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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 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.
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1. Magnetic self-assembly of 3D metamaterials (Aoki, Tanaka)

Metamaterial’s controllability of magnetic permeability originates from numerous numbers of unit
resonators embedded in a medium, which feature size ranges from [1/2 to [J /10. We have been
developing inexpensive magnetic self-assembly technique for bulk fabrication of such unit resonators
with high structural precision level. As materials of such resonators, gold or silver are often chosen
because they are good medium to generate plasmonic hot spots. From a point of view of magnetic
assembly, they are hardly controllable materials because they have quite small magnetic
susceptibilities. To compensate for the poor magnetic susceptibility of these metals, a
metal/nickel/plastic core—shell sphere was introduced. A thin nickel layer between the plastic core
and metal coating dominates the sphere’s magnetic behavior as a paramagnetic particle.

In experiments, plastic particles with 5 pm or 10 pm diameter as a central sphere and gold core-shell
particles with 2.5 pm were dispersed in ferrofluid, which was composed of nano scale iron
ferromagnetic particles dispersed in water. As we applied external magnetic field to this mixture,
Gold core-shell particles gathered around an equator of a paramagnetic bead to form a Saturn-like ring
resonator structure around a paramagnetic plastic bead. Gold core—shell spheres gathered around a
plastic sphere kept an equal gap distance between them, producing a rotationally symmetric structure.
Spontaneous symmetric structure formation resulted from repulsive forces between parallel magnetic
moments induced in gold core—shell particles by an external magnetic field. The degree of repulsive
force between neighboring gold core—shell microspheres, or more generally paramagnetic particles, in a
necklace can be tuned by varying the ferrofluid concentration. These are essential guidelines for
assembly of efficient unit resonators for metamaterials operate at intended wavelengths.

2. Self-assembly for fabrication of metamaterials (Tamaki, Tanaka)

We applied self-assembly of DNAs to fabricate a ring structure of gold nanoparticles, which can act as a
metamaterial element. The fabrication process of self-assembly enables us to realize metamaterial
elements with mass-productivity. Bioengineering Laboratory developed a facile method to prepare
gold nanoparticles circularly binding with DNA templates. We employed this method and prepared
trimer rings consisting of gold nanoparticles with a 20-nm diameter. We investigated the optical
properties of the gold timer rings by measurements and simulations. The measured transmission
spectrum of the gold trimer rings indicated absorptions at around 520 nm and 590 nm. The simulated
transmission spectrum was well consistent with the measured one, indicating that the self-assembled
gold trimer rings exhibited the plasmonic properties attributed to the structural feature.

3. Bilayer Graphene-Based Infrared Plasmon Sources (Ishikawa, Tanaka)

We have been working on the development of novel infrared plasmon sources, based on nano-metallic
resonator array embedded in a bilayer graphene. We firstly fabricated graphene films on a Si
substrate with thermally-oxidized layer by using mechanical exfoliation method from HOPG (Highly
Oriented Pyrolytic Graphite). In this process, we found that self-assembled monolayer of
Hexamethyldisilazane, which made the thermally-oxidized layer hydrophobic, dramatically improved
the crystallinity of graphene films. After specifying the number of graphene layers by Raman
microscopy, we fabricated a bilayer-graphene-channel dual-gate field-effect transistor. Self-consistent
tight-binding theory applied to the device proved that the bandgap up to 300 meV and carrier injection
up to 3 x 1013 cm?2 could be obtained by changing the gate voltages. We also planed the newly
development of an infrared plasmon source by fabricating nano-metallic resonator array onto this
device.

4. Improvement of photoelectric 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,
might play an important role in improving photoelectric device performance. This study aimed to
improve the photoelectric device performance by using metal nanostructure. In particular, we applied
metal nanostructures with appropriate size, shape and alignment to the photoelectric conversion layer
of a solar cell device. Metal nanostructures were prepared by nanocoating lithography technique,
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based on nanocoating and etching techniques. By designing the size and shape of metal structures,
we control the plasmon resonance wavelength and tried to enhance the photo absorption of a
photoelectric device.

5. The surface plasmon resonance of Au nano particles inducing metal-insulator transition (Shimazaki,
Tamaki, Tanaka)

The enhanced field accompanied by light confinement effect of the surface plasmon resonance should
be widely applicable. We study a composite of Vanadium dioxide and Au nano particles, expecting
some action with the localized surface plasmon of the Au NPs. The Vanadium dioxide shows
metal-insulator transition by temperature, accompanying steep changes of electric and optical
properties. Keeping temperature at 60 °C, infrared light (IR; A=1550 nm) was irradiated on the
composite. When another light (Red; 635 nm) was irradiated on the same point, the transmittance of
the IR light decreased by 3%. With this phenomenon, we consider that the metal-insulator transition
should be induced in the Vanadium dioxide stimulated by the enhanced field, which is generated
around the Au NPs with the localized surface plasmon by the red light irradiation. We conclude that
the IR transmission reduction by the red light irradiation is caused by this effect.

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, gold
nanostructures having arbitrary shapes were fabricated on glass substrates using electron-beam
lithography and lift-off techniques. We succeeded the fabrication of highly homogeneous arrays and
large-area nanostructures. Optical properties of the fabricated structures related to localized surface
plasmons, and their dependencies on the size and shape were characterized by measuring transmission
spectra under the microscope. In addition, we have successfully clarified the polarization property of
the fabricated structures.

7. Ultrafast excitation of surface plasmons through nonlinear difference-frequency generation (Xu,
Tanaka)

Metal is usually considered as unsuitable for making nonlinear optical devices because of the two
reasons below. First, the intrinsic nonlinear effects of metal are very weak. Second, metal absorbs
light very effectively. In this research, we partly tried to solve these two problems by using a new
strategy of exciting surface plasmons nonlinearly. We found that second-order difference-frequency
generation on the surface of gold thin films changes the optical transmittance, with the modulation
amplitude comparable to that of conventional thermomodulation effect. The most significant
advantage of our experiment over previous similar experiments by other groups is that the nonlinear
excitation of surface plasmons is very energy efficient in our experiment. In those previous
experiments, either the pump or the probe beam couples with surface plasmons. Here in our
experiment, the idle beam of difference-frequency generation process is used to excite surface plasmons.
The extra thermal loss influences neither the pump beam nor the probe beam directly. This strategy
helps us to solve the problem of thermal loss.

8. Poor metal nanoarchitectonics for active metamaterials (Yaginuma, Tanaka)

We have been studying the structural phase transition and guided self-assembly of poor metal
nanoparticles for reconfigurable or switchable metamaterials. In contrast to noble metals like Au and
Ag, which have been employed in conventional metamaterials, poor metals of Bi and Ga are known to
show plasmonic features in the infrared and ultraviolet regions, respectively. We investigated poor
metal nanoparticles and their arrangements to construct the metamaterials. We created the
nanometer-scale Au particles on glass substrates by vacuum evaporation method, and observed their
plasmonic properties from the visible spectrum. Now we are optimizing experimental conditions to
apply this technique to Bi and Ga.
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