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Bottom—up optical three—dimensional nanofabrication of metamaterials
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Nanofabrication nowadays has beenutilized in every field of science and technology without doubt. Mainstreams
of nanofabrication such as lithography with light, e-beam, ion—beam etc., however, are basically methods of
two—dimensional fabrication. Two—photon fabrication (TPF) realizes three—dimensional (3D) nanostructure
fabrication by utilizing light with high intensity. Two-photon process of materials excited by focusing pulse
lasers is applied. Arbitrary 3D nanostructures with subwavelength resolution can be formed with polymers,
metals etc. by TPF. On the other hand, TPF is categorized in top—down approaches of nanofabrication. The
top—down approaches are unsuitable for mass fabrication of nanostructures. Bottom—up approaches such as
crystal growth are effective for the mass fabrication of the structures. In this thesis, I discuss a bottom—up
optical fabrication approach of 3D nanostructures. I also discuss potentials of the 3D nanostructures for
metamaterials. The metamaterials are subwavelength 3D structures interacting with electromagnetic field
realizing refractive index control. Furthermore, 1 discuss TPF as a top—down fabrication approach of 3D
nanostructures and size dependent physical properties of the fabricated 3D nanostructures

A method of bottom—up optical fabrication of tree—like silver nanostructures (silver nanodendrites) was
developed. Heat generation due to plasmon resonance of silver nanoparticles (seeds) excited by UV laser was
utilized for reinforcement of silver ion reduction around the seeds. Seeds were chemically fixed onto glass
substrates, and the silver nanodendrites grew from the seeds. Growth of the silver nanodendrites requires
concentration gradient of reduced silver atom. Interfacial tension and viscosity of solvents, temperature,
power of the laser, and concentrations of silver ion and a reductant are important parameters to form the
concentration gradient. Shape differences of silver crystals among those parameters thus were studied
Although the nanodendrites grew in three dimensions, structures were deformed or destructed when they were
extracted from solution. The use of supercritical carbon dioxide fluid was discussed for non—destructive
extraction of the nanodendrites. Another experiment was done for nanostructure growth inside agarose gel
as a matrix. The silver nanodendrites were immobilized without damage in agarose skeleton—network.

Electromagnetic field responses of silver nanodendrites were studied with finite-difference time—domain
method to evaluate potentials as metamaterials. Scattering spectra of the silver nanodendrites were analyzed
Magnetic responses on oscillation modes at peaks of the scattering spectra were confirmed. Peak shifts of
the scattering spectra among parameters of geometry of the silver nanodendrites and incident angle were studied.
Permittivity, permeability, and refractive index of the silver nanodendrites were discussed

Elasticity and molecular orientation of polymer 3D nanostructures formed by TPF were evaluated. Polymer
nanosprings, which consist of polymer wires with radii of several hundred nm, were prepared. Size dependent
elasticity of the polymer nanosprings along wire radii was evaluated with spring constants measured by an
atomic force microscope. Size dependent molecular orientation of polymer nanowires along wire radii also
was evaluated by polarized micro—Raman spectroscopy. Correlations of the size dependent characteristics

between the elasticity and the molecular orientation were discussed
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