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Photon technology has been limited due to the diffraction of light. In Nanophotonics Laboratory, we develop the breakthrough science and
technology to realize nano-manipulation of structures using photons, exceeding the classical diffraction limit. The research includes the
development of theories and technologies. To manipulate (observe, fabricate, detect, analyze, and control) nanostructures, near-field optics
and nonlinear spectroscopy are conbined. Novel device developments, in particular nano-plasmonic devices, chiral nano-photonic devices,
left-handed nano-photonic materials, and threedimentional nano-photonic memory devices are intensively investigated.

1. Plasmonic devices

We have analysed dispersion relation of 1-D plasmonic crystal slabs, which are metallic thin films whose both surfaces are periodically
corrugated, using the rigorous coupling wave analysis method. Additionally, we have calculated the radiation property of the same plasmonic
crystals using the same method. From these results, we have deduced a unified explanation for the dispersion relation and the radiation
property of 1-D plasmonic crystal slabs with arbitrary corrugations. We have developed an automatic measurement system both for the
dispersion relation and the radiation property of 2-D plasmonic crystal slabs.

2. Two-photon reduction for fabricating three-dimensional micro/nano metal structures

We tried to improve the spatial resolution of the two-photon reduction technique which uses a femto-second ultra-short pulse laser as a
light source. In the conventional system, when a high-intensity Ti:Sapphire laser is focused into a silver nitrate aqueous solution,
nano-scale silver crystals are created in the focused laser beam spot. Even after stopping the laser irradiation, the created silver
nano-crystals grow and become sub-micron size silver particles. The size of silver particles determines the final spatial resolution. We
tried to decrease the size of the silver crystals by inhibiting their growing process in order to improve the spatial resolution. We added the
surfactant molecules which adhere to the silver surface to silver nitrate aqueous solution. From the experimental results, we succeeded in
realizing 120nm resolution which exceeds the spatial resolution calculated by Rayleigh criterion.

3. Plasmonic Metamaterials
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We fabricated plasmonic metamaterial by using two-photon induced metal-ion reduction method. The metamaterial structure was an
array of pairs of silver nano-rod, and it was fabricated on the quartz substrate. The electro-magnetic properties of the metamaterial was
examined by using far-infrared FT-IR spectroscopy. In the experiment, we have successfully confirmed that the fabricated metamaterial
interacted directly with the magnetic component of the far-infrared waves of 16 THz in frequency.

4. Two-dimensional nano imaging using metal nanorod array

Magnification in image transfer using metallic nanorod array has been demonstrated by FDTD (finite-difference time-domain) algorithm.
The magnification is determined by the ratio between array pitch at the entrance and the exit. The nanorod array is arranged in cascade with
nanogap to transfer image with high efficiency and with long distance. Plasmon resonance on individual metallic nanorods at each layer and
gap effect between the rods contribute to the imaging in multi-layered structure. We found that the odd number of layer enables a
broadband spectrum transfer without shift of resonant frequency.

5. Chiral Nanophotoincs

We have evaluated the photonic-band structure and the electro-optic response of polymer-stabilized blue phase with the aim to utilize
single crystallized technique, which was developed in last year, as optical devices. The sample formed a body- centered cubic lattice (14,32)
reflecting the structure of the blue phase (1), the corresponding dispersion relation of which was experimentally observed. We have also
confirmed that light amplitude modulation in proportion to the square of the applied electric field was induced by the electro-optic Kerr
effect. The Kerr constant was found to be 50 times larger than that of nitrobenzene, and the response speed to be sub-millisecond.

6. Characterization of nano-scale strain of crystals by near-field Raman spectroscopy

Reflection-mode tip-enhanced Raman scattering (TERS) has the advantage to characterize any samples, particularly opaque, bulk and
multilayered samples. However, the background signal in reflection-mode TERS is huge due to large focus spots associated with objective
lens that has long working distance. Moreover, for a multilayered and bulk sample, the Raman signal from the bulk layer interferes with the
Raman signal on a thin surface layer. This unwanted bulk background signal reduces the sensitivity of the measurement and makes it
difficult to get high-contrast TERS image in reflection-mode. We used Raman tensor analysis to quantify the far-field Raman intensity at
different polarization states of the polarizer and analyzer at varying sample azimuth. The polarizer, analyzer and sample azimuth
combination that gives minimum far-field background signals with high contrast in SERS was utilized in TERS experiment to obtain high
contrast near-field Raman signal. Both the field enhancement effect and depolarized detection were considered to obtain a high
signal-to-noise TERS signal. We found out that for Raman active and thin crystalline samples assembled in bulk materials, depolarization
effect outweighs the field enhancement effect in getting high-contrast Raman signal.

7. Higher sensitivity in near-field Raman spectroscopy

We developed a method to achieve higher sensitivity in near-field Raman spectroscopy by using a gap-mode plasmon excitation.
Illuminating a 50nm-thick silver thin film by radially polarized beam can excite focused surface plasmon polaritons, which result in an
enhanced electric field. When a metallic tip is adjusted onto the enhanced electric field, gap-mode plasmon is excited, which can further
boost the Raman signals of the molecules at the gap.

8. Oxdization of silicon cantilever for the near-field Raman characterization of silicon-based semiconductor

We propose a novel technique of oxidizing silicon cantilever tips to characterize silicon-based semiconductors by near-field Raman
measurements. The silicon cantilever tip is thermally oxidized before the metal coating to change crystalline silicon into amorphous. This
technique is aimed for the suppression of Raman scattering from the silicon tip itself that may otherwise overwhelm the Raman signal of the
target sample. Using the oxidized tip, we experimentally verified that silicon Raman vibration was completely suppressed.

9. Three-dimensional optical storage

We developed multilayered optical disk which has 5 recording layers stacked on the glass substrate. As the recording material,
rhodamine-B and Au(l1l)-ions doped PMMA material was used. We recorded bit-data onto the multi-layered 3D disk by using two-photon
techniques and readout them by confocal readout techniques. We tried dynamic recording/reading test using rotating disk and examined the
cross-talks between adjacent recording layers, three-dimensional recording densities, and signal intensity dependences to the recording layer
position.

10. High efficient reconstruction in surface plasmon holography

We investigated the reconstruction properties of the surface plasmon holography, which is the combination of the enhanced
electromagnetic waves at the metal surfaces with the evanescent holography, for its various structures. In newly designed structure with
silver corrugation relief deposited on dielectric hologram, it was found that quite high diffraction efficiency more than 40 % was obtained
even for shallow modulation depth of around 35 nm. By modifying dispersion relation of the structure, the color selectivity could be easily
controlled for an extended white light illumination.

11. Nanomovement of azo polymers induced by metal tip enhanced near-field irradiation

A nano protrusion was optically induced on the surface of an azo polymer film by metal tip enhanced near-filed illumination via light
induced mass transport of the polymer A nano protrusion with 47 nm full width of half maximum and 7 nm height was induced with a
resolution beyond the diffraction limit of the light. The protrusion occurs because the film is attracted towards the tip end during irradiation
by optical gradient force. At the top of the protrusion, an anisotropic nanomovement of the polymer occurs in a direction nearly parallel to
the polarization of the incident light, and suggests the existence at the tip end of not only a longitudinal, i.e., along the tip long axis, but also
a lateral component of the electric field of light.

12. Orientation analysis of single molecules near the metal surface by dipole radiation pattern and fluorescence lifetime measurements



CdSe/ ZnS semiconductor quantum dots (QDs) have high stability and comparable high quantum yield compared with usual organic dye
molecules. Thus, QDs have attracted a great deal of interest, because they can be used as the fluorescent labels for bio-molecules, single
photon emitter, gain materials for laser emissions and so on. The transition dipole moment of CdSe/ ZnS QDs is quite different from that of
usual organic fluorescent molecules. According to the axially symmetric structure of Wurtzite lattice, the excitonic transitions are not
allowed along the c-axis (dark axis) of the lattice. Wurtzite lattice structure results in two-dimensional degeneration for the excitonic
transition dipole moment. In order to utilize the QDs for many kinds of photonic applications, we have to consider the particular 2D
degenerated dipole moments, because the quantum yields and decay constants strongly depend on the position and orientation to the
interface. Understanding the radiative decay mechanism for a single 2D dipole, near an interface, leads to the growth of the nano-scale
photonic applications. In this work, we studied the fluorescence emission pattern and lifetime of single 2D dipole, placed in front of a
dielectric interface, for the purpose of constructing the theoretical model for 2D dipole emissions. We adopt our theoretical concepts to the
experimental results of fluorescence pattern and lifetime of single QDs. Statistical analysis for the lifetimes and emission patterns show a
good agreement with our theoretical calculations. These results can be utilized for the development of nano-photonic applications.
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