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Key Sentence :

Transcend conventional light theory

Control the light as we want

Observe the nano-world by the light

Confine the photons in the nana-scale space

Create nano-scale 3D structure by the light

Create extremely large capacity optical data storage
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plasmonic metamaterials, metamaterials, light, optics, photons, photonics, plasmonics, nanophotonics,
near-field optics, electromagnetics, free electrons, surface plasmon, evenescent field, nano metal
resonator, laser, nano fabrication, laser physics, laser fabrication, femto-second laser, functional optical
devices, large capacity optical memory, three-dimensional optical memory, photoelectric transducer,
metaphotonics

Outline

In this research laboratory, we are intensively investigating the breakthrough science and techniques
that can artificially control the electro-magnetic properties of the materials by using metal
nano-structures. We collectively call these artificial materials "metamaterials". In the past, it has
been believed that the electro-magnetic properties of materials such as permittivity and permeability
are determined by the intrinsic property of the materials itself and no one can alter them. This
suggests that the propagation of the light inside the material is uniquely determined by the material
itself and it can only be controlled by modifying the shapes/structures of the materials. Metamaterial
technology can control the permittivity and permeability of the materials and can create
unprecedented optical materials such that it can interact directly with the magnetic components of the
light, in which the refractive index can be zero, negative or tremendously giant values. These kinds of
materials can create the extraordinary optical phenomena such that it can eliminate the light
reflection at the materials boundary, can confine the photons in the nano-scale space. We also
intensively extend the application of metamaterials to develop novel and functional photonic devices
that can manipulate the photons with complete control. In addition, other active studies for the
development of peta-byte optical data storage system, the development of novel laser fabrication
technology of nano-scale three-dimensional structures, and the development large-scale
electro-magnetic simulation software are running concurrently.

1. Reduction of Insulator-metal Transition temperature of VO2 using metal nanostructures (Tanaka)

Vanadium dioxide (VO2) is known as a phase transition material, which changes its phase between
insulator and metal at around 68 °C and it is induced by the various external stimulations not only
temperature change but also light irradiation, and external electric field. In this research, as an
application of the light field enhancement of the surface plasmon resonance, we developed gold
nanostructure embedded VOgz thin film, and investigated its IR transmission properties under the
visible-light irradiation whose wavelength was matched with the surface plasmon resonances of Au
nanostructures. We measured the IR transmission change under the red laser irradiation and found
that the phase transition temperature depends on the intensity of the red laser and its hysteresis curve
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shifts to the lower temperature direction under the red laser irradiations.

2. Effect of plasmonic nanostructure on device performance of thin organic solar cell (Kubo, Tanaka)
Plasmonic thin organic solar cells had been reported in the past. Among them, not only enhancement
but also deterioration in conversion efficiency of plasmonic solar cell had been reported, indicating that
the effect of plasmonic structure on device properties remains unsolved. To clarify their influence on
device performance of organic solar cells, Au nanodots with well-controlled size and density were
embedded in a device, and a correlation between device performance and physical properties of Au
nanodots was examined. Consequently, we found that the density of Au nanodots embedded in
photovoltaic device greatly affect on device performance. On the other hand, no enhancement in
conversion efficiency could be seen under any size and density of Au nanodots. These results suggest
that not only plasmonic optical characteristics but also physical dynamics such as carrier generation,
migration, and recombination should be considered for development of plasmonic solar cells.

3. Plasmon Coupling between Gold Curvilinear Nanorod Dimer (Yokota, Tanaka)

Local-mode surface plasmon resonances of a closely-spaced dimer of two identical nanostructures
strongly interact due to dipole-dipole coupling. These strong interactions are very important for
applications such as sensing chemical materials and biosensor. Gold curvilinear nanorods have
plasmonic resonant peaks caused by a curved shape. In this study, we present detailed studies of
plasmon coupling between gold curvilinear nanorod dimer with narrow gap. Gold curvilinear
nanorod dimers whose nanogap positions were varied were fabricated using an electron beam
lithography and lift-off techniques. Optical properties of the fabricated nanostructures were
characterized by their transmission spectra. Compared to resonant peaks, peak wavelengths that
were originated from plasmon resonance of the total arc length of curvilinear shape were different
at the nanogap position.

4. Simultaneous Multi-Parametric Sensing in Phase-Shifted Waveguide Gratings (Mudachathi,
Tanaka)

We have been working on the design and implementation of a simultaneous multi-parametric sensing
scheme based on the differential sensitivity of multiple transmission modes in phase shifted waveguide
gratings. The differential tuning of band edge and defect mode transmissions has been demonstrated
using transfer matrix method and it showed that the wavelength of defect mode transmission depends
only on the defect layer and those for band edge transmission on the bulk grating properties. Several
devices with and without defect layer have been fabricated on SOI wafer using the state of the art
micro/nano fabrication technique and the experimental results show the presence of multiple
transmission modes. These transmission modes can be tuned selectively by altering surrounding
refractive index, strain or temperature, providing a means for simultaneous multi-parametric sensing.

5. Design and fabrication of tunable 3D SRR metamaterials for applications in the visible region
(Mudachathi, Tanaka)

We are working on the design and fabrication of tunable 3D spilt ring resonator (SRR) metamaterials
operating in the visible region of the electromagnetic spectrum. The device will later be configured as a
thermal radiation sensor, which has response in the visible region of the spectrum. We have optimized
the fabrication process using the state of the art micro/nano fabrication technique, which is comprised
of e-beam lithography, metal thin film deposition, liftoff and dry etching. Larger structures having
response in the terahertz region have been fabricated in which the 3D topology was obtained from the
releasing of residual stress in the prestressed metal thin films by the sacrificial etching of silicon
substrate. The same process will be extended to the fabrication of smaller structures whose optical
response is expected to be in the visible region of the spectrum.

6. Surface-Enhanced Infrared Absorption Spectroscopy by Metamaterial Absorber (Ishikawa, Tanaka)
A novel surface-enhanced Infrared (IR) molecular detection technique is experimentally demonstrated
by utilizing the resonant coupling of plasmonic modes of a metamaterial absorber and IR vibrational
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modes of a self-assembled monolayer (SAM). The metamaterial absorber consisted of 1D array of
Au/MgF2 micro-ribbons on a thick Au film and was fabricated using photolithography, electron beam
evaporation, and liftoff processes. Infrared reflection spectrum of the metamaterial was measured by
using a FT-IR to demonstrate an anomalous IR absorption at ~ 3000 cm™!, which spectrally overlapped
with C-H stretching vibrational modes. 16-Mercaptohexadecanoic acid (16-MHDA) was then used as a
test molecule, which formed a 2-nm thick SAM with their thiol head-group chemisorbed on the Au
surface. In the measurements, the symmetric and asymmetric C-H stretching modes were clearly
observed as Fano-like anti-resonance peaks within a broad plasmonic absorption of the metamaterial.
Our metamaterial approach may open up new avenues for further lowering the detection limit of direct
IR vibrational spectroscopy.

7. Magneto-Optical Integrated Circuits by femtosecond laser modelling in YIG (Amemiya, Ishikawa,
Tanaka)

With the goal of creating novel magneto-optical devices, we demonstrated forming micro/nano structures
inside a cerium-substituted yttrium iron garnet (Ce:YIG) by means of direct laser writing. Laser irradiation
changed both the optical and magnetic properties of Ce:YIG. The measurements showed that the refractive
index was increased by 0.013 ~ 0.015 (about 0.7% change) and the magnetization property was changed from
hard to soft to decrease the coercivity. This technology enables us to form a magneto-optical integrated
circuits (MOIC) inside Ce:YIG wafer, where both reciprocal and non-reciprocal waveguides can be integrated
at a spacing of several tens of microns.
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