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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
Rewrite the conventional textbook of optics and photonics
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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 mnano-scale three-dimensional structures, and the development large-scale
electro-magnetic simulation software are running concurrently.

1. Self-assembly for Fabrication of Metamaterials (Tamaki, Tanaka)

We fabricate rings of gold nanoparticles for metamaterials by using self-assembly of DNAs. The mass
productivity of self-assembly of DNAs enables us to fabricate samples with centimeter scale. In this
research, we fabricated trimer rings consisting of three gold nanoparticles with 20 nm in diameter and
investigated their optical properties. After the trimer rings were immobilized on a quartz substrate,
the plane of trimer rings oriented parallel to the plane of the substrate surface. As the incident
polarization agreed with the plane of the trimer rings, the plasmonic absorption corresponding to the
trimer ring structure became pronounced in the transmission spectrum. This result indicates the
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trimer rings mainly interact with the electric component of the incident light. We demonstrated the
fabrication of the ring structure of gold nanoparticles and the analysis of the optical properties,
contributing to the further investigation of metamaterials fabricated by using self-assembly of DNAs.

2. Optimization of Experimental Parameters on Magnetic Assembly of Metamaterial Structures
(Yaginuma, Tanaka)

We have been studying the magnetic assembly of metamaterial elements. Because of magnetic
dipole-dipole interaction, mixed suspensions of paramagnetic and diamagnetic colloidal particles
reversibly assemble into ring structures in ferrofluid. We have optimized experimental parameters for
tailoring the magnetic response of various Au-coated microparticle components to form the ring
structures, which act as plasmonic resonators. Applying an external magnetic field, the paramagnetic
(diamagnetic) microparticles exhibit magnetic polarization in parallel (antiparallel) direction. The ring
structure is composed of smaller particles, surrounding larger particles as a center. The number of the
paramagnetic (diamagnetic) microparticles forming each ring structure tends to increase (decrease)
with ferrofluid concentration. The results are expected to serve for the magnetic assembly of colloidal
particles downsized to the nanometer scale, leading to smaller and denser ring structures.

3. Graphene-Based Tunable Magnetic Metamaterials (Ishikawa, Tanaka)

We have fabricated tunable magnetic metamaterials made of graphene and characterized their
magnetic responses at terahertz frequencies. Our sample started with CVD-grown graphene
transferred onto a Si substrate, followed by photolithography and oxygen plasma etching processes to
fabricate a micro-sized graphene ribbons structure. The sample was then completed by depositing Au
film as a gate electrode using electron beam evaporation. Using a FT-IR microscope, terahertz
spectrum of the graphene metamaterial was measured by applying a DC gate bias to induce hole
carrier into the graphene. An absorption dip due to magnetic plasmon resonances of the structured
graphene was clearly observed at ~ 6 THz, demonstrating gate-tunable magnetic responses at
terahertz frequencies. The application of graphene metamaterials was also studied, such as a
high-sensitive biochemical sensor and a high-efficiency infrared source.

4. Improvement of Solar Cell Device Performance by Metal Nanostructure (Kubo, Tanaka)

Metal nanostructure shows plasmon resonance, leading to the generation of strong electromagnetic
field at the vicinity of the structure. The phenomenon, the plasmon electric enhancement effect, will
play an important role in improving photoelectric device performance. This study tried to improve the
photo-conversion efficiency by embedding metal nanostructures into the active layer of a solar cell. In
particular, we fabricated metal nanostructures with appropriate size, shape and alignment, and
embedded them into the active layer of a solar cell device. Metal nanostructures were fabricated by
nanocoating lithography technique, based on nanocoating and etching techniques. By designing the
size and shape of metal structures, we could control their plasmon resonance wavelength, leading to
the absorption increase of a solar cell.

5. Surface-Plasmon Resonance Induced Insulator-metal Transition in VO2 (Shimazaki, Tamaki,
Tanaka)

Vanadium dioxide (VO32) undergoes insulator-metal transition at critical temperature (Tc:) around 68°C,
accompanying steep changes of optical and electric properties. In this study, we aim at inducing and
controlling the phase transition by light irradiation. We fabricated a composite of Au nanoparticles (20
nm in diameter) and VO: film (60 nm in thickness), and measured temperature dependences of
infrared (1550 nm) transmittance. A hysteresis curve with steep change of the transmittance around
the Ter was obtained. The hysteresis curve shifted to lower temperature side when a control light of
visible region was irradiated. Especially the hysteresis showed large shift when a red light, (635nm)
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that is plasmonic resonance wavelength of the composite, was irradiated. Those phenomena clarified
that the transition from insulator phase to metal phase in VO2 can be assisted by absorbed light
energy with the plasmonic resonance.

6. Construction of the Wavelength Conversion Element using Semiconductor Nanofabrication
Technique (Yokota, Tanaka)

We are expecting that construction of the wavelength conversion element based on the strong
interactions between nano-meter scale metal structures with light. In this study, We fabricated
gold curvilinear nanostructures that were artificially designed curve geometry using electron beam
lithography and lift-off technique. Optical properties of the fabricated nanostructures were
characterized by their absorption spectra, which were measured using a commercially available
Fourier-transform infrared spectrometer equipped with a microscope attachment. Extinction
spectrum of gold curvilinear nanostructures has two resonant peaks in near-infrared region. Compared
to resonant peaks of gold nanorods, these results indicate that the longer peak wavelength is originated
in the total arc length of the curvilinear shape. In addition, we have successfully clarified the
polarization property of gold curvilinear nanostructures.

7. Metamaterial Light Absorber Made of Plasmonic Nanostructures (Ishikawa, Tanaka)

We have fabricated metamaterial light absorbers by introducing nanostructures onto a flat metal
surface, which usually exhibits high reflectance, and characterized their infrared light absorption
properties. Using electron beam evaporation, Cr, Au, and MgF2 films were firstly deposited on a glass
substrate. The sample was then completed by fabricating reed-shaped Au nanostructures on the film
surface using photolithography and liftoff processes. Infrared reflection spectrum of the metamaterials
was measured by using a FT-IR, demonstrating anomalous light absorptions in the mid-infrared
wavelength region of 3 ~ 15 pum. The corresponding numerical simulations based on the
finite-element-method revealed that localized surface plasmons in the nanostructures induced strong
light absorptions by reducing the reflection from the flat Au surface. We have also investigated the
application of metamaterial light absorbers, such as a high-efficiency solar thermal power generation
and a high-sensitive biochemical sensor.
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