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In this dissertation, plasmon hybridization in the gap between a metallic nanotip and a metallic nanofilm was
discussed. It was demonstrated that the energy of the hybridized plasmon modes depended on thickness of the
metallic nanofilm, which was utilized for increasing field enhancement of light in the gap of the tip-film system. By
utilizing this phenomenon in tip-enhanced Raman scattering (TERS) experiments, it was proved that the enhance-
ment in Raman scattering from a sample placed at the gap of a tip-film system could be well tuned by changing the
thickness of the nanofilm.

In Chapter 1, fundamentals of Raman spectroscopy and microscopy are explained. Raman scattering was
interpreted by the classical theory and quantum theory. Then, Raman analysis of molecules using optical microscopy
combined with Raman spectroscopy was introduced.

Chapter 2 explains that the enhancement of Raman scattering by metallic nanostructures. When a metallic
nanostructure is illuminated by light, light resonantly couples with plasmons on surface of the nanostructure and the
surface plasmon polaritons (SPPs) are excited, resulting in the generation of strongly enhanced evanescent light near
the nanostructure. This enhanced field is confined in a volume of a few tens of nanometer adjacent to the nanostruc-
ture. Thus, if a sample is placed near such nanostructure, Raman scattering from the sample can be strongly
enhanced. The enhanced Raman scattering is called surface enhanced Raman scattering (SERS), and TERS is based on
localized SERS at a metallic tip apex. SERS is also excited through chemical effect attributed to charge-transfer
between a metal and a molecule. The mechanism of SERS was discussed and analyzed by Raman measurement in
terms of the plasmonic effect and chemical effect. Moreover, SERS intensity can be dramatically increased at a nano-
gap between metallic nanostructures due to SPP coupling in them. The field enhancement in the gap was discussed.

In Chapter 3, some examples of TERS spectroscopy and TERS microscopy are discussed through nanoscale Raman
analysis of multilayer graphene. Raman modes of graphene represent physical properties, such as defects, crystal
direction, and interaction forces between the layers. The number of graphene layers and defect distribution on
multilayer graphene on a glass substrate is visualized by Raman imaging of the multilayer graphene. TERS imaging
of multilayer graphene is also performed, and the nanoscale analysis of the number of graphene layers and defect
distribution were imaged at the resolution of ~ 35 nm.

Chapter 4 shows nanoscale Raman analysis of single-walled carbon nanotubes (SWNTs). Fundamental Raman modes
of SWNTs depending on the diameter, defect, electric properties, and orientation are explained. In Raman scattering
of SWNTs, the resonance Raman effect must be considered because SWNTs are resonant with visible light and show
strong Raman scattering. Since the resonance condition depends on the diameter of SWNTs according to van Hove
singularity of the energy level population, SWNTs having particular physical properties can be selectively detected.
With the use of 532 nm and 442 nm excitation laser, selective Raman imaging of isolated SWNTs on a glass
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substrate was obtained according to the resonance Raman effect. Also, strain induced in SWNTSs can be analyzed from
energy shift of the Raman modes, where the energy shift is attributed to the perturbed bond length and angles
between carbon atoms in the lattice. The strain distribution in manipulated SWNTs was visualized by TERS
microscopy at the nano-scale resolution.

Chapter 5 discusses the hybridization of plasmons in gap-mode of tip-film system. When a metallic tip is approached
onto a metallic nanofilm, SPPs on the tip and SPPs on the two surfaces of the nanofilm interact with each other and
result in hybridization. The SPPs on the nanofilm depend on the film thickness due to the Coulomb interaction
between them. Therefore, the hybridized SPP modes in tip-film system rely on the film thickness. To understand the
SPP modes, numerical analysis was performed using finite-different time-domain (FDTD) method. In the calculation,
an Au-coated silicon tip with the apex size of 30 nm and an Au nanofilm coated on a glass coverslip were utilized. The
gap distance was kept at 2 nm. When the thickness of the nanofilm was varied from 4 to 20 nm, and the SPP modes
shifted from 820 to 530 nm. The phenomena was also confirmed experimentally by measuring scattering spectra
from a gap in the tip-film system. It was found that the SPP modes shifted from 855 to 550 nm, when the nanofilm
thickness was varied from 4 to 20 nm. The experimental results matched closely to the theoretical predictions.

In chapter 6, TERS measurement of gap-mode of tip-film system is discussed. Raman scattering of 4-aminothiophe-
nol (4-ATP) self-assembled monolayer sandwiched in a gap of tip-film system was analyzed in order to estimate
Raman enhancement in the gap. With the use of 642 nm excitation laser, the field enhancement was estimated
varying thickness of the nanofilm from 4 nm to 16 nm. Consequently, the maximum Raman enhancement was
obtained at the film thickness of 12 nm, and it was estimated to ~ 1.2 x 10"7. The resonant condition of the SPP in
the tip-film system at the film thickness of 12 nm corresponds to the energy of 642 nm excitation wavelength,
therefore it was concluded that field enhancement in the tip-film system could be improved by tuning energy of
hybridized SPP in a gap of tip-film system. Finally, the outlook of the thesis is shown in the last chapter.
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