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Abstract 

Placing a noble metal nanoparticle near a metallic substrate can significantly modify its 

optical properties, for which the metal film-coupled nanoparticle system has received 

extensive research interests in the past decade. In this structure configuration, the capacitive 

electromagnetic coupling between the particle plasmon resonance and its induced charges 

distributed in the metal film results in a gap plasmon mode featured by substantially enhanced 

electromagnetic field intensity at the gap junction, which offers a promising platform for 

various plasmon-enhanced optical phenomena. Particularly, the ease in fabrication and readily 

control over the particle-film gap distance down to sub-nanometer scale enable the realization 

of an ultrasmall plasmonic nanocavity, which has triggered a host of recent breakthroughs in 

fundamental nanophotonic research and energy harvesting applications such as photocatalysis. 

This thesis reports our studies on the linear and nonlinear plasmonic properties of the 

metal film-coupled nanoparticle system. Firstly, our studies focus on experimental 

characterization and theoretical understanding on the fundamental properties of the gap 

plasmon modes in gold film-coupled nanoparticle monomers and dimers, with particular 

attention on the plasmon hybridization upon coupling the nanoparticles to the metal film. 

Secondly, our studies explore several fascinating gap plasmon resonance-enhanced linear and 

nonlinear optical phenomena, including photoluminescence (PL) and nonlinear optical 

emission such as second-harmonic generation (SHG) and two-photo absorption induced 

luminescence (TPL). 
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In the first part of this thesis, the plasmonic scattering properties of the gap plasmon 

modes of the gold film-coupled nanoparticle monomers and dimers are revealed 

experimentally. By using an improved dark-field spectroscopy and imaging methodology – 

polarization resolved spectral decomposition and color decoding, one can “visualize” and 

distinguish unambiguously the spectral and far-field radiation properties of the complex gap 

plasmon modes in the two systems. Together with the full-wave numerical simulation results, 

it is found that while the monomer-film system supports two hybridized dipole-like plasmon 

modes having different oscillating orientations and resonance strengths, the scattering 

spectrum of the dimer film-system features two additional peaks, one strong yet narrow 

resonant mode resembling a plasmonic dipolar mode, and one hybridized higher-order 

resonance mode, both polarized along the dimer axis. In particular, the stronger radiation 

efficiency and much narrower spectral linewidth of the dimer plasmon resonance, compared to 

its counterpart on silica substrate, are further addressed with an analytical multipole expansion 

model. The calculation results confirm that these new features are originated from an intense 

plasmon hybridization between a bonding dipolar mode along the dimer axis and a 

quadrupolar mode resulted from an anti-paralleled dipole bonding in direction perpendicular 

to the dimer axis, which reduces the far-field radiation loss and thus leads to the linewidth 

shrinking effect. These findings not only shed new lights on the plasmon hybridization 

between individual plasmon resonance modes but also open up the prospect for engineering 

resonance linewidth of coupled plasmonic modes in general nanoclusters by metal substrate 

mediated mode hybridization.  

Based on the depended understanding of the gap plasmon properties as unraveled in the 

first part, we extend my work to explore their spectroscopy enhancement applications in the 

second half of this thesis. In light of the strong radiation efficiency and enhanced near-field 

intensity associated with the excitation of the dimer plasmon resonance, I have performed 
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photoluminescence spectroscopy measurements on the gold film-supported nanoparticle dimer 

system, and an emission intensity enhancement up to ~200-fold is demonstrated as compared 

to that of its counterpart on the glass substrate, showing excellent agreement with the 

calculation results (253-fold). The experimentally observed similar spectral characteristics of 

the plasmonic scattering and the photoluminescence emission indicate that the radiative decay 

of the hybridized dimer plasmons is the origin of the detected photoluminescence, which is 

further verified by the calculations with a proposed phenomenological model. Moreover, the 

calculation identifies that the particle-film gap junctions are dominantly responsible for the 

enhanced emission, implying that the metal film-coupled nanoparticle dimer system can be 

used as a versatile plasmonic platform simultaneously possessing an improved quality factor 

and a nanoscale mode volume for realizing light -matter interaction in the strong coupling 

regime that is of fundamental importance in cavity quantum electrodynamics (QED). 

Finally, we turn our attention to the nonlinear optics aspect of the metal film-coupled 

gold nanospheres. In this part, we firstly demonstrate a large spectral tunability of the coupled 

structure in the visible and near infrared region by simply controlling the diameter of the gold 

nanosphere, and then we use a multiphoton spectroscopy and imaging system to explore its 

nonlinear optical properties. Upon resonant excitation by a pump femtosecond (fs) laser 

spectrally overlapping with the gap plasmon resonance, it is found that the nonlinear optical 

emission spectrum of the structure is featured with a pronounced narrow SHG emission peak 

and a broad TPL emission band, both of which shows significant enhancement in emission 

intensity compared to that of a gold nanosphere of the same diameter on silica substrate. More 

interestingly, the two-lobes shaped emission pattern of the observed SHG and TPL excited by 

the tightly focused linearly polarized fs laser beam, unambiguously evidences that the 

invoking of the dipolar gap plasmon resonance at the nanosphere-film vertical junction is 

dominantly responsible for the large nonlinear emission enhancement. Excellent agreement 
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between the nonlinear optical emission patterns with the calculated focal field distributions 

based on the vector diffraction theory suggests that the metal film-couple nanoparticles can be 

used as a sensitive plasmonic virtual probe for mapping the longitudinal electromagnetic fields 

in the focal plane. 
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Chapter 1 Introduction 

1.1 Breaking optical diffraction limit for strong light-matter 

interactions 

Light-matter interaction is the fundamentally important physical process in the universe - 

governing phenomena from atomic transitions to photo-synthesis on earth. Precise 

manipulation of this interaction has enabled various advanced technologies ranging from 

global telecommunication to signal detection in single-molecule level. On subwavelength 

scale, however, light-matter interaction is limited by the well-known optical diffraction limit, 

as evidenced by the weak and diffuse transmission of  light through  single subwavelength  

hole1,2. In fact, the optical diffraction limit was formulated in 1873 by German physicist Ernst 

Abbe during his attempt to improve the resolution of optical microscope. According to Abbe’s 

theory, two features spaced closer than λ/2n could not be resolved regardless of the precision 

improvement in optical lens fabrication. Equally, the smallest optical spot size obtained by 

optical focusing is limited to a lower bound as (.**+
,-

, < λ, where NA is the numerical aperture 

of the objective. This limit severely hampers the ability to control the optical phenomena 

within the subwavelength scale. 

In addition, strong light-matter interactions are frequently required in light emission 

applications such as surface-enhanced Raman scattering (SERS)3, photoluminescence4 and 

nonlinear optics5. Due to the ultra-low light conversion efficiency in these processes, 

excitation light with high optical intensity is highly demanded for considerable emission 

intensity in practice. The invention of laser in 1960 largely relaxed the requirements for 
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coherent light source with strong power, and offers significantly improved optical density by 

focusing into the spot size scaled down to the theoretical diffraction limit. However, 

confinement of light within subwavelength volume for higher optical density is still facing 

challenges. To break the optical diffraction limit for strong light-matter interactions, the 

physical phenomena associated with surface plasmon resonances (SPRs), as described in the 

following, have been demonstrated as a good candidate solution.   

 

 
Figure 1.1 Illustration of surface plasmon polaritons and localized surface plasmons. Collective oscillation of 

electrons excited by incident electromagnetic field at gold-air interface (a) and in gold nanoparticles6.  

1.2 Surface plasmons polaritons and localized surface plasmons  

Surface plasmon refers to the hybrid electron-photon oscillation occurred at the metal-

dielectric interface7. While surface plasmons can occur at any metal-dielectric interface, the 

ones associated with the particles and planar geometrics have received most of the attentions 

in the past decades. The surface electromagnetic modes on the planar plasmon geometry, 

formally termed as surface plasmon polaritons (SPPs), are characterized by propagating 

charge density waves confined to the metal-dielectric interface as schematically depicted in 

Figure 1.1(a). Depending on the excitation wavelength and the specific metal/dielectric used, 
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the electromagnetic field penetration into the dielectric can be within the subwavelength scale. 

In comparison, the metallic particles sustain localized surface plasmons (LSPs), which, within 

electrostatic limits, resemble dipoles with clouds of charge localized at the surface poles as 

seen in Figure 1.1(b). Accordingly, the metallic nanostructures can act as optical antennas, 

concentrating incident light to a subwavelength volume, and thus break the optical diffraction 

limit, permitting a host of applications ranging from surface-enhanced Raman spectroscopy8–

10 to photothermal ablation in tumor therapy11–13 and the development of efficient photovoltaic 

devices14–16. 

Because of the mismatch between the wave vector of light in free space and at the metal 

surface, direct excitation of SPP with electromagnetic waves is not possible. It can only be 

excited upon providing the missing momentum contribution17. This can be achieved by 

replacing the air with a high index dielectric, as shown in Figure 1.2. In contrast, the 

excitation of LSP in individual metallic nanoparticle can readily be achieved with direct 

coupling with the incident electromagnetic waves due to its non-propagating property (see 

more details in Chapter 2).   This relaxation in optical excitation configurations largely 

expands its applications scope into the light spectroscopy18–20 and optical manipulation21–23 

domains, etc.  
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Figure 1.2 Two typical configurations that provide the momentum match discussed in the main text for 

activation of surface plasmon polaritons at the metal surface24. (a) Otto configuration: The total internal 

reflection (TIR) occurred at the prism-air interface generates an evanescent field that excites a SPP at the 

dielectric-metal interface. This is the preferred configuration when the metal surface should not be damaged, but 

it is challenging to keep a constant distance (within the wavelength scale) between the metal and the prism 

surface. (b) Kretschmann configuration: The metal film is directly attached to the prism surface and the TIR at 

the prism-metal interface generates an evanescent field exciting a SPP at the upper metal-air interface. Note that 

the thickness of the metal film should not exceed the penetration depth of the evanescent field. 

Particularly, LSPs sustained in noble metal nanoparticles have received the intensive 

studies in fundamental researches and applications, not only because of their resistance to 

corrosion and oxidation in ambience, but also due to the strong electromagnetic resonances 

within the visible and near-infrared spectral band. These electromagnetic resonances, arising 

from the surface plasmon oscillations, determine the optical response of the metal 

nanoparticles. Upon illumination at the resonant wavelength, the nanoparticle is featured with 

a significantly increased extinction cross section compared to that of the off- resonance case 

(see Figure 1.3c, d), and experience much stronger light-matter interactions. When the metal 

nanoparticle is illuminated by white light, the color observed thus depends on the plasmon 

resonance wavelength as demonstrated in Figure 1.3a. Meanwhile, the resonant oscillation of 

the collective electrons with the incidence will create strong electromagnetic field 

confinement near the particle surface as depicted in Figure 1.3b. More intriguingly, the LSPRs 

is largely dependent on the particle size, geometry, material composite and the surrounding 

dielectric environment., thus enabling a flexible modification on their optical properties 

through synthesis or fabrication process control (Figure 1.3a).  
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Figure 1.3 The optical properties of individual plasmonic nanoparticles. (a) The color appearance of the gold 

nanoparticles colloidal with increasing particle diameters. (b) Normalized field distributions of a gold 

nanoparticle upon excitation at the resonant wavelength 532 nm, the incidence polarization is along the vertical 

direction. (c-d) Field lines of the Poynting vector around a metal nanosphere under monochromatic light 

illumination off/on the resonant wavelength. Noted the scattered field is excluded for clarity25. 

1.3 Plasmon coupling for novel plasmonic properties 

Apart from the localized surface plasmon resonances sustained in individual metal 

nanoparticles, many strategies using plasmon coupling have also been developed to create 

specific plasmon resonances through generating, for example, sub-radiant and super-radiant 

modes and plasmonic Fano resonances26,27. These methods have been applied in many new 

types of metallic nanostructures, such as nanoparticle clusters or oligomers made from 
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rational assembling of two or more individual nanoparticles into single symmetric or 

symmetric-broken entities28–30 as partially concluded in Figure 1.4.  

 

Figure 1.4 Rational assembling of individual nanoparticles into one entity to create new type of plasmon 

resonances. (a) Cluster of dielectric/metal core-shell structure nanoparticles31. The single particle possesses one 

dipolar plasmon resonance as manifested in the scattering spectrum. Upon a second particle brought in 

proximity, a bonding dipolar mode appears and shifts to the red spectral side (left column). In the nanoparticle 

trimer, a magnetic resonance emerges in the near-infrared wavelength band (middle column). The more complex 

heptamer cluster, in contrast, comes with a spectral dip as a result of the destructive interference between the 

broad dipolar mode and the narrow magnetic mode. (b) Metal nano-rings structure with tiny symmetry broken is 

featured with a pronounced Fano resonance due to induced interference between the dipolar plasmon mode and 

the magnetic mode32. (c) Experimentally observed individual dumbbell-like structure extinction spectrum for the 

two excitation polarizations indicated in the inset. The multiple Fano resonances arise from the interference 

between the spectrally broad dipole mode and higher electric modes33. (d) Extinction spectra of a gold 

nanoparticle monomer, a gold hexamer and heptamer clusters with different interparticle gap distances. In the 

monomer and hexamer, particle dipolar plasmon resonances are observed both experimentally and in simulation 

results. The transition from individual to collective modes is clearly visible when reducing the interparticle gap 

separations in the different heptamer clusters. Specially, a pronounced Fano dip appears in the spectra when the 

interparticle gap distance is decreased below 60nm34. 
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Due to the strong capacitive electromagnetic interaction between constitute elements, 

these composite nanostructures are often featured with one or more near-field hot spots at the 

interparticle gap regions, which offer a promising platform for surface-enhanced Raman 

scattering and photoluminescence spectroscopy35–37. In particular, reducing the symmetry of a 

nanocluster system relaxes the selection rules of dipolar coupling, resulting in effective 

plasmon hybridization of dipolar and higher-order modes38,39. This coherent mode coupling 

provides, beyond the scope of simply tuning the plasmon resonance position by varying 

nanoparticle size and shape, important possibilities for engineering the resonance line-width 

and line-shape through radiative damping control40,41. 

The electromagnetic coupling between individual plasmonic nanoparticles to form a 

more complex plasmonic structure is in an analogy to the phenomenon in which atoms 

interact with each other to form a molecule. With the concept of atom hybridization, Perter 

Norlander et al. have proposed a hybridization model for the plasmon response of complex 

nanostructures42, for which the complex plasmonic nanostructure can also been termed as 

“plasmonic molecules”43. The plasmon hybridization model can be readily understood in the 

illustration of the plasmon response of the simplest plasmonic molecule – a gold nanoparticle 

dimer. In direct analogy to the electron wave functions of two hydrogen atoms (H) mixing and 

hybridization  to form molecular orbitals in a hydrogen molecule (H2), when a second particle 

monomer is brought in close proximity, the LSPs in the two particles mix and hybridize, 

giving rise to the formation of bonding and antibonding plasmonic modes44 as schematically 

illustrated in Figure 1.5b. Particularly, some of the hybridized modes have a net nonzero 

dipole moment, like the longitudinal bonding dipole mode in the dimer, and thus can decay 

radiatively into the far field, manifesting themselves in the scattering spectrum as in Figure 



	

8	
	

1.5c. Accordingly, this kind of plasmon mode is called bright mode or superradiant mode as 

aforementioned. In contrast, the dark plasmon modes are featured with a net zero dipole 

moment, such as the longitudinal antibonding and transverse bonding modes in Figure 1.5b. 

Due to the weak coupling with the incoming electromagnetic waves, these plasmon modes 

cannot be directly activated under linearly polarized illumination, and in turn, other excitation 

schemes are required to invoke these modes, such as the focused electron beams45,46, by using 

tailored illumination configurations like spatially inhomogeneous fields47, evanescent 

excitation48, tilted incidence beam27, spatial phase shapping49 and more subtle retardation 

effects50. Additionally, resonant excitation of these hybridized plasmons will result in an 

electromagnetic hot spot within the gap region, which offers a nanoscale cavity with ultra-

small mode volume for strong light-matter interactions36,51,52.     
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Figure 1.5 Plasmon resonances in coupling nanostructures. (a) Illustrations of the molecular configurations of an 

H atom and an H2 molecule (upper panel). Their plasmonic analogues – a gold nanoparticle monomer and dimer 

(bottom panel). (b) Energy levels of two coupled nanosphere particles described by the plasmon hybridization 

model. The dipolar plasmon resonance of each particle couples to that of the other one in different manners, 

forming the bonding and antibonding modes47,53. (c) The coupled dipolar plasmon resonances manifested in the 

scattering spectrum of a gold nanoparticle dimer on glass substrate. The dipolar plasmon resonance in single 

particle monomer is also depicted for comparison. (d) Filed intensity distribution of the metallic nanoparticle 

dimer (100 nm in diameter of each constituent particle) at the plasmon resonance wavelength 650 nm as marked 

in (c). 
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1.4 Metal film-coupled nanoparticles for enhanced spectroscopy 

 

Figure 1.6 Optical properties of metal film-coupled nanoparticles. (a) Schematics of the electromagnetic 

interaction between the metal nanoparticle and the underlying film54. Here, the dipole-image model is used to 

account for the optical response of the metal particle-films system within the electric-static approximation. In 

this manner, the optical properties of the metal film coupled nanoparticles resemble that of a metal nanoparticle 

dimer in the vertical direction. (b) The gap distance dependence of the plasmon resonances manifested in the 

scattering spectrum of the gold film coupled nanosphere nanoparticles55. By decreasing the particle-film gap 

distance, the gap plasmon resonance spectrally shifts to the red side and broadens. (c) Electric field intensity 

distribution within the gap region in the metal film supported nanoparticles at the gap plasmon resonance 

wavelength. Note that the field is highly concentrated within the nanoscale volume inside the gap.  

Nowadays, most of the composite plasmonic nanostructures are fabricated with 

lithographic method which limits the achievable gap size above sub-10s nm region, or formed 

by self-assembling of nanoparticles in an in-plane arrangement. In the latter scheme, although 

the sub-nanometer gap size can be realized, achieving tunable optical response though readily 

control over gap distances still faces great challenges. More importantly, the feasibility of 

precisely loading of active molecular emitters or the hot 2D materials into these nanoscale gap 

cavities, which is of crucial importance in cavity quantum electrodynamics56,57 and ultra-small 
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spaser technology58, also remains largely hindered due to the difficulty of the in-plane 

arrangement. In this regard, the metal film coupled plasmonic nanostructures seems to be a 

good candidate solution, which have received intensive studies in the past decade59–64. 

Benefiting from the well-established technologies in planar film deposition and spacer 

fabrication55,65, the particle-film gap distances can not only be precisely controlled for tunable 

optical properties in these composite nanostructures54 (see Figure 1.6b), but also can be scaled 

down to the sub-nanometer regime for addressing nonlocal effect 66and quantum mechanics67. 

Moreover, the achievable ultrasmall nanocavity mediated by the particle-film gap can largely 

facilitate the accessibility of various active monolayer molecules or 2D materials68, forming a 

promising platform responsible for a series of breakthroughs in nanophotonic applications 

such as deep subwavelength plasmonic lasers69, huge spontaneous emission enhancement70,71, 

and recently, even realization of single molecule-light strong coupling at room 

temperature72and single molecule optomechanics in “pico-cavities”73.    
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Figure 1.7   A series of breakthroughs in fundamental and applied nanophotonics based on the metal 

nanoparticle-film platforms. (a-b) Controlled-reflectance surfaces achieved with film-coupled colloidal 

nanocubes74. (c) Large Purcell factor of the metal film-particle cavity for spontaneous emission enhancement71. 

(d-e) Demonstration of the single- molecule optomechanics in the gold nanoparticle-film mediated picocavities73. 

(f) Achievement of single-molecule strong coupling at room temperature in the sub-nanoscale particle-film 

cavity75. The Rabi splitting is clearly visible when the dipole moment of single molecule aligns along the 

dominant field component in the gap (bottom panel). 

1.5 Photoluminescence and second harmonic generation in metals 

and their nanostructures    

1.5.1 Photoluminescence 

Like the semiconductors or fluorophores, the inter-band transitions in noble metals upon  

light excitation can also occur, leading to single photon absorption induced luminescence – 

photoluminescence which was firstly observed by Mooradian in 196976. Particularly, for bulk 

gold – the mostly used raw material for plasmonic nanostructures, it has been found the 

emission originates from the radiative combination of electrons in the sp-band with holes in 

the d-band, quite analogy to the optical transitions in fluorophore as depicted in Figure 1.8a.  

However, the emission quantum efficiency is rather low, which is estimated to be on the order 

of 100(1. In 1986 Boyd et al. reported significantly enhanced photoluminescence (quantum 

efficiency ~1002) from roughed metal films and a detailed model in terms of band structure 

and electromagnetic filed enhancement has been developed to account for the increased 

emission intensity77. Together with a series of observations of PL enhancement in 

nanostructured metals subsequently, it has been concluded that the surface plasmons must 

play a crucial role in the emission enhancement78–81, which will be discussed in more details 
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in chapter 6. Together with the absence of irreversible photo-bleaching upon laser exposure, 

the gold nanoparticles and clusters bear large potential as label-free fluorophores in 

bioimaging82,83 and optical switch units for data storage84. 

While the single-photon luminescence process corresponds to absorption of a higher 

energy photon and subsequent generation of a lower energy photon, the two-photon 

absorption (TPA) induced luminescence involves absorption of two photons simultaneously 

and subsequent emission of a higher energy photon similar to the single-photon emission 

process77 (right: Figure 1.8a). Since the cross section of the two-photon absorption in noble 

metals is of several orders smaller than that of the single-photon absorption, the emission 

probability is ultralow and large excitation intensity is necessary to be high. This is why two- 
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Figure 1.8 Illustrations of the photoluminescence, two-photon luminescence  and second harmonic generation in 

fluorophore or metals. (a) Jablonski diagram for single-photon (left) and two-photon (right) absorption induced 

optical emission. Excitation occurs between the ground states and the first electronic excited states. Single-

photon excitation occurs through the absorption of one photon, while two-photon excitation occurs upon the 

absorption of two photons of lower energy via short-lived intermediate states. After each of the excitation 

process, the fluorophore relaxes to the lower energy levels of the excitation states via vibrational processes. The 

subsequent photons emission processes for both modes share the same mechanics85. (b) Experimental 

demonstration of the excitation of single- and two-photon luminescence excitation in spectroscopy86. As can be 

seen, the emission of the TPL is confined in the very small volume at the focal spot. (c) Schematic of the up-

conversion process of second harmonic generation. (d) Illustration of the origins of SHG in bulk metals. Noted 

the SHG emission originates mainly from the nonlinear polarization by norm field components at metal surface. 

 

photon luminescence of various fluorophore can usually be observed upon excitation by 

pulsed laser with high peak power density87–89, which is, however, still far from sufficient for 

the non-bleaching metallic structures. The surface plasmons in metal nanostructures 

significantly relax this requirement by introducing large local field enhancement upon 

resonant excitation, boosting the TPL emission intensity on several orders of magnitudes90–92. 

More importantly, the excitation of two-luminescence occurs only at the location with high 

optical power density, as illustrated in Figure 1.8b. This extreme confinement of excitation 

into sub-micrometer scale renders the TPL microscopy automatically a confocal configuration 

advancing the concurrent laser scanning confocal microscopy (LSCM) system and promising 

technique for high resolution and background-suppressed imaging93–95 and revolutionary 

optical data storage96. 
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1.5.2 Second harmonic generation 

Boosting the efficiency of nonlinear optical processes in extremely confined volumes 

remains challenging in nano-optics research97, but are importantly required in applications in 

optical frequency convertor98, photocatalysis15, nanomedcine99, and back-ground-free 

biosensing100.  

Plasmonic nanostructures has often been utilized to foster various nonlinear optical 

effects such as second/third harmonic generation101–104 and four-waves mixing (FWM)105,106. 

As the simplest nonlinear optical phenomenon - second harmonic generation, actually, can be 

described by a three-wave mixing process (Figure 1.8c). In this process, the absorption of two 

photons at the excitation wavelength results in a SH photon emission at exactly twice the 

energy of the pump photon. This effect is physically forbidden in centrosymmetric bulk 

materials (like metals: Au, Ag, etc.) within the electric dipole approximation.  However, SHG 

emission can be expected in plasmonic nanostructures enabled by the centrosymmetry 

breakdown at metal surfaces (Figure 1.8d)107–111. Particularly, the strong local field intensity 

upon resonant excitation of the plasmon resonance can significantly boost the pump rate for 

nonlinear polarization at the metal surface112–118, and dominates the far-field SHG emission 

enhancement. Additionally, the practical SHG conversion efficiency measured in spectroscopy 

experiments also depends on the antenna efficiency of the plasmonic structure at the SH 

frequency, pushing the design and fabrication of nanoscale plasmon entities for higher SH 

conversion efficiency toward the double-mode configuration matching the excitation and 

emission spectrally and spatially at one time98,119,120.  
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1.6 Outline of thesis 

In light of the advantages of the metal film-coupled nanoparticles over other coupling 

resonators as stated above, the main research content of this thesis will start with explore of 

the gap plasmon modes in these nanostructure, with particular attentions paid on the complex 

gold nanoparticle dimers on film configuration, and the characteristics of its optical properties 

both in the near- and far-field domain. The focus will be casted on the gap plasmons enhanced 

photoluminescence and second harmonic generations in this metal-film coupled nanoparticle 

systems. In details, the contents will be arranged as follows: 

Chapter 2 will present a brief overview of the theoretical background for description of 

optical responses in plasmonic entities within the frame work of classic electromagnetic field 

theory, including the introduction of Maxwell’s equations, the dielectric functions of metals, 

derivation of the surface plasmons, analytical models for plasmon couplings and some 

fundamentals for nonlinear optics of metal materials.  

In the first part of chapter 3, I will give a detailed introduction on the sample fabrication 

method, and then in the second part, I will list the various technique tools and instrumental 

systems for experimental characterization of the plasmonic responses of metal film-coupled 

nanoparticles and perform the versatile light spectroscopy. 

Chapter 4 present a thorough study on the distinctive plasmon response of both the gold 

film-coupled nanoparticle monomers and dimers with the polarization resolved dark field 

spectroscopy method. Correspondingly, full wave simulations are also performed to confirm 

the origins of the plasmon modes revealed experimentally. 

In chapter 5 and 6, a detailed comparison of gold nanoparticle dimers on the gold film 

and glass substrate will be carried out, which includes the plasmon linewidth, radiation 
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intensity, and photoluminescence emission. Electromagnetic simulations and calculations are 

performed to account for the various contrast observations in experiments. 

The study on nonlinear optical aspect of the metal film-coupled nanoparticles will be 

presented in chapter 7. There the multi-photon spectroscopy experiments are performed over 

the nanoparticles on both gold film and glass substrate. To illustrate the observed nonlinear 

optical emission features, the nonlinear perturbative model and vectorial diffraction theory are 

introduced to confirm the dominant contribution of the gap plasmon resonance in the 

nanoparticle coupled to film. 

In the end, conclusion and outlooks are presented in chapter 8.  
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Chapter 2   Theory Background  

The metal nanoparticles and nanostructures of interest in this thesis are situated in the 

gray zone between the micro- and macrocosm – they are quite small compared to the classical 

objects while still consist of several thousands to millions of atoms. Actually, surface 

plasmons are of bosonic type quasi-particles121 and intrinsically have a quantum nature as 

demonstrated by the tunneling experiments122. Hence, for the analytical description one can 

either apply the quantum electrodynamics model from the bottom side or deal with the 

plasmonic entities with the classical field theory (given the nanostructures are not too small). 

Recent reports pointed out that for structure size below 5 nm, the concept of a dielectric 

function involved in the classical field theory becomes questionable121,122. At the same time, if 

the gap between constitute elements in coupled nanoparticles approach 1 nm, the emergent  

screening effect and electron tunneling across the particle gap region would significantly 

modify the optical properties as reported by Peter Norlander et al123. The author presented a 

fully quantum mechanics treatment of the nanoparticle dimers and stated that the quantum 

effects in dimer gap can’t be neglected when the gap distance is below 1 nm. As will be seen 

in the following chapters, the plasmonic nanostructures under study are all situated above the 

justification size points and therefore the classical electrodynamics is fully competent for 

dealing with interactions between light and plasmonic structures as in our case. As a result, I 

will start this chapter with an introduction of the Maxwell’s equations from which the 

concepts of linear and nonlinear polarization are briefly discussed. Then, a large portion of 

sections are casted into the dielectric functions of the plasmonic metals and the analytical 

model for the surface plasmons at metals and their nanostructures. Finally, a detailed 

analytical description of the second harmonic generation in metal nanostructures is presented 
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and their physical origins are also clearly classified.       

2.1 Maxwell’s equations for classic field theory 

As the fundamental formulas in the classic electrodynamics, Maxwell’s equations read: 

                                 ∇ ∙ 𝐷 𝑟, 𝑡 = 4π𝜌 𝑟, 𝑡                                                               (2.1). 

                                         ∇ ∙ 𝐵 𝑟, 𝑡 = 0                                                                     (2.2). 

                                   ∇×𝐸 𝑟, 𝑡 = − (
@
AB C,D
AD

                                                              (2.3). 

                                 ∇×𝐻 𝑟, 𝑡 = FG
@
𝑗 + (

@
AJ C,D
AD

                                                         (2.4). 

Here  𝐵  is the magnetic field, 𝐷  is the dielectric displacement, 𝜌 the charge density, 𝑗 the 

current density and 𝑐 the speed of light in vacuum. 

 Maxwell’s equations in many cases are linear in the 𝐸  and 𝐵  fields, of which it’s 

sufficient to only investigate their possible solutions in the form of time harmonic fields. Any 

other complex solutions can then be viewed as superposition of them. Therefore, one use 

                          𝐸 𝑟, 𝑡 = 𝐸(𝑟)𝑒0OPD , 𝐵 𝑟, 𝑡 = 𝐵(𝑟)𝑒0OPD                                       (2.5). 

Given that no sources are present (𝜌 = 0, 𝑗 = 0), Maxwell’s equations are reduced to 

 

                                ∇ ∙ 𝐸 = 0,																		  ∇×𝐵 = (
@
AR
AD

                                               (2.6a). 

                                ∇ ∙ 𝐵 = 0,																    ∇×𝐸 = (
@
AB
AD

                                               (2.6b). 

Under external excitations, the electrons bounded to an atom in the material response as 

the forced oscillators. In this way, the macroscopic polarization of the material induced by the 

cumulative effect of all displaced electrons, can thus be directly related to the net charge 
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distributions. Formally, the electric and magnetic inductions in material obey the following 

constitutive relations 

                                  𝐷 = 𝐸 + 4𝜋𝑃,																				𝐵 = 𝐻 + 4𝜋𝑀                                   (2.7). 

where 𝑃  refers to the dipole moment associated with single unit volume and 𝑀  is the 

magnetic moment per unit volume. Since our attentions are only paid to the non-magnetic 

materials, one can set 𝑀 = 0 and combine Maxwell’s equations to  

                                         ∇*𝐸 − ∇ ∇ ∙ 𝐸 = (
VW

AWR
ADW

+ FGAWX
@WADW

                                        (2.8). 

Considering the extreme high electric fields intensity (up to 10Y𝑉/𝑐𝑚  ) in an atom or 

molecule, the αth  component in Cartesian frame of the dipole moment 𝑃(𝑟, 𝑡)   per unit 

volume can be formulated with a Taylor series in powers of the macroscopic electric field 

𝐸(𝑟, 𝑡) as below: 

𝑃_ 𝑟, 𝑡 = 𝑃_
(1) + AX̀

ARab 𝐸b +
(
*!

AWX̀
ARaARd

𝐸bbe 𝐸e +

																																																																																			 (
f!

AgX̀
ARaARdARhbei + ⋯.                            (2.9). 

here 𝐸b = 𝐸b 𝑟, 𝑡 ,with 𝛽 ∈ 𝑥, 𝑦, 𝑧 , are the three Cartesian components of the electric field. 

In dielectric materials, the electric dipole moment at zero field,	𝑃_
(1) vanishes. One can thus 

write 

             𝑃_ 𝑟, 𝑡 = 𝜒_b
( 𝐸bq + 𝜒_be

*
be 𝐸b𝐸e + 𝜒_bei

f 𝐸b𝐸e𝐸ibei + ⋯,           (2.10). 

where 𝜒 O  are the susceptibilities tensors of 𝑖 + 1 − 𝑡ℎ  rank. Accordingly, 𝜒 (  is the 

ordinary linearly susceptibility relating the electric field with the dipolar polarization.	𝜒 *  and 

𝜒 f  are the second and third order susceptibilities, respectively. Therefore, the dipole moment 

can be formally decomposed into a linear part and a nonlinear part as 
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                               𝑃_	 𝑟, 𝑡 = 𝑃_
t 𝑟, 𝑡 + 𝑃_

ut 𝑟, 𝑡                                               (2.11). 

 where  

                                              𝑃_
t 𝑟, 𝑡 = 𝜒_b

( 𝐸bq                                                          (2.12a). 

                        𝑃_
ut 𝑟, 𝑡 = 𝜒_be

*
be 𝐸b𝐸e + 𝜒_bei

f 𝐸b𝐸e𝐸ibei + ⋯,                       (2.12b). 

Thus, the previously discussed relation in equation (2.7) can be simplified as 

                                      𝐷 = 𝐸 + 4𝜋𝑃 = 1 + 4𝜋𝜒v 𝐸 = 𝜀𝐸                                            (2.13). 

Accordingly, all nonlinear effects are related to the higher order susceptibilities. Since 𝑃 and 

𝐸 are vectors, and are intrinsically odd under inversion symmetry. This makes  	𝜒 *  vanishes 

in any medium that is invariant in form under inversion124. However, if the symmetry is 

broken (for example, at the interface between two different medium) or in the case of surface 

distortions125, 𝜒 *  contributions for centrosymmetric materials (like gold or silver) can also 

be achievable126.  

2.2 Dielectric functions of metals 

As illustrated in in equation (2.13), the permittivity 𝜀  determine how the material 

responses to the external electromagnetic field, and thus is fundamentally important for derive 

the optical properties of metals involved in the plasmonic nanostructures in our study. In the 

following, some details about the determination of dielectric functions of the noble materials 

will we presented. 

To describe the response of metal, Paul Drude127 proposed a classical theory based on 

nearly free electron model, and derived the equation of motion of electrons moving between 

the periodically arranged ions background. This model was further advanced by Arnold 

Sommerfeld128 and Hans Bethe129 and ends today with a general form 
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                              𝑚x
AWC
ADW

+ 𝑚x𝛾z
AC
AC
= 𝑒𝐸1𝑒0OPD                                                     (2.14). 

where  𝛾z   represents a phenomenological damping term, 𝑚x  refers to the effective free 

electron mass, 𝑒 is the free electron charge and 𝜔 and 𝐸1 are the frequency and amplitude of 

the applied electric field, respectively.  Equation (2.14) can be analytically solved with the 

ansatz form 𝑟 𝑡 = 𝑟1𝑒0OPD by which the dielectric function can be directly obtained as  

              𝜀z 𝜔 = 𝜀| −
P}W

PW~Oe�P
 ,          with         𝜔� =

FG��vW

��
                              (2.15). 

here 𝜔� is the bulk (or volume) plasmon frequency (with electron density 𝑛x = 3/4𝜋𝑟�f, the 

electron gas value 𝑟� takes the value 0.16 nm for noble metals such as gold or silver) and 𝜀| 

corresponds to the ionic background in metal. Neglecting  𝛾z  and 𝜀|  for the moment, 

equation (2.15) can be simplified to  

                              𝜀z = 1 − P�W

P
                                                                 (2.16). 

 Then, two frequency regions can be clearly distinguished: 𝜀z is positive if 𝜔	 > 𝜔�, and the 

refractive index 𝑛 = 𝜀z  is a real quantity. When  𝜔	 < 𝜔� , 	𝜀z  is negative and 

correspondingly 𝑛	is imaginary, implying that electromagnetic waves with frequency in this 

region cannot propagate in the bulk medium. 

 Specifically, some typical metals possess values of 𝜔� lying in the ultraviolet region, 

which just accounts for the shiny and glittering appearance in the visible spectrum. Light 

waves with lower frequencies (𝜔	 < 𝜔�) are reflected, because the oscillating electrons in the 

metal screen the incident electromagnetic radiations. In contrast, light waves with frequencies 

above the bulk plasma frequency (𝜔	 > 𝜔�) get transmitted (the metal seems transparent to 

the light), since the motions of electrons in metal are too slow and fail to quickly respond to 

the fast oscillations of the high frequency fields. 
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The free electron gas model gives quite accurate dielectric parameters for describing the 

optical properties of metals at frequencies far away from the bulk plasmon frequency 𝜔�. At 

higher-energy frequencies, especially near or above the 𝜔� , interband transitions of bond 

electrons from the d bands into the sp bands are significantly promoted130 (see Figure 2.1) and 

thus the Drude model is inaccurate for the visible region of the spectrum as indicated in 

Figure 2.2. 

															

 
Figure 2.1 Electron band structure of gold obtained with first-principle calculations. The parabolic sp-bands, 

with energy roughly proportional to momentum spared, explain why the Drude model works well for most 

metals. Within the spectral regions above 2 eV, electrons can be significantly promoted from the lower d-bands 

to states in sp-bands above the Fermi energy level, leading to strong plasmon damping and absorption induced 

interband transitions131.      

Generally speaking, the dielectric function can fully describe the optical response of a 

material and can be exactly calculated with the first principle approach or obtained from 

measurements. In all the electromagnetic simulations performed throughout this thesis, the 
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dielectric data obtained from measurements by Johnson and Christy132 are used.

 
Figure 2.2 Dielectric functions of gold (silver) obtained by Drude model and experiment measurements, 

respectively24. Real and imaginary parts for gold in (a-b) and for silver in (c-d). Note the imaginary parts of the 

dielectric function for gold given by Drude model (in b) becomes invalid for frequency energies above 1.9eV, 

because at this frequency regions interband transitions are involved. The curve representing the d-band 

contribution depicted in (b) is obtained by direct comparison between the Drude model and the experimental 

measurements. 
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2.3 Theoretical description of Surface plasmon polaritons and 

localized surface plasmons 

2.3.1 Propagating surface waves at interface 

Before deriving the surface waves from Maxwell’s equations, some simplifications are 

made by introduction of electromagnetic potentials in further processing. Firstly, we consider 

the frequency domain Maxwell’s equation in free space: 

                   ∇ ∙ 𝐷 𝑟, 𝜔 = 0						∇×𝐵 𝑟, 𝜔 + 𝑖𝜔𝐷 𝑟, 𝜔 = 0                                (2.17a). 

                   ∇ ∙ 𝐵 𝑟, 𝜔 = 0						∇ ∙ 𝐵 𝑟, 𝜔 − 𝑖𝜔𝐵 𝑟, 𝜔 = 0                                  (2.17b). 

Taking the curl on equations of Ampère’s and Faraday’s law and performing the variables 

substitute lead to the wave equation for electromagnetic fields of Helmholtz form  

                          ∇* + 𝜀 P
W

@W
𝐸 𝑟, 𝜔
𝐵 𝑟, 𝜔 = 0                                                 (2.18).                                                          

This equation lies in the central results of Maxwell’s equations, since it predicts the existence 

of electromagnetic waves. By introducing the vector potential 𝐴 and the scalar potential 𝜑 we 

can combine the four expressions of Equation (2.17) into two new equations as listed below 

                                                 𝐵 = ∇×𝐴                                                                (2.19a). 

                                                 𝐸 = −∇𝜑 + 𝑖𝑘𝐴                                                      (2.19b). 

Governed by the gauge invariance of potentials, 𝐴 and 𝜑 can be chosen in such a way that 

they are directly correlated by the Lorenz condition  

                                                ∇ ∙ 𝐴 − 𝑖𝑘𝜀𝜑 = 0                                                        (2.20).                                                                                                    

This condition is coordinate independent and leads to two separate wave equations for 𝐴 and 

∅, which completely equal to the Maxwell’s equations (2.1):                                                                                   

                                            ∇*φ + 𝑘*𝜀φ = −4𝜋𝜌                                                   (2.21a). 
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                                                      ∇*𝐴 + 𝑘*𝜀𝐴 = − FG
@
𝑗                                                 (2.21b). 

 To derive the analytical form of the surface plasmons, a planar interface between a 

dielectric with dielectric (𝜀�) at 𝑧 > 0 and a metal (𝜀�) at 𝑧 < 0 is brought into consideration. 

The electric field 𝐸 𝑟, 𝑡  in wave equation (2.18) now will be solved separately in each 

medium and matching of the two solutions at the interface is guaranteed by the corresponding 

boundary conditions. In general, two independent sets of self-consistent solutions fulfill the 

Maxwell’s equations. One is the TM mode polarized along the incidence plane (𝑘0𝑧), and the 

other one is the TE mode polarized orthogonally to the incidence plane. Here only the TM 

mode is responsible for the surface plasmon excitation, we can thus neglect the latter one and 

write down the solution as130 

                            𝐸� =
𝐸��
0
𝐸��

𝑒O���0OPD𝑒O���� ,           𝑗 = 1,2.                                  (2.22). 

Note that the index 𝒋  labeling the medium is omitted because the component 𝒌𝒙 parallel to 

the interface is conserved in both mediums. The boundary conditions at the interface give rise 

to the following relation 

                                                           𝐸�� − 𝐸�W = 0                                                        (2.23a). 

                                                     𝜀(𝐸�� − 𝜀*𝐸�W = 0                                                       (2.23b). 

These relations mean the field component parallel to the surface is continuous, whereas the 

perpendicular one is discontinuous across the interface. The dispersion relation in each 

medium reads  

                𝑘�* + 𝑘��* = 𝜀�𝑘* = 𝜀�
P
@

*
→ 𝑘�� = 𝜀�

P
@

*
− 𝑘�*,𝑗 = 1, 2.                  (2.24). 
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This directly results in the plasmon dispersion relation between the angular frequency and the 

wave vector 

                                                     𝑘� =
P
@

���W
��~�W

                                                        (2.25). 

                                                            𝑘�� =
P
@

��
W

��~�W
,			𝑗 = 1, 2.                                      (2.26). 

       
Figure 2.3 Plasmon dispersion relation for an air/metal interface. Because the plasmon dispersion curve (red 

line; blue line for free electrons) doesn’t have any intersections with the light cone (blue line), it’s not possible to 

activate a surface plasmon at an air/metal interface optically. However, the slop of the light cone curve can be 

decreased (dotted yellow line) by replacement of the free space medium to a dielectric one24. 

For solutions of waves that are propagating along the interface, a real 𝑘�  in above 

formula is required. This can be available by following the conditions  

                                                    𝜀(𝜀* < 0,     𝜀( + 𝜀* < 0                                        (2.27). 
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which leads to an electromagnetic surface wave bond to the dielectric/metal interface. 

Accordingly, 𝑘��   becomes imaginary and thus corresponds to exponentially decaying 

evanescent waves.  

As can be seen from Figure 2.3, the dispersion curve of the surface plasmon does not 

intersect with the light cone at any point. Thus, direct excitation of the surface plasmon 

polaritons with light is not possible. However, SPPs can be excited provided the momentum 

mismatch is compensated, which can be done by tilting the light curve 𝜔 = 𝑐𝑘�  to 𝑐𝑘� 𝑛  in 

dielectric environment, or by generating evanescent fields near the interface as in the Otto and 

Kretschmann configurations which have already been introduced in Chapter 1 (Figure 1.2).  

2.3.2 Localized surface plasmons of metal nanoparticles 

Next, we discuss the localized surface plasmons sustained in a metal nanoparticles and 

distinguish them from their propagating counterpart on the dielectric/metal interface. When an 

electromagnetic wave illuminates on a metallic nanoparticle (with dimension much smaller 

than the wavelength), the electron gas in the metal particle gets polarized (at the surface) and 

the resultant restoring force forms a plasmonic oscillation. The metal nanoparticle thus acts 

like an electric dipole and  the associated resonance behavior dominates the optical 

response133.   

In principle, the localized plasmon properties of metal nanostructures can be theoretically 

predicted by solving Maxwell’s equations with specific boundary conditions. However, this 

analytical solutions are only available for nanostructures with spherical or cylindrical 

geometry, which are worked out by Gustav Mie for seeking the analytical solutions of the 

scattering response of a spherical particle134. After extracting the electromagnetic fields by 
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Mie’s theory, the extinction cross section (𝐶x��), the scattering cross section (𝐶 ¡¢) and the 

absorption cross section (𝐶¢£ ) and can be directed calculated as follows: 

                        𝐶x�� =
*G
�W

2𝑛 + 1 𝑅𝑒 𝑎� * + 𝑏� *|
�§(                                    (2.28).        

                        𝐶 ¡¢ =
*G
�W

2𝑛 + 1 𝑎� * + 𝑏� *|
�§(                                            (2.29). 

                        𝐶¢£  = 𝐶x�� − 𝐶 ¡¢                                                                             (2.30). 

in which 𝑎�  and 𝑏�  are coefficients determined by the boundary conditions. In reality, the 

infinite summations in equations (2.28) and (2.29) are usually truncated to a specific order, 

depending on the sphere size. 

Based on Mie’s theory, similar methods to solve Maxwell’s equations have been 

developed for more complex geometries such as multiple-spheres, spherical core-shell 

structures and cylindrical rods of infinite length135. For non-spherical particle, the boundary 

conditions are too complex to be incorporated into the Maxwell’s equations and the analytical 

solutions are almost impossible. Therefore, some approximations have to be introduced to 

simplify the calculations. Indeed, when the particle size is much smaller compared to the 

wavelength of illumination light, the quasi-static approximation can be applied to derive the 

optical response of particles25.  Under this approximation, the phase of the light field is 

assumed to be constant across the entire particle, for which the practical spatial field 

distribution can be simplified to a case of a particle immersed in an electrostatic field. Thus, 

the small particles can be regarded as dipoles and the corresponding scattering and absorption 

can be analytically evaluated. For a small spherical particle, its dipole moment or 

polarizability, scattering and absorption cross sections can be expressed as: 

                                               𝛼 = 4𝜋𝑎f ��©�ª
��~*�ª

                                                         (2.31). 



	

30	
	

                                                 𝐶 ¡¢ =
�«

2G
𝛼 * = ¬

f
𝜋𝑘F𝑎2 ��©�ª

��~*�ª

*
                                  (2.32). 

                                              𝐶¢£  = 𝑘𝐼𝑚 𝛼 = 4𝜋𝑘𝑎fIm ��©�ª
��~*�ª

                                 (2.33). 

where the 𝜀� and 𝜀° are the dielectric constants of the particle and the surrounding medium. 

Compared to expressions (2.28) and (2.29), it can be found the results in formula (2.32) and 

(2.33) are the first-order approximations of the Mie theory. In other words, the optical 

response of small nanoparticle is determined by the dipole term of the summation in formula 

(2.28) and (2.29). In light of this insight into the electrostatic approximation, Gans has 

expanded the Mie model into the case of elliptical particles and worked out the analytical 

expressions for dipole moment, scattering and absorption cross section of an elliptical particle 

as: 

                                             𝛼� = 4𝜋𝑎𝑏𝑐 ��0�ª
f�ª±ft� ��0�ª

 ,      (𝑗 = 𝑥, 𝑦, 𝑧)                        (2.34). 

                              𝐶 ¡¢,� = �«

2G
𝛼�

*
                                                           (2.35). 

                                                       𝐶¢£ ,� = 𝑘Im 𝛼� 																																																																(2.36).	

here a, b and c are the semi-axes of the ellipsoid. The depolarization factor 	𝐿�  can be 

calculated according to 

                   𝐿� =
³�@
*

´µ

³�
W~µ µ~³W µ~�W µ~@W

|
1  ,     𝑗 = 𝑥, 𝑦, 𝑧	; 𝑎� = 𝑎, 𝑏, 𝑐              (2.37). 

According to equation (2.34), the polarizability 𝛼  obtains a resonance enhancement 

under the condition that 𝜀�~𝐿� 𝜀· − 𝜀�   reaches its minimum, which, for slowly varying 

𝐼𝑚(𝜀·) around the resonance, simplifies to  

                                                        𝑅𝑒 𝜀� = (0t�
t�

𝜀°                                                       (2.38). 
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This relation is known as Fröhlich condition and defines an oscillation mode corresponding to 

the dipolar LSP resonance of a metal nanoparticle. Particularly for spherical particles, 

Equation (2.39) turns out to be  

                                                          𝑅𝑒 𝜀· = −2𝜀°                                                       (2.39). 

To summarize, the polarizability 𝛼 of a small metal nanoparticle (spherical or elliptical) 

solely determines its optical response under quasi-static approximation by 

                                                      𝛼 = 1 + 𝜅 𝜀1𝑉
��0�ª
��~¹�ª

																																																							(2.40). 

where 𝑉 is volume and 𝜅 is the geometric factor that incorporates the shape dependence of the 

polarizability 𝛼 . The localized surface plasmon resonance of the small metal nanoparticle 

occurs when the polarizability 𝛼 reaches its maximum at frequency 𝜔�· determined by 

																																																																			𝑅𝑒 𝜀� 𝜔 � = −𝜅𝜀°                                           (2.41). 
When the dielectric function of the Drude model is adopted, the frequency 𝜔�· of localized 

surface plasmon (LSPR) metal nanoparticle can then be calculated 

                              𝜔 � =
P�W

�º~¹�ª
+ 𝛾*	 ≈ P�W

�º~¹�ª
				(𝛾 ≪ 𝜔 �)                         (2.42).                                                                                                                                                                         

With equation (2.41) we can see that, while the real part of the dielectric function determines 

the spectral position of the LSPR of the metal nanoparticles,  the imaginary part determined 

damping (or dephasing ) of the electron oscillations governs the resonance linewidth and 

absorptive dissipation136.   

2.4 Plasmon coupling in complex metal nanostructures 

    When two metal nanoparticles are brought in close proximity, the individual surface 

plasmons sustained in the two particles have capacitive interaction to form new types of 
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collective plasmon modes42,44,137–139. With self-assembling and lithographic pattern 

technologies, more complex plasmonic nanostructures can be fabricated, such as the trimers31, 

heptamers140, and oligomers30,141, etc.  These coupled nanostructures possess distinctive 

optical responses and are usually featured with a large electric field enhancement in the gap 

regions forming the so-called “hot spots”136,142, which are responsible for a host of plasmon-

enhanced spectroscopy applications143–145. In analogy with the atomic interactions between 

constitutive atoms in a molecule, the coupled nanoparticles can be treated as artificial 

“plasmonic molecules” for which their optical responses can readily be understood by the 

plasmon hybridization between the individual surface plasmons of the constitutive particles42.  

To permit a solution of the related equations in the hybridization model, several 

assumptions are required to be made: the  electron gas in the metal behaves like liquid and is 

simultaneously irrotational and incompressible (uniform charge density), (2) the positive ions 

background are both homogeneous and stationary, (3) the individual particle plasmons can be 

described with a separable curvilinear coordinate system, and (4) the quasi-static 

approximation is effective for the individual particle elements, which means the electric 

retardation effect can be effected and the instantaneous Coulomb interactions between the 

elementary particles dominate the total optical responses146. Given these requirements are 

satisfied, the exact solutions to hybridization can be attainable. 

In addition to offering quantitative solutions, the plasmon hybridization model allows an 

intuitive understanding of the plasmonic response of complex coupled nanoparticles. Taking 

the nanosphere homodimer for example, each of the constitute particles supports a primitive 

plasmon of resonant frequency   

                                    𝜔°½¾½ = 𝜔�
¿

*¿~(
                                                                (2.43).              
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where 𝜔� is the bulk plasma of the metal, 𝑙 is the angular momentum indexing the spherical 

harmonics of different order, i.e., the dipole (𝑙 = 1), quadrupole (𝑙 = 2), and higher order 

plasmon modes (as indicated in Figure 2.4). When the two particles are getting closer, the 

coupling between the primitive plasmon in each sphere leads to a symmetric splitting of the 

plasmon resonances by forming the bonding and antibonding modes. Since the higher 

frequency antibonding mode has no dipole momentum, it cannot directly interact with the 

incident light, rendering it “dark” in the far field. In contrast, the bonding dipole mode, 

corresponding a strengthened dipole momentum, is optically active and is also known as a 

“bright” mode. As the interparticle gap distance decreases, interactions with the higher order 

modes become significant and can contribute an additional spectral redshift to the hybridized 

modes. The dark higher order modes can turn to optically active by coupling to the dipolar 

particle mode through modes hybridization, thus manifesting themselves in the far-field 

optical responses147. In the case where the primitive plasmons of the same order possess 

orthogonal modes, such as the degenerated primitive plasmons of a spherical particle, the 

interaction between the higher order modes and the dipole plasmons are forbidden and thus 

hinders the direct optical activation of the dark modes. 
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Figure 2.4 Schematic of the plasmon hybridization in a metal nanoparticle dimer.  The individual particle 

plasmons on the two nanoparticles interact and form bonding and antibonding plasmons mode. The arrow in 

each nanosphere (red and blue) indicates the individual dipole moment. In the dimer, the plasmons of an 

individual particle can interact with the non-orthogonal ones of the adjacent particle with different angular 

momentum (indicated by the dashed lines), which leads to an additional shift of the hybridized modes (depicted 

by the green arrows for the hybridized plasmons with 𝑙 = 1). 

As illustrated by the dimer system, plasmon hybridization model provides a design 

principle for engineering the optical response of complex nanostructures. More specifically, 

not only the interaction strengths can be geometrically tuned, but also the hybridized mode 

energy can be manipulated in a wide spectral band through control over the interparticle gap. 

In addition, for coupling systems with different constitute particles, the hybridization strength 

is also relevant to the energy gap between the separated primitive plasmons. Anyway, the 
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strongest hybridization occurs when the primitive plasmon modes are matched both spatially 

and spectrally. An analytical treatment of the coupled plasmonic system is usually prohibitive, 

the application of the plasmon hybridization model thus enable an intuitive physical 

understanding of the numerical results from full wave electromagnetic simulations.   

Additional simplified treatments for descriptions of the plasmon coupling include: (1) the 

coupled dipoles model, in which the individual particle is treated as an electric dipole within 

electrostatic approximation; (2) the coupled harmonic oscillator model. In this theory, the two 

nanoparticles in a dimer can be viewed as two oscillators with frequencies 𝜔(  and 𝜔* , 

respectively. The two oscillators couple with each other through a spring connecting them. 

The response of this equivalent system can be rigorously derived with Lagrange or 

Hamiltonian mechanics; (3) the resonant L-C circuit model. In this model, a simplified L-C 

oscillation circuit constituted with one inductor and one capacitor is introduced to model the 

coupled particles pair, and the inductance and the capacitance are determined by the dielectric 

gap distance between the constitute nanoparticles. Interested readers can find more details in 

related literatures138,148–151. 

In general, a thorough evaluation of the plasmonic response of the irregular nanoparticles 

and complex nanostructures is fully  included in the solutions of Maxwell’s equations, which 

in practice can only resort to the full-wave electromagnetic simulations. In the numerical 

methods, Maxwell’s equations are either discretized in the time domain finite difference 

(FDTD) configuration, or are transformed into the integral form in the finite elements method 

(FEM). In this thesis, both of these two methods will be adopted in the chapter (4-7) and some 

details on the simulations configurations can be addressed in the appendix part. 
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2.5 Second harmonic generations in the metal nanostructures 

2.5.1 General description of the nonlinear optical response of materials 

As for the nonlinear optical response of materials, let’s reproduce the nonlinear 

polarization expressions of equations (2.12b) below for further discussions. The nonlinear 

polarization per unit volume in the material can be written as  

   𝑃_
,Á 𝑟, 𝑡 = 𝜒_be

*
be 𝐸b𝐸e + 𝜒_bei

f 𝐸b𝐸e𝐸ibei + ⋯ , 𝛼, 𝛽, 𝛾 ∈ 𝑥, 𝑦, 𝑧               (2.44). 

With dyadic notations, the above expression can be simplified as  

        

                                     𝑃_
,Á = 𝜒_

(*)𝐸: 𝐸 + 𝜒_
(f)𝐸: 𝐸: 𝐸 +⋯,					                                       (2.45).  

where 

                                     𝜒_
(*) =

𝜒_,__ 𝜒_,_b 𝜒_,_e
𝜒_,b_ 𝜒_,bb 𝜒_,be
𝜒_,e_ 𝜒_,be 𝜒_,ee

							𝜒_
(f) = ⋯                               (2.46). 

                                       𝐸𝐸 =
𝐸_𝐸_ 𝐸b𝐸_ 𝐸e𝐸_
𝐸_𝐸b 𝐸b𝐸b 𝐸e𝐸b
𝐸_𝐸e 𝐸b𝐸e 𝐸e𝐸e

						𝐸𝐸𝐸 = ⋯                               (2.47). 

the 𝜒_
(*)	 and 	𝜒_

(f) are the second- and third-order nonlinear susceptibility tensors. The 𝐸𝐸 and 

𝐸𝐸𝐸 correspond to the second- and third-order electric dyad tensors. Therefore, the second-

order nonlinear optical response of the materials can be fully described by the 27 elements in 

tensors of  𝜒_
(*). The governing equation is given by the following SHG polarization152 

                                               𝑃_
(*P) = 𝜖1 𝜒_be

(*)
be 𝐸b

(P)𝐸e
P                                             (2.48). 

Then we can calculate the corresponding nonlinear current as108 

                                                      𝑗*P = AX
AD
= −𝑖2𝜔𝑃*P                                                  (2.49). 
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With the nonlinear current source, the near-field and far-field properties at the second 

harmonic frequency can totally be calculated.  

2.5.2 SHG in plasmonic nanostructures 

Surface plasmons are commonly associated with noble metals (Au, Ag) possessing a 

centrosymmetric lattice structure. Within the electric dipole approximation, the dipolar SHG 

from the metal bulk vanishes5. The origin of the nonlinear optical response can be attributed 

to the breakdown of the centrosymmetry at metal surface (termed as local response) or field 

gradients inside the bulk metal (nonlocal response). The total second harmonic polarization 

can be written as a sum of the surface and bulk contributions, 

                                               𝑃(*P) = 𝑃 ÄÅÆ
(*P) + 𝑃£ÄÇÈ

(*P)                                                (2.50). 

                                              𝑃 ÄÅÆ
(*P) = 𝜀1	𝜒�𝐸(P)𝐸(P)𝛿 𝑟 − 𝑟� ≡ 𝑃�

*P                            (2.51). 

                                                     𝑃£ÄÇÈ
*P = 𝜀1𝜒�𝐸(P)𝐸(P)                                          (2.52). 

where 𝑟�   defines the metal surface and 𝜒�  and 𝜒�  represent the second-order susceptibility 

tensors. If the surface is of isotropic symmetry with an image plane perpendicular to it, the  𝜒�  

has only three non-vanishing elements: 𝜒ËËË
(*) ,	𝜒Ë∥∥

(*)  and 𝜒∥Ë∥
(*) = 𝜒∥∥Ë

(*) , where the symbol ⊥ (or 

∥  ) denotes the direction normal (or parallel) to the surface153. Therefore, the surface 

polarization can be recast to  

                            𝑃�
(*P) = 𝑛 𝜒ËËË

(*) 𝐸�
P 𝐸�

P + 𝜒Ë∥∥
(*) 𝐸D

P 𝐸D
P + 2𝑡𝜒∥Ë∥

(*) 𝐸�
P 𝐸D

P            (2.53). 

where 𝐸�
P  and 𝐸D

P  are the normal and tangential field components near the interface. The 

bulk polarization arises from the spatial field gradients inside the material and can be 

expressed as   
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                         𝑃£ÄÇÈ
*P = 𝛽𝐸 P ∇ ∙ 𝐸 P + 𝛾∇ 𝐸 P ∙ 𝐸 P + 𝛿Î 𝐸 P ∙ ∇ 𝐸 P                (2.54). 

Where 𝛽,𝛾 and 𝛿Î are the intrinsic parameters of material153,154. In the isotropic media, the 

first term vanishes. Generally, the susceptibility component 𝜒ËËË
(*)  dominates the contribution 

to the surface SH response in metal nanostructures108,155, and the typical value is of order 

~100(¬𝑚*𝑉0(156. Aside from experimental retrieval of nonlinear susceptibilities, analytical 

evaluation of parameters which offer deeper insight on the origin of complex nonlinearity in 

metals can be achieved with free-electron gas, hydrodynamic and quantum density functional 

theories157–159. A more involved self-consistent and non-perturbative approach for describing 

harmonic generation in metal nanostructures was recently developed within the hydrodynamic 

model160,161. In this thesis, as will be seen in chapter 7, a simplified version of this model is 

implemented in the finite element method and help to shed light on the second harmonic 

generation in the metal film-coupled nanoparticles. 
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Chapter 3 Sample fabrication and character-

ization techniques 

The samples used in this thesis work are the metal film-coupled nanoparticle structure. In 

this chapter, I will firstly present some details on the sample fabrication. Then I will introduce 

the primary instrumental techniques to characterize the sample morphology. At last, I will 

show the specific optical systems involved in this thesis for the dark field, photoluminescence 

and nonlinear optical spectroscopy in single nanoparticles level. 

3.1 Sample fabrication 

The schematic illustration of the metal film-coupled nanoparticles is depicted in Figure 

3.1, in which the nanoparticle is gold The separation between the nanoparticles and the planar 

gold film is achieved by the coating cetyltrimethylammonium bromide (CTAB) molecule 

layer which enables a gap distance ~0.5 − 1𝑛𝑚 at the junction162. 
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Figure 3.1 Schematic illustration of the metal film-coupled nanoparticles. Cetyltrimethylammonium bromide 

molecules are used as the surfactants for stabilization in solution (a) and simultaneously can be used as a 

dielectric spacer to separate the particle from the gold film (b). 

3.1.1 Au film deposition 

In the first step, the gold film is deposited on an ultraclean silica coverslip (Schott 

Nexterion, Germany) with a thermal evaporator (Nexdep, Angstrom Engineering, Inc.). The 

mechanics of the deposition process are schematically presented in Figure 3.2a. Upon 

electrically heating at high temperature in vacuum ambience, the bulk gold (24k) in the source 

container will be melt and vaporized into gas of gold atoms which continuously strike the 

silica surface hanging above and will gradually accumulate forming gold atom layer. The two 

important parameters, thickness of the film and roughness of the metal surface for loading 

nanoparticles are carefully controlled in the deposition process. The film thickness can be 

tuned by controlling the total amount of the deposition source (bulk Au) and the exposure 
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time of the silica surface to the source, while he roughness of the formed film is directly 

correlated with the vacuum level and the deposition rate. 

  
Figure 3.2 (a) Schematic of the thermal evaporation process for metal film deposition. (b) A simple quality 

evaluation of the gold film deposited under different vacuum level. The images are captured under a dark field 

microscope with 100×  magnification and each image corresponds to a check area of 120×100𝜇𝑚* .The 

particles indicated by the yellow arrows refer to the contaminants introduced during the deposition process. As 

seen from (c), the image comes with a pure back background and considerably reduced dust numbers, 

corresponding to a high-quality gold film with small root-mean-square (RMS) of the surface roughness. 

In the practical deposition process, the film thickness of optically oblique can always and 

readily be guaranteed. Usually, the thickness of the film obtained is around 50𝑛𝑚  when 

~500𝑚𝑔 bulk gold is loaded in the source container and the pumping electrical power is set 

to be 27% of its available power maxima (corresponding to an average deposition rate of 

1.8 Å s ). The configuration for smaller roughness, however, is highly demanded and 

especially dependent on the vacuum level that can be achieved. It has been demonstrated by 
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the comparison presented in Figure 3.2(b) that, at high vacuum level (up to 3.2×100×	𝑇𝑜𝑟𝑟), 

the roughness of the metal surface is significantly improved compared to that of the lower 

vacuum level (~1.22×100Ú	𝑇𝑜𝑟𝑟). Therefore, in each batch of metal film deposition, the 

deposition chamber is pumped to an extreme high vacuum level of the order 100×	𝑇𝑜𝑟𝑟 for 

high quality metal film yet at a cost of long vacuum pumping time (8 − 10	ℎ𝑜𝑢𝑟𝑠, typically). 

As showed in Figure 3.3a, the measured roughness (evaluated by RMS sort for root-mean-

squared ) of the metal surface by atomic force microscope (AFM) is ~0.75	𝑛𝑚 . 

           

 Figure 3.3 (a-b) The measured roughness of the gold film surface with AFM mapping. The vacuum pressure of 

the deposition chamber is about 1×100×	𝑇𝑜𝑟𝑟. The upper plotting corresponds to metal film fabricated with 

ordinary thermal evaporation method while the bottom one presents surface roughness of the gold film peered 

off from the silicon surface. (c) schematic of the pear-off method used to fabricate gold film with smaller 

roughness.  

Chatdanai Lumdee’s work60 has demonstrated the effect of the nanoscale metal surface 

roughness on the far-field spectral response, which indicates a plasmon resonance induced by 
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the nanoscale environmental perturbations near the gap junctions. This influence can be more 

pronounced in various plasmon-enhanced nonlinear optical measurements due to their high 

sensitivity to field variations. Accordingly, the peel-off method163 has been adopted for further 

improving the metal surface RMS, In this deposition flow, as depicted in Figure 3.3b, the gold 

film is initially deposited on the crystal silicon surface with the thermal evaporation method. 

Then it will be transferred to the glass substrate with optical epoxy (MG Chemicals, 8322-1), 

and therefore, the previous metal surface at the silicon-gold interface will be left exposed for 

following loading of nanoparticles. Since the silicon surface comes with an ultra-flat surface 

determined by the mono-crystal surface structure, the roughness of the facing surface of the 

attached gold film can be readily controlled within the angstrom scale (~0.5	𝑛𝑚) as indicated 

by the AFM measurements in Figure 3.3b.  

3.1.2 Au nanoparticles  

The gold nanoparticles used here are mainly nanospheres purchased as the form of 

colloidal solutions (NanoSeedz Ltd., Hong Kong) with OD=5.0 for each batch of them. To 

avoid the clustering of particles and stable dispersion in the solution, the nanoparticles are all 

coated with a mono-layered Cetyltrimethylammonium Bromide molecules which are 

positively charged as already depicted in Figure 3.1. Before dispersed on the gold or silica 

substrates, the colloidal solutions will be centrifuged for 15 minutes at the speed of 5000 𝑟𝑝𝑚 

to remove the excessive CTAB molecules in the host solvent, and then diluted with deionized 

water to the concentration level one third of its originals. 

For constructing of the particle on film configuration, a drop of diluted colloidal solution 

(~100 µL) is casted on the gold film or glass substrate and left dry in air for a few seconds. 
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Particularly, during the drying process, some nanospheres are likely to self-assemble into 

dimers, trimers or even more complex clusters. 

3.2 characterization techniques 

3.2.1 Ultraviolet-Visible Spectrophotometer    

 To have preliminary understandings of the optical properties of the gold nanoparticles, 

measurements of the extinction spectra are performed by the Ultraviolet-Visible 

Spectrophotometer (UV-2550 UV-Vis., Shimadzu). The extinction cross section (σx�� ), 

defined by the sum of scattering (σ ¡¢) and absorption (σ¢£ ) cross sections of the particles, 

are usually used to evaluate the interaction intensity between the light and matters. Actually, 

in experiments the measurable quantities related to the extinction of colloidal solutions are the 

transmittances. By measuring the different light intensity of a light beam before and after 

passing through a standard 1𝑐𝑚-quartz-cuvettes containing the diluted particles solution, the 

extinctions of the ensemble nanoparticles can be evaluated by  

																																															𝜎x�� ∝ −𝑙𝑜𝑔(1 𝑇 = −𝑙𝑜𝑔(1
áâ
á

																																																													(3.1).	

where 𝐼1 and 𝐼 are the optical power of the incident and transmitted lights, respectively. The 

typical extinction spectra measured within the range 450 − 950𝑛𝑚 is presented in Figure 

3.4(b). As can be seen, with, the light with wavelengths at around 550nm are significantly 

extinct after passing through the nanoparticles solution, which implies a strong light-

nanoparticles interaction at these wavelengths. 
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Figure 3.4 (a) Schematics of the extinction measurements of the nanoparticles solution. (b)The measured 

extinction spectrum of the 100nm gold nanoparticles dispersed in water.   

3.2.2 Optical dark field microscopy  

 Nowadays, the dark field microscopes are almost indispensable characterization tools in 

studying the optical properties of plasmonic nanostructures. Thanks to their significant 

enhancement in imaging contrast or signal-to-noise ratio (SNR), weakly emitting tiny objects 

(even a few tens nanometer) can readily be identified from the noisy imaging background by 

this observation mode. The mechanics of the high SNR in this microscopy technique can 

easily be understood by the common sense that the tiny dusts floating in the air ambience can 

readily been observed in a light beam entering a dark room from inside the room as depicted 

in Figure 3.5(a). The key point is that the observation direction of our naked eyes must have 

large angle with respect to the light beam, so that only the scattered light by the tiny dusts can 

enter our eyes forming the observation view. Since the strong transmitted light rays on the tiny 

dusts won’t enter the eyes, a high contrast can be achieved and the tiny dusts are enabled to 

stand out from the background. The dark field microscopes share the same function principle 

with that of the visibility of tiny dusts in air. There are two types of setup configurations for 
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constructing the optical dark field microscopes- the transmitted and reflected modes, which 

are depicted in Figure 3.5(b). In the transmitted configuration, the inserted oblique disk in the 

incidence beam blocks light from the central part of the beam and allows only the outer light 

ring enter the condenser lens. After focused by the condenser, a hollow light cone is formed as 

the illumination field. The half angle of the cone 𝜃 is determined by the numerical aperture 

(NA) of the dark field condenser (including the oblique disk) as the function of 𝜃 =

𝑎𝑟𝑐𝑠𝑖𝑛 NA . To achieve a dark background in the observation view formed through the 

collection objective, the NA of this objective must be at least smaller than that of the bottom 

condenser to avoid collecting the strong light in the directly transmitted direction. As shown, 

only the light scattered by the tiny particles can generate rays falling within the collection 

angle of the objective to form the image. To be noted that this configuration enables the 

collection of the forward scattering for imaging light and works only for the transparent 

substrate case. When the substrate is oblique, like the optically thick metal films in our study, 

the configuration choice should be the reflected dark field illumination. In this configuration, 

the specially designed objective is functioned as both a condenser and imaging lens. The 

hollow light cone is achieved by the lens tube consisting of a hollow circular mirror and dark 

field objective. This elaborate design makes the collected scattering rays in the central part of 

the tube well separated from the direct incidence for illumination, enabling a pure black 

background for high contrast observation. 
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Figure 3.5 (a) An example illustrating the working principle of dark field imaging. The dusts in the incident can 

be clearly visible in the scattering directions, whereas are invisible in the transmission (or incident) direction. 

(b)The schematics of the key parts of two types of dark filed microscopes. The upper panel corresponds to the 

one of reflection mode, in which the back-scattered light is collected for imaging while the objective in the 

transmission configuration (bottom) collects the forward-scattered light with illumination from the bottom side. 

In our experiments, a dark field spectroscopy system has been constructed based on the 

upright dark field microscope (BX51, Olympus), which enables the optical characterization of 

the plasmonic nanostructures in the single nanoparticle level. The dark field configuration 

adopted here is of a reflected mode as in Figure 3.5(b). Being reflected by the hollow circular 

mirror, light from the light source is steered into the outer tube shell of the objective and then 

focused to form the hollow light cone for illuminating 
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Figure 3.6 Experimental setup for the dark field spectroscopy over single nanoparticle. 

the nanoparticles. While the mirror-reflected light from the substrate will mostly return to the 

incidence path, the scattered light from the nanoparticles will be collected and guided to the 

eyepiece or the camera for imaging or spectral analysis by the spectrometer system. A typical 

dark field image of the nanoparticles is presented in Figure 3.7(a), shot by a true-color CCD 

camera (QICAM 12 bit, QImaging Inc.) mounted on the optical output port. 
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Figure 3.7 Measurement of scattering signals from single nanoparticle. (a) The dark field image of gold 

nanoparticles dispersed on gold film. The imaging size is 120𝜇𝑚×100𝜇𝑚. (b) Isolating the scattering signal to 

the single particle level, the narrowed slit width and selected pixel rows together define a small area containing 

only one particle and only signals from this area can be acquired by the detection device. (c)The typical 

scattering spectrum of single gold nanoparticles (100𝜇𝑚) on gold film.  

For measuring the scattering spectrum of single nanoparticles, a confocal imaging 

configuration is performed in the detection path as depicted in Figure 3.7(b). The basic 

thinking is to restrict the detection area in the sample into a micro-sized area containing just 

one nanoparticle as indicated by the rectangular box in Figure 3.7(a).  Since the real imaging 

planes are located at the spectrometer entrance and the camera sensor, the isolating of signal 

from single nanoparticles can be achieved by horizontally narrowing the slit width at the 

entrance of the spectrometer, and simultaneously extracting only the signals from the pixel 

rows (vertically restriction) corresponding to the height of the targeted particles. Upon 

completing the isolation of single nanoparticle in the imaging plane, only the light from this 

particle can get accessed to the signal detection channel. Then the optical system is switched 

to the spectra mode so that the CCD detector can record the intensities of grating dispersed 

light and output the scattering spectrum of single nanoparticles. A typical scattering spectrum 

for a 100𝑛𝑚 gold nanoparticle deposited on gold film is showed in Figure 3.7(c).   

3.2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is used to characterize the geometric morphologies 

of structures with the size below the optical diffraction limit.  According to the Rayleigh 

Criterion, the resolution δ of an optical microscope is determined by  𝛿 = 0.61𝜆/𝑁𝐴 ,where λ 

is the illumination wavelength and NA is the numerical aperture of the objective.  With the 
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achievable value of 𝑁𝐴 (typically,	≤ 1.4), the theoretically limited resolution is of the same 

scale order of the wavelength. The resolution of a conventional optical microscope is 

hundreds of nanometers which makes it incapable to resolve the structure details within the 

sub-nanometer scale. The wavelength of electrons in motion, defined as 𝜆 = ℎ/𝑝, can be 

manipulated by controlling the momentum 𝑝 . Being accelerated by the moderate electric 

potential, say, 100	𝑘𝑒𝑉 , the corresponding wavelength of the electron can reach 3.7×

100f	𝑛𝑚, which is far lower than that of the visible light. Therefore, this ultra-short electron 

wavelength in the SEM system leads to a much higher resolution (down to several 

nanometers) compared to the conventional optical microscope. 

3.2.4 Photoluminescence spectroscopy 

Photoluminescence measurements of plasmonic nanostructures in the single particles are 

performed based on a modified micro-Raman confocal system (LabRAM HR800, Horiba), 

which is schematically depicted in Figure 3.8. Lasers, with polarization direction controlled 

by the half wave-plate (HWP) is guided to the microscope and tightly focused on the samples 

by the objective. Emitted photons will be collected by the same objective and then partially 

reflected to the spectrometer for spectral analysis after passing through the dichroic mirror 

(DM). For identifying the single nanostructure, a dark field illumination arm is constructed 

besides the microscope based on a fiber white light source (Schott, A20510). Scattered light 

can be collected by the objective and partially enter the camera for imaging. 
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Figure 3.8. Experimental setup of the photoluminescence measurement of individual plasmonic nanostructures. 

HWP: half wave-plate. DM: dichroic mirror. BS: beam splitter.  

3.2.5 Nonlinear optical emission spectroscopy 

The measurements of nonlinear optical emission from individual nanostructures were 

carried out on a functionally extended commercial laser scanning confocal microscope system 

(TCS SP8, Leica) combined with a Ti:sapphire femtosecond laser (Mai Tai HP, Spectra-

Physics). The time duration and repetition rate of the laser pulse is about 200fs and 80MHz, 

respectively. As depicted in Figure 3.9, the scanning of the laser beam at the focal plane is 

controlled by the beam scanning resonator with programing applications in PC. Before 

reaching the sample plane, the laser beam is tightly focused by a dry objective with high NA 

(0.95). The continuous scanning over the sample by the focused laser beam will result in an 

emission intensity profile in gray scale and thus scanning images are formed. All the 
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subsequent analysis, including the emission intensity evaluation, spectra acquisition, are all 

based on the obtained false color images. Specifically, in the nonlinear optical imaging, the 

size of pinholes between L1 and L2, which should be carefully optimized in ordinary 

scanning confocal mode, yet are set as fully open since the nonlinear optical emission occurs 

just in the very small focus volume and the background intensity are intrinsically suppressed.     

     
 

Figure 3.9. Experimental setup of the nonlinear optical spectroscopy. M1 (M2): mirror 1 (mirror 2). HWP:  half-

wave-plate. BSR: beam scanning resonator. L1 (L2): lens 1 (lens 2). DM: dichroic mirror. 
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Chapter 4   Unveiling the plasmonic resonances 

in an Au film coupled nanoparticle by 

polarization-resolved dark-field spectroscopy 

In a close analogy to the strong interaction between a fluorescent molecule and a 

neighboring metal film, the system of metal film-coupled nanoparticles has recently received 

a great deal of research interests.54,60–63,65,164–166 In this system, the presence of the underlying 

metallic film breaks the rotational symmetry of a spherical nanoparticle, resulting in strong 

coupling between the plasmon modes supported by the individual nanoparticle with its 

induced image on the film. As a result, the nanogaps between the particles and the film behave 

like plasmonic hot spots with extremely large field concentration which promises many 

plasmon-mediated optical sensing and enhancement applications.55,167,168 Moreover, this film-

coupled nanoparticle system offers a versatile platform for exploring a variety of fundamental 

nanophotonic phenomena such as spatial nonlocality66 and quantum tunneling when the gap is 

less than 0.5 nm.67 Thus far, most previous investigations have been focused primarily on the 

system consisting of a single nanoparticle atop a metal film.169–172 In the monomer-film 

system, the interaction between the dipolar plasmon mode sustained by the nanoparticle and 

the underling film, as well as tuning mechanism of the plasmon mode through gap distance 

controlling are extensively studied. However, little light has been shed on the effect of the 

underlying metal film on the coupling plasmon modes sustained by complex nanostructures 

sitting above. Thus, there is very little knowledge about plasmonic properties (resonance 

position and radiation behavior) of metal film-coupled nanoparticle clusters like dimers or 
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more complex nanostructures and the potential applications associated with these interesting 

systems also remain unexplored.173–175 

In this chapter, I will present an experimental study for the first time on the coupled 

plasmon resonances in a single metallic film-coupled nanoparticle dimer system. To start this, 

the scattering responses of both the gold film-coupled nanoparticle monomers and dimers are 

examined in Section 4.1. It has been found both the monomer and dimer on film support two 

plasmon resonances at 550nm (i) and 830nm (ii). Particularly, a strong plasmon peak appears 

at 650nm (iii) in the scattering spectra of nanoparticle dimer.  To uncover more physics about 

these plasmon resonances, excitation polarization dependent scattering measurements are 

performed in Section 4.2 for individual nanoparticle monomer- and dimer-film nanostructures, 

respectively. With the polarization resolved spectral decomposition and color decoding base 

on a functionally extended dark field spectroscopy, we reveal that the plasmon resonance (1) 

and (2) in both monomers and dimers can be preferentially excited by light with horizontal 

and vertical polarizations, respectively. Particularly, the excitation polarization along the 

dimer axis in the film-coupled dimer is highly responsible for the plasmon resonance (3) and 

the newly emerged one at 530nm (4). Analysis based on the electromagnetic simulations on 

electric charge and field distributions suggest the dipolar origins of the modes (1) and (2), 

well consisting with the features of the intensity patterns measured experimentally in the far 

field. The distortions in charge distributions of mode (3) and (4) in the dimer, however, imply 

a plasmon hybridization between the bright dipolar mode and high order modes. Finally, in 

Section 4.3, we demonstrate that the in-plane polarization sensitive gap modes (3) of the gold 

film-coupled dimer constitute a new nano-metrology tool that can be used to precisely resolve 
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the spatial orientation of the nanoparticle dimer and also optically distinguish dimers from 

monomers. 

4.1 Optical characterization of gold film-coupled nanoparticles 

As mentioned in the last chapter, the diameter of all the nanospheres in our study is 

~100 nm. The gap distances are solely determined by the ~1 nm thickness of the coating 

CTAB layer, which results in the ~1 nm particle-film separation and ~2 nm particle-particle 

gap distance in the nanoparticles dimer on film. Figure 4.1a depicts a schematic of the gold 

film-coupled nanospheres and two different dark-field illumination configurations used in our 

experiment. The left panel shows a built-in un-polarized illumination scheme with a standard 

dark-field microscope system. Although a polarizer can be inserted in the illumination light 

path before the objective, the polarization direction of the hollow beam cone cannot be well 

controlled with respect to the nanostructure orientation in the focal planes, particularly for the 

nanoparticle dimer. To overcome this limitation, we construct an external illumination arm 

with which the incidence polarization can be continuously tuned from s- to p-polarized as 

shown in the right panel of Figure 4.1a. Additionally, the incidence angle can also be tuned 

within a specific range beyond the cone angle defined by the numerical aperture of the 

objective. This setup improvement has enabled the polarization- and angle-dependent 

excitation of specific plasmon resonance modes in complex plasmonic nanostructures, 

significantly facilitating the understanding of their mode characteristics. 
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Figure 4.1 (a) Schematic of gold film-coupled nanoparticles under standard (un-polarized, left panel) and home-

built (polarization tunable, right panel) excitation configurations. The thin shells in light-blue represent the 

CTAB coatings around gold nanospheres. (b) SEM micrograph (left, 5000X magnification) of a nanosphere 

dimer (enclosed by the red square) and two nanosphere monomers (enclosed by the green and blue squares) both 

dispersed on a 45-nm-thick gold film. The right panel shows the pattern-matched optical dark-field image (100X 

magnification) for the same sample area. The scalar bars in both images are 2 𝜇𝑚 The bigger green and red 

squares in the SEM image show magnified view of the nanoparticle monomer and dimer, respectively, with their 

scattering spectra shown in (c) under the un-polarized illumination configuration.  

Figure 4.1b shows the pattern-matched scanning electron microscope (SEM, left panel) 

and true-color optical dark-field (right panel) images for a typical area of the sample used in 

our study, with the latter captured under an un-polarized illumination configuration with an 

upright microscope. Three single nanostructures, including two nanosphere monomers and 

one dimer, can be clearly seen in both images. In the dark-field image, the two gold film-

coupled nanoparticle monomers show strong scattering in the green color band while the 

dimer efficiently scatters the orange light with intensity saturation, well consistent with the 

measured scattering spectra as shown in Figure 4.1c. The scattering spectrum of the monomer 
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exhibits two intensity peaks at wavelengths ~550 and 830 nm, labelled as modes (1) and (2), 

respectively. In addition to the two scattering peaks occurring at nearly the same spectral 

positions as that in the monomer case, the nanosphere dimer exhibits an additional scattering 

peak at ~660 nm labelled as mode (3), which has a much stronger intensity yet narrower 

spectral linewidth (FWHM: ~44 nm) than the other two mode peaks. As shown in the 

following, the mode natures of the three scattering peaks observed in both gold-film-coupled 

nanostructures will be investigated in detail by combining polarization-resolved far-field 

scattering measurements with electromagnetic simulations of surface electric charge 

distributions at the resonant wavelengths. 

4.2 Spectral decomposition and color decoding of distinctive gap 

plasmonic modes 

To get more insight into the observed plasmonic modes, I perform excitation polarization 

resolved scattering measurements for both monomers and dimers coupled to metal film with 

the polarization controllable illumination setup shown in Figure 4.1a (right), which permits  

an elegant decomposition of their un-polarized scattering spectra presented in Figure 4.1c. 

Figure 4.2a schematically depicts the s- and p-polarized incidence with respect to the two 

different orientations of the nanoparticles dimer. As can be seen from Figure 4.2b that the 

measured scattering spectrum of the film-coupled single nanosphere (case (i) in Figure 4.2a) 

illuminated by the s-polarized incidence exhibits only one peak at ~550 nm, which spectrally 

coincides with the mode (1) marked in Figure 4.1c, suggesting that this plasmon mode only 

responds to horizontal excitation polarization. This polarization dependence can be further 

verified by the surface charge distribution simulated for a gold film-coupled nanosphere as 
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plotted in the first column of Figures 4.3a and 4.3b, which seemingly, indicate the excitation 

of an electric quadrupole mode of single nanoparticle. However, the quadrupolar type 

plasmon  is optically inactive mode which is hard to couple with the incidence45,176–179. 

Therefore, it must have been hybridized with the bright dipolar mode, leading to its 

manifestation in the radiation field147,180.  Due to the involvement of the dipolar component, 

the radiation of the quadrupole is expected to behave like a dipole source in the far field as 

will also be confirmed afterwards by the radiation pattern with a solid far-field radiation 

pattern as illustrated in Figure 4.5b.  In addition, Figure 4.3c shows that the field intensity at 

the quadrupole resonance is highly confined within the particle-film area. In contrast, the 

scattering spectrum shown in Figure 4.2b for the nanoparticle monomer under p-polarized 

illumination is dominated by an intense radiation peak at wavelength ~830 nm, agreeing with 

the wavelength position of the mode (2) marked in Figure 4.1c, and simultaneously a weaker 

peak at ~545 nm, similar to the mode (1) activated by the residual horizontal polarization 

component of the tilted p-polarized incidence. Therefore, this plasmon resonance corresponds 

to a vertically aligned bonding mode formed by the vertical coupling between the particle 

dipolar plasmon mode its induced dipole image in the gold film, fully confirmed by the 

simulated surface charge distribution as plotted in the second column of Figures 4.3a and 4.3b. 

The constructive bonding of this mode significantly strengthens the radiation into the far-field 

space and leads to a large field intensity concentration in the near field as can be seen from 

Figure 4.3c. 
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Figure 4.2 (a) Schematic illustration of the two incidence configurations with different polarizations for 

illuminating the gold film-coupled nanoparticles monomer and dimers. (b-d) Scattering spectra (dots) measured 

for single nanostructures of the three cases (i-iii) as labelled in (a) under the two orthogonal polarization 

incidence and the corresponding curve fits with the Lorentz function (lines). 

Then we turn to the gold film-coupled nanoparticle dimers with the two orientation cases 

as depicted in Figure 4.2(a). With s-polarized incidence, Figure 4.2c shows that the scattering 

property of the dimer in case (ii) is spectrally featured by an intense yet narrow peak at ~660 

nm, consisting with the similar spectral position of mode (3) in Figure 4.1c. Note the another 

spectral peak at ~530 nm, with much lower intensity, can be slightly observed and is labelled 

as mode (4). Additionally, these two modes totally disappear under when the incidence is 

switched to the p-polarization, suggesting that they are only associated with plasmon 
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oscillations along the dimer axis. The surface charge distribution of plasmon mode (3) shown 

in the third column of Figures 4.3a-b demonstrate that two anti-parallel horizontal dipole 

moments exists in each of the particle-film junctions. This destructive dipole pair should 

contribute little to the far field response of the associated plasmons. However, the charge 

distribution at the particle-particle gap fully resemble s to that of a nanoparticle dimer 

immersed in homogeneous medium, which suggests constructive dipolar bonding across the 

constitute particles, upon further coupled to metal film, still remains and can be the source of 

the strong far-field radiation at wavelength ~660 nm. The simulated charge distributions for 

the weak plasmon mode (4) in the fifth column of Figures 4.3a-b demonstrate its higher order 

origin as revealed by the distorted surface charge distribution features both at the particle-

particle junction and particle-film junctions. In addition, for the plasmon resonance (3) and (4), 

the near field confinement does not solely occur at the particle-film regions, substantially 

enhanced field enhancement can also be found at the particle-particle region as shown in the 

last column of Figure 4.3c.   The spectral response of the same dimer tunes to a completely 

different scenario under the p-polarized illumination: its scattering spectrum exhibits two 

peaks at the similar spectral positions as the modes (1) and (2) which are associated with the 

horizontal and vertical polarizations, respectively. Since the dimer-axis aligned polarization is 

absent in the incidence, the particle-particle coupling can be negligible, suggesting the two 

observed two modes originate respectively from the transverse antibonding (the higher energy 

one) between the particle dipoles and the vertical bonding (the lower energy one) of the 

individual particle dipole and its induced dipole image in the gold film. 

Lastly, we address the spectral response of the nanosphere dimer in cased (iii). Since the 

dimer axis lies within the incidence plane, the s-polarized illumination can neither effectively 
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excite the gaps modes through particle-film coupling, nor trigger the longitudinal dipolar 

bonding between the constitute particles, leaving only the transverse particle-particle 

antibonding dominated far field response as indicated by the scattering peak at ~550 nm 

(Figure 4.2d). When switched to p-polarized illumination, three distinctive resonance modes 

can be identified from the scattering spectrum, with the strongest one at ~830 nm 

corresponding to the dipolar gap mode (2), the high order mode (4) ~530 nm and the third at 

~670 nm labelled as mode (3ʹ). Actually, this newly emerged plasmon mode (3ʹ) is a 

hybridized resonance resulted from the coupling between the plasmon modes (2) and (3) as 

evidenced by the inherited surface charge distribution features from both modes (see the 

fourth panels of Figures 4.3a-b). As a result, the near- field intensity at this plasmon resonance 

can be simultaneously enhanced in both the interparticle and particle-film regions (as shown 

in Figure 4.3c).  Since all the modes discussed above can be distinguished with specific 

polarization, a continuous polarization control as depicted in Figure 4.4a, will result in an 

alternative excitation of the different plasmon resonance, demonstrating a dynamic and 

flexible modulation of the abundant plasmon modes as showed in Figure 4.4(b-d).        
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Figure 4.3 (a-b) Surface charge distribution simulated for both gold-film-coupled nanosphere monomers and 

dimers. For simplicity, the CTAB layer coated on the individual nanoparticles are modeled as air in simulations. 

For better visualizations of the particle-film gap regions, Note the charge distributions are separately showed in 

two different views for better visualizations of the particle-film junctions. (c)  Intensity distributions of the field 

components 𝐸� and 𝐸� of the nanoparticles in (a-b) at the same mode frequency. 

 

To shed more light on the correlation between the simulated near-field origins and the far 

field responses of each plasmon mode in the gold film-coupled nanoparticles, we strive to 

isolate the far-field radiation pattern of each plasmon resonance revealed above. In fact, the 

images captured for plasmonic nanoparticles with a typical optical microscopy system are 

simple spatial superposition of different colors (as indicated in Figure 4.4c), making it 

incapable to resolve the far-field radiation pattern of individual plasmon mode and 

consequently  screening important features of its physical nature181. To address this issue, , we 

functionally updated the polarization  resolved dark field spectroscopy system by introducing 
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the color decoding method from computer assisted image processing technologies. This 

technique can lead to a better “visualization” of the different radiative plasmon modes by  

 
Figure 4.4 (a) Evolution of the field components intensity under different incidence polarization. The Ey 

component corresponds to the s polarization as depicted in Figure 4.2a, and is also correlated with the 0° 

polarization angle defined here. The Ez polarization is along the direction normal to the sample surface (90°). (b, 

d) Evolution of the scattering spectra of film-coupled dimers upon varied incidence polarization. The case (ii) 

and (iii) representing the different dimer orientations have been schematically depicted in Figure 4.2a. (c) The 

radiation patterns of the dimers with both orientation cases in (b) and (c).  

extracting three grey images from the RGB channels of a single colorful image. This is 

feasible because the different plasmon modes of the metal film-coupled nanoparticles 

monomer and dimer can be well separated spectrally and selectively activated by using 

specific illumination polarization state as that discussed in Figure 4.2. Therefore, the 

illumination polarization control and color decoding method can be combined together to 

filter out the radiation pattern for individual plasmon mode. 
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Figure 4.5a shows a colorful dark field image of a micro-sized sample area containing a 

large number of nanoparticles on gold film. Note it’s captured with the standard microscopy 

system in which the illumination is un-polarized. As can be seen, the radiation patterns of the 

nanoparticles in the image are featured by green or red colors which correspond to the 

plasmonic mode (1) at ~550  nm and mode (3) at 660  nm. The particles with green 

appearance in the yellow square are monomers while a monomer and a dimer can be 

identified in the blue square, which are confirmed by SEM characterization as exampled in 

Figure 4.1b.With the combination of polarization control and  color decoding method, it can 

be expected that the plasmonic mode (1) at ~550 nm can be selectively imaged in the green 

channel (500 − 600 nm) of the CCD camera under the s-polarized illumination, in which 

other plasmonic modes are either suppressed in the excitation and/or imaged by other color 

channels. For clarity, this specific combination of illumination polarization and imaging 

channel conditions is termed as G-S combination. Similarly, the R-P combination, 

corresponding to red channel imaging under p-polarized illumination, can be chosen to 

enhance the imaging contrast in capturing the plasmon mode (3) at ~660 nm. The upper-right 

monochromatic image in Figure 4.5b is captured for the yellow square enclosed sample area 

in Figure 4.5a with the imaging condition of G-S combination, and each of the particle appear 

as a solid spot arising from the induced horizontal dipole moments as revealed by the near-

field charge distributions shown in the first column of Figure 4.3a-b. Thus, successfully 

imaging the plasmon mode (1) of single nanoparticles coupled to film from the far-field 

domain has been achieved.  When switching the illumination state to the p-polarization, the 

radiation pattern of each nanoparticle through mode (1) imaging becomes much darker largely 

due to the suppressed excitation of this mode. Then we switch the imaging configuration to 
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the red color channel, the pattern of the plasmon mode (2) at ~830 nm for the nanoparticles 

monomers can be clearly imaged under the p-polarized illumination, as shown in the lower-

left panel. It can be seen that each of the particles exhibits a doughnut shape corresponding to 

a vertically aligned dipole source which originates from the dipolar bonding between the 

particle and its image in the gold film. Accordingly, the nanoparticles totally disappear in the 

upper-left panel of Figure 4.5b due to the suppression of mode (2) under s-polarization 

excitation. This way we have successfully imaged the two distinctive plasmonic modes (1) 

and (2) of the gold film-coupled nanoparticles with the different imaging configuration 

combinations based on code decoding and illumination polarization control. This approach 

can also be faithfully expanded to other complex nanostructure for imaging their individual 

scattering modes that are otherwise indistinguishable with the standard microscopy system.     

     
Figure 4.5 (a) Dark field image of nanoparticles (~100 nm) dispersed on a gold film. The rectangular areas 

labelled with different colors are of our interest and further analyzed in (b-c). The scalar bar is 5 µm. (b) 

Monochromatic images of the yellow rectangle enclosed area in (a) shot with different color channels (red in the 

left column and green in the right) under the illuminations with different polarizations (s-polarized in the upper 

panel and p-polarized in the bottom). (c) Enlarged monochromatic images of the blue rectangle enclosed area in 

(a), containing a nanoparticle monomer (upper position in the single image) and a dimer (lower position) both of 

which is captured with the same imaging configurations as in (b). 
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Then we expand the color decoding approach applied to the nanoparticle monomers to 

the simplest plasmon coupling system - nanosphere dimers, with the hope to resolve the 

different plasmonic modes from the far-field imaging. For clarity, we specially choose a 

sample area containing one nanoparticle monomer and one dimer as labelled by the blue 

rectangle in Figure 4.5a. The right columns of Figure 4.5c show the monochromatic images of 

the two nanostructures with green color channel under differently polarized illumination 

conditions, i.e., the G-S and G-P combinations, respectively. Different from the nanosphere 

monomer which appears as a solid spot with lower brightness under both polarized 

illuminations, the dimer shows a brighter solid spot pattern under the s-polarized illumination 

due to the invoke of the transversely anti-bonded dipolar mode (1) at ~550 nm. Moreover, 

when change the polarization into the p-polarized state, the dimer structure appears as a 

bigger and brighter spot which can be attributed to the excitation of the plasmon mode (4) at 

~530 nm. Obviously, this large image contrast can provide an easy-performed approach to 

distinguish nanoparticles polymers with different orders in a wide-field microscopy 

configuration. However, the monomer and dimer show no noticeable difference in their red-

channel rendered monochromatic images under p-polarized illumination (left-bottom panel), 

both showing dough-nut shaped patterns as a result of the excitation of the dipolar gap mode 

(2). In contrast, the monomer and dimer can be readily distinguished in the monochromatic 

image captured with the R-S combination. As shown in the left-upper panel, the dimer 

appears as a much brighter solid spot, corresponding to the strongly radiative mode (3) at 

~660 nm, while the nanosphere monomer is totally invisible. Noted that, though the radiation 

of plasmonic modes (2) and (3) of the nanoparticle dimer lie in the similar wavelength the two 
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modes are all imaged with the same red channel, the different polarizations of the illumination 

permit their good separation in far-field radiation patterns. 

4.3 A plasmonic nano-metrology for nanoparticle dimer 

orientation 

As already demonstrated above that the far-field response of the gold film-coupled 

dimers show sensitive polarization dependence, we propose a polarization resolved nano-

metrology combined with the code decoding method to determine the dimer axis direction. 

The dipolar mode (3) can strongly radiate into the far-field as a result of the in-phase plasmon 

bonding along the dimer axis, leading to a radiation highly polarized along the same direction. 

Therefore, the dimer orientation can be determined by monitoring the intensity of their 

radiation patterns as a function of the detection polarization in the monochromatic images 

with red color channel, yet the illumination is not necessarily polarized. This can be simply 

achieved with insertion of a light analyzer in the detection path.  

A sample area containing two nanosphere dimers deposited on gold film are chosen as 

depicted in Figure 4.6a. The SEM image shows detail morphologies of the nanoparticles and 

are used to directly confirm the dimer orientations. Note the spatial alignment of the dimers 

cannot be directly distinguished form the dark field image as dose by SEM method. A series 

of monochromatic images collected with different polarizations are rendered in the red and 

green channels as presented in Figure 4.6b. As can be seen from the red-channel images, the 

patterns of both the two dimers show maximum (minimum) radiation intensities when the 

analyzer transmission axis is parallel (perpendicular) to the individual dimer axis. Therefore, 

the polarization dependence of the radiation intensity allows for a simple approach for 
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qualitative determination of the nanoparticles dimer orientation in a wide-filed microscopy 

configuration. Additionally, the monochromatic images rendered in the green channel show 

no noticeable intensity fluctuations with the rotation of the analyzer. For a more intuitive 

visualization of the dimer orientation qualitatively, Figure 4.6c plots scattering intensities of 

the two dimers as a function the detection-polarization. Here the scattering intensities are 

obtained by integrating of the intensity within the red-color channels for both dimers, and the 

polar plots read intensity maximum at polarization angle ~15° for the upper dimer and ~135° 

for the lower one, showing good agreement with the SEM characterization.  

 
Figure 4.6 (a) Dark field image (left) containing two nanoparticles dimers and its corresponding SEM image 

(right), The dimer orientations of both dimers can be directly determined from the SEM image. The scalar bar in 

the dark field image is 5 µm, and 1 µm in the SEM image. (b) The monochromatic images of the two dimers in 

(a) rendered in the red (left) and green (right) color channels with different collection polarizations in the 

detection path. (c) Polar plot of the radiation intensity (dots) integrated within the red color channel of captured 

images for the two dimers labelled in (a). The curves with same color correspond to the nanoparticles labelled 

with the same color on (a). The solid lines are 𝑐𝑜𝑠*θ fits to the measured data. 
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4.4 Conclusion. 

In this chapter, we have thoroughly uncovered the complex gap plasmonic modes of 

single gold nanosphere monomers and dimers respectively coupled to gold film using a 

spectral decomposition and color decoding method based on an excitation polarization control. 

Together with the electrodynamic simulation results, this method reveals that the individual 

film-coupled nanosphere monomer possesses two plasmonic modes, one corresponding to a 

weak transverse particle dipole moment and the other one to a vertical dipolar bonding 

between the particle dipole and its induced dipole image in the gold film. Besides to these two 

modes, the dimer placed above the gold film sustains the other two plasmon resonances, one 

originating from the tilted dipole bonding mainly along the particle-particle axis and the other 

one with obvious high-order features. Based on the highly polarization dependence of the far-

field response, we have proposed a plasmonic nano-metrology method being capable to 

determine the orientation of nanosphere dimers with high signal to noise ratio and can be 

expanded to other complex plasmonic nanoclusters for details of their spatial arrangement. 

We believe the systematic investigations of the metal film-coupled monomers and dimers 

presented here will pave the way to further explore novel plasmon modes in more complex 

nanostructures coupled to metal film and probe the rich plasmon hybridizations involved.  
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Chapter 5   Metal substrate induced linewidth 

shrinking of the plasmon resonance in a 

nanoparticle dimer 

Over the past decade, many strategies using plasmon hybridization theory have been 

developed to tailor the resonance profile of LSPs through generating, for example, sub-radiant 

and super-radiant modes and plasmonic Fano resonances26,27. These methods have been 

applied in many new types of metallic nanostructures, such as nanoparticle clusters or 

oligomers made from rational assembling of two or more individual nanoparticles into single 

symmetric or symmetry-broken entities29,30,182. Due to the strong capacitive electromagnetic 

interaction between constitute elements, these composite nanostructures are often featured 

with one or more near-field hot spots at their interparticle gap regions, which have offered a 

promising platform for surface-enhanced Raman scattering and photoluminescence  

spectroscopy35–37. In particular, reducing the symmetry of a nanocluster system relaxes the 

selection rules of dipolar coupling, resulting in effective plasmon hybridization of dipolar and 

higher-order modes38,39. This coherent mode coupling provides, beyond the scope of simply 

tuning the plasmon resonance position by varying nanoparticle size and shape, important 

possibilities for engineering the resonance linewidth and line-shape through radiative damping 

control40,41. 

Recently, Sobhani and Halas et al. demonstrated that the spectral linewidth of an 

aluminum nanoparticle plasmon resonance can be narrowed by a factor of 2 through near field 

coupling with an underlying aluminum thin film183, where symmetry breaking induces the 
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plasmon hybridization between the dipolar and quadrupolar modes. This experimental 

realization provides the metal film-coupled nanoparticle system a new fascinating feature in 

addition to its intrinsic ultralow mode volume. They also pointed out that this mechanism 

appears to be general to plasmonic nanoparticle-film systems but far less effective for gold-

based systems due to lower plasmon frequency. However, a strong yet quite narrow plasmon 

resonance for gold film- coupled nanosphere dimer is observed in my experiments. As already 

presented in last chapter, this plasmonic mode was supposed to be a hybridized mode 

produced by hybridization between the dipolar mode and high order mode. However, this 

assumption remains to be further confirmed due to failure in specifying the origins of the 

dipolar and high order modes involved.  

To be continued, here we launch a comprehensive study on the linewidth shaping of 

plasmon resonance in metal film-coupled nanoparticles. By replacing a silica substrate with a 

gold thin film, it is found the dimer (monomer) exhibits a significant plasmon resonance 

linewidth shrinking by a factor of ~4.9 (~1.9), leading to a rather small FWHM of ~45 nm, 

fully consistent with the results by full-wave electromagnetic simulations. Together with 

theoretical analyses based on multipole expansion model, an intense plasmon hybridization 

has been confirmed between the dimer dipole mode, formed by longitudinally bonding of the 

two particle dipoles, and the quadrupole mode mediated by transversely bonding of the 

particle dipoles. Through plasmon hybridization, the significantly reduced radiation loss of 

the dipolar mode in the nanoparticle dimer results in a longer plasmon life and thus 

pronounced linewidth shrinking compared to the nanoparticle dimer in air or substrate with 

low dielectric constant. In addition, analysis of the linewidth narrowing effect of plasmon 

resonance in the frame of transformation optics was also performed, which suggests the 
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energy radiating into the far field has been reduced to a considerable extent, resulting an 

increased quality factor.  

Section 5.1 will firstly present a quantification of the linewidth narrowing effect occurred 

in metal film coupled nanosphere monomer and dimer by comparison with their counterparts 

on silica substrate. Then in Section 5.2, theoretical analysis bases on the full-wave 

electromagnetic simulations as well as the multipole expansion mode will give a 

comprehensive understanding of the plasmon hybridization in gold film coupled nanosphere 

dimers. Finally, the metal substrate induced linewidth narrowing of plasmon resonance in the 

dimer case  is revisited with the transformation optics model in the hope to offer an intuitive 

and analytical understanding of the plasmon interactions. 

5.1 Metal substrate induced plasmon resonance linewidth 

narrowing 

Here we use a fabrication trick to disperse the nanoparticle onto both the gold film and 

silica substrate simultaneously. By scratching the surface of a gold film deposited on silica 

substrate, parts of the gold film will be removed, leaving the bare silica substrate exposed to 

air as schematically depicted in Figure 5.1a. Then the nanoparticles are deposited on both of 

the substrate regions by drop-casting a colloidal droplet onto them as described in the 

previous chapters. 

Figure 5.1b shows the dark-field images of the nanoparticles on the gold film and on the 

silica substrate (upper panel), along with the corresponding SEM images of the individual 

nanostructures labeled in the dark filed images (lower panel). One can see that on the gold 
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film the nanosphere dimer (monomer) produces bright far-field radiation in orange (green). In 

sharp contrast, the scattering intensities of both dimer and monomer on the glass substrate 

diminish significantly though the radiation colors remain similar as the gold film case. Figure 

5.1c and d show the measured scattering spectra of two dimers and monomers on gold and 

silica under incident polarization along the dimer axis. The choice of this incident polarization 

can preferentially excite the bonding dipolar plasmon resonance without invoking other 

plasmon modes in the two dimers. The silica-supported dimer exhibits a scattering peak at 

around 650 nm, which is broader and red-shifted compared to the monomer counterpart (see 

Figure 5.1c), simply due to the stronger plasmonic coupling in the gap of the dimer. Upon 

positioned on the gold film, the scattering peak of the monomer shows a noticeable linewidth 

narrowing, which is consistent with the previous observations for similar systems by Halas183 

and Smith165 and their coworkers. Surprisingly, Figure 5.1c shows that placing the dimer on 

the gold film leads to more pronounced linewidth shrinking than in the monomer case. 
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Figure 5.1 (a) Schematic of two CTAB-coated (light blue) gold nanosphere dimers positioned respectively on a 

thin gold film (yellow) and on a glass substrate (light gray). (b) Dark- field images of individual dimers and 

monomers on a 70-nm-thick gold film (upper-left) and on a glass substrate (upper-right). The SEM images of the 

nanoparticles labeled in the dark filed images (red circle enclosed dimer and green circle enclosed monomer) are 

presented in the lower panel. The scale bar is 3 µm in the dark field image and 200	nm	in the SEM image. (c-d) 

Measured polarization-resolved scattering spectra of the gold nanosphere (c) monomers and (d) dimers on the 

gold film (orange) and on the silica (light blue). The insets depict schematically the excitation configurations 

used in the respective measurements. The sold lines are the fits with a Lorentz function. 

To quantify the resonance linewidth narrowing, we determine accurately the full-width at 

half maximum (FWHM) of each scattering peak by fitting the peak with a Lorentz function. 

The fitting results suggest that, by replacing the silica substrate with the gold film, the FWHM 

of the 650-nm scattering peak in the dimer reduces from ~209 to 45 nm, narrowed by a factor 

of ~4.6. However, this linewidth shrinking effect is less effective for the monomer case where 

the FWHM of the 550 nm scattering peak reduces from 126 to 65 nm (narrowed by a factor of 
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1.9). In other words, although the dipolar plasmon resonance of the nanosphere monomer on 

silica is spectrally broadened upon coupled to a second nanosphere nearby to form the dimer 

(FWHM increased from 65 to 209 nm), the introduction of the metal film can remarkably 

narrow the spectral linewidth of the new resonance from 209 to 45 nm. As a result, a more 

surprising and counterintuitive observation is that, by placing the second gold nanosphere 

near the film-coupled monomer, the scattering peak FWHM of the newly-formed film-

coupled dimer can further be narrowed from 65 to 45 nm. Considering the dominated role of 

dipolar radiation damping responsible for the resonance linewidth broadening in typical 

plasmonic nanoparticles with relatively large sizes184–186, the remarkable linewidth narrowing 

effect in the gold film-coupled dimer implies a significant reduction in radiation losses when 

brought in close proximity to the metal film. 

In addition to the resonance linewidth shrinking effect discussed above, the light 

scattering intensity of the gold film-coupled dimer is significantly increased, in comparison 

with the silica case, by 3-fold as shown in Figure 5.2a. It has been proposed that the field 

reflected by the metal film can add to the exciting field and therefore causes a stronger 

scattering efficiency for the metal film-coupled nanoparticle183. Here we numerically simulate 

the far-field radiation pattern at the scattering peak wavelength 650 nm for the dimers on 

silica and gold (details of the simulation model shown in Figure A2 in the appendix part). As 

can be seen from the results in Figure 5.2b, the silica-supported dimer mainly radiates to the 

substrate side, leaving only a small amount of the scattered light within the collection angle of 

the objective lens atop the sample. In contrast, almost all the far-field radiation of the gold 

film-coupled dimer are injected into the superstrate side, and thus the majority amount of the 
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scattered light falls into the collection angle of the objective, resulting in the much brighter 

radiation spots than the former case as compared in the dark-field images of Figure 5.1b 

 
Figure 5.2 (a) Measured scattering intensity profiles for the silica-supported (blue) and gold film-coupled 

(golden) dimers in the far-field imaging plane. The data points, corresponding to the intensity values along the 

dashed line in the dark-field images, are extracted from the red channel of the detector which mainly covers the 

radiation of the plasmon band centered at ~650 nm. (b, c) Calculated far-field scattering patterns at the plasmon 

resonance 650 nm for the silica-supported (upper panel) and gold film-coupled (lower panel) dimers. 

5.2 Metal substrate mediated dipolar-quadrupolar plasmon 

hybridization. 

To uncover the physical mechanism responsible for the drastic resonance narrowing 

observed above, here we combine full-wave electromagnetic simulations with an analytical 

multipole expansion model to calculate the near-field distribution and far-field response of the 

gold film-coupled and silica-supported nanosphere dimers, respectively. Figure 5.3a and b 

show the simulated polarized scattering spectra of the monomers and dimers on gold and 

silica under a same excitation condition as used in experiment (depicted in the inset of Figure 

5.1c and d), which show good agreement with the measured spectra by reproducing the 
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scattering peak magnitude and linewidth shrinking of the plasmon resonance in the presence 

of the gold film. For simplicity, the CTAB surfactant shell was modeled as air in the 

simulation, leading to a slight blue-shift in the simulated scattering peaks compared to the 

measured ones. Figure 5.3c presents the charge distribution profiles corresponding to the 

scattering peaks identified from Figure 5.3b, i.e. 648 nm for the silica-supported dimer (upper) 

and 635 nm for the gold film-coupled dimer (lower). Note that the gold film and the glass 

substrate are placed in the XY plane as seen from the top view, and that for better 

visualization of the charge distribution at the bottom gap junction the dimer is tilted by an 

angle of 45o in the YZ plane. The left column shows that the induced surface charges are 

mainly concentrated within the lateral sphere-sphere gap junction in the silica-supported 

dimer, resembling that of the bonding dipolar mode of a nanosphere dimer in a homogeneous 

medium, except the negligible induced charges at the bottom of the nanoparticles. In sharp 

contrast, the gold film-coupled dimer presents a distorted charge profile with surface charges 

accumulated within both lateral sphere-sphere and vertical sphere-film gap junctions (right 

column). 
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Figure 5.3 (a-b) Simulated polarized scattering spectra of the gold nanosphere monomer (a) and dimer (b) on the 

gold film (orange dots) and on the silica substrate (blue triangles). The solid lines are the fits with a Lorentz 

function. The excitation conditions are the same as experiment as depicted in Fig. 2b. (b) Surface charge 

distribution profile and deduced charge dipole interaction representation for the silica-supported dimer (upper 

panel) and the gold film-coupled dimer (lower panel) at their scattering peak wavelengths extracted from (a). 

Note that all the charge distribution profiles are viewed in the substrate plane (XY lane). The dimers are tilted by 

an angle of 45o with respected to the substrate normal for better visualization of the charge distribution within 

the nanosphere-substrate gap. (c) Multipolar expansion analysis of the respective contribution from the electric 

dipole (ED) and quadrupole (EQ) to the total scattering cross sections of the two systems studied in (a). The 

insets depict the bonding dipolar mode (red) and the quadrupolar mode (blue). 

To have an intuitive understanding of the complicated electromagnetic coupling in the 

dimer systems, the plasmon hybridization model developed by Nordlander et al. is applied to 
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reveal the underlying physics from the perspective of plasmonic dipole-dipole 

interaction31,34,140,187,188. Based on the simulated charge profiles shown in Figure 5.3c, the 

plasmon interaction in both dimers can be schematically represented with charge dipoles of 

different orientation and strength as shown in the lower part in each panel of Figure 5.3b. In 

the silica-supported dimer, the surface charge density is weakly screened by silica substrate, 

thereby breaking the symmetry of the charge distribution along the substrate norm and giving 

rise to a tilted bonding dipolar mode on the dimer. Due to the relatively small electric 

permittivity of silica, the magnitude of the induced charge in the substrate is so weak that its 

screening effect on the bonding dipole mode is negligible, leaving the broad scattering peak 

observed in both simulation and experiment. For the gold film-coupled dimer, however, the 

magnitude of the induced image charges can be very strong due to the presence of a sea of 

conduction electrons in the gold film, resulting in the strongly distorted dipolar alignment on 

the dimer which can be decomposed as a horizontally bonding dipolar mode and a 

quadrupolar mode (formed by two vertically bonding dipolar mode) as illustrated in the insets 

of Figure 5.3c. The strength of the two induced vertical dipoles in the quadrupolar mode on 

the dimer can be comparable to the two horizontal bonding dipoles on the dimer, thereby 

allowing for intensive plasmon hybridization between them. Note that similar surface charge 

distribution for the film-coupled dimer was already presented in the last chapter, and here it is 

replotted for necessary comparison with the silica substrate case and for the deduction of the 

plasmon hybridization scenario. 

Up to now, several studies have demonstrated linewidth shaping of plasmon resonances 

in metal nanostructures through the concept of mode hybridization38,39,189,190. Of particular 

interest is to relax the requirement of the dipolar coupling selection rules by reducing the 
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symmetry of a plasmonic system, resulting in an admixture of highly-radiative (or bright) 

dipole and nonradiative (or dark) higher-order modes. The dark mode, when coupled to the 

bright mode, will acquire part of the energy from the bright mode, thereby reducing the 

radiation loss of the system. As mentioned earlier, this concept has recently been verified by 

Sobhani et al. by realizing significant plasmon resonance linewidth narrowing in an aluminum 

film-coupled aluminum nanosphere through dipole-quadrupole mode hybridization183. 

Although the semi-analytical model used in their study can well explain the observed 

linewidth shrinking effect and predict less effective linewidth narrowing for a gold film-

coupled nanosphere monomer due to lower plasmon frequency, it cannot be directly applied 

to our metal film-coupled nanosphere dimer system due to the reduced in-plane symmetry by 

the horizontal dipolar bonding. To uncover the mode hybridization induced linewidth 

shrinking in the film-coupled dimer, here we adopt a multipolar expansion model with which 

the respective radiation contribution of electric dipolar and multipolar moment to the total far-

field scattering intensity can be distinguished. The far-field radiation that originates from the 

induced displacement current in a nanosphere can be described in terms of a vector potential 

𝐴 𝑟 , which, in the quasi-static approximation, could be expanded into multipoles as32 

                             A 𝑟 = −𝑖𝜔𝜇1𝑃
vïðâñ

FGC
+ OPòâ

*
𝑄 ∙ 𝛻 vïðâñ

FGC
                                            (5.1). 

where 𝑃 and 𝑄 are the electric dipole and quadrupole moments, respectively, under the 𝑒0OPD 

time conversion. Higher order terms in the multipole expansion can be neglected due to the 

subwavelength size of the constituent nanospheres studied in our experiment. The 

contribution from each term is displayed in Figure 5.3c on the same scale. While the electric 

dipole dominantly contributes to the total far-field scattering intensity for the gold film-
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coupled dimer, the contribution of the quadrupolar moment is considerable due to the energy 

injection from the dipolar mode through mode hybridization. As a result, the larger quality 

factor of the quadrupolar mode increases the dephasing time of the hybridized plasmon and 

thus dramatically reduces the radiation loss of the dipolar mode, leading to the significant 

linewidth shrinking effect. Comparatively, in the silica-supported dimer, the quadrupole 

contribution is almost zero, leaving the broad dipolar plasmon resonance nearly unaffected 

and dominated in the total scattering spectrum. 

5.3 Within the transformation optics frame 

To offer a more intuitive and analytical  understanding of the plasmonic interaction in the 

gold film-coupled dimer system, the theory of two-dimensional conformal transformation 

optics is deployed to relate the original system to a simpler one with higher symmetry, 

following the approaches developed in the previous works191–193. The inversion 

transformation defined by 

                                                    𝜉Î = öW

÷0øâ
                                                                    (5.2). 

with 𝜉 = 𝑥 + 𝑖𝑦 and 𝜉Î = 𝑥Î + 𝑖𝑦′, transforms a film-coupled nanowire dimer system in the 

physical frame into an annular system with an extra nanowire corresponding to the semi-

infinite substrate, as shown in Figure 5.4a and b. Points at infinity are mapped to the inversion 

point, 𝑅1, and the incident fields are converted into a dipole source at the inversion point. 

When the dimer is placed on a gold substrate, compared with the dimer on a silica substrate, 

the surface plasmons oscillating at the metal surface create a stronger substrate effect. The 

plasmonic interaction drags down the charges and confines them in the narrow gap between 
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the dimer and the substrate. The effective dipole moment of the dimer is therefore decreased 

due to the distraction of charges to the dimer-substrate gap, which is confirmed by the contour 

plot of the calculated magnetic field (representing the distribution of induced surface charges, 

see Figure 5.4c). Consequently, optical radiation into the far-field regime is suppressed and 

the quality factor of the scattering resonance becomes larger than that of the dimer on silica. 

Alternatively, if viewed from the transformed frame, the near-field energy is mainly 

distributed along the horizontal direction due to the symmetric nature of the annular system. 

However, after introducing the gold substrate, which can be transformed into a nanowire 

tangent to the inversion point with radius 𝑔*/2𝑑, the near-field energy is now concentrated at 

the intermediate space between the nanowire and the annular system due to significant charge 

accumulation (see Figure 5.4d). Thus, the energy at the inversion point, which corresponding 

to the energy radiated into the far-field regime in the physical frame, is reduced to a 

considerable extent, resulting in the increase of the quality factor. 
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Figure 5.4 (a, b) Schematics of the two-dimensional conformal transformation from a 

nanowire dimer on a substrate to an annular system with an extra nanowire, through 

performing an inversion transformation. (c, d) Real part of the magnetic field in the (c) 

physical and (d) transformed frame at wavelength 500 nm. 

5.4 Conclusion 

In conclusion, we have experimentally demonstrated in this chapter that the spectral 

linewidth of the dipolar plasmon resonance in a gold nanosphere dimer can be significantly 

narrowed by replacing a silica substrate with a gold film. Moreover, the measured linewidth 

of the film-coupled dimer is even smaller than its monomer counterpart (~30% reduction). 

This pronounced narrowing effect has been supposed to have much to do with reduced 

radiation loss induced by plasmon hybridization between dipolar plasmon mode and high 
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order modes. Analysis based on electromagnetic simulations and multipole expansion model 

confirms the origins of the dipole and quadrupole mode. The intense interactions between the 

bright and dark mode mediates an energy transfer from the former to the latter which 

substantially reduces the decay rate of the dipolar plasmon resonance and leads to the 

considerable linewidth narrowing of the radiation mode. Calculations within the 

transformation optics are also performed to address the pronounced linewidth effect and 

reveal the increased energy stored in the near-field results in the significantly radiation loss 

into the far field and thus high quality factor of the radiative plasmon mode. 
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Chapter 6   Plasmon hybridization enhanced 

photoluminescence in metal-film-coupled 

nanoparticle dimers 

Due to the inhibition of radiation losses, a dark quadrupolar mode, by virtue of having a 

vanishing moment, can be more efficient than a bright dipolar mode to store electromagnetic 

energy in the near-field domain, and thus can provide stronger enhancement for various 

surface-enhanced spectroscopies194–196. In the last chapter, we have demonstrated a hybridized 

plasmon resonance formed by intense plasmon hybridization between a radiative dipole mode 

and a dark quadrupole mode in the gold film-coupled nanosphere dimer structure. Thus, it’s 

expected that the quadrupole-dipole hybridized mode in this structure can significantly 

prompt optical processes occurring within its nanoscale gaps, in a more effective manner than 

the silica-supported dimer. In the meanwhile, the narrowed plasmon linewidth, corresponding 

to a higher quality factor, which is favorable to many plasmon-enhanced radiation phenomena, 

makes the film-coupled dimer structure a promising platform for modulating the radiation 

properties of an optical emitter positioned inside its gap region. 

Specifically, the multiple nanoscale gaps in a metal film-coupled nanoparticle dimer 

offer more than one electric hot spots as depicted in Figure 6.1a (right panel). Moreover, even 

the hot spots in particle-film gaps can be lighted upon an excitation with in-plane polarization 

along the dimer axis. This is quite important for a metal film-coupled nanoparticle structures 

because the effective in-plane polarized excitation largely relaxes the requirements of a 

sufficient vertical polarization component to light the particle-film gaps which, however, 
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cannot be readily achieved in a typical spectroscopy platform. To fully evaluate the promising 

of the preferred particle-film gap regions in potential spectroscopy applications, some insights 

into light-matter interactions within the gap regions have to be offered. As label-free and non-

bleaching metal molecules, gold nanoparticles have been widely used in bio-imaging and 

sensing applications. Here together with calculations and experiments on photoluminescence, 

we strive to shed more light on the light-matter interactions within the gap regions in the 

nanosphere dimers on film structures. 

In Section 6.1, we will perform photoluminescence measurements over both silica and 

gold film supported nanosphere dimers and compare their PL emission in intensity and 

spectral profiles. Based on the experimental observations, in Sections 6.2, we propose the 

possible physical mechanisms of the photoluminescence emission in both nanostructures. 

Finally, we will carry out some calculations in Section 6.3 to verify the assumed PL emission 

model and in further, evaluate the PL emission in each gap region in the metal film coupled 

dimers. These results are believed to offer deeper insight into the photoluminescence emission 

in complex plasmonic nanostructures and guidance in design of related photonic devices  

6.1 Photoluminescence enhancement in gold-film-coupled 

nanosphere dimer 

The samples for photoluminescence measurements include the gold nanosphere dimers 

on gold film and silica substrate, respectively. The fabrication methods have been previously 

addressed in Section 3.1 and 4.1. The measurement setup has been schematically depicted in 

section 3.2.4 of chapter 3. Specifically, the laser of 633 nm wavelength is used to achieve the 

near-resonant excitation. The 100X objective with NA = 0.9 is chosen for high collection 
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efficiency of emissive sample in the focal plane. To avoid possible photothermal damage to 

the nanostructures under laser irradiation, the incident laser power was kept at a moderate 

level, ~0.5 mW, equivalent to a power density of 1.6	×10F	W/cm* at the sample plane. The 

scattering spectrum of the gold film-coupled dimer measured after the PL measurements 

resembles the initial spectrum, further confirming no perceivable photothermal damage 

occurred (see appendix A5). Note the PL collection for the gold film-coupled nanoparticles is 

performed from the film side while that for the glass supported ones is from the glass side. 

More details of the experimental setup can be addressed in Section 3.2.4.  

 
Figure 6.1 (a) The intensity distributions of the electric field components in both silica (left) and gold film 

(right) coupled nanosphere dimers upon dimer-axis polarized excitation at the resonant wavelength ~648𝑛𝑚 (b, 

d) Measured PL spectra of (b) the film-coupled gold nanosphere dimer and (d) the silica-supported dimer, both 

under illumination by 633 nm laser with polarization direction along the dimer axis as depicted in the inset. The 

corresponding scattering spectra measured for both dimers (blue curves), both under white-light illumination 

with polarization along the dimer axis, are overlaid on their PL spectra for spectral characteristics comparison. 
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(c) Excitation (blue) and emission (red) polarization dependent PL intensity of the film-coupled gold nanosphere 

dimer (yellow-blue core-shell). The magnitude of each data point is an intensity integral over a wavelength band 

of 20𝑛𝑚 centered at the emission peak. Similar results for the silica-supported dimer are shown in Figure A4 in 

the appendices section  

As can be seen from Figure 6.1a, upon resonant excitation (~648 nm) with polarization 

along the dimer axis, the metal film-coupled particle dimer shows intense field concentration 

in all the three gap regions while in dimer on silica the electric field is mainly confined in the 

particle-particle gap. Due to the involvement of dark quadrupole component of the plasmon 

resonance in the dimer on film, the strong field intensity in the particle-film gap regions are 

expected to more efficiently prompt the excitation rate of photoluminescence emission.  

Figures 6.1b and 6.1d show respectively the PL spectra of the gold film-coupled and silica-

supported dimers measured with the incidence polarization along the dimer axis. Note that the 

cut-off in the PL spectra at wavelength shorter than 630 nm is due to the cut-off response of 

the dichroic mirror that is used to filter out the excitation laser band and allows the long-

wavelength emission to pass through. The PL spectrum of the film-coupled dimer is featured 

with a substantially enhanced (~200  times) yet narrowed (~4.6  times) emission peak 

compared to that of the silica-supported dimer. In particular, the PL spectral profile of each 

dimer inherits its scattering spectral characteristics – nearly the same radiation peak position 

and linewidth. These spectral similarities between PL and scattering for both dimers imply a 

plasmon decay mediated emission mechanism as elucidated in the following.  
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6.2 Radiative plasmon decay dominated photoluminescence 

emission in nanoparticle dimer on dielectric and metal structures 

	

Figure 6.2. Schematic diagram elucidating the plasmon-mediated photoluminescence emission processes in both 

gold and silica supported dimers. (a, c) simulated scattering spectrum of (a) the film-coupled dimer and (c) the 

silica supported dimer, respectively. The red dashed line represents the laser line. (b) Energy diagram of gold 

band structure near the Fermi level around the X point in the first Brillouin zone. The thick upward arrow 

represents the transition of a d-band electron to the sp-band by absorbing a 633 nm photon. The photoexcited 

electron will decay non-radiatively into a localized plasmon resonance energy matched band with exponentially 

decreased population redistribution (dashed red arrows). The majority of the accumulated energetic electrons 

within the LSP band will decay radiatively, giving rise to the PL emission, while the minority may recombine 

directly with the photoexcited holes within the top region of the d-band and emit photons (thick downward 

arrow), similar to the photoemission process in bulk gold.  

Figure 6.2b schematically depicts the band structure of gold near the Fermi level around 

the X point in the first Brillouin zone, while Figures 6.2a and 6.2c show the calculated 
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scattering spectra representing the magnitude of the local density of plasmonic states (LDoPSs) 

of the film-coupled dimer (Figure 6.2a) and the silica-supported dimer (Figure 6.2c), 

respectively. By analogy to the spontaneous emission process of an emitting dipole, a dipolar-

like plasmon mode can decay in radiative and nonradiative channels. The radiative decay rate 

is proportional to the LDoPS in the same way as the radiative decay 𝛾C³´  of an emitter 

linearly depends on the local density of optical states (LDOSs) 𝜌 𝜔 , following 𝛾Å¢z 𝜔 =

GP
fℏþâ

𝑝 *𝜌 𝜔 , where 𝑝 is the transition dipole moment of the emitter. More details on the 

LDoPS calculations are given in the appendices section. Through single-photon absorption 

processes, a large number of the d-band electrons in gold can be excited into higher energy 

levels in the sp-band, simultaneously leaving plenty of energetic holes in the d-band. The 

accumulated photoexcited electrons will then decay non-radiatively into the energy-matched 

LSP band of the dimer, with an exponentially decreased population distribution197 that 

accounts for the slight blue-shift in the PL emission peak with respect to the corresponding 

scattering peak in both dimers (see Figures 6.1b and 6.1d). The energetic electrons within the 

LSP band can either recombine directly with the photoexcited holes within the top region of 

the d-band through interband transitions, emitting depolarized  photons77,198, or decay 

radiatively via plasmon damping, emitting plasmon-modulated polarized photons. Note that 

the plasmon-decay mediated photoluminescence emission is mainly determined by the 

LDoPSs that could be very large at the LSP resonance band, thereby leading to an increased 

radiative decay rate and enhancing the emission intensity. In general, the two emission 

processes occur simultaneously, and the contribution of each decay channel can be evaluated 

by the degree of polarization (DoP) of the emission, defined as 𝐼°¢� − 𝐼°ÿ¾ / 𝐼°¢� + 𝐼°ÿ¾ , 

where 𝐼°¢�  and 𝐼°ÿ¾  are the maximal and minimal emission intensity in the polarization-



	

91	
	

resolved PL measurement. The highly linearly polarized emissions from both film-coupled 

(DoP ~0.88 for detection polarization in Figure 6.1c) and silica-supported dimer (DoP ~0.71 

in Figure A4) indicate that the radiative plasmon decay substantially dominates over the 

interband transitions in their PL emissions and the larger emission DoP observed in the film-

coupled dimer imply a more pronounced plasmon emission over its counterpart on the silica 

substrate. 

6.3 Quantitative evaluation of photoluminescence enhancement 

and enhancement sites  

In this section, we provide a quantitative evaluation on the PL intensity and the PL 

enhancement sites in the two systems. In light of their geometric features, we infer that the PL 

emission enhancement in the film-coupled dimer is mainly contributed by the two vertical 

sphere-film gaps rather than the horizontal sphere-sphere gap. To evaluate the quantitative 

contribution of each gap to the total emission intensity, we calculate the relative PL spectra of 

both dimers using a generalized one-photon luminescence model. According to the general 

theory of single-photon absorption induced photoemission, the photoluminescence from a 

volume element d𝑉 in a material can be expressed as199 

                       𝐼Xt(𝜔)𝑑𝑉 = 𝐼1(𝜔1, 𝑟)𝑌³��(𝜔1)𝑌ø ω 𝑌v�(𝜔)𝑑𝑉                                   (6.1) 

where 𝜔1  and 𝜔  are the angular frequency of the excitation and emission, respectively. 

𝐼1(𝜔1, 𝑟)  is the field intensity of the excitation at point 𝑟 . 𝑌¢£ (𝜔1)  is the absorption 

probability of a single photon at 𝜔1. 𝑌$ is the relaxation probability of photoexcited carriers 

from an excited state to an emission state, and 𝑌x°(𝜔) is the emission probability of radiative 
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recombination at the frequency	𝜔. The following assumptions were made in the calculations. 

(i) The absorption probability 𝑌¢£  𝜔1 , which is determined by the imaginary part of the gold 

dielectric function due to the interband transitions at the excitation frequency 𝜔1 , can be 

assumed to be constant200. (ii) The relaxation probability 𝑌$, as an indication of the population 

redistribution of the photoexcited electrons in the sp-band, corresponds to their nonradiative 

decay to the emission states, i.e. lower-energy levels within the sp-band for bulk gold and the 

LSP band for the gold nanosphere dimer. The frequency dependence of this term is associated 

with the intrinsic bulk properties and this probability is confirmed to be exponentially 

decreased with decreasing the frequency below the excitation level as depicted by the dashed 

red curve in Figure 6.2. In a plasmon decay dominated emission process, the effect of the 

emission frequency dependence of 𝑌$ is manifested by the slight blue-shift in the emission 

peak with respect to the scattering peak197 as shown in Figure 6.1b and d. In the following 

calculations, the contribution of 𝑌$ to emission intensity of both dimer systems, therefore, can 

be assumed to be equal and excluded from equation (3) for a relative intensity comparison. (iii) 

𝑌x°(𝜔), the emission probability of radiative recombination in bulk gold can be modified to 

associate with the plasmon radiative decay rate in the dimer, which is determined by its 

LDoPSs that is proportional to the field intensity at the emission frequency71,200. For 

comparison between the calculations and the experimental results, the collection efficiency 𝜂, 

determined by the spatial radiation pattern and the 𝑁. 𝐴. of the microscope objective has to be 

taken into consideration as well. Thus, we can evaluate the relative PL intensity in the dimer 

by solely considering the field intensity and the collection efficiency as 

                          𝐼Xt 𝜔 ∝ 𝜂 ∗ |𝐸1 𝜔1, 𝑟 |* ∗ |𝐸v� 𝜔, 𝑟 |*𝑑𝑉(                                  (6.2) 
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where 𝐸1 𝜔1, 𝑟  is the electric field at the excitation frequency 𝜔1, 𝐸v� 𝜔, 𝑟  is the electric 

field at the emission frequency	𝜔, and 𝑉 is the integration volume. Using the finite-difference 

time domain method, one can calculate the electric field terms in Eq. (6.2) and subsequently 

calculate the relative PL emission intensity. Note that this calculation model is only applicable 

to plasmon radiation dominated PL emission processes based on the aforementioned 

assumptions. 

 

Figure 6.3 (a, b) Calculated PL intensity distribution (cross-sectional view) at the emission peak 650 nm for the 

nanosphere dimers on silica (b) and film (b), respectively. The color bars represent the calculated PL intensity by 

Eq. (4). (c, d) Calculated photoluminescence spectra with relative intensity for the dimers on silica (c) and gold 

film (d). (e, f) Calculated PL emission pattern at 650 nm. The blue dashed sectors correspond to the collection 

angles defined by the objective NA of 0.9.  

As shown in Figure 6.3a and b, the calculated PL intensity distribution at the peak 

emission wavelength 650  nm reveals that the PL emission of the silica-supported dimer 

mainly originates from the particle-particle gap while that of the gold film-coupled dimer 

comes from both the sphere-sphere gap and the sphere-film ones. One can observe that the PL 

intensity at the sphere-film gaps is substantially larger than that of the sphere-sphere gap in 
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the film-coupled dimer and, on the other hand, the latter is much stronger than that of the 

sphere-sphere gap in the silica-supported dimer. This observation is very counterintuitive, 

considering the fact that the incidence polarization is aligned along the dimer axis. Since the 

sources of PL emissions are highly confined within the nanoscale gaps in both dimers, we 

evaluate their radiation directionalities by simulating the far-field radiation patterns of the two 

systems with an emitter-cavity model (see Figure A2). The calculation results shown in Figure 

6.3e-f demonstrate that the emission patterns for both systems are similar to their plasmonic 

scattering patterns, which again supports the radiative decay of plasmons to be the origin of 

the observed PL emissions. By integrating the radiation intensity over the collection angle of 

the objective in the silica substrate side as in Figure 6.3e and in the upper-half space in Figure 

6.3f, an emission efficiency of 84% for the silica-supported dimer and 87% for the gold film-

coupled dimer are obtained, respectively, with which the relative PL intensity spectra can be 

calculated for comparison with the wavelength-dependent experimental results. Surprisingly, 

the calculation results shown in Figure 6.3c-d well reproduce the measured PL spectral profile 

for both dimers. Additionally, the results also give a peak enhancement factor of ~253 for the 

film-coupled dimer compared to the silica-supported one, showing excellent agreement with 

experiment (~200  times). The negligible discrepancy may be resulted by the effect of 

nonradiative plasmon decays being absent from the above discussions on mechanism of PL 

emission145. or other experimental flaws, which are hard to name.   

In addition, we also calculate the relative PL intensity spectra over specific integrating 

domains in the gold film-coupled and silica-supported dimers and present the results in Figure 

6.4. Note that a modified similar approach was adopted to distinguish plasmon-enhanced 

nonlinear emission contribution from a discrete domain of an entire hybrid plasmonic 
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system201,202. Figure 6.4b compares the relative PL intensity spectra calculated for the H-gap, 

V-gap and the entire silica-supported dimer, revealing that the total PL emission mainly 

comes from the H-gap region. In remarkable contrast, Figure 6.4c shows that the V-gap has a 

dominant contribution to the total PL intensity of the film-coupled dimer though the incidence 

polarization is set along the dimer axis which would preferentially excite the H-gap plasmon 

resonance. This is consistent with the above-discussed metal substrate mediated dipolar-

quadrupolar plasmon hybridization mechanism, through which the bright dipolar plasmon 

resonance (horizontal bonding) effectively harvests the incident light energy, transfers the 

energy to the dark quadrupolar resonance (vertical bonding) through near-field coupling, and 

significantly amplifies the energy density in the vertical gap regions, enabling efficient 

photoluminescence. Furthermore, Figure 6.4d shows that the PL intensity of the underlying 

gold slab overwhelmingly exceeds that of the nanosphere dimer by a factor of more than 20, 

which could be attributed to the denser charge accumulation in the flat surface of the gold film 

than the curved surface of the nanospheres, leading to higher field intensities in the gold film 

domain. 
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Figure 6.4 Relative photoluminescence intensity calculated for different integrating domains: (a) the entire film-

coupled dimer (orange) and the silica-supported dimer (light blue), (b, c) the horizontal (red) and vertical 

(purple) gap domains in (b) the silica-supported dimer and (c) the film-coupled dimer, and (d) the two 

nanospheres (red) and the underlying film (purple) of the film-coupled dimer. The corresponding integrating 

domains are indicated in yellow as shown in the insets. The apex angle 𝜃, defining the domain size in (b, c) is 

90½. The size of each slab in (d) is 12×12×6	nmf. 

6.4 Conclusion 

In summary, we have performed the photoluminescence spectroscopy over both the 

single nanosphere dimer on silica and gold film. Upon near-resonant excitation of the 

hybridized dipole-quadrupole plasmon resonance, the film-coupled dimer shows a 

photoluminescence intensity enhancement up to ~200 times yet with a much narrower 

emission linewidth in comparison with the silica-supported dimer. The high polarizations as 

well as the similarities between the PL emission and plasmon scattering spectra of both the 
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glass supported and gold film coupled dimer suggest the radiative plasmon decay dominate 

the photoluminescence emission. Moreover, the relative PL intensity calculated over different 

volume domains in the two dimers reveals that the contribution from the vertical sphere-film 

gap junctions dominates the total PL emission of the entire system. These findings 

demonstrate that the film-coupled metal nanosphere dimer can provide a nanoscale cavity 

with both ultrasmall mode volume and ultrahigh quality factor, offering a promising platform 

for various plasmon-enhanced spectroscopy applications such as SERS175, nonlinear 

plasmonic sensing203, and plasmon-molecule strong coupling72. 
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Chapter 7   Gap plasmon enhanced nonlinear 

optical emission from upright plasmonic 

molecules for longitudinal field mapping 

Placing a nanoparticle near metal surface can define a plasmonic molecule with a strong 

vertically aligned dipole moment. This kind of molecules preferentially respond to the 

longitudinal filed component of an incident excitation, suggesting the metal film-coupled 

nanoparticles a potential probe for longitudinal field sensing. To explore this potential, in this 

chapter we perform the nonlinear optical spectroscopy of the single metal film-coupled 

nanoparticles. In section 7.1, a continuous tunability of the gap plasmon resonance within the 

Vis-NIR band is demonstrated through the size control over the gold film-coupled 

nanoparticles, which allows for a resonant excitation for enhanced nonlinear optical responses 

with the readily accessible Ti:sapphire femtosecond lasers. Then in section 7.2, the nonlinear 

optical emissions of the metal nanoparticles on film are experimentally investigated, in which 

a significant nonlinear optical emission enhancement is demonstrated for the metal film-

coupled nanoparticles compared to their counterparts on silica substrate. Particularly, the 

second harmonic generation shows a nonlinear conversion coefficient > 1.05×100¬/𝑊 , 

which means a second harmonic photon yield as high as ~1.49×10Y. More intriguingly, a 

two-lobe shaped emission pattern for each nanoparticle on film is observed. To account for 

these experimental findings, the calculation of field intensity distributions at the focal plane 

are performed based on the vector diffraction theory as detailed in section 7.3. Excellent 

agreements between the calculation results and the experimental observations for both linearly 

and circularly polarized excitation cases are demonstrated, unambiguously confirming that the 
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excitation of the gap plasmon resonance of the metal film coupled nanoparticles dominantly 

contributes to the enhanced nonlinear optical emissions. This way the gap plasmon resonance 

enhanced nonlinear optical emissions enables the vertically aligned plasmonic molecule a 

nanoscale and sensitive probe for longitudinal field mapping.  

7.1 Tunable dipolar gap plasmon resonance through particle size 

control 

	

Figure 7.1. (a) Schematic of the gold-film coupled nanospheres of different sizes: 60nm,80nm and 100nm. (b) 

Calculated scattering spectrum of the particles as in(a), Note the CTAB shell is not considered in the simulation 

for simplification. (c) Calculated near-field intensity distributions of the 100 nm gold nanoparticles on film at the 

resonance wavelength. (d) Measured scattering spectra corresponding to the ones in (b). 

The gold film coupled nanoparticles used here are schematically depicted in Figure 7.1a, 

which are fabricated in the same way as in our previous studies204. The coating layer CTAB 
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acts as the spacer to separate the particle from the underlying gold film with ~1 nm distance. 

To realize emission enhancement in nonlinear optical spectroscopy, the gap plasmon 

resonances of the film-coupled nanoparticles need to be efficiently excited, which means the 

gap plasmon resonance wavelength is required to be tuned into the emission band of the 

generally available Ti: sapphire femtosecond laser, say 700 − 1000  nm. Instead of 

controlling the spacer thickness to adjust the plasmon resonance wavelengths as reported 

elsewhere, here we simply change the particle size attempting to shift the gap plasmon 

resonance into the near-infrared region.  Based on electromagnetic simulation results, it is 

found that increasing the particle diameter indeed leads to the red shifts of the gap plasmon 

resonance as shown in Figure 7.1b. Thus, the nanostructure of the gold film-coupled 

nanoparticles with different particles size are fabricated. To determine the actual gap plasmon 

resonance positons, the scattering spectra of them are measured (Figure 7.1d) in the single 

particle level. As can been seen from Figure 7.1b and d, all of the measured spectra show a 

redshift in their resonance peaks compared to the corresponding simulated ones. This is 

largely due to the removal of the thin CTAB layer in the simulation configuration, which 

otherwise would make the simulation substantially heavy and even leads to convergence 

failure. Fortunately, the gold nanoparticles of 100 nm diameter coupled to the gold film are 

found to have a gap plasmon resonance located in the near-infrared band (~850 nm) and more 

than two orders of filed intensity enhancement can be achieved in the gap region upon 

resonant excitation according to the simulation results (Figure 7.1c). Subsequently, the gold 

nanoparticles of 100 nm diameter coupled to the gold film will be studied in the following 

nonlinear optical spectroscopy experiments. 



	

101	
	

7.2 Gap plasmon resonance enhanced nonlinear optical emission  

  
Figure 7.2 (a) Simplified experimental configuration for the nonlinear optical spectroscopy. (b) Dark field image 

of gold nanoparticles which are dispersed partly on gold film (left region) and silica substrate (right region). The 

boundary of different substrate is clearly visible. The geometric detail of the red square box enclosed 

nanoparticle is showed in the inset. (c) The nonlinear optical image of the gold nanoparticles of the same area as 

in (b). For clarity, the emission pattern of one nanoparticles on the gold film is refined and enlarged as in the 

inset. The collection band for imaging is 400-750 nm. The scalar bars are 5 µm and 1 µm in the main image and 

inset, respectively. (d) The intensity profiles of the scattering pattern marked in (b) and nonlinear optical 

emission pattern for the same one.  

The simplified experimental configuration is schematically showed in figure 7.2a. A 

linear polarized laser beam is tightly focused onto the nanoparticles. The possible nonlinear 

optical emission, such as second harmonic generation or/and two-photon luminescence, etc., 

will be collected by the same objective and guided to the spectrometer system for spectral 
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analysis and nonlinear optical imaging. Particularly, the imaging is performed in a confocal 

configuration in which the focused laser beam scan across the samples (for details see Figure 

3.9). The main images in Figure 7.2b and c show the dark field (b) and nonlinear emission (c) 

image captured over the same sample area. For a solid comparison of the distinguished optical 

response of the nanoparticles on gold film and silica substrate, the sample is deliberately 

processed in a special manner so that particles on both substrates can be shot simultaneously. 

It can be clearly seen from Figure 7.2b that the particle density on the silica substrate (upper-

right region) is unambiguously larger than that on the gold film, which can be attributed to the 

reinforced bonding through electrostatic attraction between the gold particles and silica 

surface and thus a higher particle possibility of immobilization205. Counterintuitively, the each 

particle on the gold film also appears as a green solid spot pattern as that on the glass side. 

Actually, these green solid patterns correspond to the transversely oscillating dipolar mode 

(with resonances at ~550 nm) of the single nanoparticles. The gap plasmon resonances (with 

resonances at ~850 nm) of the gold film-coupled particles, though possessing the strongest 

scattering intensity, falls into the near-infrared band as already shown in Figure 7.1d and 

cannot be efficiently detected by the silicon CCD camera. More intriguingly, in the nonlinear 

optical image shot with a collection band 400 − 750 nm, while the particles in the silica 

region are all invisible, their counterparts in the gold substrate area are all lightened again by 

the focused femtosecond laser pulses. This emission contrast undeniably suggests a large 

nonlinear optical emission enhancement for the gold nanoparticles when coupled to metal film. 

Particularly, all of the visible particles appear as a two-lobes shaped pattern individually, 

which are obviously different from their appearances in the scattering images as shown in 

Figure 7.2b. These distinctive appearance features of the metal film-coupled nanoparticles in 



	

103	
	

the dark field (Figure 7.2b) and nonlinear optical image (Figure 7.2c) can be more clearly 

distinguished by the comparison of their intensity profiles as presented in Figure 7.2d, in 

which a bi-Gaussian-peaks profile of the individual particle on gold film in the nonlinear 

optical image can be unambiguously identified from the single-Gaussian intensity distribution 

observed in the linear optical image. 

To identify the origins of the enhanced nonlinear optical emission from gold 

nanoparticles brought in close proximity to a metal substrate, the emission spectrum from 

single particle is measured and presented in Figure 7.3a. As can be seen, a narrow emission 

peak with wavelength exactly poisoned at half of the excitation (~425 nm) can be identified 

from a broad emission background whose band centers at ~550nm. Their emission intensity 

dependencies on the excitation power, as plotted in a log-log manner in Figure 7.3b, both 

present a linear correlation with slope ~2.0, confirming the two emission bands correspond to 

the second harmonic generation and two-photon luminescence, respectively. To probe the 

enhancement mechanisms of the SHG and TPL, the nonlinear optical images in both the SHG 

band (400 − 450 nm) and the TPL band (500 − 600 nm) are captured as shown in Figure 

7.3c. Due to the narrower emission band, the SHG image takes on a lower intensity compared 

to that of the TPL emission. However, they share the same emission pattern in both images, 

which implies a similar emission enhancement mechanism behind both of them. Details will 

be addressed in the following. 
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Figure 7.3 (a) The nonlinear optical emission spectra of the single nanoparticles on gold film. (b) The power 

dependence of the emission intensity for TPL and SHG integrated within spectral bands specified in (a). (c) The 

nonlinear optical images of nanoparticles in the same area obtained in different spectral bands as that 

distinguished in (a).  

In this nonlinear optical spectroscopy experiment, the focused femtosecond laser 

illuminates the singled nanoparticles in a beam scanning mode (see Figure 3.10). In details, a 

linearly polarized laser beam, upon focused by an objective, will produce other two 

orthogonal field components at the focal plane as indicated in the inset in Figure 7.4a. 

Particularly, with increase in the numerical aperture of the objective used, the intensity of the 

longitudinal component, that is absent in the laser beam before focused, will gradually 

increase and can be up to 30%  of the total power when NA = 0.9 . Though the field 

component of the original polarization (transversely polarized) still dominates the total power, 

the effects of the longitudinal component in sensitive nonlinear spectroscopy applications, 

cannot be ignored. For the metal film-coupled nanoparticles, the gap plasmon modes respond 

preferentially to the longitudinal polarization component of the light incidence and the large 

field enhancement upon resonant excitation of the gap plasmons by the femtosecond lasers are 

believed to be responsible for the nonlinear optical emissions. To confirm this, we will 

evaluate the excitation polarization dependent nonlinear emission intensities. Since switching 
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in between the pure transverse and longitudinal polarizations in experiment is difficult, the 

polarization control is performed in the nonlinear simulation frame. Take the second harmonic 

generation for example, the near field distribution at SH wavelength (ie.,425 nm) is calculated 

based on a perturbative approach in the nonlinear optical regime108. As indicated in Figure 

7.4(b-c), the excitation is either p-polarized (Figure 7.4b, polarization in the incidence plane) 

or s-polarized (Figure 7.4c, polarization out of incidence plane). For p-polarized excitation, 

the transverse and the vertical (along the surface normal) polarization components possess the 

same intensities because the incidence angle is 451. In this excitation configuration, strong 

SH intensities are observed in the nanoparticle-film region. When the excitation is switched to 

p-polarization, the intensities turn to be extremely weak. This sharp contrast in the SH 

intensity indicates that the nonlinear optical process is driven by the longitudinal field 

component. Thus, we can infer that in experiment, even though the transversely polarization 

component dominates the total laser power, they do not contribute to the enhanced nonlinear 

optical emission. As will be seen later, the nonlinear optical emission patterns of single film-

coupled nanoparticles just provide the evidence for this inference. 

 

Figure 7.4 (a) Calculated power dependences of the three orthogonal field components on the objective 

numerical aperture. The incident laser beam is 𝑥 −  polarized before focused. (b) The near field intensity 
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distribution at the SH frequency upon p-polarized excitation. (c) The near field intensity distribution at the SH 

frequency upon s-polarized excitation. 

7.3 Nanoparticles coupled to a metal film as a sensitive field probe 

for longitudinal field mapping 

	

Figure 7.4 (a) Decomposition of filed intensities in the focal plane. Before focused, the incident beam is linearly 

polarized along 𝑥. The numerical aperture of the lens used in calculation is 0.95. (b) Excitation polarization 

dependent SH emission patterns of single gold film-coupled nanoparticles. The incidence is linearly polarized. 

(c-d) comparison between the SH emission patterns of nanoparticles coupled to film upon excitation of different 

polarization states. (c) for linear polarization and (d) for circular polarization. 

Back to experiment, the laser-scanning configuration is functionally equal to a stage 

scanning one in which a single particle driven by the motorized stage moves around in the 
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immobilized illumination beam (see Figure7.2a). For clarity, we will adopt the stage scanning 

configuration in subsequent analysis. With the diffraction theory, we calculate the transverse 

and longitudinal field intensities at the focal plane of a tightly focused laser beam with linear 

polarization (see details of the calculation methods206,207 in the appendices section). Figure 

7.4a shows the calculation results. As can be seen, while profile of the strongest transverse 

field  𝑥  polarization component, appears as a solid spot, the intensity distribution of the 

longitudinal field component is featured with two strong intensity lobs symmetrically aligned 

along the incident polarization of unfocused beam. This two-lobes shaped field pattern closely 

resembles to the nonlinear optical emission patterns of single gold film-coupled nanoparticles 

except for the subtle intensity ribbons in the calculated field distribution. Actually, the 

nonlinear optical emission intensities of both SHG and TPL exhibit a quadratic dependence 

on the excitation intensity as already demonstrated in Figure 7.3b. Hence, the fourth order 

powered intensity distribution profiles of fundamental field are more straightforwardly 

correlated with the nonlinear optical emission pattern (Figure 7.4c). To be convincing, we 

continuously rotate the direction of the incidence linear polarization. It is found the 

orientations of SH emissions of single nanoparticles rotate synchronously. In this way, the 

metal film coupled nanoparticles act as a field probe which can be utilized to map the 

longitudinal field distribution of focused lasers. As one more demonstration, we alter the 

incidence light to be circular polarized. The observed nonlinear optical emission pattern of 

each film-coupled particle becomes like a hollow disk, showing good agreement with the 

calculation results (Figure 7.4d). 
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7.4 Revealing the origins behind the large SHG enhancement  

To evaluate the SH conversion efficiency with this tightly coupled plasmonic structure, 

we have performed the SH emission power measurements over 271 nanoparticles on gold film. 

Details of the method can be found in the appendix section. Based on the statistic 

measurements, we obtain an average SHG conversion efficient > 1.05×100¬	𝑊0(  for 

individual film-coupled nanoparticles, which means a second harmonic photons yield as high 

as ~1.49×10Y	photons per second. 

In probing the mechanism of the large SH enhancement of this compact nano-resonator, 

the contributions from both the excitation and emission enhancements have to be considered, 

respectively. Based on a phenomenological model of nonlinear optics208, the SHG related 

second-order nonlinear polarization 𝑃*P
(*) for the plasmonic resonator takes the following form:  

   𝑃*P
(*) ∝ 𝜒 * (−2𝜔;𝜔,𝜔	)𝐿*P 𝐿P𝐸1 *                                                                          (1) 

where 𝐿P  and 𝐿*P  are the excitation and emission field enhancement factors, 

respectively. 	𝜒 * (−2𝜔;𝜔,𝜔	)  is the material susceptibility determining the second-order 

nonlinear response. Obviously, while the nonlinear polarization intensity is linearly 

proportional to the emission enhancement factor 𝐿*P, it shows a quadratic relationship with 

the excitation enhancement factor 𝐿P. This distinctive enhancement dependence of the SH 

response suggests its higher sensitivity to the excitation component, which can be more 

evident by evaluating the SH intensity variation as  

    𝛿𝐼*P ∝ 2𝜔𝐿*P △ 𝐿*P + 4𝜔𝐿Pf △ 𝐿P                                                                       (7.2) 
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Here the first term on the right hand of equation (7.2) defines the contribution from 

emission enhancement, and the second term corresponds to the excitation enhancement. Since 

the excitation component dominates the nonlinear optical response, the strong SH from the 

metal film-coupled nanoparticles can be reasonable considering the huge excitation field 

enhancement within the ultrasmall particle-film cavity. As indicated in Fig.1c, the peak field 

strength enhancement within the nanocavity reaches ~500. Because of 𝐼+, ∝ 𝐿PF 𝐸1F, a peak 

SHG enhancement factor as high as 6.25×10(1 can be anticipated. Though recently reported 

plasmonic nanostructures designed for enhanced nonlinear optical emissions (SHG/THG) 

prefer to the double-resonant (DR) configurations, the exemplified structures, until now, are 

limited to several complex entities.209,210 Moreover, the DR nano-antennas fabricated with up-

bottom methods usually suffer from relatively low nonlinear excitation rate (excitation 

contributed peak SHG enhancement factor typically < 10¬  )209 compared to the deep 

nanoscale (~1nm) particle-film cavity, offering the metal film-coupled nanoparticles a good 

chance to surpass the DR antennas in SHG enhancement. 

The charge distributions of the nanoparticle on film at the SH wavelength are also 

calculated to reveal the nature of the SH emissions. Figure 5a shows both the real and 

imaginary parts of the complex charge distributions. While the real part exhibits an electric 

quadrupole feature in the near-field, the imaginary part shows definitely an electric dipole 

character. This distinct charge phase characters suggest modes hybridization occurred at the 

SH wavelength.211 Though a clear description of its role on SHG emission is still lacking, it’s 

believed that, through modes hybridization, the dark quadrupole component induced SHG in 

the near field can partly transfer its energy to the radiative dipole mode and, thus, radiate into 

the far field space.212 To address this effect in the gold nanoparticles tightly coupled to film, 
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we seek to track the dipolar SH emission characters in the far field zone. We achieve this by 

numerically performing the near-to-far field transformation.213 A pure dipolar character of the 

second harmonic emission can be identified from the far field (Figure 7.5b). This far-field 

feature is dramatically distinct from the doubly-resonant plasmonic antennas in which the SH 

emission are typically of a quadrupole type due to modes hybridization.212  Therefore, the SH 

emission efficiency of doubly-resonant plasmonic antennas are not necessarily advance over 

the nonresonant dipolar SH emission of gold film-coupled nanoparticles. Though it’s hard to 

evaluate, the emission enhancement contribution to the total SHG enhancement in the gold 

film-coupled nanoparticles can be considerable. 

     

Figure 7.5 (a) Simulated SH (wavelength at 425 nm) charge distributions. (b) Calculated SH emission 

pattern. (c) Calculated emission pattern of the localized surface plasmon at the excitation wavelength (850 nm). 
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7.5 Conclusion  

In conclusion, we have demonstrated an upright plasmon molecule by placing a gold 

nanoparticle near the gold film. The strong vertically aligned dipolar plasmon resonance of 

the molecule can be continuously tuned within the VIS-NIR band through simple control over 

the particle size. Upon resonant excitation, the metal film-coupled nanoparticles show 

significant enhancement in nonlinear optical emission (SHG and TPL) compared to their 

counterparts on the glass substrate. Numerical simulations based on perturbative approach 

have been performed and the near -field intensity distributions at SH frequency revealed a 

highly confined nonlinear light source in the particle-film gap junction, implying the dipolar 

gap plasmon resonance is responsible for the emission enhancement. Subsequent calculations 

results based on the vector diffraction theory further confirm the dominant contribution of the 

longitudinal component to the nonlinear optical emission, enabling the metal film-coupled 

nanoparticles an ultrasmall and sensitive field probe for longitudinal field mapping which is 

fundamentally important for nanoscale light-matter interactions. Moreover, the measured 

nonlinear conversion coefficient for second harmonic generation of single gold film-coupled 

nanoparticles is as high as > 1.05×100¬/𝑊. Nonlinear simulation results reveal this large 

SHG enhancement originates from both the ultra-strong excitation rate near the nanoparticle-

film junction and the emissive dipolar character at SH wavelength. 
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Chapter 8   Conclusion and outlook  

In this thesis, I presented our studies on the linear and nonlinear optical properties of 

metal film-coupled nanoparticles with particular focus casted on the multi-nanoparticle 

coupled to the metal film.  

Within the linear optical frame, we carried on the polarization resolved dark field 

spectroscopy experiment to explore the rich gap plasmon modes of both the gold film coupled 

nanoparticle monomers and dimers. It has been found the gold monomers, when placed near 

the metal film, can result in a dipolar gap plasmon resonance in the near-infrared wavelength 

band through the particle-film coupling. This gap dipolar mode shows a distinctive dough-nut 

shaped radiation pattern as revealed by the developed color-decoding technique (or quasi 

multi-spectral imaging method). In the meantime, the transverse particle plasmon mode, 

though electrically screened by the underlying metal film, does remain and appears as a bright 

solid PSF spot in the radiation field, which showed excellent agreements with the full wave 

simulation results performed based on FEM method. More intriguing scenario occurred for 

the dimer case: when a single nanoparticle is coupled to another one on glass. This would lead 

to a bright bonding dipolar plasmon mode with broad resonance linewidth. However, the 

linewidth can be significantly narrowed by a factor of ~4.9  by replacing the dielectric 

substrate with a gold film. While the narrow effect also slightly holds for the monomer 

coupled gold film, this pronounced linewidth shrinking for the dimer must imply more rich 

physics involved. 

To uncover the physical origin of the narrow plasmon mode of dimer coupled to gold 

film, we resorted to the plasmon hybridization theory proposed by Peter Norlander etc. Then 
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with multipole expansion method, we successfully extracted a bonding dipolar mode formed 

by the particle-particle coupling, and a quadrupole mode formed by the transverse dipolar 

bonding mediated by the metal film. It turns out that the plasmon hybridization between the 

bonding dipolar mode and the quadrupole mode largely suppresses the radiative loss of the 

dipolar mode and thus results in the longer life of the hybridized mode as manifested in the 

shrinking modes linewidth. Additionally, this narrow effect is also revisited with 

transformation optics theory. The near field distributions of the transformed system suggest a 

substantially increased energy concentration in the near field domain and thus the resultant 

reduction in radiation loss leads to the significant plasmon linewidth narrowing. 

In light of the energy transfer from the far field to the near field regime as suggested by 

both the plasmon hybridization model and the transformation optical theory, we anticipated 

this effect can be used to significantly enhance the light-matter interactions for some 

spectroscopy applications. As a demonstration, we performed the photoluminescence 

spectroscopy of the single nanoparticle dimer coupled to metal film. It has been found the 

photoluminescence intensity of the dimer on gold film is ~200	times stronger than that of its 

counterpart on glass substrate. Particularly, the spectral characteristic of the 

photoluminescence for dimers on both substrates fully resemble that of their scattering spectra 

in peak positions and linewidth. These similarities imply the plasmon emission is the origin of 

the photoluminescence enhancement in both nanostructures, which is further confirmed by the 

good agreement between the experiments and calculation results. 

As for the nonlinear optics aspect, we perform the multi-photon spectroscopy of the gold 

film-coupled nanoparticles. The available femtosecond laser system equipped to the 

spectroscopy system comes with a tunable lasing wavelength within ~700 − 1100 nm, while 
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the work wavelength band of the light detectors in the detection module is restricted to 

~400 − 700 nm. For readily charactering the general nonlinear optical emission, such as the 

second harmonic generation, two-photon luminescence, the effective excitation wavelength is 

required to be at least slightly above double of the detector’s lower limit, i.e. ~800 nm. 

Therefore, the available excitation wavelength band is 800 − 1100  nm, and it can be 

anticipated when the plasmon resonance falls into this band, resonance enhanced nonlinear 

optical emission can be achieved. For this reason, we demonstrated a continuous tunability of 

the plasmon resonance wavelength though simply controlling over the particle size, and 

finally, the 100 nm particles coupled the metal film, with a gap plasmon resonance ~850 nm 

are chosen for the nonlinear optical spectroscopy. It is found the gold nanoparticles 

demonstrate large nonlinear optical emission (of both SHG and TPL) enhancement compared 

to their counterparts on the glass substrate. More strikingly, each of the emitting nanoparticles 

appears as a two-lobs shaped pattern, which is distinctively different from its appearance in 

the dark field image. Considering the emission enhancement may arise from the excitation of 

the gap plasmon resonance peculiar to the nanoparticles on gold film, the two-lobe shaped 

pattern may correspond to the longitudinal field component responsible for gap plasmon 

activation. To confirm this, we calculate the field intensity distributions of the tightly focused 

beam with a linear polarization at the focal plane. It is found that the pattern of the calculated 

longitudinal field distribution well resembles to the observed emission pattern of single 

nanoparticle on film, which also holds for the circular polarization excitation carried 

subsequently, enabling the metal film coupled nanoparticles an ultrasmall and sensitive probe 

for longitudinal field mapping.  
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Throughout this thesis, the metal film-coupled nanoparticles have been demonstrated as a 

promising plasmonic nano-platform which exhibits distinctive plasmonic responses and 

possesses a nanoscale gap cavity hosting for versatile spectroscopy enhancements. In view of 

the rich plasmon interactions, together with the easiness in fabrication as well as the readily 

loading of active optoelectronic materials into the hot spots, continuous studies on the metal 

film-coupled nanostructures can be expected in future to trigger a series of breakthroughs in 

nanophotonic research and applications. 
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Appendices 

Identify the nanoparticle dimers on gold film with dark field 

spectroscopy 

Gold nanosphere dimers can readily be identified with the aid of a dark-field microscope.  

As can be seen in Figure A1, the nanosphere monomers show clear green colors, while the 

nanoclusters appear as bright spots. In particular, the nanosphere dimers, whose constitution is 

confirmed afterwards in the SEM image, show clear red colors in the dark-field image. Based 

on these color differences of the nanoparticles in the dark-field image, we are able to optically 

distinguish the gold nanosphere dimers from the monomers and measure the optical response 

of the nanosphere dimers before the SEM characterization. Thus, potential modifications to 

the optical response of the nanoparticles by the e-beam irradiation in a conventional SEM-first 

manner are avoided.  

Actually, the nanoparticles we selected for scattering measurement are all spherical-like, 

and no severe aberrations from a sphere shape can be observed in the SEM   images. Still, tiny 

structure features, like sharp surface corners, roughness, overall size difference cannot be 

excluded and will affect the optical properties. Previous studies145,214 have shown that, 

compared to the ultra-smooth spherical nanoparticles, the spherical-like nanoparticles inherit 

the same plasmonic modes yet with shifted plasmon resonance positions. Another study215 

also demonstrates the surface roughness or local environmental variations in the particle-film 

coupling system would not alter the plasmonic modes and only shift the plasmon resonance 

peak. Therefore, the aberration from perfectly spherical shape wouldn’t intrinsically alter the 
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plasmonic modes as showed in Figure A1b.  

 

 
Figure A1. (a) Pattern matched SEM image and dark-field image (inset, upper-left corner) of gold nanoparticles 

positioned on a 45-nm-thick gold film. The enlarged SEM image of each representative particle is presented 

nearby as insets. The scale bar is 1 µm in the large image and 200 nm in the enlarged image. (b) Scattering 

spectra measured over several nanosphere dimers on gold film. 

 

Simulation model of far-field radiation and photoluminescence 

emission patterns for both silica and gold supported dimers 

To simulate the far field radiation patterns of both dimer systems, the monitors used to 

record the radiative fields have to be very large to cover as much the radiation fields as 

possible and also be far enough from the surface of the gold film to avoid collecting the field 

of the surface waves that would not contribute to the far-field radiation. Considering the huge 

amount of memories required by finite-element method based simulation codes such as 

COMSOL, here we adopt the finite-difference time domain method to calculate the far-field 

scattering and emission distribution of the two systems. As depicted in Figure S2, the lateral 

size of the monitors in the upper and lower half-space are set to be 4800 x 4800 nm2, and 
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symmetry planes are set in the PML boundaries to further reduce the computing burden. 

 
Figure A2. Schematic of an FDTD Solution (Lumerical Inc.) model for calculating the far-field radiation and 

photoluminescence emission patterns of the gold film-supported dimers. The same model is used for the silica-

supported dimer by simply replacing the gold film layer with silica. The lateral width of the calculation domain 

is 5 µm. PML: perfect match layer; TFSF: total field and scattering field source. When calculating the far-field 

radiation pattern at the scattering peak wavelengths of the two systems, the TFSF source is launched; When 

calculating the photoluminescence emission patterns, the dipoles sources as shown in the inset are activated. 
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Scattering spectra of a single gold film-coupled dimer taken 

before and after photoluminescence measurement 

 

	
Figure A3. Scattering spectra of a single gold film-coupled gold nanosphere dimer taken before and after 

photoluminescence measurement. The power density of the 633nm laser is ~1.6	×10F W/cm2 in the focus plane. 

 

Excitation and emission polarization dependent 

photoluminescence spectroscopy of a silica-supported dimer 

under 633 nm laser illumination 
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Figure A4. Excitation (blue) and emission (red) polarization dependent photoluminescence intensity under 

illumination by a 633 nm laser. The solid lines are fits with a cosine function:	𝑦 = 𝐴 + 𝐵 ∗ 𝑐𝑜𝑠*( G
(¬1

𝑥 + 𝐶). 

Detailed calculations with the measured data give rise to a degree of polarization (DoP) ~0.71 for detection 

polarization dependence 

 

Comparison between photoluminescence intensities calculated 

over the gold film and selected slabs in a film-coupled dimer 

 

	
Figure A5. (a) Different integrating domains selected for calculating the photoluminescence contribution from 

the gold film. 𝐿 = 2𝐷 = 200  nm, 𝑊 = 100  nm, 𝑡 = 45  nm, 𝐿Î = 12  nm, 𝑊 Î = 12  nm, 𝑡Î = 6  nm. (b) 

Calculated PL spectra over different domains as indicated in (a). This results confirm that the photoluminescence 

from the gold film is dominantly contributed by the two ultrasmall domains near the particle-film gaps. In the 

near-field calculations of the photoluminescence emission intensity, the override meshes applied in meshing the 

gold slabs, the particle-film gaps and the gold nanospheres have a mesh size of 1nm, 0.2 nm and 1 nm, 

respectively. The choice of these mesh sizes as well as the mesh size for the whole simulation domain size, the 

number of PML layers and the conformal mesh scheme are tested to ensure the simulation convergence. 
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Calculation of the field distributions at the focal plane of focused 

laser beam  

                 
                                Figure A6 Schematic illustration of the light beam focused by a lens. 

 

As depicted in Figure A6, the 𝑥 −polarized beam, after focused by a lens, the field 

distribution at the focal plane can be written as  

𝐸 =
𝐸�
𝐸-
𝐸�

=
−𝑖𝐴 𝐼1 + 𝐼*𝑐𝑜𝑠 2𝜑

−𝑖𝐴𝐼*𝑠𝑖𝑛 2𝜑
−2𝐴𝐼(𝑐𝑜𝑠 𝜑

 

where  

𝐼1 𝑟 = 𝐹1

��O�_

1

𝜅 𝐽1 𝜅𝑝 𝑒𝑥𝑝 𝑖 𝑘* − 𝜅*𝑧 𝑑𝜅 

𝐼( 𝑟 = 𝐹(

��O�_

1

𝜅 𝐽( 𝜅𝑝 𝑒𝑥𝑝 𝑖 𝑘* − 𝜅*𝑧 𝑑𝜅 
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𝐼* 𝑟 = 𝐹*

��O�_

1

𝜅 𝐽* 𝜅𝑝 𝑒𝑥𝑝 𝑖 𝑘* − 𝜅*𝑧 𝑑κ 

 

where	𝛼 corresponds to the NA and is determined by 𝑁𝐴 = 𝑛𝑠𝑖𝑛(𝛼); (𝑟, 𝜑) defines the point 

coordinate at the focal plane. 

Similarly, the field distributions of the circular polarized incidences at the focal plane are 

expressed as follows: 

 

𝐸@OC =
𝐸�
𝐸-
𝐸�

=
𝑒� + 𝑖𝑒�Î
𝑒-	 + 𝑖𝑒-Î

𝑒� + 𝑖𝑒�Î
=

−𝑖𝐴 𝐼1 + 𝐼*𝑒𝑥𝑝 𝑖2𝜑
𝐴 𝐼1 − 𝐼*𝑒𝑥𝑝 𝑖2𝜑
−2𝐴𝐼(𝑒𝑥𝑝 𝑖𝜑

 

 

Evaluation of sample damages induced by the femtosecond laser 

pulses 

 

          Figure A7 Comparison between dark-field images of samples illuminated by high power laser 

(~8	𝑚𝑊, left) and low power laser (~0.6	𝑚𝑊,	right). The laser wavelength is 850 nm. 
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Method to evaluate the nonlinear conversion efficiency of single 

film-coupled nanoparticles 

 

Figure A8 (a-b) Dark-field and nonlinear optical images (400-750 nm) of gold nanoparticles on film (left-

bottom). (c) Refined emission pattern of nanoparticles labeled in (b). (d) Statistic histogram counting the 

numbers of nanoparticle with varied SH intensities. The total particles number is 271. (e) The schematic 

illustration for the delivery loss of SH signal. (f) Calculated SH emission pattern which determines the collection 

efficiency of the detection objective used. 

 

Parameters of the excitation  

Parameter Exc.  𝜆 
(nm) 

Laser 
rep. rate 
(MHz) 

laser pulse 
length (fs) 

FW average 
power* 
(mW) 

Exc. 
Obj. 
NA 

Spot 
diameter 

FW Peak Power 
(W) 

Symbol 𝜆 𝜈 𝝉 PFW NA 𝜹 P'FW 
Formula      1.22𝜆 / NA PFW /	𝜈	𝝉 

Value 850 80 ~120 0.8 0.95 ~1.1 83 

*The value is the effective power corresponding to the longitudinal field component   
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Parameters of the SH emission 

Parameter SH emitted 
photons (cts/s) 

SHG 
power 

(W) 

SHG Peak 
Power (W) 

Max. conversion 
efficiency 

Peak Nonlinear Coefficient 
(/W) 

Symbol N PSH P'SH 𝜂SHG 𝛾SHG 

Formula  N * Eph PSH / (𝜈 * 𝝉) PSH /PFW P'SH / (P' FW)2 

Value 1.49×10Y 0.7×100Y 0.73×100F 0.87×1002 1.05×100¬ 

 
Parameters of the signal delivery system 

Parameter Obj. collection 
efficiency Obj. transmittance Delivery efficiency* 

 (dichroic mirrors, filters, etc.) 
Detector quantum 

efficiency 

Symbol 𝜁 𝑇1 𝑇 𝜌 

Value 0.72 0.85 1.0 0.35 

Total detection efficiency:   𝜎 = 𝜁 * 𝑻𝟎 * 𝑻 * 𝜌 = 0.2142 
* The value is of a conservative assumption, which leads to decrease of the nonlinear conversion efficiency. 
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