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Abstract 

Localized surface plasmons (LSPs) induced in metal nanostructures have been the subject 

of intensive research in recent years, because they have the ability to confine light into the 

nanoscale areas beyond the diffraction limit and to enhance the light-matter interaction. They 

have been used in various applications, such as optical sensing, surface enhanced Raman 

spectroscopy, two-photon excited fluorescence (TPF), and second harmonic generation (SHG). 

Specially, during the last decade, enhanced nonlinear phenomena induced by surface plasmon 

have been extensively studied as new light sources at the nanoscale. However, because of the 

huge scale mismatch between photons and metal nanostructures, it is difficult to couple light into 

single metal nanostructure efficiently, resulting in the use of a high intense pulsed laser 

excitation for nonlinear phenomena.  

Therefore, to harness the merits of plasmonic nanostructures for nonlinear application, it 

is necessary to improve the coupling of light to single metal nanostructure. In this study, I 

propose two types of plasmonic-photonic hybrid systems to efficiently excite LSPs at the single 

metal nanostructure, and demonstrate the nonlinear phenomena (SHG and TPF) within these 

plasmonic-photonic hybrid systems under a weak continuous wave (CW) excitation. 

 Firstly, one plasmonic-photonic hybrid system composed of an Au-coated tip and a 

tapered-fiber-coupled microsphere resonator is proposed. From the results, it is found that a 

tapered-fiber-coupled microsphere resonator could focus the light into a nanoscale domain of the 

Au-coated tip with high coupling efficiency (~93%). This hybrid system is demonstrated to 

possess not only high Q factor (~10
6
), but also small mode area (less than ~10

3
 nm

2
). In order to 

experimentally verify the efficient excitation of LSPs at the Au-coated tip, SHG from the top of 

Au-coated tip under a weak CW excitation is investigated. Furthermore, I also observe TPF from 

pseudoisocyanine (PIC) dye molecules attached on the Au-coated tip using the same plasmonic-

photonic hybrid system. The results suggest that the synergetic effect of strong optical 
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confinement effect of a microsphere resonator and optical antenna effect of an Au-coated tip 

using this proposed system tremendously results in the strong light-matter interaction at the 

nanoscale. 

Whereas the photonic microsphere resonator with the ultra-high Q factor facilitates the 

efficient coupling of light from the tapered fiber to the single plasmonic nanostructure, this 

hybrid system is complicated which result in difficult alignment in the experiment. Thus, I also 

demonstrate a simple tapered fiber based photonic-plasmonic hybrid nanostructure composed of 

a thin tapered fiber and an Au-coated tip. Using this simple hybrid nanostructure without 

photonic microresonator, a thin tapered fiber, which has small transverse dimensions, can also 

efficiently couple light into single metal nanostructure with small dimensions. I also succeed in 

observing TPF from the PIC dye molecules under a weak CW excitation condition, although it 

has weak field enhancement and low Q factor.  

In brief, taking advantages of both plasmonic and photonic elements, the two types of 

plasmonic-photonic hybrid systems have been proposed to improve the efficient coupling of light 

into the nanoscale domain of single metal nanostructure, which tremendously result in the strong 

light-matter interaction at the nanoscale. Furthermore, nonlinear phenomena within these hybrid 

systems under a weak CW excitation condition (~kW/cm
2
) are investigated. They are the 

promising tools for single photon sources, highly efficient plasmonic sensors, and integrated 

nonlinear plasmonic devices. 
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Chapter 1 Introduction 

 

 

 

1.1 Historical background 

The ability to confine photons into the ultrasmall volumes has played a vital role for 

enhancing the light-matter interaction in the emerging fields of nanophotonics, quantum optics 

and quantum information science [1-3]. Localized surface plasmons (LSPs) induced in metallic 

nanostructures have been the subject of such intensive research owing to their ability to confine 

light into the nanoscale areas beyond the diffraction limit and to enhance the light-matter 

interaction [4-5], in recent years. Localized surface plasmon resonance is an optical phenomena 

generated by a light wave trapped within conductive nanoparticles smaller than the wavelength 

of light. The phenomenon is a result of the interactions between the incident light and surface 

electrons in a conduction band. This interaction produces coherent localized plasmon oscillations 

with a resonant frequency that strongly depends on the composition, size, geometry, dielectric 

environment and particle-particle separation distance of nanoparticles. Since the optical 

properties of LSPs are sensitively depending on the shapes and sizes of metal nanostructures, 

various metal nanostructures, such as tips, nanoparticles, nanorods, nanowires, and dimers, have 

been investigated. They have been widely used in various applications, such as optical sensing 

[6-7], surface enhanced Raman spectroscopy (SERS) [8-9], enhanced nonlinear fluorescence 

[10-18], and second harmonic generation (SHG) [18-23]. Specially, during the last decade, 

enhanced nonlinear phenomena induced by surface plasmon have been extensively studied as 
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new light sources at the nanoscale. Sanchez et al. [13] have demonstrated that two-photon 

excited fluorescence (TPF) from PIC dye molecules dispersed on a substrate was enhanced by an 

Au tip (Diameter (D) ~ 10 nm; Peak power: ~ 2 W), where the incident pulsed laser light was 

focused on the tip by an objective lens and the emission from PIC dye molecules were collected 

by the same objective. Grycaynski et al. [15] also have reported that TPF from rhodamine 

derivatives near silver islands formed quartz microscope slides was enhanced by the silver 

islands using the same excitation method (Peak power: ~ 70 kW). Meanwhile, Efficient SHG at 

the nanoscale also can be obtained by plasmon enhancement at the surface of an Au tip [19-20], 

at Ag nanoparticles coated on an optical fiber tip [22], or by a single dimer of Au nanoparticle 

[23] under a femtosecond optical pulsed laser excitation. Slablab et al. [23] also reported SHG 

from dimer Au nanospheres (D ~ 100 nm) under a femtosecond pulsed laser excitation in free 

space (Peak power: ~ 60 W). Although these nonlinear phenomena can be enhanced by different 

metal nanostructures, metal nanostructures are usually aggregated collectively either in a solution 

or immobilized on a surface. It has been shown that by using single plasmonic nanoparticles, the 

highly improving detection limits approaching the single molecule limit can be achieved [7]. In 

addition, the ability to excite and detect individual plasmonic nanostructures makes the study of 

resonance properties possible without the interference of collective effects of the ensemble of 

nanostructures. However, the excitation of single plasmonic nanostructure using free-space 

optics is not efficient. Therefore, to harness the merits of plasmonic nanostructures for nonlinear 

application, it is necessary to improve the focusing of light onto single metal nanostructure.  

Achieving coupling of photons into LSPs must satisfy the phase match between the 

photon and surface plasmon wave vectors. Various methods have been proposed so far, such as 

prism coupling [22][24], objective lens (free-space excitation) [24], grating [25-27], silicon on 

insulator waveguides [28], and tapered fibers [29-30]. Free-space excitation efficiencies of LSPs 

induced metal nanostructures [20] are extremely low due to the huge scale mismatch between 

photons and nanostructures. Since the demonstration of efficient coupling via the overlap of 

evanescent fields [31] made a major breakthrough in light-coupling techniques, efficient 

excitation can be achieved using the evanescent coupling techniques, which use tunneling of 

evanescent field components with phase matched wave-vectors to achieve highly efficient 

coupling. A well-known implementation of this method is using a total internally reflected beam 
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within a prism. Prism coupling have become famous since the 1960’s when the prism coupling 

was used to efficiently excite surface plasmon-polariton [32]. For far-field excitation of LSPs in 

metal nanostructures, Ropers et al. [25] has demonstrated an efficient nonlocal optical optical 

excitation of the apex of a nanostructured Au taper (D ~ 40 nm) by using grating-coupling of 

surface plasmon polaritons, as shown in Fig. 1.1(c). Bsudrion et al. [34] reported that coupling 

efficiency of light to surface palsmon polariton for single subwavelength holes in a gold film 

reached ~ 28%. Bouhelier et al. [20] and Takahashi et al. [19] also demonstrated the focusing of 

light onto the Au tips (D ~ 10 nm) via an objective lens and prism in order to measure SHG from 

the Au tips, as presented in Fig. 1.1(a) and (b). However, it is still a great challenge to focus a 

single propagating photon into a single plasmonic nanostructure efficiently due to the huge scale 

mismatch among photons, metallic nanostructures and molecules. It limits the level of possible 

field enhancement, which is of importance for efficient light-matter interaction at the nanoscale 

area. Therefore, to utilize the advantages of plasmonic nanostructure, we improve the focusing of 

propagating photons into a plasmonic nanostructure in this study. 
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Dielectric εd

θ
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θ
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Λ
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Fig. 1.1 Typical types of couplers for surface plasmon. (a) Objective lens [20]; (b) Prism [19]; 

 (c) grating [25]. 

 

Microresonators have made a significant impact in practical systems and laboratory 

research due to high quality factor (Q) and strong buildup of optical energy. They are made from 

a wide variety of materials from polymers [35-37] to semiconductor [38-41]. One of the most 

common materials used is the silicon dioxide (SiO2) due to the existing silica optical 
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telecommunications networks used all over the world. Of all geometries studied for confining 

light, it has been well-known that cavities, such as silica microspheres [42-44] and microtoroids 

[45-47], possess whispering gallery modes which can confine photons for a very long time 

through total internal reflection on the cavity interface. Vernooy et al. [44] has experimentally 

demonstrated a record Q factor as high as 9 billion for microsphere, limited only by the optical 

absortption of silica. Armani et al. [47] also has reported that on chip silica microtoroidal 

resonators provided high Q factor 4×10
8
, owing to the minimized scattering losses from the 

smooth resonator surface created by surface tension during a laser reflow process. The small 

mode volume and long photon storage time can be used for nonlinear studies, because strong 

resonant buildup of energy in microscale volumes significantly reduces the threshold of 

nonlinear effects. This allowed the realization of low threshold of optical microcavity effects, 

such as lasing [48-50] and nonlinear phenomena [51-52]. Vahala et al. has experimentally 

realized stimulated Raman scattering [49], stimulated Brillouin scattering [50], etc. at very low 

input thresholds. Moreover, when the optical cavity loss and mode volume becomes small 

enough, an atom can coherently interact with the cavity for a substantial period of time. This 

ability is desirable for quantum optics [3, 53-55].  

Besides these applications of microcavities, the microresonator modes also can provide 

the necessary momentum to excite the surface plasmon polariton (SPP) modes. Various types of 

these researches are proposed to efficiently couple light to metallic nanostructures, such as 

silver-coated microdisk [56], planar photonic crystal combined with a gold nanorod [1], 

microring resonator integrated with a plasmonic nanoresonator (theoretical) [59], and WGM 

microcavity with a metal nanoparticle (theoretical) [60], have been reported. Min et al. [56] have 

shown that by coating a silica microdisk with a layer of silver, whispering gallery–surface 

plasmon polariton (SPP) hybrid modes can by supported at the interface of silica and silver, 

which can achieve Q factor of ~ 1800. White et al. [57] have also shown that the Raman 

emission of Rhodamine 6G molecules attached to silver nanoparticles can be enhanced, when a 

silica microsphere is immersed in a solution consisting of mixture of silver nanoparticles and 

Rhodamine 6G molecules. In this experiment, it has been demonstrated that the whispering 

gallery modes of a microsphere can excite the localized surface plasmon resonance of the silver 

nanoparticles which are attached to the surface of the microspheres randomly and from clusters. 
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It was shown that field enhancement is possible by combining silica microspheres and silver 

nanoparticles for surface enhanced Raman emission. Angelis et al. [58] have demonstrated that a 

plasmonic nanoantenna with an ogival-shape tip combined with a planar photonic crystal cavity. 

The photonic crystal cavity, and this nanoantenna placed at the planar photonic crystal cavity 

center supports SPP modes and acts as a nanoscale waveguide, able to propagate and focus the 

SPP toward the tip. And the nanoantenna focues the incident light into a nanoscale region to 

interact with molecules. This hybrid system is excited in free space. Barth et al. [1] also have 

proposed a nanoassembled plasmonic-photonic hybrid cavity that consists of a planar photonic 

crystal cavity and the Au nanorods (50 nm × 20 nm), as shown in Fig. 1.2(a). These plasmonic 

structures are placed inside the cavity by using an AFM tip. This hybrid system has low Q factor 

of ~ 900. However, this method of hybridization cannot be easily used for making practice 

devices. In the last two examples, a planar photonic crystal cavity is used as the photonic 

structure that is excited in free space, which results in low coupling of light into a plasmonic 

structure. And the lack of an efficient on-chip excitation mechanism has limited their application. 

Recently, Chamanzar et al. [59] have also numerically demonstrated a hybrid nanoplasmonic-

photonic resonators composing of a photonic microring resonantor strongly coupled to a single 

Au nanorod (100 nm × 56 nm × 30 nm ), as shown in Fig. 1.2(b). According to simulation, it is 

shown that more than 73% of the incident light in the waveguide can be coupled to the localized 

surface plamson resonance mode of the plamonc nanostructures. Xiao et al. [60] have shown a 

hybrid photonic-plasmonic resonant structure consisting of a metal nanoparticle (D ~ 60 nm) and 

a whispering-gallery-mode microcavity in Fig. 1.2(c). It is found theoretically that the hybrid 

mode enables strong interaction between light and metal nanostructure. In these methods, the 

synergetic effect of strong optical confinement effect of microcavity structures and optical 

antenna effect of metallic nanostructures makes it possible to efficiently couple light to metallic 

nanostructures. Moreover, high coupling of light into a single metal nanostructure would be 

achieved by tuning the coupling conditions between the metal nanostructure and mcirocavity. 

However, the metallic nanostructures were placed directly on the cavity surface and their cavity 

parameters were controlled only by the size and shape of the structure, resulting in the 

experimental difficulty in coupling conditions between the incident photons and LSPs. Thus, for 

studying the underlying physics and achieving the high coupling efficiency flexibly, the 
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adjustability of the cavity parameters such as photon-cavity and cavity-LSP coupling constants is 

indispensable. In this study, one new plasmonic-photonic hybrid system composed of an Au-

coated tip and a tapered-fiber-couple microsphere resonator is proposed to efficiently excite LSP 

of metal nanostructures, which strongly enhance the light-matter interaction. 

 

Metal nanoparticle

Au nanorod

Microring

Waveguide

Photonic crystal cavity

AFM tip

Au nanorods

(a) (b) (c)

 

Fig. 1.2 Several types of plamonic-photonic hybrid systems using microresonators. (a) photonic crystal  

cavity and Au nanorods [1]; (b) microring and Au nanorod [59]; (c) a tapered-fiber-coupled microtoroid  

and metal nanoparticle [60]. 

 

On the other hand, the tapered fibers have been a very powerful tool for various optical 

studies such as biological sensing, optical power delivery systems, quantum optics and quantum 

information science, owing to their low loss, single mode guidance, and their intense evanescent 

field outside the optical thin tapered fiber [61-63]. It has been demonstrated that fluorescence 

photons from light nanoemitters, such as atoms, quantum dots, and nanodiamonds can be 

channeled into the guided modes of the thin tapered fibers [64-66]. Furthermore, trapping atoms 

around the optical nanofibers using the strong evanescent tail of the guided field has been 

proposed [67-68] and the spontaneous emission of atoms can be strongly modified around the 

nanofiber [69]. The tapered fiber is also a promising tool to efficiently and controllably couple 

light into or out of a microresonator and a metal nanostructure. For microresonators, free-space 

excitation efficiencies of whispering gallery modes (WGM) [70] are extremely low due to the 

huge scale mismatch between photons different phase velocities in air and silica. The prism 

coupling also has been used to excite WGM of microspheres [71]. However, the prism coupling 

is difficult to control and alignment during the experiment. Alternative types of evanescent 

couplers have been proposed, such as angle polished fiber tips [64], planar waveguides [72], and 
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tapered optical fibers [73-75]. A particularly suitable method of tapered optical fibers has been 

proposed by [74-76], in which a fiber is drawn into a thin filament, and the evanescent field of 

the fiber is brought to overlap with the microspheres, to achieving almost perfect coupling 

(99.99%) using an adiabatically tapered optical fiber. As for metal nanostructures, to realize the 

excitation of LSPs, so far alternative methods had included silicon on insulator waveguides [77], 

and tapered fibers [78-79]. By bringing the evanescent field region in close proximity to the 

metal nanostructures, the evanescent coupling can be achieved. Among these methods, optical 

tapered fibers with sub-wavelength diameter are particularly promising in view of their highly 

efficient LSPs excitation. The special advantages of this method in which tapered optical fiber 

are used to couple light into microspheres and metal nanostructures as follow. First, the tapered 

fibers can be fabricated with low loss. Secondly, the tapered fibers allow highly efficient 

excitation of LSP or WGM. Moreover, they allow not only excitation but also extraction of 

cavity fields or enhance nonlinear fields through the same tapered fiber. Thirdly, the tapered 

fibers have small transverse dimensions, making them unique tools to excite WGM-

microcavities or LSP induced metal nanostructures with small dimensions.  

 

Tapered fiber
Tapered fiber

microsphere

microtoroid

Metal nanorod(a) (b)

 

Fig. 1.3 Tapered fibers’ application as couplers. (a) Tapered fibers couple light into and out of  

microresonators [66-68]; (b) Tapered fiber couples light into metal nanorods [79]. 

 

1.2 Motivation and objective 

Localized surface plasmons (LSPs) induced in metal nanostructures have the ability to 

confine light into the nanoscale areas beyond the diffraction limit and to enhance the light-matter 



Chapter 1 

 

8 

 

interaction. They have been used in various applications, such as optical sensing, surface 

enhanced Raman spectroscopy, two-photon excited fluorescence (TPF), and second harmonic 

generation (SHG). Specially, during the last decade, enhanced nonlinear phenomena induced by 

surface plasmon have been extensively studied as new light sources at the nanoscale. However, 

because of the huge scale mismatch between photons and metal nanostructures, it is difficult to 

focus light onto single metal nanostructure efficiently, resulting in the use of a high intense 

pulsed laser excitation for nonlinear phenomena.  

Therefore, in order to harness the merits of plasmonic nanostructures for nonlinear 

application, the objective of this thesis is to improve the focusing of light to single metal 

nanostructure at the nanoscale area. In this study, I propose two types of plasmonic-photonic 

hybrid systems to efficiently excite LSPs at the single metal nanostructure, and demonstrate the 

nonlinear phenomena (SHG and TPF) within these plasmonic-photonic hybrid systems under a 

weak continuous wave (CW) excitation. 

 

1.3 Organization of this thesis 

This thesis is divided into 6 chapters including the current chapter 1.  

Chapter 2 theoretically describes propagation modes of tapered fibers, optical properties 

of microresonators, general properties of localized surface plasmon resonance. The optical 

properties of microresonators include optical modes, mode volume, Q factor, mode spacing. 

Regarding general properties of localized surface plasmon resonance, we present absorption 

cross section, scattering cross section and field enhancement. Then, coupling theory among 

tapered fibers, microspheres, and Au-coated tips are briefly discussed. 

Chapter 3 presents the basic experiment setup. The experimental setup for fabrications of 

tapered fibers, silica microspheres, Au-coated tips, as well as measurements of transmittance of 

tapered fiber during pulling process and scattering spectrum of Au-coated tip are described. 

Chapter 4 investigates the efficient coupling of light from a tapered-fiber-coupled 

microsphere resonator to localized surface plasmon modes of an Au-coated tip. To verify 

efficient localized surface plasmon excitation at the metal tip via a tapered-fiber-coupled 
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microsphere resonator, we measured second harmonic generation (SHG) from the top of Au-

coated tip. From the results, in spite of a weak CW excitation (~ 28 μW), we succeeded in 

repeatedly observing SHG from the top of the Au-coated tip via a tapered fiber coupled 

microsphere resonator system, which could focus the light with the coupling efficiency of about 

63.2 % into the nanoscale domain of the metal tip with the effective cross section (σext) of 358.2 

nm
2
 with the diameter (Dext) of ~ 21 nm. 

Chapter 5 reports a plasmonic-photonic hybrid system composed of a tapered-fiber-

coupled microsphere resonator and a pseudoisocyanine (PIC)-attached Au-coated tip to focus the 

incident light into a nanoscale domain (σext ~728.8 nm
2
; Dext ~ 30 nm) with high coupling 

efficiency of ~80.3 % and the Q factor of ~1.9×10
6
. In order to experimentally verify the strong 

interaction between light and matter owing to efficient excitation of localized surface plasmon at 

the Au-coated tip, we demonstrated to observe two-photon excited fluorescence (TPF) from PIC 

dye molecules attached on the Au-coated tip even under a weak CW excitation condition (~ 3 

μW) via a tapered-fiber-coupled microsphere resonator. 

 Chapter 6 demonstrates a simple tapered fiber based photonic-plasmonic hybrid 

nanostructure composed of a thin tapered fiber and a PIC-attached Au-coated tip. We succeeded 

in observing TPF from the PIC dye molecules under a weak continuous wave excitation 

condition (~ 120 μW) using this simple hybrid nanostructure, which could focus the light with 

the coupling efficiency of about 95 % into the nanoscale domain of the metal tip with the 

effective cross section (σext) of ~ 8 × 10
4
 nm

2
 (Dext ~ 320 nm). From the results of the tip-fiber 

distance dependence and excitation polarization dependence, we found that using a thin tapered 

fiber and an Au-coated tip realized efficient coupling of the incident light and LSP excitation at 

the Au-coated tip, suggesting the possibility of efficiently inducing two-photon excited 

fluorescence from the PIC dye molecules attached on the Au-coated tip.  

Chapter 7, the final chapter, draws on the general conclusions of the previous chapters.  
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Chapter 2 Basic theory 

 

 

 

2.1 Introduction 

In this section, the propagation mode properties of tapered fibers are described. In 

addition, optical properties of microresonators (e.g. optical modes, Q factor, mode volume…), 

general properties of localized surface plasmon, such as absorption cross section and scattering 

cross section, and evanescent couplings to microsphere using a tapered fiber and to an Au-coated 

tip using a tapered-fiber-coupled microsphere resonator are introduced. 

 

2.2 Propagation mode properties of tapered fibers 

According to refs. [61][62], to numerically analyze the propagation mode properties of a 

thin tapered fiber, we consider a thin tapered fiber that has a cylindrical silica core of diameter 

(D), refractive index (n1), an infinite air clad of refractive index (n2=1.0), and a step-index profile. 

The tapered fiber is fabricated from a fused-silica single-mode optical fiber heated by a ceramic 

heater at the temperature of ~1400 
0
C and meanwhile stretched at both ends of the fiber in this 

study, as shown in Fig. 2.1(a). Owing to the adiabatic pulling process, the original core is almost 

vanishing. Therefore, the refractive indices that determine the guiding properties of the tapered 

fiber are the refractive index of the original silica clad and the refractive index of the surrounding 
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air. We assume that the tapered region is very uniform in diameter and smooth in sidewall. The 

model of an air-clad dielectric tapered fiber is shown in Fig. 2.1(b). It has the following index 

profile, where a denotes the radius of the tapered fiber. 

 

 
 

 
1

2

0n r a
n r

n a r

 
 

  
 

                                                       (2.1) 

Standard single-mode fiber

Air-guided tapered region

~125 μm

> ~ 300 nm

Core

(a)

0 a r

n2

n1

n(b)

 

Fig. 2.1 (a) An illustration of the before and after the pulling process; (b) A model of an air-clad  

cylindrical dielectric tapered fiber. 
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A taper is considered to be approximately adiabatic, which enusure that there is 

negligible loss of power from the fundamental mode as it propagates along the tapered region 

[80]. The fields and propagation constant within an approximately adiabatic tapered region of a 

single mode fiber can be described accurately by those of the local fundamental mode, which 

conserves power as it propagates and is the solution to the wave equation with the geometry of 

the local cross section. The wave equation of light propagation in such a fiber is described by, 

 

 
 

 
2

2

0 2
.

E E
E r r

t r
  



 
        

 

                                            (2.2) 

 

It can be derived from Maxwell’s equations: 

 

   ,
E

H r
t




 


                                                (2.3a) 

 0,H                                                           (2.3b) 

 0 ,
H

E
t




  


                                                    (2.3c) 

    0,r E                                                    (2.3d) 

 

where E denotes the electric field vector, 0  is the vacuum permeability, and  2n   presents 

the electric permittivity of the medium. The wave equation for the magnetic field H takes the 

same form as Eq. (2.2). Assuming that the model of the tapered fiber is non-dissipative and 

source free, which is true for most of the dielectric materials within their transparent ranges, one 

can reduce Maxwell’s equations to the following Helmholtz equations.   
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2 2 2 2( ) 0,n k E                                              (2.4a) 

  2 2 2 2 0,n k H                                             (2.4b) 

 

where k = 2π/λ , and β is the propagation constant. The eigenvalue equations [62] of Eq. (2.4) for 

various modes describe below.  

For HE𝜐m and EH𝜐m modes: 

 

 
 

 

 

 

 

 

 

 

2 42

2

2

1 1

.
J U K W J U n K W V

UJ U WK W UJ U n WK W kn UW

   

   

           
        

      

               (2.5) 

 

Here J𝜐 is the Bessel function of the first kind, and K𝜐 is the modified Bessel function of the 

second kind. Each set of modes, labeled as HE𝜐m and EH𝜐m, exhibits different solutions 

depending on the value υ. And m denotes the different solutions of Eq. 2.5 for a fixed υ. 

 
1 2

2 2 2

0 1U a k n   ,  
1 2

2 2 2

0 2W a k n  ,  
1 2

2 2

0 1 2V k a n n   . 

All modes (apart from HE11) have a cut-off value in V. Each propagation constant takes 

the value of β, where eff on k  is the effective refractive index of the corresponding mode. As 

a mode approaches cut-off, the fields penetrate deeply into the cladding medium. Thus, the mode 

is poorly confined and poorly guided, and most of the energy propagates in medium 2, leading to 

n2 = 1 in the tapered fiber. Below the cut-off value of V = 2.405, only the fundamental mode 

(HE11) can propagate. The diameter (D) dependence of effective refractive index of the guided 

mode (neff) is obtained numerically, as shown in Fig. 2.2 where refractive index of tapered region 

(n1), that of surrounding medium (n2), and the incident light wavelength (λ) are assumed to be 

1.45, 1.0, 780 nm. It is found that, when the diameter of the tapered fiber (D) is reduced to 565 

nm (V = 2.405) (red dashed line in Fig. 2.2), the tapered fiber only supports the fundamental 

mode HE11 with quasi-linear polarization.  
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Fig. 2.2 Numerical results of diameter dependence of effective refractive index neff of the guided mode at 

780-nm wavelength. Solid line: fundamental mode. Dot lines: higher order modes; Red line: cut off 

condition for the fundamental mode HE11. 

 

As for fundamental mode (HE11 mode; υ =1), Eq. (2.5) becomes 

 

 
 

 

 

 

 

 

 

2 42

1 1 2 11

2

1 1 1 1 1 1

( )
.

K W J U n K WJ U V

UJ U WK W UJ U n WK W kn UW

          
        

                 (2.6) 

      1 1

2
,J x J x J x

x
  


                                          (2.7a) 

      1 1 2 .J x J x J x   
                                             (2.7b) 

      1 1

2
,K x K x K x

x
  


                                            (2.8a) 

      1 1 2 .K x K x K x   
                                            (2.8b) 
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After considering the spherical Bessel function recursion relation of Eqs. (2.7) and (2.8), Eq. (2.6) 

can be simplified: 

 

 

 

 

 

 

 

1/2
2

42 2 2 2 2
0 0 01 2 1 2

2 2 2 2 2 2 2

1 1 1 1 1 1

1 1 1

2 2

J U K W K Wn n n n V

UJ U n WK W W U n WK W W n k WU


        

                          

(2.9) 

 

 

Fig. 2.3 (a) Cylindrical coordinate; (b) Geometry of a standard glass fiber; (c) The profile of its refractive 

index as a function of r. 

 

We study a fundamental mode with quasi-linear polarization. In the cylindrical coordinates (r, 

ϕ ,z), as shown in Fig. 2.3, the electromagnetic fields are expressed as  

 

 

   

   

, , ,

, , .

i z i t

r z

i z i t

r z

E r z E r E E z e e

H r z H r H H z e e

 



 



 

 





   


  

                            (2.10) 

 

The solutions of Maxwell equations for Cartesian components of the electric field E  of the 

fundamental mode are given by [61-62] 

z

x

y

M(r, ϕ, z)

r

ϕ

0
z

a

r
ϕ

z

2a

r

n1

n2

(a) (b) (c)
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Inside the core ( 0 r a  ): 

 

         0 0 2 01 cos 1 cos 2 ,
2

i z i t

xE iA s J ur s J ur e e
u

 
          

 

(2.11a) 

         0 0 2 01 sin 1 sin 2 ,
2

i z i t

yE iA s J ur s J ur e e
u

 
          

 

                   (2.11b) 

   1 0cos .i z i t

zE AJ ur e e    
                                                                          (2.11c) 

 

Outside the core ( a r  ): 

 

 

 
         1

0 0 2 0

1

1 cos 1 cos 2 ,
2

i z i t

x

J U
E iA s K wr s K wr e e

w K W

 
          

 

(2.12a)

 

 
         1

0 0 2 0

1

1 sin 1 sin 2 ,
2

i z i t

y

J U
E iA s K wr s K wr e e

w K W

 
          

 (2.12b) 

 

 
   1

1 0

1

cos ,i z i t

z

J U
E A K wr e e

K W

    

                                                      (2.12c) 

 

where
         2 2

1 1 1 1s U W J U UJ U K W WK W      
  ,

 
1/2

2 2 2

1u n k  
and

 
1/2

2 2 2

2w n k 
. The coefficient A is determined by the normalization condition. The angle 0  
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describes the orientation of the transverse  ,x yE E E   field, which determines the orientation 

axis of the field’s polarization [61]. 0 0   leads to polarization in the x-direction and 0 / 2   

corresponds to polarization in the y-direction. The designation quasi-linear polarization refers to 

the non-vanishing longitudinal component Ez of the HE11. Because Ez is out of phase by π/2 with 

respect to the perpendicular components Ex and Ey, this phase difference causes an elliptical 

rotation of the E  field in a plane parallel to the fiber axis z.  

In practical applications such as evanescent wave based optical sensing [81] and 

evanescent coupling [64-66] [82-83], it is necessary to know the profile of the power distribution 

around the waveguide. For the model of tapered fibers considered here, according to Eqs. (2.11) 

and (2.12), expressions for the total intensity 
2

E  can be obtain as [61-62] 

 

Inside the core ( 0 r a  ): 

 

            2 2 2 2 2

0 1 2 1 0 2 0( ) cos2 ,in pE g J ur bJ ur fJ ur bJ ur f J ur J ur            (2.13) 

 

Outside the core ( a r  ): 

 

 

              2 2 2 2 2

0 1 2 1 0 2 0cos2 ,out pE g K wr cK wr fK wr cK wr f K wr K wr           

(2.14) 

 

where  
22 22 / 1b u s  ,

 
22 22 1c w s 

,
   

2 2
1 1f s s  

,
   2 1 1pf s s  

,

2
2ing A b

, and 
   

2 2 2

1 12outg A J U cK W
.  
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Fig. 2.3 Field profile of HE11 in a thin tapered fiber with the diameter of 300 nm at the wavelength of 780 

nm. Red dashed lines: diameter size of tapered fiber. 

 

To further understand the field components of the fundamental mode, we numerically 

calculate the field profile of Ex, Ey, and Ez of the Cartesian-coordinate components of the electric 

field at a thin tapered fiber with the diameter of 300 nm at the wavelength of 780 nm, as shown 

in Fig. 2.3. Comparing with the scales of the vertical axes of Ex, Ey, and Ez in Fig. 2.3, it is found 

that the field of the minor transverse component Ey and the field of the longitudinal component 

Ez are weaker than the field of the major transverse component Ex. However, the field Ey of the 

minor transverse component and the field Ez of the longitudinal component are not negligible at 

all.  
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Fig. 2.4 Cross section profiles of the electric field intensity in a fundamental mode HE11 of a tapered fiber 

with the diameters of 300nm (a) and 600 nm (b) at 780-nm wavelength. Cylindrical mesh indicates the 

tapered fiber as a reference. 
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Then we also numerically calculate the fundamental mode intensity distributions of a thin 

tapered fiber with the diameters of 300 nm and 600 nm, as shown in Figs. 2.4(a) and 2.4(b). 

From the results, the thick tapered fiber with the diameter of 600 nm confines major power 

inside the tapered fiber, while a large amount of light as an evanescent field is in the outside of 

the thin tapered fiber with the 300-nm diameter. These results correspond to the previous reports 

[61-62] that an intense evanescent field is generated in the vicinity of a thin tapered fiber. 

 

2.3 Whispering gallery mode microresonators 

2.3.1 Whispering gallery modes 

Whispering gallery modes (WGMs) are optical resonances (or modes) of a wave field 

that are confined inside a given resonator (cavity) with smooth edges due to continuous total 

internal reflection. In order to investigate the optical modes in a microsphere resonator, we study 

the Maxwell’s equation in time-free form for the electric and magnetic fields E and B both 

outside and inside the sphere with constant scalar permittivity (𝜀) and permeability (μ), and free 

of charge and current. 

 

 
0,D 

                                                    (2.15a) 

 
0,B 

                                                    (2.15b) 

 

,
H

E
t




  
                                              (2.15c) 

 

.
E

H
t




  
                                              (2.15d) 

According to Maxwell Eqs. 2.15 (a-d), the wave equation can be obtained, 
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2
2

2
0.

E
E

t



  

                                              (2.16) 

 

Assuming the field quantities to vary as    , i tE r t E r e  . Helmholtz equation can be described, 

where k   .  

 

 
2 2 0,E k E  

                                               (2.17) 

 

 

Fig. 2.5 Coordinate system with the unit vectors re , e  and e , coupled with the sphere surface. 
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Figure 2.5 shows the spherical coordinate system ( , ,r   ). The solution of Maxwell’s 

equations for space with a dielectric sphere can be reduced to the solution of a scalar equation for 

the Debye potentials [84]. Assuming that the polarization direction of the electromagnetic field 

of a sphere can be approximated constant along the same spherical coordinate axes at all points 

in space, which has been verified numerically, the either E  or H  component of the 

electromagnetic field is separable,      rE r          or      rH r         . 

There are two kinds of optical WGM modes in microsphere resonator-transverse magnetic (TM) 

and transverse electric (TE). In the case of TM modes, the magnetic field is tangent to the 

surface of the sphere and perpendicular to the direction of propagation. In the case of TE modes, 

these properties are reversed. Here, we consider TE modes. The Helmholtz equation (2.17) in 

spherical coordinate system can be followed, 

 

 

2
2 2

2 2 2 2 2

1 1 1
sin 0

sin sin

E E E
r k E

r r r r r


    

       
      

       
             (2.18) 

 

After solving Eq. (2.18) by separation of variables ( r ,   and  ), there are three ordinary 

differential equation (  r r ,     and    ). 

 

1. The radial dependence 

 

 

2
2

2 2

2 ( 1)
0.r r

r

d d l l
k

dr r dr r

 


 
    

                              (2.19) 

 

The solutions of this spherical Bessel differential equation (2.19) are spherical Bessel functions 

of the order l. 

 

 
   1 2 .r l s lc j kn r c n kr  

                             （2.20） 
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After the approximated solution of Eq. (2.20), the full radial dependence follows [85]: 

 

 
 

  exp

l s s

r

s s

Aj kn r r R
r

B r R r R




 
 

   
 

                            (2.21) 

 

Here, A and B are constants, which are determined by boundary condition at surface and 

normalization condition. Rs and ns are the radius of the sphere and refractive index of 

microsphere.   2 21 sl l R k    . The radius dependence of the fields is related to mode 

numbers l and n. 2 s sl n R  . Furthermore, the number of field maximum along the radial 

direction is determined by n. n is the root number of zeroes of the function (Eq. (2.21) (Bessel 

function) located inside the sphere. Figure 2.6 shows an example of the field profile in the radial 

direction for a microsphere with the radius (Rs) of 35 μm. 
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Fig. 2.6 The field profile of a TE mode in the radial direction for a microsphere with the radius (Rs) of 35 

μm at the wavelength of 0.78μm. n=1, and l=397. Inset enlarges field profile. 

 

2. The azimuthal dependence  
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2

2

2
0.

d
m

d









 

                                       (2.22) 

 

As the field in the azimuthal direction has a periodicity of 2π, the azimuthal dependence of the 

field represents [85]: 

 

 
 exp ,N im   

                                      (2.23) 

 

where m is an integer and N  is the normalization constant to be chosen so that after one 

revolution the integral of 
2

  is unity. 

 

3. The polar dependence 

 

 

2

2

1
sin 1 0.

sin sin

dd m
l l

d d





 

   

   
      

                           (2.24) 

 

The solution of the polar dependent part of a spherical harmonic differential equation is 

associated Legendre polynomials. The polar solution of the field shows: 

 

 
 cos ,m

lN P  
                                              (2.25) 

 

where  cosm

lP   is an associated Legendre polynomial and , ( 1),..., 1,m l l l l     . N  is the 

normalization constant to be chosen so that the integral of 
2

  over θ is unity. Figure 2.7 shows 

the field intensity profile of a TE mode in the azimuthal direction for a microsphere. The polar 
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contribution   is expressed in terms of the exact solutions of the associated Legendre 

polynomials  cosm

lP  . We are mainly interested in large m and l values, and the polar angles 

near 0  . In this case, according to the ref. [85], the polynomials are well represented by the 

Hermite-Gauss functions, with Hermite polynomials NH   of the order N l m  . 

 

 

   2exp , 1
2

N

m
H m m    

 
    

                                 (2.26) 
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Fig. 2.7 The field intensity profile of a TE mode in the azimuthal direction for a microsphere. 

1, 150, 2n l m l   
. 

 

Characteristic equations 
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The characteristic equation which describes the relationship between the wave vector k 

and the eigenvalues l and n, is determined by matching tangential electric and magnetic fields 

across the surface 
sr R . Two independent cases are identified as a consequence of separable 

solutions [84-85]: (1) transverse electric (TE) modes, where the electric field is parallel to the 

surface. The vector components are , ,
ˆ ˆ , 0n l m rE E E E      . (2) transverse magnetic (TM) 

modes, where the magnetic field is parallel to the surface. The vector components are 

, ,
ˆ ˆ , 0n l m rH H H H      . The remaining H  fields of TE modes, or E  fields of TM 

modes, are determined by Maxwell equations. (3) Matching tangential fields leads to the simple 

characteristic equations.  

 

For TE modes 

 

 

 
 

 

0

0 0
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1
,

l s s

s l s s

s
s

l s s s

j k n R
k n j k n R

R

j k n R R




 

                               (2.27) 

 

For TM modes 

 

 

   

 

0
20 0

2

0 0

1
.

l s s
s l s s

s s
s

l s s s

j k n R
k n j k n R

R n

j k n R R n


  
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                          (2.28) 

 

We use the following spherical Bessel function recursion relation,  
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sin
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x
j x
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The characteristic equations are expressed by using Eq. (2.29) [85]. 

 

TE modes: 
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TM modes: 
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2.3.2 Quality factor 

Quality (Q) factor is an important parameter of a microresonator which quantifies its 

ability to store light. It is a measure of energy losses and defined as 2π times the ratio of the total 

energy stored in the cavity divided by the energy lost in a single cycle [82-84]: 

 

 

02 .
UStored energy

Q
Energy loss per cycle W


  

                     (2.32) 



Chapter 2 

 

29 

 

Here, 𝜔0 denotes the angular resonant frequency, U is the energy stored in the mode, and W is 

the energy loss rate of the mode. Therefore, the behavior of stored energy U in the cavity is 

described by a differential equation. 
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                                                  (2.33) 

The solution of the Eq. (2.33) can be obtained as 
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Therefore, the optical field in the cavity can be expressed as  
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After Fourier analysis, the optical field in the frequency domain is described as 
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From the Eq. (2.36), we find that the WGM resonance has a Lorentzian shape with a linewidth 

(FWHM) equal ω0/Q. Thus the Q factor can also be expressed as related both to the linewidth ∆υ 

of the resonance located at υ0, and to the cavity photon lifetime τ through the equation, 
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                                          (2.37) 

 

In the experiment, a WGM is represented by a dip in the fiber throughput. So according 

to the transmittance spectrum in the fiber throughput and Eq. (2.37), the Q factor is obtained, as 

show in Fig. 2.8. 
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Fig. 2.8 Transmittance spectrum with a WGM mode. Q factor is 1×10
8
 at 780-nm wavelength. Red curve: 

Lorentzian fitting curve. 

 

Loss mechanisms in microspheres include scattering loss from surface contaminants, 

absorption loss due to molecular resonances, Rayleigh scattering, and radiative loss. Radiative 

loss is the tunneling loss due to the curvature of the waveguiding boundaries in the direction of 

propagation. Absorption and Rayleigh scattering are the predominant effects limiting the 

magnitude of the Q for air clad microspheres. The total Q factor of a WGM spherical cavity is 

made up of all the loss contribution, which can be decomposed into the following equation: 
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                                              (2.38)  

 

Here, Qtotal denotes the total cavity quality factor, Qmat denotes the material absorption loss, Qrad 

accounts for radiation loss, Qss presents scattering loss from surface imperfections, and Qcoupling 

represents the energy loss due to input and output coupling.  

The Qmat factor associated with materials absorption is determined by [43]: 
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where λ is the light wavelength, n is the refractive index of the materials at the light wavelength, 

and α is the linear attenuation in the cavity caused by materials absorption. 

The Qss factor owing to scattering loss by the surface homogeneity can be estimated by 

[43]: 
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where σ and B are the rms size and the correlation length of surface inhomogeneities, 

respectively. 

The Qrad factor due to radiative loss is shown to be [85]: 
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where c is the speed of light, ε0 is the permittivity of free space, and Z0≈377 is the impedance of 

free space. Rs and ns are the radius and refractive index of microsphere, respectively. 

 

2.3.3 Mode spacing 

The free spectral range (FSR) of a cavity represents the frequency (wavelength) spacing 

between consecutive longitudinal modes. This definition, commonly used for Fabry-Perot (FP) 

cavities, is somewhat ambiguous for the cavities in this work, as the mode spectrum is highly 

complex. However, by using the most direct analogy to a FP, a microresonator can be considered 

as a FP cavity wrapped around onto itself, such that the periphery of the resonator corresponds to 

the FP mirror spacing. The distance between adjacent resonances has consecutive mode number 

such that FSR can be defined as  
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As for WGM microresonators, the mode spacing is defined as the wavelength difference 

between two consecutive mode numbers l in the same order mode n: 
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Here, m is the relative refractive index. The mode spacing is defined for TE and TM modes. 

Comparing with Eq. (2.42) and Eq. (2.43), the effective refractive index of a microsphere 

resonator can be defined as 
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2.3.4 Mode volume 

The volume that each cavity mode occupies is dependent on the cavity resonant field 

distribution, which in turn depends on the particular cavity geometry. Modal volume plays a 

fundamental role in many applications of microcavities, resulting in optical energy that is tightly 

confined to physical volumes on the order of hundreds to a couple thousand cubic microns. This 

coupled with the low loss possible in high-Q microcavities results in a very large energy density 

in the cavity. These large energy densities are of use for areas ranging from nonlinear optical 
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wave generation to quantum optics, where the large electric field per photon can allow a strong 

interaction with an atomic system. The mode volume is defined as [82-84], 
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where E  represents the cavity electric field,    2r n r  is the refractive index at r  squared, 

and VQ denotes the integration volume. According to refs. [82][86], the mode volume for a 

spherical WG resonator can also be estimated as, 
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2.3.5 Circulating power 

The combination of high Q factor and tight mode confinement in a WGM microresonator 

significantly enhances the light field, leading to an extraordinarily high light intensity inside the 

cavity with a modest input power. This enables strong interactions between the light field and 

objects placed in the cavity mode volume. For a microlaser configuration, it is the reason that 

higher Q devices with smaller size have lower lasing thresholds. One of the benefits of the long 

photon storage time in high-Q microcavities is that they can build up a significant internal 

circulating power with low pump powers. The power enhancement (η) in a WGM 

microresonator can be expressed by [87-88] 
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where Pin and Pcirc denote the input power and the intracavity circulating power, respectively. τr 

is the photon round trip time, Δω represents the detuning between the input light frequency and 

the resonant mode frequency ωc. 0 0/c Q   is the intrinsic cavity loss and /ex c exQ   

expresses the coupling loss. Q0 and Qex are the intrinsic and coupling quality factors. When the 

incident light frequency is on resonance with a WGM in the cavity (Δω=0), at the critical 

coupling point ( 0 ex   ), the power enhancement η is maximized. 
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This formula indicates that the cavity buildup factor is proportional to Q0, explaining why ultra-

high quality factor cavities can result in a substantial amplification of the input resonant field 

energy. For mW input power and mode volumes of 1000 μm
3
, it is possible to achieve the power 

in the cavity of the order of GW/cm
2
. WGM resonators are especially suitable as laser cavities 

for ultra-low threshold lasing. 

 

2.4 General properties of localized surface plasmon resonance 

Surface plasmon resonance (SPR) is the collective oscillation of electrons that are 

confined to the interface of a metal and a dielectric stimulated by incident light. The resonance 

condition is established when frequency of light photons matches the natural frequency of 

surface electrons oscillating against the restoring force of positive nuclei and the phase match 

between photons and surface plasmon wave-vectors is satisfied. SPR in nanometer-sized 

structures is called localized surface plasmon resonance. The fully three-dimensional solution of 

the electrodynamics response of a particle excited by an electromagnetic wave turns out to be 

important in general. But, the underlying phenomena and physics can be analyzed and 

understood by means of the much simpler quasi-electrostatic model. For particles being smaller 
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than the incident wavelength λ, the exciting field Ein is nearly uniform across the whole particle 

and the retardation arising owing to the finite speed of light is negligible. Figure 2.9 shows 

schematic diagram illustrating localized surface plasmon of metal sphere. Assuming a metal 

sphere in a uniform dielectric medium, the dipole moment for a metal sphere is given by the 

polarizability α [89-92]. 
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where R is the radius of metal sphere. εp and εm are the dielectric constants of the material of 

sphere and of the surrounding medium, respectively. According to Eq. (2.49), the polarizability α 

of the metal sphere is expressed by [89-92],  
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Fig. 2.9 Schematic diagram illustrating a localized surface plasmon. 

 

Thus, the polarization of the metal sphere is driven by the oscillating incident field. The 

oscillating charges on the sphere cause a scattering into the far field as well as absorption of 
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electromagnetic radiation. Within the framework of the quasi-electrostatic model the absorption 

cross section is simply represented by[92], 
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where k = 2π/λ. And p   is the imaginary component of the metal dielectric function. 

Furthermore, the internal losses are proportional to the particle volume, whereas the scattering 

cross section is given by [92],  
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From the Eq. (2.52), the scattering cross section is proportional to the square of the volume, 

resulting in a rapidly vanishing scattering for very small spheres. The polarization inside the 

sphere is directly related to the local electric field enhancement (FE). FE is shown by [92], 
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2.5 Evanescent coupling theory 

2.5.1 Coupling between tapered fiber and microsphere 

A tapered fiber is used to coupling light in and out of microsphere resonator by 

evanescent coupling. The waveguide/resonator system, H. A. Haus [93] has proposed a simple 

model based on the assumption of weak coupling between the resonator and waveguide, and low 
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intrinsic resonator loss. This model is also valid for the tapered-fiber-coupled microsphere 

resonator (Fig. 2.10), which has been demonstrated by K. J. Vahala [94-95]. On resonance the 

internal field can be described by the following equation [95]. 
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Here, α is the internal resonator field and s denotes the power normalized waveguide field. κ0 is 

the intrinsic resonator loss rate. κex represents the fiber-sphere coupling rate. According to Eq. 

(2.54), the internal resonator field α is determined by considering both excitation by the 

fundamental waveguide mode, and decay due to the intrinsic cavity loss and input-ouput 

coupling loss. 

 

Intrinsic  resonator loss rate

κ0

Input fundamental 

mode

t0

output fundamental 

and higher-order 

modes

output radiation 

modes

κex

 
Fig. 2.10 Coupling and loss parameters in a tapered-fiber-coupled microsphere resonator system. 

 

Assuming that the power coupled into higher-order modes are radiated or coupled to 

cladding modes upon the transition to single-mode fiber, the transmittance through the 

waveguide consists of an interference of the partially transmitted input field with the field 
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coupled from the resonator back into the fundamental mode (HE11) of tapered fiber. It is 

expressed by, 
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where t0 is the transmitted amplitude which is not coupled into the microsphere resonator. In 

steady state, the transmittance can be described by, 
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Here, Ka is the coupling parameter, which is defined as, 
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Figure 2.11 shows coupling regimes for a tapered-fiber-coupled microsphere resonator 

system. The transmittance and linewidth properties dependent on the distance between tapered 

fiber and microsphere resonator are characterized by under coupling, critical coupling and over 

coupling regimes. 

According to Eq. (2.37), the loss rate κ (intrinsic loss rate or coupling rate) is presented 

by, 
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where Q is the total quality factor of microsphere, τ and ω denote the photon round trip time and 

resonant mode frequency.   represents the linewidth of resonant mode. 
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Fig. 2.11 Coupling regimes for a tapered-fiber-coupled microsphere resonator system. It shows the 

transmittance and linewidth (Δυ) on resonance versus the distance. The zero point corresponds to the 

tapered fiber in contact with the surface of microresonator. 2     . 

 

Under coupling regime: 

 

When the tapered fiber is far away from the microsphere resonator, the coupling is weak 

and the intrinsic resonator loss rate (κ0) exceeds the fiber-sphere coupling rate (κex), κ0 > κex 

according to Eq. (2.58) and Fig. 2.11 (b). In this case, the amplitude of the cavity field is much 

less than the amplitude of the transmitted waveguide field and the resonant peak with narrow 

linewidth   appears. The linewidth   on resonance gradually increases by approaching the 

tapered fiber to the surface of microsphere resonator. Because the fiber is far away from the 

surface of microsphere that the fiber-sphere coupling rate κex is considered to be very small, the 
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linewidth of the resonant peak   is almost regard as the linewidth due to the intrinsic cavity 

loss rate κ0 ( 0 2    ), corresponding to the Q factor of microsphere resonator. According to 

Eq. (2.56), the transmittance from the end of tapered fiber Ta is smaller than unity (0<Ta<1).  

 

Critical coupling regime: 

 

When the tapered fiber is continuously approached to the microsphere resonator at a 

distance, the coupling is increased to the point where fiber-sphere coupling rate (κex) balances the 

intrinsic resonator loss rate (κ0), κ0 = κex, (Fig. 2.11(b)). The transmittance from the end of 

tapered fiber vanishes (Ta = 0, in Fig. 2.11 (a)) due to the destructive interference of the resonator 

field and the transmitted pump field. At this critical coupling point, there is no waveguide 

transmittance, all the incident power is coupled into the microresonator, indicating a maximum 

of the circulating power inside the resonator.  

 

Over coupling regime: 

 

Further approaching the tapered fiber to the surface of microsphere resonator, the 

linewidth   on resonance continues to increase. Accordingly, the fiber-sphere coupling rate 

(κex) gradually increased, which is larger than the intrinsic resonator loss rate (κ0), κ0 < κex (Fig. 

2.11(b)). The transmittance for the end of tapered fiber is smaller than 1, 0<Ta<1 (Fig. 2.11(a)). 

Specially, in the case of completely over coupling regime ( 0ex  ), the transmittance reaches 

unity, which is important for the critical propagating photon to localized surface plasmon (PP-

LSP) coupling condition between the Au-coated tip and the tapered-fiber-coupled microsphere 

resonator for the purpose of obtaining highly efficient coupling light into the metal tip. Because, 

as for the coupling between the metal tip and the tapered-fiber-coupled microsphere resonator, at 

the critical PP-LSP coupling regime, the intrinsic cavity loss is negligibly small and fiber-sphere 

coupling rate is equal to the tip-sphere coupling rate, the waveguide transmission vanishes, and 

all incident light power is coupled to the metal tip, implying that the coupling efficiency reaches 

nearly 100%, discussed in section 2.5.2. 
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2.5.2 Coupling between tapered-fiber-coupled microsphere and Au-coated tip 

In order to achieve highly efficient coupling of light into Au-coated tip, a tapered-fiber-

coupled microsphere resonator was proposed to efficiently couple light into Au-coated tip in this 

paper, as shown in Fig. 2.12. According to refs. [95-96], we consider the coupling conditions 

among a tapered fiber, a microsphere resonator and an Au-coated AFM tip. The coupling from a 

tapered fiber to an Au-coated AFM tip are basically described by three parameters, the fiber-

sphere coupling rate (κex), the intrinsic cavity loss rate (κ0), and the tip-sphere coupling rate (κtip). 

The internal cavity field (α) in the tapered-fiber-microsphere coupled Au-coated tip on resonance 

can be described by, 
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where s is the power normalized waveguide field. The first term is the total energy loss rate from 

the cavity because of the fiber-sphere coupling loss, the intrinsic cavity loss and the tip-sphere 

coupling loss. And the second term gives the excitation of the microsphere cavity via the tapered 

fiber. The transmittance past the resonator consists of the transmitted optical field and the field 

coupled out of the resonator into the tapered fiber, and is expressed in the form, 
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where t0 is the transmitted amplitude which is not coupled into the microsphere cavity. In the 

steady state, the waveguide transmission under the resonant condition can be given by, 
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In this expression, the coupling parameter Kb is introduced, defined as the ratio of 

coupling loss rate between the tapered fiber and microsphere resonator to intrinsic resonator loss 

rate and the tip-sphere coupling loss rate. 
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Fig. 2.12 Illustration of coupling and loss parameters between a tapered-fiber-coupled microsphere 

resonator and Au-coated tip system. 

 

This coupling parameter Kb allows a simple way to study the coupling regimes and 

properties of this system. In this plasmonic-photonic hybrid cavity system, the intrinsic cavity 

loss of microsphere resonator is considered to be negligibly small, and the tip-sphere coupling 

rate is larger than the intrinsic loss rate of microsphere resonator ( 0tip  ) owing to the 

existence of LSP at the Au-coated tip (D < 100 nm). Therefore, to obtain highly efficient 
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coupling of light into the metal tip ( 0ex tip   ), the tapered-fiber-coupled microsphere 

resonator should be under over coupling regime ( 0ex  ). In the experiment, before 

approaching an Au-coated AFM tip to the surface of microsphere resonator, the tapered-fiber-

coupled microsphere resonator must be in the completely over coupling regime ( 0ex  ), in 

which the high Q and about unity of transmittance are required. In practice, considering the 

experiment conditions (e.g. vibration of air conditioner…), usually, the tapered fiber is contacted 

to the surface of the microsphere resonator under over coupling condition. Figure 2.13 shows 

coupling regimes between a tapered-fiber-coupled microsphere and Au-coated tip system. When 

approaching an Au-coated tip to the surface of microsphere, the coupling conditions are from 

over coupling, critical propagating photon (PP) to Localized surface plasmon (LSP) coupling to 

under coupling regime. In brief, Kb=1 is the critical PP-LSP coupling regime, Kb<1(>1) is the 

under (over) coupling regime. At the critical PP-LSP coupling regime, if we can assume that the 

intrinsic cavity loss is negligibly small and fiber-sphere coupling rate is equal to the tip-sphere 

coupling rate ( κex= κtip≫ κ0), the waveguide transmission vanishes, and all incident light power 

is coupled to the metal tip, implying that the coupling efficiency reaches nearly 100%. In 

addition, if these coupling rates are smaller than the cavity round trip time κex, κ0, κtip ≪ c/lc,  

where c and lc denote the light velocity and the effective cavity length, κtip can be given by, 
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Here A and σ are the cross-section of the WGMs and the effective extinction cross-section of the 

metal tip. 
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Fig. 2.13 Coupling regimes for a tapered-fiber microsphere coupled Au-coated tip system. It shows the 

transmittance on resonance versus the distance. The zero point corresponds to Au-coated tip in contact 

with the surface of microsphere. ∆T: Evaluation of PP-LSP coupling efficiency into metal nanostructures. 

 

2.6 Summary 

In this chapter, the properties of the field in the fundamental mode HE11 of a tapered fiber 

using the exact solutions of Maxwell equations are studied. The simple analytical expressions for 

the total intensity of the electric field are obtained. We find that an intense evanescent field was 

generated in the vicinity of a thin tapered fiber, indicating the possibility of the efficient 

interaction of the propagating photons in the tapered fiber with the metal tip. In addition, basic 

properties of dielectric WGM microresonators, such as Q-factor, mode volume and TE/TM 
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modes are discussed. General properties of localized surface plasmon, such as absorption cross 

section and scattering cross section are introduced.  

And coupling conditions among tapered fiber, microsphere resonators and Au-coated tip 

is also investigated analytically. Highly efficient coupling of light into a metal tip is theoretically 

demonstrated using a tapered-fiber-coupled microsphere resonator. Controlling the distance 

between the tapered fiber and microsphere resonator changes the coupling conditions of the 

tapered-fiber-coupled microsphere resonator. The coupling conditions are from the under 

coupling regime to the completely over coupling regime. Under the completely over coupling 

regime, by approaching the Au-coated tip to the surface of microsphere resonator at the opposite 

direction, the coupling conditions between the Au-coated tip and microsphere are discussed. 

When under the critical PP-LSP coupling condition between the Au-coated and microsphere 

resonantor, the coupling efficiency of light from the tapered fiber to the Au-coated tip can reach 

100%.
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Chapter 3 Experimental preparation 

 

 

 

 

3.1 Basic setup 

The basic setup in this study is shown in Fig. 3.1. A tunable external cavity diode laser 

(New Focus, TLB-6312, Linewidth~300 kHz, Wavelength~780 nm), whose frequency was 

controlled by a triangle wave from a function generator (FG: NF, DF1906), was introduced into 

the tapered fiber as a probe and excitation light. The pair components of half wave plates (HWP1, 

λ/2) and polarization beam splitters (PBS) controlled the power of the incident light coupled into 

the tapered fiber. Two quarter wave plates (QWP1, 2, λ/4) and a half wave plate (HWP2) were 

used to adjust the polarization state of the excitation light to selectively excite transverse 

magnetic modes (TM) parallel to the tip axis in order to efficiently induce TPF and SHG 

[11][19-20]. The power of the incident light was monitored using an optical power meter 

(Newport, 2935-C) connected to the output of a fused fiber coupler (95:5, 50:50). In order to 

control the coupling conditions, the separation distances between the tapered fiber and 

microsphere, between the tapered fiber and Au-coated tip, and also between the Au-coated tip 

and microsphere were controlled by three-dimensional piezo manipulators (PI-Polytec, P-

620.ZCL, P-621.1CD, P-621.ZCD). These components were placed in a plastic box, which was 

kept at a stable condition, in order to suppress the environmental disturbances for the 
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stabilization of the tip position. The Transmitted light from the end of the tapered fiber was 

measured using a high sensitive photodiode (Thorlabs, DET36A) and a digital oscilloscope 

(Tektronix, TDS5034). The SHG and TPF intensity emitted from the Au-coated tip and PIC-

attached Au-coated tip was measured by a microscopy system set on the top of the samples. The 

emission signal was collected by an objective lens with 0.42 NA (Mitutoyo Corp.; M Plan Apo 

SL 50 ) and 0.28 NA (Mitutoyo Corp.; M Plan Apo 20 ) and then passed through a dichroic 

mirror and shortpass filters to eliminate the excitation light, and was incident into the multimode 

fiber bundle connected to a spectrometer (JASCO Corporation; iDus; Andor). 

In this study, an AFM silicon tip is one of main elements for coating Au film on the 

surface of this silicon tip. The Au-coated tip was set on a piezo stage with the maximum 

resolution of 1 nm and we did not use any feedback program for controlling the Au-coated tip 

position. In order to measure the tip-fiber distance and tip-microsphere distance, I first confirmed 

the zero-distance where the Au-coated tip was contacted to the surface of the tapered fiber and 

microsphere, and then we determined the distance between the tip and tapered fiber and the 

distance between the tip and the microsphere from the displacement of the piezo-stage to the 

zero-distance. For the stabilization of the tip, the tapered fiber and microsphere positions, all 

samples were placed in a plastic box placed on an optical table and performed the experiments in 

it, in order to suppress the environmental disturbances. And all electric instruments (e.g. air 

conditionor, electric supplies), which did not used in the experiments and would generate 

vibration, were turned off during the measurements for suppressing the air turbulences. From the 

transmittance measurements, we confirmed that these could lead to a stable condition for at least 

30 min. 

 



Chapter 3 

 

49 

 

Sample stage

Optical paths

PC
Oscilloscope

Piezo controllersMonitor

LD

Spectrometer 

/SPCM

FG

Polarization controller a

Metal tipMicrosphere

Tapered fiber

Piezo

Piezoa-0
Fiber stage

Microsphere stage

 

(b)

 

Fig. 3.1 (a) The image of basic experimental setup; (a-0) Image of sample stage; (b) Schematic diagram 

of experimental setup. 
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3.2 Fabrication of tapered fibers 

3.2.1 Transmittance properties of tapered fibers during the pulling process 

A tapered fiber was fabricated from a fused-silica single-mode optical fiber (Thorlabs, 

780HP). Figure 3.2 (a) and (b) show a schematic of the tapered fiber fabrication setup. Figure 3.2 

(c) shows the fabrication flow of the tapered fiber. After removing the polymer coating of the 

fiber, the fiber was heated by a ceramic heater and simultaneously stretched at both ends of the 

fiber [49-50][96-98], which was controlled by a computer-controlled system equipped with a 

ceramic heater and a motorized stage. The parameters, such as pulling current, pulling speed, and 

pulling time can be controlled using the computer-controlled system. The tapered fiber is held 

with fiber clamps which are located on two linear translation stages. During the fabrication 

process, the fiber is pulled by two linear translation stages moving in opposite directions. The 

diameter of tapered fibers depended on pulling current, pulling speed, the total pulling time, 

humidity of environment, and heater’s temperature. Keeping the pulling current, humidity and 

heater’s temperature constant, we measured pulling time and pulling speed dependence of 

diameters of tapered fibers, as shown in Figs. 3.3 (c) and (d). For the pulling time dependence 

measurement (Fig. 3.3 (c)), it was found that the diameter of the tapered fiber decreased as the 

pulling time increased under the same conditions. From the Fig. 3.3 (d), when the pulling time 

was fixed to 125 s and the pulling speed increased, the diameters of the tapered fiber decreased. 

The diameters of the tapered fibers were inversely proportional to the puling time and pulling 

speed. In the experiments, the speed of pulling the fiber was optimized to be 340 μm/s at a heater 

temperature of ~1400 
0
C. Thus, the diameter of the tapered fibers was mainly determined by the 

total puling time. In addition, in the experiments, the taper fabrication was separated from the 

coupling setup, and the minimum waist of tapered fiber can reach about 200 nm, which was 

easily broken. Tapered fiber consists of the two ends of an un-tapered fiber of a standard optical 

fiber and a region reduced in size such that the optical field in the fiber extends into the external 

environment, where it can interact with matter, such as molecules, plasmonic nanostructures and 

microcavities. In this study, the tapered fiber was used to couple light into and out of a silica 
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microsphere resonator and a single metal nanostructure, which largely enhance the light-matter 

interaction.  

 

Ceramic heater
SM fiber

Linear translation stages
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Fig. 3.2  (a) and (b) A schematic of the tapered fiber fabrication setup and computer-controlled system. (c) 

The fabrication flow of the tapered fiber. 
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Fig. 3.3  (a) An illustration of the before and after the pulling process; (b) SEM image of tapered fiber 

with the diameter of ~ 300 nm; Pulling time (c) and pulling speed (d) dependence of diameters of tapered 

fibers at the temperature of ~ 1400 
0
C. 
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According to refs. [80][99], the variation of the transmitted intensity during the pulling 

process gave an insight into the mode guiding and coupling properties of tapered fibers. The 

coupling strength of modes can be affected by the slope of the transition regions. The coupling 

effects of waveguide modes are expected to be negligible for slowly varying adiabatic tapers. If 

the changes in slope of the tapered transitions are strong, higher order modes of equal symmetry 

or even leaky modes are accessible due to mode coupling, and transmittance observed will then 

be reduced. 

Figure 3.4(a) shows the schematic of transmittance measurement for a tapered fiber 

during the fabrication. The tunable laser light at the wavelength of ~780 nm was incident into the 

fiber, and then the transmittance in a tapered fiber at a wavelength of 780 nm was detected using 

a photodiode (Thorlabs, DET36A). After that, through the digital multimeter (Agilent, 34401A), 

transmittance of tapered fiber can be recorded by the computer. During the fiber pulling process, 

the transmittance of the tapered fiber was measured, as shown in Fig. 3.4(b).The initial 

transmittance was defined as the ratio of the transmitted intensity before and after the pulling 

process. At the beginning of the pulling process, only the fundamental mode HE11 of the 

standard single-mode fiber exists in the fiber core, and nearly no change in transmittance was 

observed. While the cross section of fiber was reduced, the fundamental mode was guided by the 

silica-air interface as the higher order modes with strong evanescent field around the tapered 

region. At this time, the variations of different modes’ propagation constants lead to the phase 

difference, in which interference of multiple modes happened. Continuing reduction and 

elongation, the single-mode diameter condition of the tapered region reached, which resulted in 

mainly single mode propagating in tapered region (see also Fig. 2.2 of chapter 2). However, as 

demonstrated in ref. [100], to keep constant transmittance (~ 1) (keep hybrid propagation mode), 

there is the critical diameter of tapered fiber, which can be estimated to be ~0.25 λ (λ: light 

wavelength). If the diameter of tapered fiber were smaller than ~0.25 λ (~ 200 nm in our 

experimental condition), the transmittance would decrease obviously. 
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Fig. 3.4 (a) Transmittance in a tapered fiber at a wavelength of ~780 nm; (b) Schematic of transmittance 

measurement for tapered fiber. PD: photodiode; FC: fiber coupler. Inset of (b): SEM image of the tapered 

fiber. 
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3.2.2 Checking polarization state of incident light at the tapered region 

In this study, linearly polarized excitation light is important not only for LSPs at the 

metal tip but also for the coupling conditions between the tapered fiber and the microsphere 

resonator and between the metal tip and microsphere resonator. There are TM and TE modes in 

the microsphere resonator (see section 2.3 of chapter 2). The polarization state of the incident 

light propagating in the tapered fiber is adjusted by the polarization controller to selectively 

excite TM modes parallel to the tip axis. In addition, for the coupling system (see chapter 2), 

critical coupling regime (T = 0), which is important for the experiments, require the linearly 

polarized excitation light. In the experiments, the incident light first propagates in the tapered 

fiber, and then is coupled directly or via a microsphere to the Au-coated tip. Therefore, it is 

prerequisite to ascertain and control the polarization state of incident light at the tapered region. 

The polarization controller was adjusted to obtain a linearly polarized light in the tapered fiber, 

in which the polarization state at the tapered region was determined by the use of the same 

method of Konishi et al. [97]. The initial polarization state of the incident light in the tapered 

region is confirmed by monitoring the polarization state of the scattered light through Rayleigh 

scattering process. The dim scattering light of tapered fiber is observed through a polarizing filter 

using a microscope equipped with a highly sensitive charge-coupled device camera (EMCCD, 

Roper Scientific, Cascade512B), as shown in Fig. 3.5(a). The small dim light spots at the tapered 

region were focused. When the intensity of the same dim scattering points at the tapered region 

can reach maximum and almost 0 by adjusting the polarization controller, the light beam with the 

intensity of maximum or almost 0 at the tapered region was considered as the linearly polarized 

light [97]. According to the polarization axis of the polarizer, polarization direction of the 

linearly polarized light can be confirmed. For example, figures 3.5(b) and 3.5(c) show the 

scattering images of the tapered fiber, when the polarization axis of the polarizer perpendicular 

to the light propagation direction in the tapered fiber. It was found that, by adjusting the 

polarization controller (see Fig. 3.1) when the polarization axis of the polarizer is perpendicular 

to the light propagation direction in the tapered fiber, the polarization state of the light beam with 

the maximum dim scattering intensity is perpendicular to the light propagation direction in the 
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tapered fiber, and polarization state of the light beam with almost zero dim scattering intensity is 

parallel to the light propagation direction in the tapered fiber.  
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Fig. 3.5 (a) Schematic illustration of setup for checking polarization state of incident light at the tapered 

region. (b) and (c) Scattering images of scattering light in the tapered fiber with different polarization 

states of incident light when the polarization axis of the polarizer perpendicular to the light propagation 

direction in the tapered fiber. Arrows: polarization state of incident light at the tapered region. 
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3.3 Fabrication of silica microspheres 

 

(a)

Stem: ~15 μm

Diameter of microsphere:~70 μm

Microsphere

Stem

(b)

(c) D ~ 45 μm

 

Fig. 3.6 (a) The fabrication procedures of silica microspheres; (b) An optical micrograph of a silica 

microsphere; (c) A SEM image of a silica microsphere. 

 

Silica microspheres are very easily fabricated in a laboratory setting. One standard 

technique for producing a single pure, undoped, silica microsphere is by heating the tip of a 

tapered optical fiber in a flame [74], electric arc [101], and the focused beam of a carbon dioxide 

laser (CO2) [94-98]. In this thesis, a silica microsphere with a stem was formed by melting the 

edge of a tapered fiber tip with the irradiation of a carbon dioxide laser (CO2 laser; wavelength: 

10.64μm). Figure 3.6(a) shows the fabrication procedures of silica microspheres. Surface tension 

pulls the melted glass tip into a spherical volume, thereby creating a microspherical WGM 

resonator. Due to the high viscosity of silica, the reflowed structure is not only highly spherical 

but also extremely uniform. The spherical surface has very low intrinsic roughness, and thus has 
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a very small surface scattering loss. The remaining part of the fiber acts as a stem so that the 

microsphere can be held and manipulated in space. The diameter of the microsphere can be 

controlled by the laser intensity and irradiation time. Typical sizes of microspheres produced in 

this way are 30~200 μm in diameter. Figures 3.6(b) and 3.6(c) show an optical micrograph and a 

SEM image of silica microspheres. The presence of the fiber stem can usually be ignored, as the 

excited optical modes typically propagate in the equatorial plane and thus have negligible 

overlap with this perturbed region. 

 

3.4 Fabrication of Au-coated tips 

A silicon atomic force microscope (AFM) probe tip (Olympus, OMCL-AC160TS-C3), as 

a metal nanostructure, was coated by Au thin film with the thickness of about 50 nm using a 

helicon sputter (MPS-4000C1/HC1) or an ion coater (EIKO, iB-3) (in Figs. 3.7(a) and 3.7(b)). 

The curvature diameters of the Au-coated tips are smaller than 100 nm. The surface of the Au-

coated tip using the ion coater is rougher than that using the helicon sputter, as shown in Figs. 

3.7(c) and 3.7(d), which is observed by field emission-scanning electron microscopy (FE-SEM, 

JSM-6700FT). Not only the effect of the uniformly coated tip but also those contributions from a 

rough (not uniformly) coated tip which may result in small Au nanostructure contribute to the 

emission enhancement. In order to obtain the reproducibility of the results using different Au-

coated tips in the experiments, Au-coated tips using the helicon sputter are employed. However, 

from the Fig. 3.7(d), it is still difficult to clarify the existence of the roughness under the present 

resolution, such that we could not discuss on the enhancement caused by the surface roughness. 

To confirm the localized surface plasmon resonance property of the Au-coated tip, we 

measured the scattering spectrum from the apex of the Au-coated tip, when a white light was 

incident into the tapered fiber and the Au-coated tip was contacted to the surface of the tapered 

fiber. Figure 3.8(b) shows the result, which was obtained from the scattered intensity spectrum at 

the apex of the Au-coated tip collected by the objective lens divided by the transmitted intensity 

spectrum from the end of the tapered fiber without the Au-coated tip. Figure 3.8(a) shows the 

experimental setup for this measurement. From the result, because we found that the wavelength 
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of the excitation light (~780 nm) was close to the LSP resonance peak wavelength, which could 

be expected the efficient excitation of the LSPs at the tip apex in the experiment. 

 

(a) Ion coater (b) Helicon sputter

 

(d)(c)

 

Fig. 3.7 Photograph of ion coater (a) and helicon sputter (b), which coat Au film to the surface of silicon 

AFM tip; SEM images of Au-coated tips using ion coater (c) and using helicon sputter (d). The thickness 

of Au film: ~ 50 nm. 
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(b) 

Fig. 3.8 (a) Schematic of experimental setup for scattering spectrum at an Au-coated tip. (b) Localized 

surface plasmon resonance scattering spectrum of an Au-coated tip; Inset: SEM image of an Au-coated 

tip by FE-SEM. Scale bar: 100 nm. 
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3.5 Preparation of PIC-attached Au-coated tip 

For the preparation of the PIC-attached Au-coated tip, Pseudoisocyanine (PIC) dye 

molecules, which have been well known as dye molecules with a large two-photon absorption 

cross section (~ 200GM) at the excitation wavelength ~ 780 nm [102-104], as shown in Fig. 

3.9(a), could be attached on the surface of the Au-coated tip using a self-assembly technique 

[105]. From the absorption spectrum of PIC dye molecules in Fig. 3.9(b), there is no absorption 

at the excitation wavelength of ~ 780 nm. This kind of fluorescence molecules has low 

fluorescence quantum yield (< 2.5%). Its fluorescence peak [103] is around ~ 700 nm, as 

presented in Fig. 3.9 (c). Figure 3.10 shows the flow of preparation of PIC-attached Au-coated 

tip using the self-assembly technique. In this method, firstly the Au-coated tip was slowly 

immersed into 1 mM ethanol solution of 3-mercaptopropionic acid (MPA) at room temperature 

for approximately 20 min, followed by rinsing it with ethanol solution to remove excess thiol 

MPA molecules. The MPA was chemically bonded to the surface of the Au-coated tip, because 

the thiol function groups presented in MPA facilitate the attachment of the Au-coated tip. Then 

we dipped the Au-coated tip into 0.1 mM aqueous solution of AgNO3 at room temperature for 

about 20 min in order to activate the reactive chemical group of the MPA able to bind to PIC dye 

molecules. After rinsing it by pure water to remove excess AgNO3 molecules, we immersed the 

Au-coated tip into 0.01 mM ethanol solution of PIC dye molecules at room temperature for 

nearly 1 h. PIC dye molecules were attached on the surface of the Au-coated tip after rinsing it 

using pure water to remove unbound PIC dye molecules. 
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Fig. 3.9 (a) Two-photon absorption cross section spectrum of PIC molecules; (b) Absorption spectrum of 

PIC molecules; (c) Fluorescence spectrum of PIC molecules; (d) molecule structure of PIC 
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Fig. 3.10 Flow of preparation of PIC-attached Au-coated tip using the self-assembly technique. 
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3.6 Summary 

In this chapter, the basic setup for experiments and fabrication of experimental samples 

(tapered fibers, microsphere, Au-coated tip) are described. Transmittance properties of tapered 

fibers during the pulling process are discussed. In the experiments, to keep high transmittance 

from the tapered fiber, the diameter of the tapered fiber is larger than 0.25λ. Localized surface 

plasmon resonance scattering spectrum of an Au-coated tip is also investigated. It was found that 

the wavelength of the excitation light (~780 nm) was close to the LSP resonance peak 

wavelength, and the efficient excitation of the LSPs at the tip apex could be expected. In addition, 

preparation of PIC-attached Au-coated tip using a self-assembly technique is introduced. 
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Chapter 4 Second harmonic generation from 

the top of an Au-coated tip via a tapered-

fiber-coupled microsphere resonator 

 

 

 

4.1 Introduction 

In this chapter, a plasmonic-photonic hybrid system composed of an Au-coated tip and a 

tapered-fiber-coupled microsphere, which achieved highly focusing of light into the Au-coated 

tip, was proposed. In order to experimentally verify efficient LSP excitation at the metal tip, we 

have paid attention to second harmonic generation (SHG) from the top of an Au-coated tip via a 

tapered-fiber-coupled microsphere resonator. Because SHG from the metal nanostructures, 

which has typically been induced by a high power pulsed laser excitation [19-23], is one of the 

very sensitive techniques to study localized fields induced in metal nanostructures, we attempted 

to demonstrate SHG from the metal tip excited by a weak CW light using the plasmonic-

photonic hybrid microcavity system. In the experiments, we first developed the plasmonic-

photonic hybrid microcavity system that coupled an incident light with the coupling efficiency of 

about 63.2 % to the metal tip having the effective extinction cross section 358.2 nm
2
 with the 
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diameter of 21.4 nm. Then using this hybrid system, we also succeeded in observing SHG from 

the metal tip in spite of the use of a weak CW laser excitation via a tapered fiber coupled 

microsphere. The result suggested the possibility that efficient LSP excitation via the tapered-

fiber-coupled microsphere resonator was achieved. 

 

4.2 Experimental setup 

The detail of the experimental setup is shown in Figure 4.1. A tunable external cavity 

diode laser (New Focus, TLB-6312, Linewidth~300 kHz, Wavelength~780nm), whose 

frequency was controlled by a function generator (FG), was introduced into the tapered fiber as a 

probe and excitation light. For the measurements of transmission spectra, the laser frequency was 

scanned over the range of 5 GHz around the wavelength of ~780 nm. The pair components of 

half wave plates (HWP) and polarization beam splitters (PBS) controlled the power of the 

incident light coupled into the tapered fiber. Two quarter wave plates (QWP1, 2) and a half wave 

plate (HWP4) were used to adjust the polarization states of the excitation light to selectively 

excite transverse magnetic modes (parallel to the tip axis) in order to efficiently induce SHG 

from the metal tip (see section 3.2 of chapter 3). The power of the excitation light was monitored 

using an optical power meter (Newport, 2835-C) connected to the output of a fused fiber coupler 

(50:50). In order to control the coupling conditions, the separation distances between the tapered 

fiber and microsphere and also between the Au-coated tip and microsphere were controlled by 

three-dimensional piezo manipulators (PI-Polytec, P-620.ZCL). These components were placed 

in a plastic box, which was kept at a stable condition and filled with dry air to reduce the 

humidity that may cause adhesion force at the surface of microsphere decreasing the Q-factor 

[49-50]. The Transmitted light from the end of the tapered fiber was measured using a high 

sensitive photodiode (Thorlabs, PDA100A) and a digital oscilloscope (Tektronix, TDS5034). 

The transmission spectra were normalized by the transmission spectrum of the tapered fiber 

without the microsphere. The SHG signal emitted from the Au-coated tip was measured by a 

microscopy system set on the top of the sample. The SHG signal was collected by the objective 

lens with 0.28NA (Mitutoyo Corp.; M Plan Apo 20 ), and then passed through the dichroic 
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mirror to eliminate the excitation light, and was incident into the multimode fiber bundle 

connected to the spectrometer (Princeton instruments, Acton research, PIXIS:256E, SP-2500i).  
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Fig. 4.1. (a) Schematic of experimental setup. FG: Function generator; LD: Laser diode; HWP: Half 

wave plate; PBS: Polarization beam splitter; QWP: Quarter wave plate; PD: Photodiode; DM: Dichroic 

mirror; Inset shows photograph of microsphere and Au-coated AFM tip and microsphere by SEM. (b) 

microscope image of samples.(c) SEM image of an Au-coated tip. 

 

In chapter 3, the fabrications of a tapered fiber, a silica microsphere and an Au-coated tip 

have been described. In this experiment, the tapered fiber with the waist diameter of about 1 μm 

was used, the diameter of the microsphere used in this experiment was about 54 µm, and the 

curvature radius of the Au-coated tip was smaller than 100 nm. The localized surface plasmon 
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resonance properties have been investigated in the section 3.4 of chapter 3. From the results in 

chapter 3, it was found that the plasmon resonant peak was close to the excitation wavelength 

780 nm of this experiment, implying the efficient LSPs excitation at the apex of the Au-coated 

tip. 

 

4.3 Results and discussion 

To obtain efficient SHG signal from the top of an Au-coated tip using a weak CW laser 

excitation via a tapered fiber coupled microsphere, it was necessary to achieve high coupling of 

light between the tapered-fiber-coupled microsphere resonator and the metal tip, and moreover it 

was acquired to build up the system that satisfied the conditions that the intrinsic cavity loss was 

negligibly small and the fiber-sphere coupling rate is equal to the tip-sphere coupling rate 

(κex=κtip≫κ0). The coupling theories of fiber-microsphere and the tip-microsphere have been 

discussed in chapter 2.  

Firstly, we analyzed the resonant properties of the tapered fiber coupled microsphere 

without the metal tip. Before starting the measurements, to efficiently induce SHG,  TM mode in 

the microsphere resonator was required, through adjusting the polarization of the incident light at 

the tapered region by the use of the same method of Konishi et al. [97] (see section 3.2 of chapter 

3). The transmittance spectra with varying the gap distance between the microsphere and tapered 

fiber is shown in Fig. 4.2(a). Figures 4.2(b) and 4.2(c) also show the transmittance and linewidth 

of the resonant dip versus the gap distances. When the tapered fiber was far away from the 

microsphere surface (> 940 nm), the resonant dip could not be observed and the transmittance 

was almost equal to 1. At the distance of 880 nm, we could observe a small resonant dip, which 

linewidth of this small dip was about 2.25 MHz, corresponding to the quality factor of ~2.4×10
8
. 

At this time the fiber-sphere coupling rate κex was very small, so the linewidth of the small dip 

was almost regarded as the linewidth due to the intrinsic cavity loss rate (κ0 ~ 2π×2.25×10
6
 s

-1
). 

When the distance was 400nm, the dip transmittance almost became nearly zero and its linewidth 

was about 5.19 MHz (κex+κ0 ~ 2π×5.19×10
6
 s

-1
). As the linewidth became almost twice of κ0, 

the incident light was coupled to the microsphere resonator with the 100% coupling efficiency. 
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Further decreasing the distance, the dip became shallower and broader. When the tapered fiber 

was contacted with the microsphere surface, the transmittance was nearly flat but small dip 

remained, whose transmittance and linewidth were about 66.5% and 26.9 MHz, respectively. 

Thus, these results suggested that we clearly identified different coupling regimes by changing 

the coupling gap distance between the tapered fiber and microsphere and achieved the condition 

that κex ≫ κ0 was achieved, which was required for achieving the efficient light coupling to the 

metal tip.  
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Fig. 4.2. (a)Transmittance spectrum from the end of tapered fiber; Transmittance (b) and Linewidth on 

resonance (c) versus distance between the tapered fiber and microsphere resonator. d is the distance 

between the tapered fiber and microsphere resonator in (a), and the zero point corresponds to the tapered 

fiber in contact with the surface of microsphere resonator. 
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Next, by approaching the metal tip from the opposite side of the tapered fiber to the 

surface of microsphere, we analyzed the light coupling between the Au-coated tip and the 

tapered fiber coupled microsphere. The metal tip was approached to the microsphere surface at 

20-nm intervals. Figure 4.3(a) shows the transmittance spectra from the end of tapered fiber 

measured at different distances between the Au-coated tip and microsphere. In addition, Figures 

4.3(b) and 4.3(c) plotted the transmittance and linewidth of the dip against the separation 

distance between the metal tip and the microsphere surface. When the Au-coated tip was far 

away from the microsphere surface, there was no change from the spectrum, whose dip 

transmittance and linewidth were asymptotically determined to be about 66.5 % (T1) and 29.6 

MHz, as shown in Fig. 4.2. Using the obtained κ0, the fiber-sphere coupling rate κex was 

estimated to 27.3 MHz. As we continued to approach the metal tip to the microsphere surface, 

the dip became deeper and broader, indicating the increase in the light coupling to the metal tip. 

At the distance of 0 nm, the dip transmittance reached to its minimum (T2~3.3 %) and its 

linewidth became nearly twice (~55.7 MHz) against the initial value of 29.6 MHz. From the 

results, the tip-sphere coupling rate κtip was estimated to be ~2π×26.1×10
6
 s

-1
. At this distance, 

because κtip (~ 26.1 MHz)  was much larger than κ0 (~2.25 MHz) and was approximately 

balanced to κex  (~27.3 MHz), these results indicated that the critical PP-LSP coupling conditions 

of κex = κtip ≫ κ0 was satisfied. Moreover, the total quality factor of this system was still kept to be 

as high as about 6.1×10
6
 even when the Au-coated tip was contacted to the microsphere surface. 

It was found that using the tapered-fiber-coupled microsphere resonator with high Q factor 

highly efficient coupling of incident light into the metal tip was achieved. According to the 

obtained values and Eq. (2.60) of chapter 2, the transmittance under the critical PP-LSP coupling 

condition was evaluated to be 0.3%, which value corresponded to the experimental data well. 

Note that a slight difference in the transmittance would be due to the misalignments of the tip-

sphere position and polarization of the incident light at the tapered region in the experiment.  In 

addition, from  κtip  and Eq. (2.62) of chapter 2, the effective extinction cross-section σ of the Au-

coated tip was estimated to be 358.2 nm
2
 (corresponds to the circular area with the 21.4-nm 

diameter). Thus, we confirmed that using this system, the strong dissipation of incident light at 

an Au-coated tip via a tapered fiber coupled microsphere (∆T =T1-T2 ≈ 63.2%) was coupled to 

the Au-coated tip having the 21.4-nm diameter sized effective area.  
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Fig. 4.3 (a)Transmittance spectra from the end of tapered fiber. Transmittance (b) and linewidth (c)  

of resonance dip versus distance between the Au-coated tip and microsphere resonator. d in (a) is the 

distance between the Au-coated tip and microsphere resonator, and the zero point corresponds to the  

Au-coated tip being in contact with the surface of microsphere resonator. 
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After building the efficient light coupling system to the Au-coated tip, then we measured 

SHG in order to experimentally verify the efficient plasmon excitation at the Au-coated tip. 

Keeping the positions of the tapered-fiber-coupled microsphere and Au-coated tip by monitoring 

the transmission spectra under the critical PP-LSP coupling regime, we gradually increased the 

power of incident CW light to about 28 μW (power density at the waist of the tapered fiber ~3.6 

kW/cm
2
) and measured spectra of scattered light from the Au-coated tip. In this experiment, 

owing to the strong confinement effect of the high-Q microsphere resonator and the electric field 

enhancement of the LSP resonance, the SHG would be expected from the Au-coated tip even 

using a weak CW light. Figure 4.4 shows the spectrum of SHG signal from the metal tip under 

the critical coupling condition, and CCD image of scattered light from an Au-coated tip via a 

tapered fiber coupled microsphere. From the results, a weak peak appeared around the 

wavelength 388.25 nm that was just half of the fundamental wavelength 776.5 nm. Moreover, we 

performed the same measurements after changing the polarization states of the incident light 

from TM modes to TE modes (perpendicular to the tip axis) by adjusting the polarization 

controller in order to confirm the SHG from the metal tip, because SHG from the metal tip is 

strongly sensitive to the polarization of the incident light. We found that when the polarization 

state of WGMs was set to be perpendicular to the tip axis (TE mode), no SHG signal was 

observed from the metal tip (Fig. 4.4(a) black line) because there would be no strong plasmonic 

field enhancement effect at the Au-coated tip. Therefore, these results suggested the possibility 

that our proposed system via the tapered fiber coupled microsphere can obtain the efficient 

localized plasmon excitation at the Au-coated tip, resulting in the strong light-matter interaction 

at the Au-coated tip.  
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Microsphere

Tapered fiber

(b)

 

Fig. 4.4 (a): spectrum of SHG signal from the top of Au-coated tip and inset presents the spectrum of the 

scattered fundamental light. (b): CCD image of scattered light from an Au-coated tip via a tapered fiber 

coupled microsphere. White lines in the image indicate a microsphere and tapered fiber and an arrow 

indicate the scattered point of Au-coated tip. 
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4.4 Summary 

Using the efficient light coupling system using a tapered-fiber-coupled microsphere 

resonator, we succeeded in the light focusing into a nanoscale domain (358.2 nm
2
) of a metal tip 

with high coupling efficiency of ~63.2 % and the quality factor of ~ 6.1×10
6
. In order to verify 

the efficient excitation of LSP at the metal tip using this system, we also succeeded to observe 

SHG from the metal tip in spite of the weak CW excitation (incident power ~28 μW). This result 

suggests that efficient light focusing and plasmon excitation at the nanoscale domain of the metal 

tip can be realized using plasmonic-photonic hybrid microcavity structure composed of high-Q 

microresonators and metal nanostructures. We believe that our results provide a novel viewpoint 

for the technological applications near single photon level, such as photovoltaic devices, single-

photon nonlinear optics, photo-catalysts, and light emitting devices. 
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Chapter 5 Two-photon excited fluorescence 

from a PIC-attached Au-coated tip using a 

tapered-fiber-coupled microsphere resonator 

 

 

 

5.1 Introduction 

In chapter 4, we have proposed a plasmonic-photonic hybrid system with the high Q 

factor composed of an Au-coated tip and a tapered-fiber-coupled microsphere resonator, which 

achieved high coupling efficiency into the single metal nanostructure. Moreover, in order to 

verify the efficient excitation of LSPs at the Au-coated tip, we have experimentally succeeded in 

achieving weak SHG signal at the metal tip via a tapered-fiber-coupled microsphere under a CW 

excitation. In this Chapter, we demonstrated two-photon excited fluorescence (TPF) from the 

pseudoisocyanine (PIC) dye molecules attached on the Au-coated tip using this plasmonic-

photonic hybrid system under a weak CW laser excitation.  

In the experiment, we first developed a plasmonic-photonic hybrid microcavity system 

with the coupling efficiency of about 80.3 % to the PIC-attached Au-coated tip having the 

effective extinction cross section of 728.8 nm
2
, and high Q factor ~1.9×10

6
. Using this 

plasmonic-photonic hybrid system, we succeeded in achieving the TPF from the PIC-attached 
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Au-coated tip by the use of a weak CW excitation, comparing with previous reports that TPF has 

typically been induced by a high-power pulsed laser excitation [10-18]. The result suggests the 

possibility that the synergetic effect of strong optical confinement effect of tapered-fiber-coupled 

microsphere resonator and optical antenna effect of the Au-coated tip tremendously induce the 

strong light-matter interaction at the PIC-attached Au-coated tip. 

  

5.2 Experimental setup 

The experimental setup is shown in Fig. 5.1, as similar to Fig. 4.1 of chapter 4. The 

difference as follows: The power of the incident light was monitored using an optical power 

meter (Newport, 2935-C) connected to the output of a fused fiber coupler (95:5). In order to 

control the coupling conditions, the separation distances between the tapered fiber and 

microsphere and also between the PIC-attached Au-coated tip and microsphere were controlled 

by three-dimensional piezo manipulators (PI-Polytec, P-620.ZCL, P-621.1CD, P-621.ZCD). The 

Transmitted light from the end of the tapered fiber was measured using a high sensitive 

photodiode (Thorlabs, DET36A) and a digital oscilloscope (Tektronix, TDS5034). The emission 

signal was collected by an objective lens with 0.42 NA (Mitutoyo Corp.; M Plan Apo SL 50 ), 

and then passed through a dichroic mirror and shortpass filters to eliminate the excitation light, 

and was incident into the multimode fiber bundle connected to a spectrometer (JASCO 

Corporation; iDus; Andor). 
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Fig. 5.1 (a) Schematic of experimental setup. FG: Function generator; LD: Laser diode; HWP: Half wave 

plate; PBS: Polarization beam splitter; QWP: Quarter wave plate; PD: Photodiode; DM: Dichroic mirror; 

(b) SEM images of a microsphere and an Au-coated tip. 

 

Fabrications of a tapered fiber, a silica microsphere and a PIC-attached Au-coated tip are 

introduced in chapter 3. In the experiment, the tapered fiber with the waist diameter of about 700 

nm was used; the diameter of the microsphere in this experiment was about 70 µm, which can be 
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controlled by the laser intensity and irradiation time; a silicon AFM tip, as a metal nanostructure, 

was coated by Au-coated thin film with the thickness of about 50 nm using a helicon sputter. The 

curvature diameter of the Au-coated tip was smaller than 100 nm. The localized surface plasmon 

resonance properties have been investigated in the section 3.4 of chapter 3. From the results, it 

was found that the plasmon resonant peak was close to the excitation wavelength 780 nm of this 

experiment, implying the efficient LSPs excitation at the apex of the Au-coated tip. 

 

5.3 Results and discussion 

In order to examine the LSP property of a PIC-attached Au-coated tip, the dependence of 

the TPF intensity from PIC dye molecules attached on an Au-coated tip on the polarization of the 

excitation light was investigated. Pulses from a femtosecond Ti:sapphire laser (wavelength: ~780 

nm, pulse duration: ~100 fs, repetition rate: 80 MHz) for TPF excitation were focused onto the 

tip, as shown in Fig. 5.2(a). The excitation polarization was controlled by a half-wave plate. The 

TPF from the tip was collected by an objective, passed through a dichroic mirror and shortpass 

filters to eliminate the excitation light, and detected with a single photon counting modules 

(SPCM). The TPF intensity (Iem) from the tip was examined as a function of the angle (θ) 

between the polarization of the excitation light and the tip axis, as shown in Fig. 5.2(b). The TPF 

intensity was maximized when the polarization of excited field was parallel to the tip axis. In 

contrast, when the excited field was perpendicular to the axis of the tip, the TPF intensity 

decreased to minimum. Note that the background shown in Fig. 5.2(b) would be due to the 

imperfection of linear polarization state of the excitation light in the experiment. According to 

the reports [11], because the scattering intensity of the excitation light (Isca) was proportional to 

cos
2
(θ) owing to the existence of surface plasmon from the metallic nanostructures, the 

corresponding TPF intensity (Iem) was proportional to (Isca)
2
 ~ cos

4
(θ). Therefore, in this 

experiment, the TPF intensity followed cos
4
(θ) dependence against the excitation polarization as 

expected. From the results, we found that the TPF intensity was sensitive to the incident 

polarization, and the incident polarized light parallel to the tip axis could efficiently excite the 

TPF from the tip, owing to the LSP excitation at the tip. 
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Fig. 5.2 (a) Schematic of polarization dependence measurement’s experimental setup. DM: Dichroic mirror. (b) 

Excitation polarization dependence of TPF from the apex of a PIC-attached Au-coated tip under a femtosecond 

pulse laser excitation in free space. The fitting solid curve shows a cos
4
(θ) function. 
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For the experimental realization of TPF from PIC dye molecules attached on the Au-

coated tip under a weak CW excitation condition via a tapered-fiber-coupled microsphere, it is 

necessary to build the system that satisfied the condition (κex = κtip >> κ0) mentioned in section 

2.5 of chapter 2 in order to achieve highly efficient coupling of the CW incident light into the tip. 

For this purpose, firstly, we measured the intrinsic cavity loss rate κ0 of a microsphere without an 

Au-coated tip. The tapered fiber with the diameter of ~700 nm was approached to the surface of 

the microsphere at 20-nm interval step. Before starting the measurements, the polarization 

controller was adjusted to obtain a linearly polarized light in the tapered fiber, in which the 

polarization state of the incident light at the tapered region was determined by the use of the 

same method in ref. [97]. The polarization state was set to be parallel to the tip axis, which has 

been verified to efficiently induce TPF from the PIC dye molecules attached on the Au-coated 

tip. Then we scanned the laser frequency to observe the transmittance spectra.  

The transmittance spectra with varying the gap distance between the microsphere and 

tapered fiber is shown in Fig. 5.3(a). Figures 5.3(b) and (c) also show the transmittance and 

linewidth of the resonant dip versus the gap distances. When the distance between the tapered 

fiber and the microsphere became 840 nm, we could start to observe a small resonant dip in the 

transmittance spectra, whose linewidth (∆υ0) of the dip was about ~13.1 MHz. Because the 

tapered fiber was enough far away from the surface of the microsphere indicating that the fiber-

sphere coupling rate κex was considered to be very small, the linewidth of the small dip was 

almost regarded as the linewidth due to the intrinsic cavity loss rate (κ0 ~ 2π×13.1×10
6
 s

-1
), 

corresponding to the Q factor of ~3.0×10
7
. After the measurement of κ0, the tapered fiber was 

gently in contact with the surface of the microsphere equator using a three-dimensional piezo 

manipulator. At this time, the transmittance (T0) and linewidth (∆υ0 + ∆υex) were about ~89.3 % 

and ~107.5 MHz, and the fiber-sphere coupling rate κex was estimated to be ~2π×94.4×10
6
 s

-1
. 

Therefore, the over coupling condition of κex >> κ0 was achieved, which was required for 

achieving the efficient light coupling into the Au-coated tip. 
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Fig. 5.3 (a)Transmittance spectrum from the end of tapered fiber; Transmittance (b) and Linewidth 

 on resonance (c) versus distance between the tapered fiber and microsphere resonator. d is the distance 

between the tapered fiber and microsphere resonator in (a), and the zero point corresponds to the tapered 

fiber in contact with the surface of microsphere resonator. 
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Fig. 5.4 (a) The transmittance spectra from the end of the tapered fiber and (b) Emission spectra from the 

apex of the PIC-attached Au-coated tip measured at different distances between the tip and the surface of 

microsphere. The tapered fiber was in contacted with the surface of microsphere. The transmittance in 

this experiment was normalized with respect to the tapered fiber enough far away from the microsphere 

surface. 

 

Then, by approaching the tip from the opposite side of the tapered fiber to the surface of 

the microsphere equator, we realized the critical light coupling condition between the PIC-

attached Au-coated tip and the tapered-fiber-coupled microsphere, and simultaneously measured 

the dependence of emission intensity from the tip on the distance (d) between the tapered-fiber-
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coupled microsphere and the tip. The tip was approached to the microsphere surface at 20-nm 

intervals. In order to analyze the coupling condition between the tapered-fiber-coupled 

microsphere and the tip, the frequency of the incident light was also continuously scanned during 

the measurements of transmittance and emission spectra. Figures 5.4(a) and (b) represent the 

transmittance spectra from the end of the tapered fiber and emission spectra from the apex of the 

tip measured at different distances between the tip and microsphere. We found that the resonant 

dip became deeper and broader and accordingly the emission intensity increased, when gradually 

approaching the tip to the microsphere surface. Note that the spectral shapes of emission light at 

the longer wavelength regions (> 700 nm, in Fig. 5.4(b)) were strongly modified due to the 

shortpass filters to eliminate the incident light.  

In accordance with Figs. 5.4(a) and (b), we plotted the transmittance and linewidth of the 

resonant dip and emission intensity at the tip against the distance between the PIC-attached Au-

coated tip and the microsphere surface, as shown in Figs. 5.5(a-c). When the tip was enough far 

away from the microsphere surface, there was no change from the spectrum shown in the top of 

Fig. 5.4(a), whose dip transmittance (T0) and linewidth (∆υ0 + ∆υex) were asymptotically 

determined to be about 89.3 % and 107.5 MHz from the Figs. 5.5(a) and (b), and no emission 

light form the apex of the tip was observed (Fig. 5.5(c)). As we continued to approach the tip to 

the microsphere surface, the transmission dip became deeper and broader, indicating the increase 

in the light coupling to the tip, and the intensity of emission light increased. At the distance of 0 

nm, the transmittance of the resonant dip reached to its minimum (Tmin ~ 9.0 %), whose 

linewidth became almost twice (~210.0 MHz) against the initial value of ~107.5 MHz, and the 

emission intensity reached to the maximum. From the values of κex and κ0, the tip-sphere 

coupling rate κtip was estimated to be ~2π×102.5×10
6
 s

-1
. At this distance, because κtip 

(~2π×102.5×10
6
 s

-1
) was much larger than κ0 (~2π×13.1×10

6
 s

-1
) and was approximately equal to 

κex (~2π×94.4×10
6
 s

-1
), these results indicated that the critical PP-LSP coupling condition of κex ≈ 

κtip >> κ0 was satisfied, indicating efficient coupling of the incident light into the tip. 

Furthermore, the total Q factor of this system was still kept to be as high as about 1.9×10
6
 even 

when the PIC-attached Au-coated tip was contacted to the microsphere surface. According to the 

obtained values and Eq. (2.60) of chapter 2, the transmittance under the critical PP-LSP coupling 

condition was evaluated to be 1.0 %, whose value was approximately corresponded to the 
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experimental data (Tmin). A slight difference in the transmittance would be due to the 

misalignments of the tip-sphere position and polarization of the incident light at the tapered 

region in the experiment. In addition, from κtip and Eq. (2.62), the effective extinction cross-

section σext of the tip was estimated to be ~728.8 nm
2
 (Dext ~ 30 nm). Thus, we confirmed that 

using this system, about 80.3 % of the incident light (T0 - Tmin) via the tapered-fiber-coupled 

microsphere resonator was coupled to the PIC-attached Au-coated tip, resulting in maximizing 

the emission intensity from the apex of the tip as shown in Fig. 5.5(c). 

 

 

Fig. 5.5 (a) Transmittance, (b) linewidth of the resonant dip and (c) emission intensity at the apex of  

the PIC-attached Au-coated tip against the distance between the PIC-attached Au-coated tip and the 

microsphere surface.  
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From the Fig. 5.5(a), because the dissipation by the PIC-attached Au-coated tip would 

depend on the spatial profile of the evanescent field around the microsphere, the transmittance 

has T(d) ~ T0(1-exp(-αd)), where T0 and α are the initial transmittance and coefficient of 

exponential function, respectively. Using the obtained experimental data (T0 ~ 89.3 %), the 

transmittance was fitted by the exponential function (red line in Fig. 5.5(a)) and the coefficient α 

was determined to be ~0.009 nm
-1

. Because the coupling efficiency and the intensity of the 

incident light (Iin) coupled into the tip would be proportional to η ~ T0 – T(d), the TPF intensity 

would be expressed as Iem ~ (Iin)
2
 ~ (η)

2
 ~ exp(-2αd). By fitting the data (red line in Fig. 5.5(c)), 

we confirmed that the coefficient of exponential function was ~0.018 nm
-1

, which was just twice 

of α ~ 0.009 nm
-1

, suggesting the quadratic dependence on the incident power. Thus, because the 

efficient interaction between light and the PIC-attached Au-coated tip owing to the synergetic 

effect of strong optical confinement effect of the tapered-fiber-coupled microsphere resonator 

and optical antenna effect of the Au-coated tip would cause the enhancement of two-photon 

excitation process, the TPF from the PIC-attached Au-coated tip could be observed. 

Furthermore, after building the efficient light coupling system, we also verified the TPF 

from the PIC-attached Au-coated tip by measuring the dependence of the TPF intensity on the 

power of incident light. As we kept the position of the tapered-fiber-coupled microsphere and the 

tip by monitoring the transmission spectra, we gradually increased the power of incident CW 

light, and the emission spectra from the tip were measured by a spectrometer. Figure 5.6 shows 

the dependence of the TPF intensity on the power of the incident light with the slope value of 

~2.04, indicating that the two-photon excitation process was occurred. In order to compare with 

the previous reports [10-18], in which TPF has typically been induced by a high-power pulsed 

laser excitation (typical peak power density: several MW/cm
2
), we estimated the effective power 

density at the tapered region by taking into account of the influence of the frequency scan. 

Because the incident light coupled into WGM modes was only contributed to induce TPF at the 

tip, the effective incident power was compensated by the ratio of the linewidth of resonant dip 

and the total frequency scanning range, and then the effective power density at the tapered region 

was estimated to be several kW/cm
2
 (~ 3 μW), which value was much smaller than those excited 

by a high-power pulsed laser excitation [10-18]. Thus, these results suggest the possibility that 

using the hybrid system via the tapered-fiber-coupled microsphere under a weak CW excitation 
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condition, the highly efficient LSP excitation can be achieved, resulting in the strong light-matter 

interaction at the tip.  
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Fig. 5.6 Log-log plot of dependence of the TPF intensity on the power of the incident light. The slope 

value is ~2.04 (red solid line), indicating TPF from the PIC-attached Au-coated tip via a tapered-fiber-

coupled microsphere resonator. The tip was contacted to the surface of microsphere. 

 

5.4 Summary 

We proposed a plasmonic-photonic hybrid system in which a tapered-fiber-coupled 

microsphere resonator was employed to efficiently couple light into a PIC-attached Au-coated tip, 

and achieved the light localized into a nanoscale domain (~728.8 nm
2
) of the tip apex with high 

coupling efficiency of ~80.3 % and the Q factor of ~1.9×10
6
. In order to experimentally verify 

the strong interaction between light and matter at the apex of the Au-coated tip owing to efficient 

LSP excitation, we succeeded in observing the TPF from PIC dye molecules attached on the Au-

coated tip under a weak CW excitation condition using this plasmonic-photonic hybrid system. 

These results suggested the possibility that, using our proposed system, the synergetic effect of 
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strong optical confinement effect of tapered-fiber-coupled microsphere resonator and optical 

antenna effect of the Au-coated tip tremendously results in the strong light-matter interaction at 

the PIC-attached Au-coated tip.  
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Chapter 6 Two-photon excited fluorescence 

from a PIC-attached Au-coated tip via a thin 

tapered fiber  

 

 

 

 

6.1 Introduction 

In chapter 4 and 5, a plasmonic-photonic hybrid system with high Q factor, composed of 

an Au-coated tip and a tapered-fiber-coupled microsphere resonator, have been proposed. The 

tapered-fiber-coupled microsphere resonator could efficiently and controllably focus light into 

the single metal nanostrucuture. Using this hybrid system, nonlinear phenomena (SHG and TPF) 

were observed under a weak CW excitation condition, owing to efficient LSPs at the metal tip 

and optical confinement of microsphere resonator. Whereas the photonic microsphere resonator 

with the ultra-high Q factor facilitates the efficient focusing of light from the tapered fiber to the 

single plasmonic nanostructure, this hybrid system is complicated which result in difficult 

alignment in the experiment. Hence, a simple tapered fiber based photonic-plasmonic hybrid 

nanostructure consisted of an Au-coated tip and a thin tapered fiber in this chapter. Using this 
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simple tapered fiber based photonic-plasmonic hybrid nanostructure combining the merits of 

both plasmonic and photonic elements, we also succeeded in observing two-photon excited 

fluorescence (TPF) from the PIC dye molecules attached on the Au-coated tip even under a weak 

CW excitation condition.  

Especially we note that Sanchez et al. [13] have also demonstrated that TPF from PIC 

dye molecules dispersed on a substrate was enhanced by an Au tip, where the incident pulsed 

laser light was focused on the tip by an objective lens and the emission from PIC dye molecules 

were collected by the same objective. Although in their papers, the plasmonic enhancement at 

the tip apex would also play an important role for improving the excitation and emission 

efficiencies for observing TPF, the coupling of incident light into the Au tip would be low due to 

the scale mismatch of the focused spot and the apex of the tip, resulting in the use of a high 

intense pulsed laser excitation.  

The simple tapered fiber based photonic-plasmonic hybrid nanostructure studied here was 

composed of an optical thin tapered fiber and a PIC-attached Au-coated tip. The tip-fiber 

distance dependence and excitation polarization dependence were measured. It was found that by 

the use of a thin tapered fiber and an Au-coated tip, efficient coupling of the incident light (~ 

95 %) and LSP excitation at the Au-coated tip could be realized and this effect makes it possible 

to induce two-photon excited fluorescence from the PIC dye molecules attached on the Au-

coated tip with a weak CW excitation. We consider that this simple photonic-plasmonic hybrid 

system is one of the promising tools for single photon sources, highly efficient plasmonic sensors, 

and integrated nonlinear plasmonic devices. 

  

6.2 Experimental setup 
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CW Laser diode
Wavelength~780 nm

FC

PM

FFC

Tapered fiber

PIC-attached Au-coated tip

PD

PBS DM

Spectrometer

/SPCM

Objective lens

Oscilloscope

DM

Filter

Filter

(a)

QWP

QWP

HWP

HWP

 

(b) (c)
Au-coated tip

Tapered fiber
 

Fig. 6.1 (a) Schematic of experimental setup. LD: Laser diode; HWP: Half wave plate; PBS: Polarization 

beam splitter; QWP: Quarter wave plate; PD: Photodiode; DM: Dichroic mirror; FC: fiber coupler. (b) 

SEM image of an Au-coated tip by FE-SEM. (c) CCD image of samples. 

 

The experimental setup is shown in Fig. 6.1, similar to Fig. 5.1 of chapter 5. A diode 

laser (New Focus, TLB-6312, Wavelength ~ 780 nm) without frequency scan was introduced 

into a tapered fiber as a probe and excitation light. In order to control the coupling conditions, 

the separation distance between the tapered fiber and the PIC-attached Au-coated tip was 

controlled by piezo manipulators (PI-Polytec, P-621.1CD, P-621.ZCD). The origin of the 
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distance between the tapered fiber and the tip was determined as the position where the tip was 

contacted to the surface of the tapered fiber. The emission light from the PIC-attached Au-coated 

tip was collected by two ways. One way was that the emission light was collected using a 

microscopy system set on the top of the sample (free-space collection), as the same to emission 

collection method of chapters 4 and 5. The other way was that the emission light was collected 

by the tapered fiber (tapered-fiber collection) and was measured at the end of the tapered fiber by 

the same spectrometer after using shortpass filters to block the excitation light. 

Fabrication of a tapered fiber has been introduced in the section 3.3 of chapter 3. In this 

experiment, diameters of the tapered fibers were from 200 nm to 1000 nm. We monitored the 

transmittance in the tapered fibers at wavelength about 780 nm during the fabrication process 

(see section 3.2 of chapter 3). The transmittances of the tapered fibers in the experiment were 

over 0.90. The fabrication of an Au-coated tip was reported in the section 3.4 of chapter 3. The 

localized surface plasmon resonance properties have been investigated in the section 3.4 of 

chapter 3. From the results, it was found that the plasmon resonant peak was close to the 

excitation wavelength 780 nm, expecting the efficient LSPs excitation at the apex of the Au-

coated tip. PIC molecules were attached on the surface of the Au-coated tip using a self-

assembly technique (see section 3.5 of chapter 3). 

 

6.3 Results and discussion 
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Fig. 6.2 (a) Numerical diameter dependence of effective refractive index neff of the guided mode at  

780-nm wavelength. Solid line: fundamental mode. Dot lines: higher order modes; (b) Scanning electron 

micrograph of a tapered fiber by SEM. Diameter (D): 274 nm; Calculated cross-section profile of the total 

field intensity distribution of the electric field in the fundamental mode HE11 for tapered fibers with 

diameter of 550 nm (c) and 300 nm (d) at 780-nm wavelength. Cylindrical mesh indicates the tapered 

fiber as a reference. 

 

First, we numerically analyzed the propagation mode properties of a thin tapered fiber, 

which has been discussed in the section 2.2 of chapter 2. According to the exact solutions of 

Maxwell’s equations and eigenvalue equations for waveguide modes [61-64], the diameter (D) 

dependence of effective refractive index of the guided mode (neff) was obtained numerically, as 

shown in Fig. 6.2(a) where refractive index of tapered region (n1), that of surrounding medium 

(n2), and the incident light wavelength (λ) were assumed to be 1.45, 1.0, 780 nm. It was found 
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that, when the diameter of the tapered fiber (D) was reduced to 565 nm (red dashed line in Fig. 

6.2(a)), the tapered fiber only supported the fundamental mode HE11 with quasi-linear 

polarization. Then we numerically calculated the fundamental mode distributions of a thin 

tapered fiber with the diameters of 300 nm and 550 nm, as shown in Figs. 6.2(c) and 6.2(d). 

From the results, the thick tapered fiber with the diameter of 550 nm confined major power 

inside the tapered fiber, while a large amount of light as an evanescent field was in the outside of 

the thin tapered fiber with the 300-nm diameter. These results corresponded to the previous 

reports [61-64] that an intense evanescent field was generated in the vicinity of a thin tapered 

fiber, indicating the possibility of the efficient interaction of the propagating photons in the 

tapered fiber with the Au-coated tip. 

To experimentally confirm this, we measured the dependence of transmittance from the 

end of tapered fiber on the tapered-fiber diameter (Fig. 6.3). In the absence of the PIC-attached 

Au-coated tip (squares in Fig. 6.3), almost no change of the transmittance (T1) dependent on the 

tapered-fiber diameter was observed, and T1 was almost equal to 1, when the diameter was 

changed from 1000 to 200 nm. As the same results were reported in refs. [99][106], they 

suggested that when the diameter of the tapered fiber was larger than ~ 0.25 λ (λ: light 

wavelength), the transmittance of a tapered fiber could keep high transmittance. In the two ends 

of untapered region, only the fundamental mode HE11 of the standard single-mode fiber was 

existed in the fiber core. When the shape of a fiber was adiabatically changed, the light was 

guided by the silica-air interface as the hybrid fundamental mode or higher order modes with 

strong evanescent field around the tapered region. Thus, when the diameter of the tapered fibers 

was larger than ~200 nm in our experiments, hybrid propagation modes of a thin tapered fiber 

maintained the high transmittance as shown in Fig. 6.3. However, when the tip was contacted to 

the surface of the tapered fiber (circles in Fig. 6.3), the transmittance (T0) was decreased with 

decreasing the diameter of the tapered fiber, and T0 almost reached to 0 as the diameter 

decreased to 300 nm. We note that the circles with error bars in Fig. 6.3 present the standard 

deviation of experimental measurements. These results suggested that the dissipation (ηc = T1 - T0) 

of the incident light at the tip increased when the tapered-fiber diameter decreased owing to the 

increase in the amount of the evanescent field. As the tapered-fiber diameter was decreased to ~ 

300 nm where the dissipation (ηc ~ 93.0 %) reached to maximum, the efficient LSP excitation at 
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the Au-coated tip would be expected. Therefore, taking into account these results and the 

technical reason that thinner fibers were easily broken, the diameter of the tapered fiber was 

chosen to be ~ 300 nm in the experiments. 
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Fig. 6.3 The tapered-fiber diameter dependence of transmittance from the end of the tapered fiber with the 

PIC-attached Au-coated tip contacted to the surface of the tapered fibers (circles) and without the PIC-attached 

Au-coated tip (squares). 

 

Then, we also experimentally analyzed the dependences of transmittance from the end of 

tapered fiber and emission intensity from the PIC-attached Au-coated tip on the distance (d) 

between the tapered fiber and the tip. The diameter of the tapered fiber in the experiment was ~ 

300 nm. The tip was approached to the surface of the tapered fiber at 20-nm interval step. Figure 

6.4 (circles) represents the distance dependences of the transmittance from the end of the tapered 

fiber and the emission intensity from the tip through tapered-fiber collection. When the tip was 

far away from the surface of the tapered fiber, there was no change in the transmittance (T2 ~ 1) 

and no emission from the tip. As we continued to approach the tip to the tapered-fiber surface, 

the transmittance decreased, and emission intensity increased. At the distance (d) of 0 nm, the 

transmittance reached to the minimum ~ 0.05 (Tmin), and emission intensity reached to the 
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maximum. Thus, at this distance, about 95 % of the incident light via the thin tapered fiber was 

coupled into the tip (ηc = T2 - Tmin), resulting in maximizing the emission intensity from the tip 

(circles in Fig. 6.4(b)). The cross section 
ext  of the Au-coated tip could be estimated to be 8×

10
4
 nm

2
 with the diameter extD   of ~ 320 nm owing to the highly efficient coupling of light into 

the Au-coated tip (~ 100 %, also see Fig. 6.3) at the ~ 300-nm diameter of the tapered fiber. Here, 

the diameter of cross section was defined as the distance from the tapered center to where the 

intensity became half of the total intensity. 

Because the dissipation by the tip would depend on the spatial profile of the evanescent 

field around the tapered fiber, the transmittance has T(d) ~ 1-exp(-αd), where α is coefficient of 

an exponential function. When the transmittance was fitted by the exponential function (red solid 

line in Fig. 6.4(a)), the coefficient α was determined to be ~ 0.008 nm
-1

. Assuming that the 

intensity of the incident light coupled into the tip followed Iin ~ ηc ~ 1-T(d) ~ exp(-αd), the TPF 

emission intensity would be expressed as Iem ~ (Iin)
2
 ~ exp(-2αd). By fitting the data (red solid 

line of Fig. 6.4(b)), we confirmed that the coefficient of the exponential function was ~ 0.016 

nm
-1

 which was just a twice of α ~ 0.008 nm
-1

 and suggested the quadratic dependence on the 

incident power. Thus, because the efficient interaction between the tapered fiber and the Au-

coated tip would cause the enhancement of two-photon excitation process, the TPF from the 

PIC-attached Au-coated tip could be observed. Note that in order to confirm the reproducibility, 

we also measured the data using different Au-coated tips fabricated under the same conditions. 

When the tip was contacted to the surface, we confirmed that the deviation of the transmittance 

was evaluated to be ± 0.01 and the emission intensity was 130 ± 20 counts/30s at the incident 

intensity of ~ 200 μW, as shown in Fig. 6.5. 
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Fig. 6.4 (a) The transmittance from the end of tapered fiber dependent on various distance between the tapered 

fiber and the PIC-attached tip with (circles) and without (squares) Au coating. (b) The distance dependence of 

TPF intensity emitted from the PIC-attached tip with (circles) and without (squares) Au coating. The solid 

curves are exponential fit to the data. 
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(a)

(b)

 

Fig. 6.5 Error analysis of transmittance (a) and emission intensity (b) when the tip was contacted to the 

surface of the tapered fiber. Fittings by mean are drawn by red curves. Transmittance: ~ 0.08±0.01; 

Emission intensity at the incident intensity of ~ 200 μW : 130± 20μW. 

 

In order to further prove the importance of the Au coating on the tip, similar distance 

dependences of the transmittance and TPF intensity from a PIC-attached silicon tip without Au 

coating were also measured. The silicon tip having curvature diameter of ~ 100 nm, which was 



Chapter 6 

 

99 

 

almost the same as the apex size of Au-coated tip, was used in the experiment. In order to attach 

PIC dye molecules on the silicon tip, we used the same method as for the Au-coated tip 

mentioned in section 3.5 of chapter 3. We compare the photon count rates from PIC-attached 

Au-coated tip and silicon tip excited by a CW Ar
+
 laser (wavelength: ~ 488 nm). Form the 

results, we found that the ratio of the averaged photon count rates was evaluated to be ~ 1.1, 

implying almost the same number of PIC dye molecules attached on the Au-coated tip and non-

coated tip. When gradually approaching the tip to the surface of a tapered fiber with the diameter 

of ~ 300 nm, the transmittance (squares in Fig. 6.4(a)) was decreased to the minimum (~ 0.62). 

However, although about ~ 38 % of the incident light via the tapered fiber was coupled into the 

tip without Au coating, no emission light (squares in Fig. 6.4(b)) from the tip was observed even 

when the tip was contacted to the tapered-fiber surface. Comparing the results with and without 

Au coating, we considered that the enhancement caused by LSPs at the Au-coated tip would 

improve the evanescent coupling of incident light to the tip and also the excitation efficiency of 

PIC dye molecules. These results suggested that the combination of LSPs of an Au-coated tip 

and a thin tapered fiber could make it possible to induce nonlinear phenomena even under a 

weak CW laser excitation. 

We also verified TPF from the PIC dye molecules attached on the Au-coated tip by 

measuring the excitation intensity dependence of the emission intensity. Figure 6.6(a) and (b) 

indicate emission spectra and the excitation intensity dependences of the emission intensities 

measured by the free-space (squares) and tapered-fiber (circles) collections, when the tip was in 

contact with the surface of the thin tapered fiber. We clearly found a quadratic dependence with 

the slope values of ~ 2.15 through the tapered-fiber collection and ~ 2.04 through the free-space 

collection. Thus, these results indicate that the two-photon excited emission from PIC dye 

molecules attached on the Au-coated tip was observed. From the effective radius of the field 

distribution at the tapered region in Fig. 6.2(d), the excitation power density at the tapered region 

was roughly evaluated to be about 61 kW/cm
2
 (incident power at the tapered-fiber input: ~ 120 

μW). According to the distance dependence of the transmittance shown in Fig. 6.4(a), the 

difference in the transmittances when the tip was far away and contacted to the surface of tapered 

fiber suggested about 100% coupling of incident light into the Au-coated tip. Thus, the power 

excited at the tip apex could be estimated to be the same power of the incident light through the 
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tapered fiber (~ 120 μW). Comparing with results of Tanaka et al. [102] where TPF from PIC 

dye molecules without metal nanostructures was induced by a strong CW excitation light in free 

space (incident power: ~ 350 mW), the excitation intensity enhancement of TPF from the PIC-

attached Au-coated tip in our simple hybrid system via the thin tapered fiber was estimated to be 

about three orders of magnitude larger. This enhancement was originated from LSPs of the Au-

coated tip and the thin tapered fiber. Therefore, these results suggest the possibility that using 

this simple system via the thin tapered fiber under a weak CW excitation condition, the highly 

efficient LSP excitation can be achieved, resulting in the strong light-matter interaction at the 

Au-coated tip. 
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Fig. 6.6. (a) TPF spectra from the PIC-attached Au-coated tip collected by an objective (black curve) and 

the tapered fiber (red curve). (b) Log-log plot of dependence of the TPF intensity on the incident power 

through tapered-fiber collection (circles) and free-space collection (squares). The slope value is ~ 2.15 

(solid line) in tapered-fiber collection (~ 2.04 (dashed line) in free-space collection). 
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Furthermore, to clarify the LSP excitation at the apex of the PIC-attached Au-coated tip, 

we simultaneously measured the excitation polarization dependences of the transmitted intensity 

of the incident light from the end of the tapered fiber and the TPF intensity emitted from the PIC 

dye molecules attached on the Au-coated tip, when the tip was contacted to the surface of the 

thin tapered fiber. Before starting the measurements, the polarization controller was adjusted to 

obtain a linearly polarized light in the tapered fiber, in which the polarization state at the tapered 

region was determined by the use of the same method of Konishi et al. [97] (see section 3.2 of 

chapter 2). Then, using the polarization controller, the angle (θ) between the polarization 

direction of the incident light and the tip axis was controlled, and the polarization of the incident 

light in the tapered region was first set to be parallel to the axis of the tip (θ ~ 0 deg.). Figure 6.7 

shows the excitation polarization dependences of the transmitted intensity and TPF intensity. The 

transmitted intensity of the incident light and TPF emission intensity was expected to be 

modified as a function of the angle (θ) between the polarization of the incident light and the tip 

axis. The transmitted intensity from the end of the tapered fiber would show a sin
2
(θ) intensity 

dependence [11] because the intensity of the scattering light at the tip depended strongly on the 

polarization of the incident light owing to the LSP excitation at the tip. As a result, because the 

scattered light intensity at the tip apex (Isca) would be proportional to 1 - sin
2
(θ), the TPF 

intensity (Iem) would follow a cos
4
(θ) dependence on the excitation polarization, Iem ~ cos

4
(θ) ~ 

(1-sin
2
(θ))

2
 ~ (Isca)

2
. From solid lines in Figs. 6.7(a) and 6.7(b), we found that these results are 

well fitted by the functions of sin
2
(θ) and cos

4
(θ), and in good agreement with previous 

theoretical and experimental results [11][16]. From Fig. 6.7(b), the TPF intensity (Iem) was 

maximized when the polarization of excited field was set along the tip axis (θ = 10 and 190 deg.), 

while the TPF intensity decreased when the excited field was perpendicular to the tip axis (θ = 

100 deg.), which well followed a cos
4
(θ) dependence. Note that due to the imperfection of linear 

polarization state of the incident light at the tapered region, the transmitted and the emission light 

were partially polarized in Figs. 6.7(a) and 6.7(b). Thus, we concluded that owing to the LSP 

enhancement, the two-photon excited process could be induced at the PIC-attached Au-coated tip 

even under the weak CW excitation. 
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Fig. 6.7. (a) Transmitted intensity of the incident light from the end of the tapered fiber against the 

polarization of the incident light. The fitting curve in (a) shows a sin
2
(θ) function. (b) Incident light 

polarization dependence of the TPF intensity from the PIC-attached Au-coated tip. The fitting solid  

curve in (b) shows a cos
4
(θ) function. The tip was in contact with the surface of the tapered fiber. 

 

In this chapter, we have realized the TPF from the PIC-attached Au-coated tip via a thin 

tapered fiber without microsphere resonator, in order to verify efficient LSP excitation at the 

apex of the tip. When the incident power of CW laser was ~ 120 μW, the TPF was observed 

using this plasmonic-photonic hybrid system. Comparing with the other plasmonic-photonic 

hybrid cavity system which was discussed in chapter 4 and 5, this hybrid system was simple and 

easy to alignment in the experiment. However, serious absorption and scattering loss of metal tip 
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resulted in the very low Q factor (<10). Although using this simple hybrid system, high coupling 

efficiency have succeeded to be achieved, the diameter of cross section ( extD ~ 320 nm) at the 

Au-coated tip was large, resulting in low photon density at the nanoscale area. For the other 

plasmonic-photonic hybrid cavity system in chapter 4 and 5, a tapered-fiber-coupled microsphere 

was also used to couple light into single Au-coated tip efficiently, high Q factor (~ 10
6
) and 

small cross section with the diameter extD  of ~ 21 nm at the Au-coated tip in chapter 5 have been 

achieved. Because of the strong confinement effect of the high-Q microsphere resonator and the 

field enhancement of the LSP resonance at the metal tip, this hybrid cavity system can strongly 

enhance light-matter interaction at the nanoscale area. TPF would be expected from the PIC-

attached Au-coated tip at a weak CW excitation light of ~ 3 μW weaker several ten times than 

that of the simple hybrid system.  

 

6.4 Summary 

We proposed a simple tapered fiber based plasmonic-photonic hybrid nanostructure 

composed of a thin tapered fiber (diameter: ~ 300 nm) and a PIC-attached Au-coated tip, and 

succeeded in observing two-photon excited fluorescence from the PIC dye molecules attached on 

the Au-coated tip even under a weak CW excitation condition (several tens kW/cm
2
). From the 

results of the tip-fiber distance dependence and excitation polarization dependence, we found 

that by the use of a thin tapered fiber and an Au-coated tip, the efficient coupling of the incident 

light (~ 95 %) and LSP excitation at the Au-coated tip could be realized, and this effect makes it 

possible to induce two-photon excited fluorescence from the PIC dye molecules attached on the 

Au-coated tip with a weak CW excitation. We consider that this simple photonic-plasmonic 

hybrid system is one of the promising tools for single photon sources, highly efficient plasmonic 

sensors, and integrated nonlinear plasmonic devices. 
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Chapter 7 Conclusions 

 

 

 

In this thesis, two plasmonic-photonic hybrid systems, which resulted in highly efficient 

coupling of incident light into the metal tip, were proposed. One hybrid system was composed of 

an Au-coated tip and a tapered-fiber-coupled microsphere resonator. The other one consisted of 

an Au-coated tip and a very thin tapered fiber. In order to experimentally verify the efficient 

excitation of LSPs at the Au-coated tip, nonlinear phenomena within these plasmonic-photonic 

hybrid systems under a CW laser excitation condition were demonstrated. 

In chapter 2, propagation modes of tapered fibers, optical properties of microresonators, 

general properties of localized surface plasmon resonance were theoretically described. The 

optical properties of microresonators include optical modes, mode volume, Q factor, mode 

spacing. Regarding general properties of localized surface plasmon resonance, we presented 

absorption cross section, scattering cross section and field enhancement. Then, coupling theory 

among tapered fibers, microspheres, and Au-coated tips were briefly discussed.  

In chapter 3, the basic setup for experiments and fabrication of experimental samples 

(tapered fibers, microsphere, Au-coated tip) were described. Transmittance properties of tapered 

fibers during the pulling process were discussed. Localized surface plasmon resonance scattering 

spectrum of an Au-coated tip was also investigated. In addition, preparation of PIC-attached Au-

coated tip using a self-assembly technique was introduced. 

In chapter 4, we have investigated the efficient coupling of light from a tapered-fiber-

coupled microsphere resonator to localized surface plasmon modes of Au-coated tip. To verify 

efficient localized surface plasmon excitation at the metal tip via a tapered-fiber-coupled 
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microsphere resonator, we measured SHG from the top of Au-coated tip. From the results, in 

spite of a weak CW excitation (~ 28 μW), we succeeded in repeatedly observing SHG from the 

top of the Au-coated tip via a tapered fiber coupled microsphere resonator system, which could 

focus the light with the coupling efficiency of about 63.2 % into the nanoscale domain of the 

metal tip with the effective cross section (σext) of 358.2 nm
2
 (Dext ~ 21 nm). 

In chapter 5, we have reported a plasmonic-photonic hybrid system composed of a 

tapered-fiber-coupled microsphere resonator and a PIC-attached Au-coated tip to focus the 

incident light into a nanoscale domain (σext ~728.8 nm
2
; Dext ~ 30 nm) with high coupling 

efficiency of ~80.3 % and the Q factor of ~1.9×10
6
. In order to experimentally verify the strong 

interaction between light and matter owing to efficient excitation of localized surface plasmon at 

the Au-coated tip, we demonstrated to observe TPF from PIC dye molecules attached on the Au-

coated tip even under a weak CW excitation condition (~ 3 μW) via a tapered-fiber-coupled 

microsphere resonator. 

In chapter 6, a simple tapered fiber based photonic-plasmonic hybrid nanostructure 

composed of a thin tapered fiber and a PIC-attached Au-coated tip has been demonstrated. We 

succeeded in observing TPF from the PIC dye molecules under a weak continuous wave 

excitation condition (~ 120 μW) using this simple hybrid nanostructure, which could focus the 

light with the coupling efficiency of about 95 % into the nanoscale domain of the metal tip with 

the effective cross section (σext) of 8 × 10
4
 nm

2
 (Dext ~ 320 nm). From the results of the tip-fiber 

distance dependence and excitation polarization dependence, we found that using a thin tapered 

fiber and an Au-coated tip realized efficient coupling of the incident light and LSP excitation at 

the Au-coated tip, suggesting the possibility of efficiently inducing two-photon excited 

fluorescence from the PIC dye molecules attached on the Au-coated tip. 

Comparing with the related reports about nonlinear phenomens induced by surface 

plasmon, e.g. Sanchez et al. [13] have demonstrated that TPF from PIC dye molecules dispersed 

on a substrate was enhanced by an Au tip, where the incident pulsed laser light (peak power: ~ 2 

W) was focused on the tip by an objective lens, and  Grycaynski et al. [15] also have reported 

that TPF from rhodamine derivatives near silver islands formed quartz microscope slides was 

enhanced by the silver islands using the same excitation method (Peak power: ~ 70 kW). In this 

study, we proposed two highly efficient plasmonic-photonic hybrid systems. One was composed 
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of a tapered-fiber-coupled microsphere resonator and an Au-coated tip. The other one consisted 

of a thin tapered fiber and an Au-coated tip. They largely improved the coupling of light onto 

single metal nanostructure (~ 100%), and succeeded to observe SHG and TPF under a weak CW 

excitation (~ μW). 

In summary, taking merits of both plasmonic and photonic elements, the two types of 

plasmonic-photonic hybrid systems were proposed to improve the efficient coupling of light into 

the nanoscale domain of single metal nanostructure, which tremendously result in the strong 

light-matter interaction at the nanoscale. Moreover, nonlinear phenomena within these hybrid 

systems under a weak CW excitation condition (~ kW/cm
2
) were investigated. These hybrid 

systems are the promising tools for single photon sources, highly efficient plasmonic sensors, 

and integrated nonlinear plasmonic devices 
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