattern, suggesting that the SWNT is working as a
resonator for electrons. The important notice was that the supercurrent flowed at Vsq¢=0 that was modulated by the gate
voltage. This observation could be explained by the resonant levels that were broadened by the weak confinement and the
position of the resonant states was modulated by the gate voltage. Another important observation is dips the differential
resistance due to the multi-Andreev reflection, which was observed in a subgap of the voltage state. The position of the dips
appeared in the predicted positions by Vn=2A/ne, where A is a superconducting gap and n, the order of the Andreev
reflection. In the experiment, the dips up to n=2 were observed.

(4) Fabrication of random-network FETs

Single-wall carbon nanotubes can be semiconducting or metallic, depending on how they are rolled up from the graphee
sheet. One of the practical applications, which might be realized in future, is a random-network FET. We have developed
improved fabrication process for the high performance FET by assembling isolated SWNTs. Besides, to eliminate the
hysteresis of the gate characteristic, the ion bombardment process was developed. This reduced the hysteresis very much,
which may be due to the reduction of the charged water molecules on the surface. The best FET realized a mobility of
~0.7cm2/Vs and a on/off ratio of ~10-3.

(5) Single electron transistor (SET) fabricated with an individual Si nanowire

Si nanowires could be attractive for spin based-nanodevices, because they have a small spin-orbit coupling and a Si
atom with a nuclear spin is not dominant, which is also the case for carbon nanotubes. This indicates that the spin is stable
in Si. Because of this, we have started fabricating quantum dot with Si nanowires. Si nanowires with a diameter of several
nm and a length longer than micron can be formed with a catalytic chemical vapor deposition (CVD) method. We have
developed a fabrication process of the SET from a single Si nanowire, and have succeeded in observing a single electron
transport at low temperature for the sample with a diameter of 100nm. By using the narrower nanowire, the operation
temperature can increase, and a variety of nanodevices could be fabricated with the material.

3. Development of inspection techniques in nanoscale
(1) On-chip near-field terahertz probe integrated with a detector

The advantageous properties of terahertz (THz) waves - permeability through objects opaque for visible light, the
important spectrum in the meV range, etc. - potentially enable various applications of imaging in this band. A promising
approach for achieving high spatial resolution is to utilize near-field imaging (NI) technique. This method has been well
established in visible and microwave regions. However, the development of the NI technique in the THz region has been
hindered by the lack of high transmission wave line and the low sensitivity of the commonly used detector. This issue is
therefore one of the most formidable and challenging tasks of contemporary photonics research. Though we have previously
constructed a THz imaging setup based on a solid immersion lens, the resolution of this system is restricted by the
diffraction limit.

One of the important key points for producing a NI system is the degree of efficiency with which one transforms the
evanescent field into the propagation field and one guides it to a detector. In most instances, the propagated evanescent



wave is measured with a distant detector, which requires detecting very weak waves, and the influence of far-field waves is
unavoidable. In contrast, we have developed a new device for THz-NI in which all components: an aperture, a probe, and a
THz detector are integrated on one GaAl/AlGaAs heterostructure chip. The use of the THz detector based on a
two-dimensional electron gas (2DEG) layer, located immediately below the probe, makes it possible to sense the evanescent
field very efficiently and to avoid the influence of the far-field component of the incident THz radiation. Furthermore, the
all-integrated THz-NI scheme does not need any optical and mechanical alignments between each component, thus
resulting in a simple and robust system.

Numerical calculations reveal that the existence of the planar probe leads to significant enhancement in the
propagation efficiency of the THz evanescent field. This effect was experimentally confirmed by comparing a detected
signal for the aperture plus the probe and one for the aperture alone. By scanning the device across a sample with the
alternate THz opaque/transparent geometry, we obtain a spatial resolution of 9um. The resolution does not depend on the
wavelength of the incident THz wave and almost matches the aperture diameter of 8um. The resolution of 9um corresponds
to A/24 for the wavelength A=214.6um. These facts clearly demonstrate that the observed features originate from the
near-filed effect and the present device properly functions as a THz-NI probe.

Decreasing the aperture diameter would lead to improvement in the spatial resolution. Generally, however, the detected
signal strongly depends on the inverse of the aperture diameter. One way to tackle this problem would be to use a THz
detector based on a carbon nanotube, which we have recently developed. Compared to the present 2DEG detector, the
carbon-nanotube detector exhibits much higher sensitivity and has a much smaller sensing area (typically, 100-300nm).
When this detector is integrated with an aperture and a probe like the present device structure, it is expected to show
ultra-high sensitivity and a sub-um resolution simultaneously.

(2) Scanning electrometer combined with an AFM cantilever

The study of the spatial properties of the electrical noise arising from charge fluctuation has become increasingly
important in the field of solid-state device engineering. Scanning electrometer is a powerful tool for investigating such an
issue. Previously, we have developed a new type of scanning electrometer that utilizes capacitive coupling between a
sample and a quantum Hall sensing device. We have achieved high sensitivity by using large Shubnikov-de Haas
oscillations of longitudinal resistance of the sensor. Moreover, we have demonstrated its use to record the first maps of the
spatial distribution of the noise voltages in a quantum Hall sample.

Our next aim is to improve the spatial resolution and the sensitivity of our system, enabling us to study systematically
the spatial distribution and the frequency dispersion of charge fluctuation. For this purpose, we have built a new modified
system: combination of an electrometer with a metal-coated cantilever. In this system, since local noise voltage is detected
through capacitive coupling between the probe tip and the sample, the resolution should be mainly determined by the tip
diameter. We have successfully confirmed that a quantum Hall device, combined with a cantilever, works as a
high-resolution electrometer. We are currently trying to use a quantum point contact device or a carbon nanotube single
electron transistor as other electrometers.
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