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Abstract 
Nonlinear generation of optical fields has enabled many exciting breakthroughs 

in light science such as nonlinear imaging, all-optical switching and supercontinuum 

generation. The intrinsic nonlinear response from bulk materials is extremely weak and 

phase matching conditions need to be satisfied for efficient generation. Plasmonic 

structures have proven to be a promising platform to investigate nonlinear optics due to 

the capability to enhance and localize electromagnetic fields within subwavelength 

volumes beyond the diffraction limit. However, the origin of the large nonlinear 

response observed in the plasmonic structures is not fully understood and the 

investigations of nonlinear processes involving multiple excitation wavelengths are 

limited. Furthermore, simultaneous enhancement and precise manipulation of multiple 

nonlinear optical processes have not been experimentally demonstrated.  

In this dissertation, I describe a specific film-coupled plasmonic nanogap cavity 

structure consisting of arrays of nanoparticles separated from a metallic ground plane 

by an ultrathin dielectric layer. Polarization-dependent, dual-band and spatially-

overlapped resonances are obtained with arrays of rectangle nanoparticles where the 

two resonances can be tuned independently. Highly efficient third harmonic generation 

(THG) is achieved by integrating dielectric materials in plasmonic nanogap cavities, 

resulting in more than six orders of magnitude enhancement in the THG response 



 

 

v 

compared with a bare gold film. Utilizing comprehensive spectral analysis and finite-

element simulation, it is concluded that the main contributing nonlinear source is 

dielectric material in the gap. Furthermore, I demonstrate simultaneous enhancement of 

three nonlinear responses from THG, sum frequency generation (SFG) and four wave 

mixing (FWM) by integrating 1-7 nm Al2O3 layer in the nanocavities formed by a gold 

ground plane and silver nanorectangles. Enhancement up to 106-fold for both THG and 

FWM and 104-fold for SFG is achieved when the excitation wavelengths overlap with the 

resonance wavelengths from transverse and longitudinal modes of the nanorectangles. 

Precise control of the relative strength of these nonlinear responses is demonstrated 

either actively by varying the ratio between excitation powers or passively by changing 

the Al2O3 gap thickness. Moreover, a metasurface-based efficient frequency mixer is 

realized utilizing diamond and a novel polymer transfer process is employed for 

creating nanoparticle arrays. This new insight into the nonlinear response in ultrathin 

gaps between metals is expected to be promising for both the fundamental 

understanding of nonlinear optics at the deep nanoscale and efficient on-chip nonlinear 

devices such as ultrafast optical switching and entangled photon sources. The capability 

to precisely manipulate nonlinear optical processes at the nanoscale could find 

important applications for nonlinear imaging and quantum communication. 
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Chapter 1  Introduction  
 

 

1.1 Perspective 

It had been thought that all optical phenomena were linear for a long time, 

meaning that the optical properties like refractive index and frequency are constant 

through propagation, and the principle of superposition is valid  [1]. However, the 

invention of light amplification by stimulated emission of radiation (laser) made the 

investigation of optical behaviors under intense excitation possible, giving rise to a new 

branch of optics – nonlinear optics. Nonlinear optics occurs when the optical properties 

of a material system are modified by the presence of light  [2]. Therefore, nonlinear 

optics are “nonlinear” because the response of a material system depends nonlinearly on 

the strength of the applied optical field, resulting in the breakdown of some principles in 

classical linear optics. As a consequence, the refractive index of a nonlinear media 

depends on the excitation intensity, the frequency of light can be varied through 

propagation in a nonlinear media, photons can interact with each other or with other 

particles like phonons, and lastly the principle of superposition is violated in nonlinear 

optical phenomena.  

The major difference between nonlinear optics and classical linear optics is that 

the properties of nonlinear media are modified by the incident light, therefore causing 
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the occurrence of other optical fields, and varying the incoming light itself. Light can be 

utilized to control light in the nonlinear media, giving rise to numerous fascinating 

phenomena which is forbidden in the regime of classical linear optics. The field of 

nonlinear optics has attracted lots of interest since its beginning, which is usually 

considered as the demonstration of second harmonic generation (SHG) in 1961  [3] 

shortly after the invention of an operating laser system. The researches in the field of 

nonlinear optics span from fundamental understanding of light-mater interactions in 

nonlinear media  [4–12] to applications utilizing different types of nonlinear optical 

effects  [13–22].  

There are two quantitatively different categories of nonlinear optics, parametric 

nonlinear optical processes and non-parametric nonlinear optical processes. In 

parametric nonlinear optical processes, the final quantum states of the nonlinear system 

remain identical as the initial state after the interaction with the optical field  [2]. Second-

order and third-order nonlinear optical processes are widely investigated among the 

parametric nonlinear optical processes due to their relatively higher intrinsic efficiency 

compared with higher-order nonlinear processes. The most common second-order 

nonlinear optical process is second harmonic generation (SHG), where a photon of 

frequency 2ω  is generated while two photons of frequency ω  is annihilated, described 

in the quantum mechanical picture. When the incident optical fields consist of two 

different frequency components 1ω  and 2ω , sum frequency generation (SFG) creates a 
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third frequency at 1 2SFGω ω ω= +  and difference frequency generation (DFG) creates a 

third frequency at 1 2DFGω ω ω= − . For third-order nonlinear optical processes, third 

harmonic generation (THG) occurs when three photons at frequency ω  are converted to 

a photon at frequency 3ω , or in other words, the nonlinear response frequency is tripled 

from the original frequency. Another example of third-order nonlinear optical process is 

four wave mixing (FWM), where new frequency at 1 22FWMω ω ω= −  is generated with 

two distinct excitations of 1ω  and 2ω  in one degenerate situation.  

 

1.2 Background 

Nonlinear optics occurs when light interacts with a nonlinear medium, giving 

rise to nonlinear terms of dielectric polarization. Expansion of the nonlinear terms as 

power series in the field strength mixes the incident fields and produces new fields with 

frequencies equal to the sum or difference of incident field frequencies. In parametric 

nonlinear optical processes, it is robust to use a Taylor series expansion to describe the 

dielectric polarization density ( )P t  in terms of the electric field ( )E t  when the optical 

fields are not too large: 

(1) (2) 2 (3) 3
0( ) ( ( ) ( ) ( ) )P t E t E t E tε χ χ χ= + + +                             (1.1) 

where the coefficients ( )nχ  are the n th-order susceptibilities of the medium, and the 

presence of such a term is generally referred to as a n th-order nonlinearity. It needs to 
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be noticed that the polarization density ( )P t  and electric field ( )E t  are considered as 

scalar for simplicity. In general, ( )nχ  is a ( 1)n + th-order tensor which needs to consider 

both the polarization-dependent nature of the parametric interaction and the 

symmetries of nonlinear material. 

To derive the origin of electric fields with new frequencies, the Maxwell’s 

equation in an isotropic space is expressed considering nonlinear polarization: 

2 2 2
2

2 2 2 2
0

1 NLnE E P
c t c tε

∂ ∂
∇ − =

∂ ∂
                                           (1.2) 

where NLP  is the nonlinear terms from the expressed ( )P t  in Eq. (1.1). The 

inhomogeneous term 
2

2 2
0

1 NLP
c tε

∂
∂

 actually gives rise to the nonlinear terms of the 

electric field, which causes interaction and coupling between different frequencies 

known as the wave mixing process. 

In general, the electric field is propagating through the media characterized by 

the wave vector k


. The nonlinear polarization which oscillates at the new frequency 

would have a high intensity only when the phase matching condition, or the momentum 

conservation law, is satisfied. For example, SFG process would occur efficiently only 

when the condition “ 1 2SFGk k k= +
  

” is satisfied, where 1k


 and 2k


are the wave vectors of 

the incident fields and SFGk


 is the wave vector of the generating SFG field. This phase 

matching condition results in an important effect to the derivation of nonlinear optics, 
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which is that one frequency component usually dominates even though a couple of 

different frequency components are present in the nonlinear polarization. For operation 

purpose, a specific frequency component can be chosen to radiate efficiently by properly 

manipulating the polarization of the input radiation and the orientation of the nonlinear 

crystal.  

The nonlinear polarization NLP acts as the source for new components of the 

optical field, giving rise to many important effects. SHG process can convert infrared 

light to visible light and convert visible light to ultraviolet, therefore eminently useful in 

laser systems for frequency conversion. SFG process, also known as frequency up-

conversion, can be utilized in a laser system to produce tunable radiation in the 

ultraviolet spectral region by employing both fixed-frequency and frequency-tunable 

visible laser. The signal at sω  can be amplified with the pump excitation at pω  by 

generating the idler at i p sω ω ω= −  through DFG process, which is known as optical 

parametric amplification (OPA). With proper feedback design, the gain from the OPA 

process can be utilized to construct a device named as optical parametric oscillator 

(OPO), which has proven to be a frequency tunable radiation source with broad spectral 

range from the infrared, visible to ultraviolet regime  [2]. It needs to be noticed that 

second-order nonlinear optical process is forbidden in a material with inversion 

symmetry since (2)χ  coefficient would vanish due to symmetry requirement. Therefore, 

second-order nonlinear optical process is eminently useful in investigating the surface 
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properties of optical materials in terms of morphology and presence of impurities  [16]. 

For the centrosymmetric material, the dominant nonlinearity is from the third-order 

nonlinear coefficient (3)χ , and is also called a Kerr media. The refractive index would 

have an incremental change that is proportional to the input optical intensity in a Kerr 

media, giving rise to couple of fascinating optical effects, such as self-phase modulation, 

self-focusing and spatial solitons  [2,8]. It is also the fundamental mechanism under all-

optical switching where the propagation of light is influenced by another light through 

the modification of optical properties of the media, thus achieving light control light. 

The applications of FWM ranges from optical phase conjugation, supercontinuum 

generation  [23–27] and frequency comb generation  [28–32]. Furthermore, the nonlinear 

optical processes including second-order and third-order process find applications in 

quantum optical regime in terms of generating single photons  [33], correlated photon 

pairs  [34], squeezed light  [35] and entangled photons  [36].  

Although nonlinear optics have been intensively investigated for many decades, 

it is limited by two primary restrictions. Firstly, the intrinsic weak response require 

intense excitation and the low frequency conversion efficiency limit the scale down of 

the nonlinear media where centimeter bulk nonlinear crystal is usually employed in 

laser system. Secondly, deliberate attention needs to be paid to achieve phase matching 

conditions in order to efficiently generate nonlinear response in bulk nonlinear media, 

this further forbids the observation of multiple nonlinear processes or even nonlinear 
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processes from different order nonlinearities simultaneously. Therefore, a significant 

effort has been made to build artificial structures to enhance the nonlinear responses and 

relax the phase matching conditions. Among these structures, plasmonic structures have 

proven to be a promising candidate due to its capability to strongly enhance and localize 

electromagnetic field within a volume much smaller than the diffraction limit of 

light  [37] and the relaxation of phase matching conditions owning to its sub-wavelength 

dimension nature  [38].  

In this dissertation, I investigate a specific type of plasmonic structure, namely 

film-coupled plasmonic nanogap cavities, and further demonstrate polarization-

controlled dual-band and spatially-overlapped resonances using this structure. The 

nonlinear optical processes are explored utilizing the plasmonic nanogap structures in 

terms of probing the origin of highly-efficient nonlinear response and demonstrating 

active control of multiple, simultaneous nonlinear optical processes. Additionally, a 

metasurface-based diamond frequency converter is demonstrated using plasmonic 

nanogap cavities. 

 

1.3 Organization 

The dissertation is organized as follows:  

Chapter 1 presents a brief introduction to the field of nonlinear optics and the 

previous achievements in investigating nonlinear optical processes. It describes the 
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challenges in the nonlinear optics field, therefore providing the motivation of this 

dissertation.  

Chapter 2 introduces plasmonic structures, focusing on the description of film-

coupled plasmonic nanogap cavities that is the investigated platform in this dissertation 

and widely used to modify light-matter interactions at the nanoscale. The field 

enhancement mechanism, fabrication details, finite-element simulation methods and 

potential applications of the plasmonic nanogap structures are described respectively in 

each section.  

Chapter 3 continues the discussion by focusing on the nonlinear optical effects in 

plasmonic structures. The basic concepts of nonlinear plasmonics, theoretical and 

simulation analysis methods are described, providing explanation for the experimental 

results shown in the subsequent chapters. 

In Chapter 4, a plasmonic nanogap cavity structure is demonstrated 

experimentally where ultrathin sub-10 nm dielectric layer is embedded in the cavity 

between a metallic substrate and arrays of metallic nanoparticles. Dual-band and 

spatially-overlapped resonances are exhibited within the structure controlled by the 

incident polarization. This chapter provides the experimental demonstration and 

characterization of the platform which I utilize to investigate nonlinear optical processes 

through this dissertation.  
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Chapter 5 briefly describes a hybrid plasmonic nanogap cavity structure 

combining nanopatch antenna with concentric nanorings, simultaneously achieving 

unidirectional and ultra-bright emission.  

In Chapter 6, THG is selected as a nonlinear optical process to probe the origin of 

highly enhanced nonlinear response within the hybrid plasmonic nanogap cavity 

structures. With comprehensive spectral analysis both in experiment and simulation, it 

is concluded that the ultrathin dielectric material in the gap dominantly contributes to 

the nonlinear response, as opposed to the surrounding metals. 

Chapter 7 describes the experimental observation of multiple, simultaneous 

nonlinear optical processes within single plasmonic structures, and further demonstrates 

active and passive manipulation of the relative strength of these nonlinear responses.  

In Chapter 8, an on-chip diamond nonlinear device is experimentally 

demonstrated that can function as a highly-efficient frequency converter at the deep 

nanoscale.  

Chapter 9 concludes the dissertation and provides future perspectives.  
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Chapter 2  Film-coupled plasmonic nanogap cavities 
 

 

2.1 Introduction 

Plasmonics is the study of the interaction between electromagnetic radiation and 

the conduction electrons at metallic interfaces or in small metallic nanostructures. It 

explores how the electromagnetic field can be confined within the dimension on the 

order of or smaller than the wavelength  [39]. Plasmonic structures have proven to be a 

promising platform both in investigations of fundamental physics effects and potential 

applications due to the properties to strongly enhance and localize electromagnetic field 

within subwavelength regions.   

In this chapter, I start with the discussion of fundamental concepts of plasmonics 

in section 2.2, where two main components of plasmonics are described which are 

surface plasmon polaritons (SPP) and localized surface plasmons (LSP). Moving 

forward, I will focus on one specific type of plasmonic structure namely film-coupled 

plasmonic nanogap cavities. The detailed schematic and fabrication methods will be 

described in section 2.3. A finite-element simulation method (COMSOL Multiphysics) is 

introduced in section 2.4, which will be widely utilized in this dissertation to compare 

with experimental results, providing insights into the intrinsic mechanism of the 

observed modified optical effects by the presence of plasmonic structures. Lastly, 
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plasmonic nanogap cavity structure due to its unique optical properties find numerous 

applications in the field of nanophotonics as discussed in section 2.5, such as tunable 

perfect absorption across a wide spectral range, enhanced photoluminescence (PL), 

enhanced spontaneous emission rate, and improved emission directionality  [37,40–48]. 

The influence of plasmonic structures on nonlinear optical process will be discussed in 

detail in Chapter 3.  

 

2.2 Fundamental concepts of plasmonics   

A surface plasmon polariton (SPP) is a coupled oscillation of electromagnetic 

field and charge density at an interface between a metal and a dielectric, which has 

subwavelength-scale field confinement perpendicular to the interface. Field confinement 

is achieved due to evanescent decay on both sides of the interface since the propagation 

constant is greater than the wave vector in the dielectric  [39]. In metal, all the 

conduction electrons form free electron gas and the plasma oscillation is a collective 

oscillation of free electron density. Plasmon is a quasi-particle to quantize the plasma 

oscillation with plasmon energy of pω , pω  is called the plasma frequency and is an 

intrinsic property of a metal given by: 

2

0
p

ne
m

ω
ε

=                                                               (2.1) 
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where n  is the free electron density, e  is the electron charge unit, m  is the effective 

electron mass and 0ε  is the permittivity in vacuum. Compared with bulk plasmon, 

surface plasmon (SP) is a delocalzied, quasi-static electromagnetic surface mode that 

occurs at the interface between metal and dielectric material (the real part of the 

dielectric function has opposite sign across the interface). SP has lower frequency than 

the bulk plasmon with the expression: 

1
p

sp
d

ω
ω

ε
=

+
                                                            (2.2) 

where spω  is the SP frequency, pω  is the bulk plasmon frequency and dε  is the 

dielectric function of the dielectric material. When the electromagnetic wave in the 

dielectric couples with SP, SPP is excited as shown in Figure 2.1. 

 

Figure 2.1: Schematic diagram illustrating the surface plasmon polariton  [49]. 
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Compared with SPPs which are propagating, dispersive electromagnetic waves 

coupled to the electron plasma of a conductor at a metal-dielectric interface, localized 

surface plasmons (LSP) are non-propagating excitations of the conduction electrons 

coupled to the electromagnetic field in the metallic nanostructures  [39]. LSPs can be 

directly excited by light illumination on subwavelength metallic nanoparticles in an 

oscillating electromagnetic field as shown in Figure 2.2. Localized surface plasmon 

resonance (LSPR) can arise since the curved surface of the nanoparticle excerts an 

effective restoring force on the driven electrons, giving rise to field amplification both 

inside and in the near-field zone outside the nanoparticle. LSPR wavelength is 

dependent on the metalic compostion through its bulk plasmon frequency, and also 

dependent on the size and shape of metallic nanoparticles. The dielectric environment 

and coupling between neighboring nanoparticles can also modify the LSPR wavelength, 

offering potential to build hybrid plasmonic structures consisting of dielectric films and 

arrays of metallic nanoparticles to achieve desired optical field enhancement and 

confinement with a tunable spectral range.  
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Figure 2.2: Schematic diagram illustrating the localized surface plasmon  [49]. 

 

The most commonly used plasmonic metals are Au and Ag in the visible and 

near-infrared spectral region because of their high conductivity. However, Au and Ag 

cannot support LSPR at ultraviolet range due to their low bulk plasmon frequency. 

Therefore, other materials like Aluminum, Gallium, and Indium have been used in the 

ultraviolet range since this spectral region offers higher spatial resolution and lower 

penetration depth  [50,51].  

 

2.3 Realization of film-coupled plasmonic nanogap cavities   

The coupling of excitation light with LSP in metallic nanoparticles provides the 

origin of local electromagnetic field enhancement, and the resulting LSPR can be varied 

from metallic composition, nanoparticle size and shape, surrounding dielectric 

environment, and interplay coupling between nanoparticles. Therefore, different types 

of plasmonic structures are designed to modify the light-matter interactions at the 
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nanoscale.  Among them, film-coupled plasmonic nanogap cavities have proven to be a 

promising platform in terms of perfect absorption, enhanced photoluminescence (PL) 

intensity, and enhanced spontaneous emission rate. Film-coupled plasmonic nanogap 

cavities is a hybrid plasmonic structure consisting of an ultrathin dielectric spacer layer 

(usually below 10 nm) sandwiched between a metallic substrate and arrays of metallic 

nanoparticles (cubes, disks and rectangles) or nanostripes. Various dielectric materials 

can be incorporated into the structure to achieve different types of functionalities while 

metallic material is selected to be Au or Ag in this dissertation since the focus of spectral 

region is visible and near-infrared. Nevertheless, other metals can be directly replaced 

with Au and Ag to accommodate other spectral regions such as the ultraviolet regime as 

stated in last section or to fulfil the requirement of environmentally-robustness and 

high-temperature reliability. In this section, three fabrication methods are introduced in 

detail to achieve plasmonic nanogap cavities, which are widely utilized in creating 

functional plasmonic nanostructures as shown in the subsequent chapters. The major 

difference between these three methods is the way to create arrays of nanoparticles, and 

the method to form dielectric spacer layer is modified accordingly to be compatible with 

nanoparticle deposition method.  
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2.3.1 Lithography-fabricated plasmonic nanoparticles 

The fabrication method for building plasmonic nanogap cavities in this 

dissertation is based on a bottom-to-top fabrication scheme. The methods to create 

metallic substrate, ultrathin dielectric spacer layer and arrays of metallic nanoparticles 

or nanostripes are introduced respectively.  

The metallic substrate is prepared by electron beam evaporation (Evap) or 

template stripping process  [52–60] as the ground plane to support nanocavities. To be 

specific, the Au or Ag film is deposited onto a silicon substrate inside a vacuum chamber 

using an electron-beam metal evaporator (CHA Industries Solution E-Beam). The 

metallic molecules evaporate freely in the chamber and then sublimate on the substrate. 

The thickness of Au or Ag film is usually selected to be 75 nm to ensure it is thicker than 

the penetration depth and a 5 nm chromium adhesion layer is added for improved 

adhesion between the silicon substrate and the metal film. The surface roughness of the 

metal film is important to achieve high quality-factor plasmonic nanocavities, therefore 

atomic force microscope (AFM) is utilized to characterize the surface morphology, 

providing a typical root mean square roughness (Rq) of 0.7 nm (Figure 2.3). Rq is 

calculated as the root mean square average of the profile height deviations from the 

mean line ( )Z x  along the evaluation length L : 

( )
1/2

2

0

1 ( )
L

Rq Z x dx
L
 

=  
 
∫                                                    (2.3) 
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Figure 2.3: AFM image of a typical Au film deposited by Evap. 

 

In contract, the template stripping process will provide a metal film with better 

surface roughness yielding a typical Rq of 0.2 nm (Figure 2.4). The template stripping 

process starts from the Evap deposition of metal film on silicon substrate, followed by 

adhering a cleanroom-cleaned glass slide (Applied Microarrays, Nexterion Glass B- 

Uncoated) with epoxy (EPO-TEK 377 A and B mix at 1:1 ratio and degas in vacuum for 

30 minutes to make sure no visible bubbles) facing down, the glass slide with metal film 

is peeled off from the silicon substrate after baking at 150°C for 2 hours.  
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Figure 2.4: AFM image a typical Au film fabricated by template stripping. 

 

The ultrathin dielectric spacer layer is usually deposited by atomic layer 

deposition (ALD). The ALD process is conducted by United States Naval Research 

Laboratory or VaporPulse Technologies, Inc. For example, ALD of TiO2 was deposited in 

an Ultratech Fiji G2 reactor at 250°C with tetrakis (dimethylamino) titanium (IV) and O2 

plasma (40 sccm) precursors at ~ 12 mTorr.  

The electron beam lithography (EBL) system is typically utilized to create arrays 

of metallic nanoparticles or nanostripes with resolution up to 5 nm. The smallest feature 

size can go down to 30 nm while maintaining a relatively good shape and quality. The 

process starts with spin coating a photoresist layer onto the substrate, followed by 

focused electron beam exposure to certain areas determined by the designed patterns. 
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Then, the sample is developed in a mixed solvent with 1:3 MIBK (Methyl isobutyl 

ketone): IPA (Isopropanol) and metal is deposited into the holes created after 

developing using Evap deposition. Lastly, the remaining photoresist with the metal on 

top is removed by lift-off process. A characteristic EBL-generated nanoparticle array is 

imaged with scanning electron microscope (SEM) and shown in Figure 2.5 where 

nanoparticles with 150 nm size and 30 nm height are arranged in a periodic two-

dimensional matrix with 300 nm period (25% fill fraction). 

 

Figure 2.5: SEM image of a representative EBL-generated nanoparticle array. 

 

2.3.2 Colloidal-synthesized plasmonic nanoparticles 

For colloidal-synthesized plasmonic nanoparticles, the metallic substrate can be 

prepared using the same method as described in section 2.3.1, while the dielectric spacer 

layer can be prepared with polymer-based layer-by-layer deposition method  [42]. To be 
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specific, polyelectrolyte (PE) layers with alternating poly (allylamine) hydrochloride 

(PAH) and poly (styrenesulphonate) (PSS) layers are typically utilized since PAH is 

slightly positively charged and PSS is slightly negatively charged. PAH is usually coated 

first on the metallic substrate and a top layer of PAH is added to facilitate metallic 

nanoparticles adhesion since metal is typically negatively charged. The metallic 

substrate is immersed in the cationic solution of 3×10-3 M PAH and 1 M NaCl for 5 

minutes and then immersed in the anionic solution of 3×10-3 M PSS and 1 M NaCl for 5 

minutes. It is also rinsed thoroughly with deionized (DI) water and 1 M NaCl solution 

between successive layers. The layer-by-layer deposition process is repeated to obtain 

the desired thickness based on the self-assembly nature of these PE layers to form ~ 1 nm 

layer for each immersion step. It needs to be noticed that ALD can also be utilized to 

create a dielectric spacer layer, in which case one PAH on the top is necessary to attach 

the colloidal-synthesized nanoparticles.  

The colloidal Ag nanoparticles are chemically synthesized from silver 

trifluoroacetate (AgC2F3O2) solution with ~ 3 nm poly vinylpyrrolidone (PVP) coating 

surrounding the nanoparticles. The obtained nanoparticle solution can be concentrated 

or diluted determined by the desired fill fraction to cover the dielectric spacer layer. The 

prepared nanoparticle solution is deposited onto the substrate using a clean coverslip, 

and the electrostatic interaction makes the nanoparticles be immobilized on the top of 

polymer layer. After rinsing with DI water and dry with nitrogen gas, a uniformly-
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distributed nanoparticle coating is formed on the desired substrate. A characteristic 

colloidally-synthesized Ag nanoparticle coating is imaged with SEM and shown in 

Figure 2.6 where 85 nm nanoparticles with 5.5 nm size deviation are arranged non-

periodically with 13.4% fill fraction. 

 

 

Figure 2.6: SEM image of a representative surface covered by colloidally-synthsized 
Ag nanoparticles.  

 

To end this section, a comparison between the EBL-fabricated nanoparticles and 

colloidally-synthesized nanoparticles is illustrated. These two fabrication process each 

have their own advantages depending on the target application. The size, shape and 

arrangement of nanoparticles can be precisely determined using EBL, while colloidal 

nanocubes do not require the slow lithography process and can be deposited over 

centimeter-scale areas and in a conformal manner. It needs to be noticed that the 
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typically available size of Ag nanocubes is from ~ 50 nm to ~ 140 nm, therefore EBL is 

needed to create nanoparticles beyond 140 nm size, which is typically for the near-

infrared spectral region.  

 

2.3.3 Polymer-transferred lithography-fabricated plasmonic 
nanoparticles 

Besides the ALD and polymer-based layer-by-layer deposition methods to create 

dielectric spacer layer as discussed in the previous two sections, other dielectric 

materials with unique properties are promising to embed into the plasmonic 

nanocavites formed by the metallic substrate and metallic nanoparticles. However, these 

materials usually cannot form a uniform surface over centimeter scale areas and would 

be damaged during lithography process or liquid immersion process. For example, 

vanadium oxide (VO2) cannot survive through the whole lithography process including 

high temperature baking, electron beam exposure and chemical solvent developing. 

Perovskite materials is usually not waterproof, thus polymer solution in water cannot be 

used. Therefore, a more gentle method is necessary to create nanoparticle arrays on the 

surface of these dielectric materials.  

For this purpose, a polymer-transferred method is introduced in this section 

which is similar to the process for transferring two-dimensional (2D) materials but 

utilized for transferring lithography-fabricated plasmonic nanoparticles: 
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(1) A standard EBL process is performed on silicon substrate to create the 

nanoparticle arrays with designed patterns.  

(2) A polydimethylsiloxane (PDMS) mold is placed onto the silicon substrate and 

baked at 100°C for 30 minutes.  

(3) The whole sample is immersed into potassium hydroxide (KOH) solution for 

2 hours. The ~ 200 nm thin silicon dioxide (SiO2) layer on top of the silicon substrate is 

removed by KOH solution, therefore nanoparticle arrays are detached from the silicon 

substrate and transferred onto the PDMS mold. 

(4) The PDMS mold with nanoparticle arrays is placed on a clean glass slide and 

dry overnight.  

(5) The PDMS mold is placed onto the desired substrate with the nanoparticle 

arrays facing down. The whole sample is baked at 120°C for 4 minutes. 

(6) The whole sample is placed in vacuum for 2 days to remove the air between 

the nanoparticle arrays and the substrate for better adhesion.  

(7) The whole sample is baked at 120°C for 4 minutes, followed by peeling off the 

PDMS mold while the sample is on the hot plate. The final step leaves the nanoparticle 

arrays on the desired substrate.  

The transfer process can be conducted under a custom-built transfer station to 

help overlap the nanoparticle arrays with the desired spot on the sample substrate. A 

white light source and objective are used to focus the white light illumination onto the 
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sample plane. PDMS mold and sample can be overlapped spatially and attached to each 

other by the two xyz stages and the camera is used to image the sample for locating the 

desired transfer area. A hot plate is included to achieve the necessary temperature for 

adhering and peeling off.  

 

Figure 2.7: The schematic of transfer station. BS: beam splitter, OBJ: objective. 

 

For example, 200 nm size nanodisk array is fabricated using EBL and transferred 

onto the VO2 substrate using PDMS mold. Figure 2.8 shows a SEM image of the 
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nanodisk array after transferring. It can be noticed that the quality of nanoparticle 

remains good through the transfer process. 

 

 

Figure 2.8: SEM image of a representative polymer-transferred lithography-fabricated 
nanoparticle array. 

 

 

2.4 Finite-element simulation methods in plasmonic nanogap 
cavities   

The electric field distributions are simulated by a three-dimensional finite-

element method (COMSOL Multiphysics) in the plasmonic nanogap cavities at the 

frequency of the laser pump. Periodic boundary conditions and polarized light at 

normal incidence are used in the simulation. Perfectly matched layers (PML) on the top 

and at the bottom are added to absorb the electromagnetic wave reflected and 

transmitted from the structures, respectively. The sample geometry is taken from the 
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experiment such as SEM measurement of nanoparticle size, ellipsometry measurement 

of ultrathin dielectric layer thickness, while the refractive index of materials are taken 

from literatures or measured with ellipsometer. It needs to be noticed that ~ 7 nm 

rounded corner is usually added to nanoparticles since the EBL process cannot generate 

perfectly sharp edges, thus the rounded corner would compensate that and provide 

better agreement between experiment and simulation. For finding the plasmonic 

structure’s resonance, a parametric sweep is typically utilized where the desired spectral 

region is scanned with 5 to 30 nm step depending on the necessary resolution.  

 

 

Figure 2.9: Simulated electric field enhancement distribution of a plasmonic 
nanostripe cavity at 1500 nm. 

 

For example, the electric field enhancement distribution at 1500 nm is illustrated 

in Figure 2.9 where 3 nm TiO2 layer is embedded within the plasmonic nanocavities 

formed by Au substrate and Au nanostripes. It can be noticed that the electric field 

obtains a good confinement within the dielectric TiO2 layer in the gap region and 
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achieve large enhancement up to 80-fold compared with the original incident field. The 

property to achieve highly localized and enhanced electric field in the plasmonic 

nanogap cavity structure will be introduced in detail in the next section. 

 

2.5 Properties and applications of plasmonic nanogap cavities     

For the film-coupled plasmonic nanogap cavity structure, the most important 

optical property is the ability to strongly localize and enhance the electromagnetic 

field  [61]. It has been shown in section 2.2 that the electric field inside and in the near-

field zone outside of the nanoparticle can be enhanced when the LSP is excited. 

However, single nanoparticle cannot achieve easily tunable (active and passive) optical 

properties for precise deployment across a broad spectral range. Therefore, coupled 

plasmonic nanostructures are investigated to achieve the desired optical properties. 

When the metallic nanoparticle is coupled with metallic substrate from an ultrathin 

dielectric layer separation, the resonance wavelength of the plasmonic nanostructure is 

determined by the size of the nanoparticle, the dielectric layer thickness, and the 

refractive index of metallic and dielectric material. The electromagnetic field distribution 

is simulated as shown in Figure 2.10, where the field is confined and enhanced within 

the PE layer in the nanocavity formed by the Ag nanocube and Ag substrate. This 

fundamental plasmonic resonant mode can be viewed as a metal-insulator-metal (MIM) 

waveguide mode which is bounded by the nanocube and the metallic substrate. The 
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waveguide mode can be excited and reflected between the two edges of the nanocube, 

therefore charge distribution is modified at the bottom of the nanocube, leading to two 

intense areas at the edge of the nanocube (the metallic substrate possesses the opposite 

charge distribution compared with nanocube)  [61]. The electric field follow the charge 

distribution pattern, where field obtains largest enhancement near the edge of the 

nanocube. The opposite charge distribution on the bottom of nanocube and on the top of 

metallic substrate forms a current loop, resulting in a strongly enhanced magnetic field.  

 

 

Figure 2.10: Simulated electromagnetic field enhancement distribution. The sample 
schematic is PE layer separated by the Ag nanocube and Ag film. (A) Electric field 
enhancement. (B) Magnetic field enhancement. Adapted from Ref.  [61].     

 

The waveguide mode description to explain the observed plasmonic resonance 

in this nanogap structure can also provide insight into the resonance wavelength 

dependence. For example, the resonance wavelength of the structure increases as the 

nanocube size increases since the length of the waveguide cavity increases. The 

resonance wavelength of the structure decreases as the dielectric layer thickness 
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increases since the effective refractive index of the waveguide cavity decreases. The 

localized and enhanced electromagnetic field with easily passive tunable resonance 

across a broad spectral range may find widespread applications as discussed later. 

 
 

2.5.1 Metasurface perfect absorber 

The first application of film-coupled plasmonic nanogap cavity structure is a 

large-area metasurface perfect absorber  [42]. Light absorption is a critical phenomenon 

for many key applications including solar energy  [62–66], optical detection and 

communication  [67–73], photocatalysis  [74,75] and biosensing  [76–79]. Natural 

materials usually suffer from weak absorption or strong reflection, and poor spectral 

selectivity, therefore nanostructures are investigated to achieve the desired absorption 

behavior to fulfil the requirements of functional optical device.  

A perfect absorber is introduced in this section to achieve large area (centimeter 

scale) light absorption with spectral selectivity from visible to near-infrared based on the 

film-coupled plasmonic nanogap cavities, which was described in an earlier publication 

by Akselrod et al.  [42]. Each plasmonic nanogap cavity is formed by a colloidal Ag 

nanocube with 3 nm PVP coating on Au film separated by 1-7 nm polymer spacer layer. 

The metasurface consists of numerous nanocubes as shown in the SEM image of Figure 

2.11 (a), and the collection effect of these nanogap cavities gives rise to an effective 

magnetic resonance. The impedance of the metasurface then matches the free space, 
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eliminating the intensity of reflection and scattering, leading to the near perfect 

absorption. By employing 75 nm nanocube and 7 nm polymer layer, a minimum of 0.4% 

reflectivity is achieved at 650 nm (Figure 2.11 (b)). To visualize this absorbing behavior, 

a 10 mm metasurface area is illuminated with a defocused laser spot as shown in Figure 

2.11 (c). When the laser wavelength scans from 500 nm to 700 nm, a complete dark 

reflection is achieved at 650 nm when the laser excitation is resonant with the 

metasurface structure. 

 

 

Figure 2.11: Metasurface perfect absorber. (a) SEM image of Ag nanocubes on the Au 
substrate separated by a polymer spacer layer. Inset is the cross section of one plasmonic 
nanogap resonator. (b) Reflection spectrum of a perfect absorber with absorption peak at 
650 nm. (c) An optical image of 10 mm absorber region illuminated by a defocused laser 
spot. (d) Optical images of the laser beam (wavelength varies from 500 nm to 700 nm) 
after reflection from the absorber region. Adapted from Ref.  [42]. 

 

The resonance wavelength of the metasurface absorber can be easily controlled 

with varying nanocube size (L) and gap thickness (d). Figure 2.12 (a) depicts the 

representative reflection spectra from different metasurface absorbers with distinct L 
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and d. As discussed before, the resonance wavelength red-shifts with increasing 

nanocube size and decreasing gap thickness and covers a wide spectral range from 

visible to near-infrared as shown in Figure 2.12 (b). For nanoparticles with sizes larger 

than 140 nm, the shape becomes non-cubic and new facets occur, thus blue-shifting the 

resonance wavelength due to effectively decreasing nanocavity length.  

 

 

Figure 2.12: Metasurface absorber resonance wavelength. (a) Reflection spectra from 
metasurface absorbers with different nanocube size (L) and nanogap thickness (d). (b) 
Fundamental resonance wavelength as a function of L and d. Adapted from Ref.  [42]. 
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2.5.2 Ultrafast spontaneous emission source 

The localized and enhanced electric field in the film-coupled plasmonic nanogap 

cavity structure can also be utilized to enhance the spontaneous emission rate and 

fluorescence intensity by incorporating with emitters  [48]. Compared with other 

advanced techniques to create cavities for enhancing spontaneous emission rate  [80–86], 

the plasmonic nanogap cavity structure is a promising platform due to its large field 

enhancement factor, modified photonic density of states, and relatively broad resonance 

bandwidth (~ 100nm). This work was first published in Ref.  [48] by Hoang et al.. 

The sample consists of a single Ag colloidal nanocube on Au film separated by a 

layer of colloidal quantum dot (QD) and a PAH adhesion layer, forming a nanopatch 

antenna (NPA). The NPA is designed by selecting specific gap thickness and nanocube 

size to match the resonance wavelength with the QD’s fluorescence wavelength. When 

QDs are coupled to NPA, the fluorescence intensity obtain large enhancement compared 

with reference QDs on glass or QDs on gold (Figure 2.13). It needs to be noticed that the 

fluorescence intensity from QDs on gold degrades compared with QDs on glass due to 

the quenching effect. However, the film-coupled plasmonic cavity structure (or so-called 

NPA in this reference) can greatly enhance the fluorescence intensity of QDs even 

though gold substrate is present.   
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Figure 2.13: Fluorescence intensity enahncemnt of QDs. The fluorescence intensity as a 
function of excitation power for QDs in NPA, QDs on glass, and QDs on gold. The dots 
are experimental results and the lines are linear fit. Adapted from Ref.  [48]. 
 

 

In addition to the enhanced fluorescence intensity when QDs are coupled with 

nanogap cavity, the time-resolved fluorescence shows the spontaneous emission rate can 

also be enhanced. QDs on glass have a relatively long lifetime of 9.7 ns, while the 

lifetime of QDs coupled to NPA achieves dramatic decrease (Figure 2.14). The fast 

component corresponds to a Purcell enhancement factor of 880 fold compared with QDs 

on glass. 
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Figure 2.14: Spontaneous emission rate enhancement of QDs.  The time-resolved 
fluorescence of QDs, IRF is the instrument response function. Fits are convolved with 
the IRF to exponential functions. Adapted from Ref.  [48]. 

  

Therefore, fluorescence intensity and spontaneous emission rate are 

demonstrated to obtain huge enhancement when the fluorescence emission wavelength 

matches the film-coupled plasmonic nanogap cavity’s resonance wavelength  [48]. This 

platform have proven to be promising for enhancing photoluminescence (PL) from 

molecule dyes  [44,46], quantum dots  [41,45,48], 2D materials  [40,43], and achieve large 

Purcell enhancement  [44,45,48], making it a good candidate to couple with quantum 

emitters.    
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Chapter 3  Nonlinear optics in plasmonic structures 
 

 

3.1 Introduction 

The previous two chapters introduce the nonlinear optical processes and 

plasmonic nanostructures respectively. As mentioned in Chapter 1, nonlinear optical 

responses are inherently weak due to the photon-photon interaction nature for these 

nonlinear processes. Furthermore, phase matching conditions are important for efficient 

nonlinear signal generation in bulk nonlinear crystals, thus one nonlinear process 

usually dominants when specific incident direction, polarization and the crystal 

orientation are fixed. Plasmonic structures can strongly localize and enhance the electric 

fields in a small volume beyond the diffraction limit, therefore the nonlinear responses 

would obtain dramatic enhancement due to the superlinear dependence on the 

excitation electric field intensity. Furthermore, the subwavelength scale of the plasmonic 

structures relax the phase matching conditions compared with bulk materials  [38,87,88].   

In this chapter, it will be focused on the discussion of nonlinear optical processes 

in plasmonic structures. Section 3.2 introduces some basic concepts in nonlinear 

plasmonics, which facilitates the understanding of the importance to investigate 

nonlinear optics in plasmonic structures. A coupled mode theory analysis of nonlinear 

optics in the non-depleted region is described in section 3.3, which will be widely 
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utilized in the following chapters to explain the observed nonlinear optical effects. In 

addition, a finite-element simulation method that is commonly employed in this 

dissertation to model nonlinear optical processes is illustrated in section 3.4. This 

simulation method is based on the method introduced in section 2.4 and additional 

nonlinear polarization terms are included for simulating nonlinear optical effects. 

Another simulation method on time domain is also briefly described in section 3.4, 

which consumes less simulation time especially when dealing with two-dimensional 

structures. The coupled mode theory analysis and finite-element simulations are 

conducted through the collaboration with Dr. Guoce Yang and Dr. Weiliang Jin, and 

usually utilized simultaneously to provide explanation for the observed behaviors of 

nonlinear optical effects in this dissertation. 

 

3.2 Fundamental concepts of nonlinear plasmonics   

As mentioned in Chapter 1, the field of nonlinear optics is limited by its intrinsic 

weak response and requirement of phase matching conditions for efficient nonlinear 

generation. The plasmonic structure offers a promising platform to investigate nonlinear 

optical effects due to two main reasons.  

Firstly, the nonlinear response possesses a superlinear dependence on the 

incident electromagnetic field, therefore they can be enhanced by nanostructures that 

support large field enhancements. It has been shown in Chapter 2 that plasmonic 
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structures are capable of enhancing localized electromagnetic fields through excitation 

of either SPP or LSP depending on the geometry of the structure. The nonlinear response 

can then be enhanced by incorporating nonlinear media in the plasmonics structures. 

Various efforts have been made to explore nonlinear optics in plasmonic structures, 

including SHG  [89–95], SFG  [96,97], THG  [98–103] and FWM  [104–108].  

On the other hand, the plasmonic structure’s resonance wavelength is strongly 

dependent on the surrounding dielectric environment as shown in section 2.2, therefore 

minute variation of refractive index of the substitute dielectric materials would 

introduce significant modification of the plasmonic structure’s resonance wavelength, 

which is important for dynamic tuning. This principle can also be utilized for all-optical 

switching  [109–117], that is utilizing an optical beam to modify the optical properties of 

the incident material, then induce variation of the propagation of another optical beam 

through the material which is amplified with plasmonic structures. The associated 

reflection, absorption, and transmission of the optical beam is influenced by the original 

optical beam, which is also named as “light control light”.  

Furthermore, relatively weak excitation can be employed to generate nonlinear 

responses due to the local field enhancement behaviors of the plasmonic structures, 

which cannot be achieved by typical bulk nonlinear crystals. As stated in Chapter 2, 

second-order nonlinear optical processes are typically forbidden in centrosymmetric 

materials as opposed to third-order nonlinear optical processes which can occur in 
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almost all materials. However, plasmonic structures naturally possess multiple 

interfaces such as metal-dielectric interface or metal-air interface, therefore second-order 

nonlinear responses can usually be observed from plasmonic structures no matter the 

lattice structure of the substitute materials.  

Secondly, efficient nonlinear generations can only occur in bulk materials when 

the phase matching conditions are satisfied. Individual nonlinear sources need to add 

up in phase to result in strong and coherent nonlinear responses. A coherent length is 

defined to characterize the growth length of the nonlinear generation, which is typically 

on the order of ten micrometer (μm). For plasmonic structures, the subwavelength 

dimension is much smaller than the coherent length, making the phase matching 

conditions not important anymore, furthermore the nonlinear signals can be emitted in 

all directions.  

Specifically, the film-coupled plasmonic nanogap cavities can achieve strongly-

enhanced and localized electric field with enhancement factors up to 100-fold, offering 

potential to obtain huge enhancement of nonlinear responses compared with the bare 

substrate without nanoparticle arrays. Relatively high efficiency is readily achieved due 

to this high enhancement even though only a couple of nanometer of nonlinear media is 

present, which is promising for on-chip nonlinear device. The subwavelength dimension 

of the plasmonic nanogap structure relax the requirement of phase matching conditions, 
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therefore multiple nonlinear optical processes can be efficiently generated at the same 

time. 

 

3.3 Coupled mode theory analysis of nonlinear optics in the non-
depleted region 

In this section, a coupled mode theory analysis method is introduced, which is 

highly suitable for plasmonic structures due to the presence of the resonant cavity 

modes  [118]. When the laser excitations overlap with the resonance wavelengths of the 

plasmonic structures, it is robust to assume that the modal amplifications only occur at 

the pumping frequencies. To quantify the nonlinear processes where this assumption is 

fulfilled, coupled mode analysis is utilized to determine the mode amplitude ia when a 

laser beam of power iP  is supplied to excite the mode at iω . In the non-depleted region 

where down-conversion is negligible, and assuming a mode is predominant at iω  (the 

modes at iω  are decoupled), ia  can be expressed in a simple form:  

( )i i ia Pω= ∆                                                         (3.1) 

where the subscript i  denotes quantities at iω . ( )iω∆  is a Lorentzian function 

depending on the frequency detuning from the resonant frequency i iω ω ω∆ = − , and 

the radiative (total) decay rate of the respective resonance ( )ri iγ γ : 

( ) ri
i

i ii
γ

ω
γ ω

∆ =
+ ∆

                                                       (3.2) 
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Given the mode amplitude, the nonlinear polarization ( )r  at the output 

frequency can be expressed in terms of the fields at iω , which is a product of ia  and the 

normalized modal profile ( )iE r , 

( ) ( )( )
0

1 1

( , ) ( )i i

nn
c cn

i i i i
i i

c aω ω ε χ ∗ ∗

= =

 
= =  

 
∑ ∏r E r                                    (3.3) 

where the ( 1)n + th-rank tensor ( )nχ  is the n th-order nonlinear susceptibility, 

1( 1)ic = − for positive (negative) frequency, and ( )ic ∗ denotes complex conjugation for 

1ic = −  and no conjugation otherwise. With Eq. (3.3), while the detailed electric field 

profile at the output frequency 
1

n

i i
i

cω ω
=

=∑  can be evaluated by solving the linear 

Maxwell’s equations, the scaling of the output power with respect to iP  and iω∆  can be 

written analytically, as they only appear in the prefactor ia  as defined in Eq. (3.1) and 

Eq. (3.2). 

As an example, the nonlinear process excited with two pumping frequencies 1ω  

and 2ω  is considered, where it occurs in the plasmonic structure with two fundamental 

resonance wavelengths overlap with the two excitation wavelengths. The requirement 

that the modal amplification only occur at the pumping frequencies is fulfilled, therefore 

the coupled mode theory analysis shown above can be utilized. To qualitatively 

understand surface SFG process, which upconverts two photons at the pumping 
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frequencies 1ω  and 2ω  to the summed frequency 1 2SFGω ω ω= + , this theoretical analysis 

in the non-depleted region can illustrate the scaling of the nonlinear power output with 

respect to the pumping power 1(2)P  and the pumping frequency detuning 1(2)ω∆  from 

the respective resonant frequencies: 

SFG r1 r2
1 2 2 2 2 2

1 1 2 2

P PP γ γ
γ ω γ ω
   

∝    + ∆ + ∆   
                                      (3.4) 

where I have assumed that there is a predominant mode around the resonance 

frequency 1(2)ω  and (r )i iγ  denotes the total (radiative) decay rate of the mode at iω .  

Similarly, for degenerate FWM process, which leads to an output photon at 

1 22FWMω ω ω= − . The scaling of the nonlinear power output with respect to the pumping 

power 1(2)P  and the pumping frequency detuning 1(2)ω∆  can be expressed as: 

2
FWM 2 r1 r2

1 2 2 2 2 2
1 1 2 2

P P P γ γ
γ ω γ ω
   

∝    + ∆ + ∆   
                            (3.5) 

When there is only one excitation with frequency 1ω  to generate harmonic 

nonlinear processes in plasmonic structures with the same fundamental resonance 

frequency, the nonlinear output power is a function of pumping power 1P  and the 

pumping frequency detuning 1ω∆ : 
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2
SHG 2 r1

1 2 2
1 1

3
THG 3 r1

1 2 2
1 1

P P

P P

γ
γ ω

γ
γ ω

 
∝  + ∆ 

 
∝  + ∆ 

                                               (3.6) 

where SHG is process to convert two photons with frequency 1ω  to an output photon at 

12SHGω ω= , while THG is process to convert three photons with frequency 1ω  to an 

output photon at 13THGω ω= . 

Therefore, this coupled mode theory analysis can provide insight into the 

invsetigation of nonlinear optical effects in plasmonic structures. Firstly, it reveals the 

the dependece of the nonlinear output power on the pumping power. For example, the 

SHG output power has a square function relation with the exciation power, while the 

THG output power has a cubic function relation with the exciation power. For SFG 

process, the output power is linealy related to the two pump powers respectively. For 

degenerate FWM process where an output photon at 1 22FWMω ω ω= −  is generated, the 

output power FWMP  is quadratically related to 1P  and linearly related to pumping power 

2P . Secondly, it can be noticed that the nonlinear response as a function of pumping 

frequency exhibit high-order Lorentzian response with peak at the resonant frequency, 

which can explain the spectral behavior of nonlinear response intensity as a function of 

excitation wavelength and will be discussed in detail in the subsequent chapters. 

 



 

43 

3.4 Simulations of nonlinear optical process in plasmonic 
structures   

In this dissertation, finite-element simulation method is used to understand the 

behaviors of nonlinear optical effects in plasmonic nanostructures. Combined with the 

coupled mode theory analysis method introduced in section 3.3, they can provide a 

fairly good explanation for the phenomena observed in experiment. In this section, I will 

describe two simulation methods conducted by COMSOL Multiphysics and Lumerical 

FDTD Solutions. The simulation of nonlinear optical processes is based on the 

simulation method introduced in section 2.4 where the simulation of electric field 

distribution is performed.  

 

3.4.1 COMSOL Multiphysics 

In this section, a finite-element simulation method (COMSOL Multiphysics) is 

described. The electric field distribution at the resonance wavelength of the plasmonic 

structures are calculated using similar method introduced in section 2.4. Then, nonlinear 

polarization terms are included for simulating nonlinear effects and the associate 

generated new nonlinear optical fields with converted frequencies.  

For example, a three-dimensional frequency-domain finite-element simulation 

method (COMSOL Multiphysics) is used to simulate the nonlinear frequency conversion 

processes in the plasmonic nanogap cavity structure. The dimensions used in the 

simulation are from the experimental design and are confirmed by SEM and 
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ellipsometry measurements. It needs to be noticed that the nanoparticles do not have 

sharp corners in the fabrication, thus the edges of the nanoparticle are rounded by 7 nm 

radius according to the SEM measurement. Perfectly matched layer (PML) of thickness 

250 nm is added at the top and the bottom of the entire domain along the incidence 

direction; and periodic boundary conditions are applied along the other two 

dimensions. To compute the nonlinear power generation, while in principle it is 

necessary to solve a set of nonlinear equations, it is noticed that all the experimental 

nonlinear optical processes in this dissertation are in the weak signal region (the 

interplay between the generated nonlinear optical fields with the original incident field 

can be neglected), as confirmed in the power dependence measurements, enabling to 

solve instead few coupled linear Maxwell’s equations. More specifically, the simulation 

is divided into two steps: (1) At each pumping frequency, the electric field profiles are 

solved regarding a normal incident plane wave with an appropriate polarization onto 

the structures. The resonance frequency can be obtained from the reflection spectra, 

generated via a frequency sweep. Therefore, the electric field distributions of the 

associated longitudinal and transverse gap plasmon mode are simulated using the 

method described in section 2.4. (2) Given the electric field profiles at the pumping 

frequencies, the nonlinear polarizations are assembled and included as an external 

volume current source at the output frequency. For each nonlinear process, assuming all 

the nonlinear materials to be isotropic (the thin dielectric layer usually deposited by 
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ALD can be regarded as amorphous), the typical nonlinear polarization is defined as 

follows: 
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where (3)χ tensor is expressed explicitly for isotropic media, while the surface (2)χ  

tensor on an isotropic surface is more complicated, whose components can be classified 

into three families. For simplicity, it is assumed that the (2)χ values of the three families 

are equal (it can be noticed that the contribution from (2)
zzzχ of dielectric materials 

dominates in the plasmonic nanogap structures, making other components less 

relevant), and (2)χ is only nonzero in a layer of finite thickness near the interface (1 nm is 

used in this dissertation). Table 3.1 summarizes the nonlinear coefficient values of 

(2)χ and (3)χ used in the simulation of this dissertation taken from literatures  [2,119]. 

Lastly, the field profile at the output frequency is solved, with which the nonlinear 

power can be computed by integrating the Poynting flux across the output port.  
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Table 3.1: Nonlinear coefficient values used in simulation.  [2,119]  

 Gold Silver Al2O3 TiO2 Diamond 

(2)χ  (m/V) 1.47×10-12 0.95×10-12 0.30×10-12 NA NA 

(3)χ  (m2/V2) 7.6×10-19 2.8×10-19 3.1×10-22 2.1×10-20 2.5×10-21 

 

 

3.4.2 Lumerical FDTD Solutions 

In addition, another finite-element simulation method (Lumerical FDTD 

Solutions) is briefly described below. Compared with the simulation method discussed 

in the previous section (COMSOL Multiphysics) which usually use frequency domain 

for solving Maxwell’s equations in optics module, this method is based on time domain 

for simulating nonlinear optical processes. When there is a wavelength scan to perform 

for determining the resonance wavelength of plasmonic structures, COMSOL 

Multiphysics would need a parametric sweep, while the Lumerical FDTD Solutions 

usually consumes less time. Furthermore, Lumerical FDTD Solutions is more suitable for 

simulating two-dimensional structures.  

For example, a two-dimensional finite-difference time-domain method 

(Lumerical FDTD Solutions) can be used to calculate the THG spectrum from plasmonic 

nanostripe structure. The nanostripe length is much larger than the nanostripe width, 

therefore the length is considered infinitely long to make the plasmonic nanostripe a 
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two-dimensional structure. In the simulation model, periodic boundary conditions are 

used and the structure is illuminated by a normal incident plane wave pulse source with 

pulse length of 150 fs and central wavelength of 1500 nm (the central wavelength is 

matched to the fundamental resonance wavelength of the plasmonic structure), which 

are consistent with the laser parameters in the actual experiment. A frequency domain 

power monitor was set to record the output power through the monitor plane. The 

range of wavelength in the monitor was set from 400 nm to 700 nm and 6001 frequency 

points were sampled on the monitor. Since the THG emission wavelength is 500 nm 

with 1500 nm excitation, 400 nm to 700 nm range is selected to fully cover the THG 

emission range. The wavelength range in the monitor and the frequency point numbers 

can be adjusted respectively based on real experimental situation and requirement of 

resolution. The simulation bandwidth for mesh generation was overridden by 400 nm to 

1600 nm that is suitable for both pump wavelengths and the THG wavelength. Similar to 

the simulation method described in the last section, optical constants of the substitute 

materials and the nonlinear coefficients such as (2)χ  and (3)χ  are taken from either 

ellipsometry measurements or literatures  [2,119].  
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Chapter 4  Polarization-controlled nanogap cavity with 
dual-band and spatially-overlapped resonances 

 

 

4.1 Introduction 

As introduced in Chapter 2 and Chapter 3, film-coupled plasmonic nanogap 

cavity structures are promising for investigating nonlinear optics, which is the main 

focus of this dissertation. Before discussing precise manipulation of nonlinear optical 

processes utilizing this type of plasmonic structures, a detailed characterization of the 

optical properties of the plasmonic nanogap cavity is performed, followed by describing 

a polarization-controlled dual-band and spatially-overlapped resonance behavior 

obtained by rectangle nanoparticles. This demonstration builds up the foundation for 

subsequent chapters in terms of the sample schematic, optical field enhancement and 

distribution mechanism, passive tuning of resonance wavelength, and dual resonances 

for nonlinear optical processes that involve two distinct excitation wavelengths. 

Furthermore, the platform introduced in this chapter is important for dual-band light 

absorption. This work was first published in Ref.  [120].  

Light absorption is critical for many key applications including solar energy, 

optical communication, photocatalysis and sensing. Engineered structures known as 

metasurfaces can be designed to strongly enhance light absorption  [121–129] and thus 

increase the efficiency of such optoelectronic devices  [130–135]. However, more 
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advanced applications including multiplexed sensors and detectors and tailored optical 

processes at multiple wavelengths  [40,136,137] can be enabled by metasurfaces with 

two or more independently tunable absorption resonances. Dual-band absorption has 

been previously shown using pairs of metal-dielectric stacks  [138] and Jerusalem 

crosses in the mid-IR  [139], as well as in the GHz regime using a bullseye 

structure  [140]. Thermal emission has been controlled at multiple wavelengths using 

dual-band absorbers consisting of arrays of different-sized crosses  [141]. Additionally, 

adjacent nanorods with different dimensions have been utilized to simultaneously 

detect multiple surface-enhanced infrared absorption signals  [142], and the use of bi-

resonant photonic crystal cavities has been proposed for single small gas molecule 

detection using mid-IR photothermal spectroscopy  [143]. However, despite appealing 

potential applications such as dual-band sensing, enhancement of embedded emitters 

and nonlinear frequency conversion, structures with multiple spectrally tunable, 

spatially-overlapped resonances in the visible and near-infrared have been largely 

unexplored. Bi-resonant structures would offer the unique advantage of simultaneous 

large enhancement of both the excitation and emission rates of embedded emitters, 

potentially leading to significantly greater overall enhancement in the fluorescence and 

the development of brighter light emitting diodes (LED) and transmitters for optical 

communication applications. Nonlinear optical processes could also greatly benefit from 

use of dual-band resonances. For example, spontaneous parametric down-conversion 
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has a very low intrinsic efficiency and several orders of magnitude of enhancement is 

necessary for significant generation at the nanoscale to enable on-chip creation of 

entangled photon pairs for quantum information processing, particularly at telecom 

wavelengths. These dual-band resonances are also promising for SFG and FWM 

processes which involve two distinct excitation wavelengths as illustrated in Chapter 6 

and 7. Additionally, the near-IR band is promising for nonlinear frequency conversion in 

applications such as bioimaging, drug delivery and photovoltaics.  

In this chapter, I show that arrays of nanorectangles fabricated by EBL and 

separated from a gold ground-plane by a sub-10 nm dielectric layer display two 

absorption resonances in the near-infrared which can be independently tuned and 

separated by as much as 500 nm. The sample schematic is described in section 4.2, and 

the experimental setup used for measuring reflection spectrum is introduced in section 

4.3. Spectrally tunable perfect absorption is demonstrated with EBL-fabricated disks and 

cubes in section 4.4, followed by a comparison with the similar metasurface geometry 

using colloidal silver nanocubes. This comparison reveals that EBL-fabricated 

nanoparticles can achieve similar absorption performance with colloidal nanoparticles 

(described in section 2.5.1) while enabling a much greater control of the nanoparticle 

shape, size and relative position. Section 4.5 illustrates that the FWHM of absorption 

peak can be controlled by the fill fraction of the nanoparticles. Then, the relative strength 

of the two resonance modes from rectangle nanoparticles is demonstrated to be tuned 
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dynamically by varying the incident polarization. Lastly, finite-element simulations 

(COMSOL Multiphysics) in section 4.7 confirm the spatial overlap of these two modes, 

which is critical for leveraging both modes simultaneously.  

 

4.2 Sample design  

As described in section 2.3, a three-step fabrication process is employed for the 

samples used in this chapter. First, 75 nm of gold with a 5 nm chromium (Cr) adhesion 

layer was deposited onto a silicon substrate by electron beam evaporation, followed by  

a thin dielectric layer (7 nm Al2O3) that was deposited on top of the gold film by ALD. 

EBL is then used to pattern arrays of nanoparticles on top of the dielectric layer. The size 

of the nanoparticles are characterized by SEM, while the thickness of the dielectric layer 

is determined by the ALD deposition rate and verified via ellipsometry measurements. 

The colloidal nanocube metasurfaces were fabricated by first dip-coating a single 

polymer adhesion layer onto the same substrate used for EBL - consisting of 7 nm Al2O3 

on gold. Nanocubes in water were then drop cast onto the sample using a 10 mm 

coverslip and a deposition time of 1 hour.  

The geometry of the sample consists of precisely arranged ensembles of 

absorbing nanoparticles on a gold substrate separated by a thin dielectric layer (7 nm of 

Al2O3) shown in Figure 4.1. This structure results in a waveguide cavity mode, giving 

rise to a resonance. As discussed in Chapter 2, the resonant wavelength is determined by 
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the length and effective index of the waveguide cavity and, in this case, is controlled via 

the size of the patterned gold nanoparticles and the thickness of the Al2O3 layer. The 

charge distribution in the fundamental mode results in a current loop between the gold 

nanoparticles and gold substrate, thus inducing a strongly enhanced magnetic field. This 

enables the surface to be impedance matched to free space resulting in near-perfect 

absorption of light  [42,144,145]. Four different types of EBL-fabricated nanoparticle 

arrays are investigated in this chapter: cubes of different sizes, disks of different sizes, 

disks with various fill fractions and rectangles with different ratios of width and length.  

 

 

Figure 4.1: Sample schematic and SEM images. (a) Structure of the sample: patterned 
gold elements (height 30 nm) separated from a gold ground plane by 7 nm of Al2O3. The 
sample has four distinct sections: I. cubes of different sizes with a fixed fill fraction of 
~25%; II. Disks of different sizes with a fixed fill fraction of ~25%; III. Disks with various 
fill fractions; IV. Rectangles with various ratios of width and length. Nine, twelve or 
sixteen nanoparticles are shown for clarity; however, the actual size of one array is 100 
μm × 100 μm and contains over ten thousand nanoparticles. (b) SEM images of 93 nm 
EBL-fabricated disks. (c) SEM images of 160 nm EBL-fabricated cubes (scale bar is 500 
nm). Adapted from Ref.  [120]. 
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4.3 Experimental setup   

A custom-built confocal microscope setup is utilized to measure reflection from 

the metasurface samples as shown in Figure 4.2. The white light source is a spectrally 

broad lamp with emission wavelength from the visible to the near-infrared. The light 

source is focused onto the sample plane and the reflection is collected by the same 

objective (20×, 0.45 NA), then pass through a beam splitter. The reflection spectra are 

obtained by focusing the collected reflection onto an imaging spectrograph (HR 550 

Horiba Jobin Yvon) with an attached charge coupled device (CCD) camera. A pinhole 

aperture (150 μm in diameter) is placed at the intermediate image plane to determine the 

measuring area on the sample. Another CCD camera is included to image the sample. 

The reflection spectrum from the plasmonic structure area is normalized in the 

following definition: 

structure background

substrate background

I I
R

I I
−

=
−

                                                  (4.1) 

where structureI  is the reflectance from the plasmonic structure area, substrateI  is the 

reflectance from the substrate (metallic film and dielectric layer but without 

nanoparticles), backgroundI  is the background counts (same illumination condition but 

without sample). 
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Figure 4.2: Schematic of the experimental setup. 

 

4.4 EBL-fabricated perfect absorber and comparison with 
colloidal nanocubes  

In this section, structures with a single fundamental resonance are investigated, 

including disks and cubes fabricated using both EBL and colloidal synthesis, before 

examining dual-band rectangular absorbers. To evaluate the performance of EBL-

fabricated nanogap absorbers, reflection spectra were measured from film-coupled gold 

cubes and disks using a white light source at nearly normal incidence as shown in 

Figure 4.3. The resonance wavelength is tuned from the visible to the near-infrared by 

varying the size of the absorbing nanoparticles, thus changing the volume of the cavity. 

With a surface coverage density of approximately 25%, an absorption of 80% or greater 
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can be achieved on resonance for different sizes. EBL-fabricated disks are observed to 

have higher peak absorption compared to EBL-fabricated cubes. 

 

 

Figure 4.3: Reflection spectra from EBL-fabricated nanoparticles of various sizes. (a) 
cubes; (b) disks. Adapted from Ref.  [120]. 

 

Previous literatures  [42,145] show that metasurfaces based on colloidal 

nanocubes obtain near perfect absorption with a similar nanogap structure as described 

in section 2.5.1. However, to this point, it remained unclear whether similar performance 

could be obtained with EBL-fabricated nanoparticles, which are not limited by the 

variety of sizes and shapes that can be synthesized. To compare the performance of the 

EBL-fabricated film-coupled nanoparticles (Figure 4.4 (a)) with colloidal nanoparticles, 

metasurfaces of colloidal silver nanocubes were produced using a similar 7 nm Al2O3 

layer on a gold ground plane. Figure 4.4 (b) shows reflection spectra of these 

metasurfaces for nanocubes with side lengths from 65 to 120 nm. In these experiments, 

for the same resonance wavelength, EBL-fabricated nanoparticles typically have higher 

peak absorption than colloidal nanocubes which is most likely due to higher fill fractions 
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and better size uniformity. In addition, the full-width at half-maximum (FWHM) are 

extracted from the spectra for both the colloidal nanocubes and the EBL-fabricated 

nanoparticles and are shown as a function of resonance wavelength in Figure 4.4 (c). The 

bandwidth of EBL-fabricated and colloidal samples is comparable at similar resonance 

wavelengths demonstrating that the resultant plasmonic cavities have similar quality 

factors. 

 

Figure 4.4: Comparison between EBL-fabricated nanoparticles with colloidal 
nanocubes.  (a) Reflection spectra of EBL-fabricated cubes and disks of various sizes. (b) 
Reflection spectra of colloidally-synthesized silver nanocubes of different sizes. (c) 
Comparison of the full-width at half-maximum (FWHM) between EBL-fabricated disks, 
cubes and colloidal silver nanocubes. Adapted from Ref.  [120]. 
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4.5 Control absorption bandwidth with fill fraction of 
nanoparticles     

Controlling the peak absorption and the width of the plasmon resonance is 

critical to photovoltaics  [146] and photoluminescence enhancement  [45,147]. To this 

end, arrays of 100 nm disks were fabricated with different periods and thus, different fill 

fractions of absorbing nanoparticles on the surface to demonstrate this capability. The 

fill fraction is defined as the surface coverage density of nanoparticles over the 

measured area. The reflection spectra for each of these arrays are shown in Figure 4.5 (a) 

and the corresponding SEM images are shown in Figure 4.5 (b). It is seen that at higher 

fill fractions, the FWHM of the plasmon resonance increases from 80 nm to 122 nm. 

Additionally, the resonance wavelength redshifts with increasing fill fraction, in 

particular for the highest fill fraction of 35%. The simulations shown in Figure 4.5 (d) are 

found to be consistent with experiments for fill fractions below 26%, where FWHM 

increases with increasing fill fractions. However, at the highest fill fraction, a significant 

redshift in the resonance wavelength is observed in experiment which may be explained 

by near-field coupling between neighboring elements delocalizing the plasmon 

mode  [148]. 
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Figure 4.5: The FWHM of absorption peak as a function of the fill fractions of 
nanoparticles. (a) Reflection spectra from disks with various fill fractions, which show 
that the FWHM of the spectra are sensitive to the density of gold disks. The fill fraction 
ranges from 9% to 35%. (b) SEM images of the disk arrays in (a) in order of increasing fill 
fraction. (c) Experimental contour plot of reflection spectra with variable fill fraction. For 
clarity, interpolation is used between data points. (d) Simulated reflection spectra using 
the same dimensions as (c) for comparison, showing good agreement with experiments. 
Adapted from Ref.  [120].  
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4.6 Two absorption peaks from rectangle absorbers 

In this section, to realize nanostructures with two resonances that can be tuned 

independently of each other, arrays of rectangle nanoparticles are investigated. By 

utilizing the two different dimensions in a single rectangular absorber, two resonances 

can be obtained simultaneously. Polarized light can be used to access either the 

transverse or longitudinal modes, which originate from the width and length of the 

rectangle, respectively. The transverse electric (TE) configuration occurs when the 

polarization of incident light is along the length, while the transverse magnetic (TM) 

configuration occurs when the polarization of incident light is along the width. As the 

polarization of the incident light varies from along the length dimension to along the 

width, the coupling of the incident light to the two modes varies resulting in a reduction 

in the amplitude of the longitudinal mode and an increase in the amplitude of the 

transverse mode which reaches a maximum when the polarization is in the TM 

configuration. For the 110 nm width and 150 nm length rectangles, shown in Figure 4.6 

(a), this tuning corresponds to a gradual shift in the resonant wavelength from 982 nm to 

1172 nm. Additionally, rectangles with 160 nm and 170 nm length were investigated to 

further examine tailored double resonances on a single element; their polarization-

dependent absorption properties are also shown in Figure 4.6 (a). When the incident 

polarization is near 45°, there is significant absorption into both the TE and TM modes. 
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This can be seen in the absorption spectra for the 150, 160 and 170 nm by 110 nm 

rectangles with 50° incident polarization shown in Figure 4.6 (b).  

 

 

Figure 4.6: Dual-band resonance modes from rectangle nanoparticle metasurface. (a) 
Reflection spectra from rectangle absorbers with varying white light polarization angle 
from transverse electric (TE) configuration to transverse magnetic (TM) configuration. 
The width of rectangular absorbers is 110 nm, while the length ranges from 150 nm to 
170 nm. The inset shows the TE configuration and TM configuration when white light is 
incident on the sample. (b) Reflection spectra from the rectangle absorbers shown in (a) 
when the incident white light polarization is 50°. (c): Resonance wavelength of rectangle 
absorbers as a function of rectangle length from 140 nm to 200 nm. The transverse mode 
associated with the 110 nm width dimension is at approximately 1000 nm, while the 
longitudinal mode can be tailored from 1118 nm to 1527 nm. Adapted from Ref.  [120]. 
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To highlight the independent tuning of the two resonances, seven different 

arrays of rectangles with fixed width and varying lengths were fabricated. Figure 4.6 (c) 

shows the resonant wavelengths for the two absorption modes of each array, which 

were measured using an incident polarization of θ = 50°. A transverse resonance mode 

associated with the width dimension is observed at approximately 1000 nm in all cases, 

while the longitudinal resonance mode associated with the length varies from 1118 nm 

to 1527 nm. Thus, spectral separations between the transverse and longitudinal modes 

can be tuned from ~100 nm to more than 500 nm by varying the length of the rectangles. 

It is noticed that the transverse mode at around 1000 nm has a slight redshift with 

increasing length, even though the width design is fixed at 110 nm. This may be 

explained by the bleeding effect in the lithography process, which results in slightly 

larger widths than those chosen in the design as the length of the rectangles is increased, 

causing a red-shift in the resonance wavelength. Another potential contributing factor 

could be interactions between the transverse and longitudinal modes. 
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4.7 Simulations of dual-band resonances      

To demonstrate that the transverse and longitudinal modes in rectangular 

absorbing elements can be utilized simultaneously, the electric field distribution is 

calculated using full-wave simulations based on the finite-element method (COMSOL 

Multiphysics) at the resonance wavelengths of both the transverse and longitudinal 

modes for 110 × 160 nm rectangles (simulation methods are described in section 2.4). For 

the resonance wavelengths of the both modes, the electric field shows large, over 45-

fold, enhancement along the two sides of the rectangle that are perpendicular to the 

incident polarization. In addition to demonstrating two resonance modes with spectral 

separation controlled by the difference between the rectangle’s width and length, it is 

further showed that the enhanced electric fields from these two resonance modes 

possess good spatial overlap. To further illustrate this spatial overlap, the spatial 

distribution of the field enhancement is shown in Figure 4.7 (c) for 990 nm and 1250 nm 

light impinging on the nanorectangle, which matches the two resonant wavelengths. 

This spatial distribution is calculated by multiplying the field enhancements from 

Figures 4.7 (a) and (b), displaying local maximum at the four corners where the two 

resonance modes overlap spatially. The field enhancements could be even greater by 

utilizing a thinner dielectric layer than the 7 nm of Al2O3 used in this chapter.  
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Figure 4.7: Simulated electric field enhancement distribution. Spatial distribution of 
electric field enhancement in the gap of a film-coupled, 110 × 160 nm rectangular 
nanoantenna. (a) Transverse gap plasmon mode excited by TM polarized light at the 
resonant wavelength of 990 nm; (b) Longitudinal gap plasmon mode excited by TE 
polarized light at the resonant wavelength of 1250 nm; (c) The product of the electric 
field enhancements in (a) and (b); local maxima indicate regions where the two gap 
plasmon modes are strongly spatially overlapped. Adapted from Ref.  [120]. 

 

 

The enhanced electric fields at two wavelengths with good spatial overlap are 

promising for optical processes involving multiple wavelengths. Fluorescent emission is 

selected as an example to illustrate the advantage of these dual resonances in this 

chapter; however, other processes like harmonic generation and four wave mixing could 

also benefit as discussed in detail in the subsequent chapters. Specifically, it is assumed 

that a dipole emitter, such as a PbS quantum dot, with an emission wavelength of 1250 

nm is placed in the nanogap and excited by 990 nm light with polarization 

perpendicular to the nanorectangle’s width. It is shown in Figure 4.8 (a) that the total 

fluorescence enhancement factor EF and spontaneous emission rate enhancement 

0/sp spγ γ  achieve large enhancements compared with an emitter placed on glass as a 

control. The simulated dependence of this enhancement on the emitter position is 



 

64 

obtained by sequentially placing a single dipole emitter on a discrete 41 × 41 grid in the 

nanogap underneath the nanorectangle. The emission rate enhancement can be 

attributed to the increased local density of states due to the presence of the longitudinal 

mode centered at the emission wavelength. While the total fluorescence enhancement 

factor EF  is a consequence of both transverse mode and longitudinal mode, which is 

defined as 

0 0
ex
o
ex

QYEF
QY

ηγ
η γ

= ,                                                      (4.2) 

where η  is the collection efficiency, exγ  is the excitation rate, QY  is the quantum yield 

and the superscript “0” refers to the emitter on glass. The transverse mode at 990 nm 

causes the excitation rate enhancement distribution depicted, while the longitudinal 

mode at 1250 nm enhances the photon out-coupling channel and thus results in the 

spontaneous emission rate enhancement and quantum yield enhancement distribution. 

The final EF  pattern can be regarded as the result of the spatial overlap of the two 

modes according to Eq. (4.2), similar to the product of the electric field distributions 

shown in Figure 4.7 (c). Thus, the total fluorescence intensity and spontaneous emission 

rate can be enhanced simultaneously with dual-band resonances in a single 

nanoparticle.  
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Figure 4.8: Simulated spatial distribution of emission parameters.  Spatial distribution 
of excitation rate enhancement 0/ex exγ γ , spontaneous emission rate enhancement 

0/sp spγ γ , quantum yield  QY , total fluorescence enhancement EF  for (a) 110 × 160 nm 
nanorectangle, (b) 110 nm nanocube and (c) 160 nm nanocube. Adapted from Ref.  [120]. 

 

In order to compare the performance to singly resonant nanoparticles, 

simulations are also performed using the same method for 110 nm and 160 nm 

nanocubes as shown in Figure 4.8 (b) and (c). In those cases, either the total fluorescence 

or the spontaneous emission rate obtains large enhancement depending on whether the 

resonance of the nanocube is overlapped with the excitation or the emission wavelength. 
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However, simultaneous enhancement cannot be achieved without the presence of dual-

band resonances. 

 

4.8 Conclusion      

In this chapter, the optical properties of this film-coupled plasmonic nanogap 

cavities are investigated as a foundation for the subsequent chapters. Furthermore, I 

have demonstrated a metasurface with two, near-perfect absorption resonances that can 

be independently tuned relative to each other through a range of more than 500 nm. The 

polarization of the incoming light provides a knob to tune the relative strength of the 

two resonances dynamically as well as transition from two to a single resonance. These 

metasurfaces operate in the visible and near-IR and possess resonances that are 

spectrally separated while spatially overlapped, which could provide critical advantages 

for multiplexed sensors and detectors, as well as processes like stimulated Raman 

scattering, entangled photon generation and multiphoton absorption. A vertical 

plasmonic gap structure is utilized which supports a highly-confined gap-plasmon 

mode and consist of metal nanoparticles on a sub-10 nm dielectric film with an 

underlying gold ground plane  [37]. The metallic nanoparticles were fabricated using 

both colloidal nanoparticles and EBL and displayed similar absorption performance. 

This shows the promise for combined bottom-up and top-down fabrication, as ALD 

enables single nanometer control of the critical vertical gap dimension while EBL allows 
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for a wide variety of sizes and shapes of nanoparticles as well as deterministic element 

placement. This platform also opens up possibilities to tailor the radiation pattern, mix 

different sizes and shapes of nanoparticles and create integrated waveguides. 
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Chapter 5  Hybrid plasmonic nanogap cavities for 
unidirectional and ultra-bright emission 

 

 

5.1 Introduction 

It has been demonstrated in section 2.5.2 that the fluorescence intensity and 

spontaneous emission rate from QDs can be greatly enhanced utilizing the film-coupled 

plasmonic nanogap cavities, emission directionality will be addressed in this chapter.  

The hybrid plasmonic structure introduced in this chapter further illustrates the optical 

properties of the nanogap cavities before discussing nonlinear optics. Different antenna 

designs were demonstrated to improve the directionality of emission, including 

concentric ring structure  [149–152], Yagi-Uda antenna  [153–155], split-ring 

resonator  [156], hexagonal arrays of nanoapertures  [157], and silver nanowire  [158]. 

However, the spontaneous emission rate only obtain modest enhancement compared 

with plasmonic nanogap cavities.  

The nanoparticle in the plasmonic nanogap cavity can serve as an antenna to 

couple the emitted light into antenna mode and radiate with specific spatial 

distributions. Therefore, a hybrid structure by combining the concentric ring structure 

and the film-coupled plasmonic nanogap cavity structure is proposed by Dr. Guoce 

Yang and I to achieve unidirectional emission from QDs, which was first published in 

Ref  [47].  
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In this chapter, I demonstrate a hybrid plasmonic structure to improve the 

emission directionality and enhance the spontaneous emission rate simultaneously. The 

sample design and enhanced fluorescence intensity are described in section 5.2. In 

section 5.3, the angular emission patterns are illustrated to show that unidirectional 

emission is achieved in this hybrid plasmonic structure. Lastly, the spontaneous 

emission rate is demonstrated to obtain dramatic enhancement due to the plasmonic 

nanogap cavities in section 5.4.  

 

5.2 Sample design and enhanced fluorescence intensity 

The three-dimensional schematic in Figure 5.1 (a) consists of a silver nanocube on 

a monolayer of CdSe/ZnS QDs surrounded by concentric gold nanorings on gold 

substrate. The monolayer of QDs act as a spacer layer between nanocube and gold 

substrate to form a plasmonic nanogap cavity which greatly localize and enhance 

electric field. The nanocube is characterized to be precisely positioned in the center of 

concentric nanorings by SEM and dark field image as shown in Figure 5.1 (b). By 

employing a nanocube with 90 nm size and 10 nm thick gap formed by the QDs, a 

fundamental plasmonic resonance is achieved at 650 nm as confirmed by the scattering 

spectrum in Figure 5.1 (c). The PL from QDs obtain huge enhancement by the presence 

of the nanocube to form the plasmonic nanogap cavity when the structure’s resonance 

overlaps with the PL emission wavelength. The PL intensity enhancement reaches 480-
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fold by comparing the PL emission from QDs with and without nanocube surrounded 

by the same concentric nanorings. 

 

 
Figure 5.1: The hybrid nanocube-concentric ring plasmonic structure and measured 
spectra.  (a) The sample schematic. (b) Dark field image of the sample where the bright 
dot in the center represents the scattering from the film-coupled nanocube. Inset shows a 
SEM image. (c) Blue: scattering spectrum of the hybrid structure. Red and brown: 
fluorescence spectra from QDs in the center of gold nanorings with nanocube (red) and 
without nanocube (brown). The inset shows the SEM images respectively. Adapted from 
Ref.  [47]. 
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5.3 Unidirectional emission  

The angular emission pattern in k-space was measured using a back focal plane 

imaging system to characterize the directionality of the QDs emission. An objective of 

0.9 NA (Olympus, MPlanFL N, 100×) was utilized for excitation and collection of 

emission, corresponding to a maximum collection angle of 64°. As shown in Figure 5.2, a 

single film-coupled nanocube generates a single lobe emission pattern with a broad 

emission angle range. With the surrounding concentric nanorings to form the hybrid 

nanoantenna, the emission pattern remains as a single lobe while the emitted photons 

are concentrated in the center of the k-space image, leading to ±7° full-width at half-

maximum (FWHM) of the emission pattern around the normal direction. In comparison, 

similar emission pattern is achieved from QDs in the center of nanorings but without the 

nanocube, while the emission intensity decreases due to the absence of film-coupled 

nanogap cavity.  
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Figure 5.2: Far-field emission pattern. (a), (c), (e): Measured k-space images. (b), (d), (f): 
Angular far-field emission patterns, extracting along the white dashed lines in (a), (c), 
(e). Polar angle ϕ = 0° and azimuthal angles θ  are retrieved by 1

0sin ( / )yk kθ −= . 

Adapted from Ref.  [47]. 
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5.4 Enhanced spontaneous emission rate 

Besides the highly directional emission, the hybrid plasmonic structure also 

exhibits a large spontaneous emission rate enhancement, similar to the results in section 

2.5.2. Comparing with QDs on glass, the lifetime of QDs embedded in the hybrid 

plasmonic structure (nanocube and the concentric nanorings) dramatically decreases to 

33 picosecond (ps), revealing a 424-fold decay rate enhancement (Figure 5.3). The same 

time-resolved fluorescence measurement is performed on QDs in the center of 

concentric nanorings (without nanocube) to prove that the emission rate enhancement is 

from the nanogap cavity with the presence of the nanocube, as opposed to only the 

surrounding nanorings.  

 
 

Figure 5.3: Enhanced spontaneous emission rate from QDs in hybrid structure.  
Normalized time-resolved fluorescence of QDs on glass (blue), in the center of nanorings 
(brown), coupled to the hybrid antenna (red). Adapted from Ref.  [47]. 
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5.5 Conclusion 

In conclusion, the combination of concentric nanoring structure and film-coupled 

plasmonic nanogap cavity structure can simultaneously improve the directionality, 

fluorescence intensity and spontaneous emission rate of quantum emitters. The 

fluorescence intensity and spontaneous emission rate enhancement are mainly 

attributed to the nanogap cavity and could be further improved by employing the 

rectangle nanoparticles as illustrated in Chapter 4. The directionality improvement is 

realized by the concentric nanoring and the antenna-like nanocube can potentially 

modify the emission direction, which is promising for manipulating nonlinear response 

emission direction. This hybrid structure illustrates the flexibility to incorporate other 

nanophotonics structures into the film-coupled plasmonic nanogap cavities to fulfil the 

requirement of different aspects or simultaneously improve multiple optical properties. 
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Chapter 6  Probing the origin of highly-efficient 
nonlinear responses in plasmonic nanogap cavities 

 

 

6.1 Introduction 

As described in previous chapters, plasmonic structures can precisely localize 

electromagnetic energy to deep subwavelength regions resulting in significant field 

enhancement, which is promising for efficient on-chip nonlinear generation. This 

chapter focuses on THG process and utilizes a two-dimensional nanostripe structure for 

simplicity. A maximum enhancement factor of more than six orders of magnitude 

compared to a bare gold film is achieved, which represents a nonlinear conversion 

efficiency of 8.78×10-4 %. Furthermore, the origin of large nonlinear enhancements 

observed in plasmonic nanogap structures consisting of both dielectrics and metals is 

not fully understood. In this chapter, the THG from a variety of dielectric materials 

embedded in a plasmonic nanogap cavity is probed. From comprehensive spectral 

analysis of the THG signal, it is concluded that the nonlinear response results primarily 

from the dielectric spacer layer itself as opposed to the surrounding metal. This 

demonstration provides new insight into the nonlinear response in ultrathin gaps 

between metals and is promising for on-chip nonlinear devices such as ultrafast optical 

switching and entangled photon sources. This work was first published in Ref.  [98]. 
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The efficiency of nonlinear generation can be enhanced by taking advantage of 

nanostructures that mold the local electromagnetic fields, such as all-dielectric 

nanodisks  [100,102], metallic nanoantennas  [99,101,103], and patterned gold 

film  [105,159]. Plasmonic nanostructures are especially promising as surface plasmon 

polaritons can confine light to volumes much smaller than the diffraction limit of 

light  [37,61], resulting in greatly enhanced local electromagnetic fields and relaxed 

phase matching conditions  [38]. A variety of nonlinear processes have been studied 

including second harmonic generation (SHG)  [89–95], third harmonic generation 

(THG)  [99–103], and four wave mixing (FWM)  [104–108]. Among these nonlinear 

processes, THG has attracted great interest since symmetry breaking is not required and 

it plays a key role for nonlinear imaging  [160] and optical switching  [161]. Plasmonic 

enhancement of THG have been studied in bowtie  [99,103], nanowire  [162], and gap-

plasmon structures  [101]; however, open questions still remain as to the main source of 

the nonlinear response in such hybrid systems consisting of both metals and dielectrics. 

In this chapter, I utilize spectral analysis and a variety of dielectric materials to 

investigate the main source of the THG response in a hybrid plasmonic structure, 

namely the film-coupled gold nanostripe resonator, as well as demonstrate a large 

nonlinear enhancement and high conversion efficiency. The sample schematic, 

fabrication methods and linear optical characterization are described in section 6.2. The 

experimental setup for measuring nonlinear signals is introduced in section 6.3. 
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Excitation power dependence measurements are performed in section 6.4 to convince 

the signal is from THG process. In section 6.5 and section 6.6, a comprehensive 

investigation of the THG response for different nanostripe widths, excitation 

wavelengths and gap thicknesses indicate that the THG response mainly originates from 

the dielectric layer itself. The THG enhancement factor, efficiency and effective 

nonlinear coefficient from different dielectric materials embedded in plasmonic cavities 

are summarized in section 6.7. Lastly, FWHMs of THG spectra are investigated both in 

experiment and simulation to further conclude that the dielectric material in the gap 

region is the main contributing THG signal source in this hybrid plasmonic structure.  

 

6.2 Sample design and linear optical characterization 

All of the samples used in this chapter were fabricated by a three-step fabrication 

process. First, a 75 nm gold film was deposited onto a silicon substrate by electron-beam 

evaporation with 2 Å/s deposition rate. Second, an ultrathin dielectric layer was 

deposited on top of the gold film by ALD or sputtering depending on the material. Al2O3 

and HfO2 were deposited by ALD by VaporPulse Technologies, Inc. TiO2 was deposited 

by ALD through collaboration with United States Naval Research Laboratory in an 

Ultratech Fiji G2 reactor at 250°C with tetrakis (dimethylamino) titanium (IV) and O2 

plasma (40 sccm) precursors at ~ 12 mTorr, which results in a linear growth rate of 0.55 

Å/cycle. ITO was deposited by sputtering with 50W DC power and no substrate heating 



 

78 

(Kurt Lesker PVD 75). The last step is EBL fabrication of 30 nm height gold stripes on 

top of the dielectric layer. The gold reference sample used in this chapter was also 

prepared under the same conditions, but without the dielectric layer and gold stripes. 

A schematic of the fabricated sample structure is shown in Figure 6.1 (a), 

consisting of a thin dielectric layer sandwiched between a 75 nm gold film and gold 

nanostripes fabricated by EBL. Four different dielectric materials with thicknesses 

between 1 and 5 nm are studied here: Al2O3, HfO2, ITO and TiO2. The chosen thickness 

for each material was the thinnest that could reliably be fabricated while maintaining a 

continuous and uniform layer on top of the gold film. The stripe widths were 

characterized by SEM and ellipsometry was used to measure the thickness of the 

dielectric layers. The period between the stripes was kept constant for all measurements 

at 250 nm while the stripe widths were varied to achieve a variety of plasmonic 

resonances.  

 

Figure 6.1: Sample schematic and reflection spectrum.  (a) Schematic and SEM image of 
the sample structure consisting of a thin dielectric layer sandwiched between a gold film 
and stripes. (b) Measured reflection spectra from an array of stripes for an incident 
polarization perpendicular to the stripes (transverse magnetic (TM)) and parallel to the 
stripes (transverse electric (TE)). Adapted from Ref.  [98]. 
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The structure acts as a plasmonic nanocavity which localizes and strongly 

enhances the optical field  [37,61] when excited with light polarized perpendicular to the 

stripes (Figure 6.1(b)), whereas no absorption is observed for a polarization along the 

stripes as localized plasmon resonances are not supported. Therefore, all samples were 

excited with light polarized perpendicular to the stripes and an excitation wavelength of 

1500 nm was used for all experiments (except wavelength dependence measurements). 

In order to match the plasmon resonance of the structure with the fixed excitation 

wavelength, white light absorption measurements were performed on each sample to 

determine the specific stripe width resulting in a plasmon resonance centered at 1500 

nm. 

 

6.3 Experimental setup   

For measuring nonlinear responses, the samples were excited by an optical 

parametric oscillator pumped by a Ti: sapphire laser (Coherent Chameleon, ~150 fs pulse 

duration, 80 MHz repetition rate) which were passed through a half-wave plate and 

focused onto the sample plane via a microscope objective (Mitutoyo M Plan Apo NIR, 

50×). The same objective was used to collect the light in a reflection geometry, and the 

light was then passed through a dichroic mirror along with a short-pass filter (600 nm) 

before being detected by a CCD-coupled spectrometer (Acton sp2500i). 
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Figure 6.2: Experimental setup for measuring THG response. 

 

 

6.4 Excitation power dependence of THG intensity   

A characteristic THG signal is observed at 500 nm (Figure 6.3 (a)), using a 

custom-built microscope in a reflective configuration introduced in previous section, for 

a sample with a 1 nm HfO2 layer. To verify that the peak is indeed from the THG 

process, excitation power dependence measurements were performed on the stripes and 

the nearby dielectric-metal film (without stripes) as a control for each sample, as well as 

on a bare gold film (with no dielectric material). Figure 6.3 (b) shows the THG intensity 

as a function of incident laser power from the film-coupled nanostripes with a 1 nm 

layer of HfO2. A polynomial function fit reveals a slope of 3.03, very close to three as is 

expected from the third-order nonlinear process. Similarly, it is also confirmed the THG 
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response from the other samples with different dielectric materials as well as the bare 

gold film by verifying the third power law. This allows for the intensities measured at 

different powers to be interpolated enabling direct comparison between different 

samples. 

 

 

Figure 6.3: THG spectrum and excitation power dependence. (a) Representative 
spectrum of THG response from 95 nm stripes on 1 nm HfO2 for TM polarization. (b) 
THG intensity from stripes as a function of excitation power confirming a third-order 
power dependence. Adapted from Ref.  [98]. 

 
 

6.5 Dependence of THG intensity on gold stripe widths  

In this section, as a first step to elucidate the main source of the THG 

enhancement in this plasmonic structure, I explore the fundamental resonance for 

various widths of the stripes on samples with four different dielectric materials (1 nm 

Al2O3, 1 nm HfO2, 5 nm ITO and 3 nm TiO2). For each sample, the THG signal was 

collected from five different arrays of stripes with an incident laser wavelength of 1500 

nm. Figure 6.4 reveals the stripe width for each sample that result in the maximum THG 
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response, which is consistent with the specific stripe width that corresponds to an 

absorption peak at 1500 nm. This is expected as nanostripes with a plasmon resonance 

overlapping with the excitation wavelength at 1500 nm has the maximum localized field 

intensity and thus the maximum nonlinear response. It is also observed that the THG 

response decrease rapidly for stripes with widths corresponding to resonances away 

from the excitation wavelength, which can be explained by the decreased electric field 

intensity when the structure is off-resonance with the excitation.  

 

 

Figure 6.4: Dependence of THG intensity on gold stripe widths. Four different 
dielectric spacers are indicated in the figure. Dots represent experimental data and 
dashed lines are guides to the eye. Adapted from Ref.  [98]. 
 

 

6.6 Dependence of THG intensity on excitation wavelength 

To further probe the origin of the nonlinear response enhancement, 

measurements of excitation wavelength dependence are performed in this section. In 
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these experiments, the stripe width of each sample was fixed to ensure a resonance at 

1500 nm, and the excitation wavelength was tuned from 1470 nm to 1530 nm. Figure 6.5 

show the dependence of the THG response on the excitation wavelength for the four 

samples mentioned in previous section. It is observed that the nonlinear response 

decrease rapidly when the excitation wavelength is detuned from the 1500 nm 

resonance. Furthermore, control measurements from areas without stripes show a nearly 

constant THG signal independent of the excitation wavelength. As high excitation 

power (10 mW), which was used for the control measurements could lead to damage of 

the stripes, the intensities shown in Figure 6.5 for the stripes were measured at lower 

excitation powers (0.125 - 0.25 mW) and extrapolated to the power used for the control 

sample using the third power law verified in section 6.4. From Lorentzian fits to the 

experimental data in Figure 6.5, the full width at half maximum (FWHM) was extracted 

from the different samples. The smallest thickness of 1 nm of HfO2 has the narrowest 

FWHM of 25 nm and a relatively large refractive index of 2.07, while the thicker 5 nm 

ITO has the largest FWHM of 50 nm and a relatively small refractive index of less than 

1.6. Generally, it is observed that the FWHM is narrower for thinner dielectric layers and 

for dielectrics with larger refractive index (as obtained from literature  [163–166]) at 1500 

nm.  



 

84 

 

Figure 6.5: Dependence of THG intensity on excitation wavelength. Four different 
dielectric materials embedded in the nanostripe structure are illustrated in the figure. 
The excitation wavelength is tuned around 1500 nm at 5 nm intervals. Red diamonds are 
experimental data from stripes that were extrapolated to the same excitation power as 
used for areas without stripes, while blue dots are experimental data from areas without 
stripes. The dashed red curve is a Lorentzian function fit. Adapted from Ref.  [98]. 

 

 

The electric field distribution is simulated in this hybrid structure using the 

experimental dimensions for the sample with a 3 nm TiO2 dielectric layer (Figure 6.6). 

The confined electric field intensity within the dielectric layer in the gap region 

decreases once the plasmonic structure is even slightly off-resonant with the excitation 

wavelength from 1500 nm to 1470 nm. The rapid decay of THG intensity from stripes 

that are off-resonant can be explained by the rapid decay of this localized field intensity. 
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This is also supported by the observation that the THG signal from areas without stripes 

does not exhibit any significant dependence on the excitation wavelength. Thus, the 

THG response is strongly related to the enhanced field intensity confined within the 

dielectric layer pointing towards the dielectric layer contributing significantly to the 

observed THG.  

 

Figure 6.6: Simulated electric field enhancement distribution.  (a) 1500 nm (on 
resonance). (b) 1470 nm (slightly off resonance). Adapted from Ref.  [98]. 
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6.7 THG enhancement factor; efficiency and effective nonlinear 
coefficient 

In this section, a bare gold film is selected as a reference to quantify the THG 

enhancement in these structures since the nonlinear response from the very thin 

dielectric layers alone without the underlying gold film is inherently too weak to 

observe. The THG enhancement is thus defined here as the THG signal from a given 

sample divided by the THG signal from a gold reference sample using the same 

excitation wavelength and power. It is observed that for the two Al2O3 samples, the THG 

intensity increases by more than two orders of magnitude as the gap thickness is 

decreased from 3 to 1 nm as shown in Table 6.1. Additionally, almost an order of 

magnitude larger THG enhancement is observed for 1 nm of HfO2 embedded in the 

nanostripes as compared with 1 nm of Al2O3. This large difference between the THG 

enhancements of the two samples is unlikely originating from the gold films alone 

because the nonlinear response from the gold areas is similar, given that the electric field 

intensity within the gold is similar for these two samples. The difference is also unlikely 

due to any small variation in their cavity volumes, resulting from stripe width 

variations. Thus, the large difference between the THG enhancements for the two 

samples must be related to the different dielectric materials in the gap. This observation 

indicates that, at least for the HfO2 sample, that the main THG source is the dielectric 

itself. Further supporting this interpretation is the observation of more than three orders 

of magnitude larger THG enhancement for the 3 nm TiO2 sample as compared with the 
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3 nm Al2O3 sample. TiO2 has a (3)χ   value of 2.1×10-20 (m2/V2) which is around two orders 

of magnitude larger than that of Al2O3 (3.1×10-22 (m2/V2))  [2], therefore giving rise to a 

larger THG signal. It is also noticed that the 5 nm ITO sample has a relatively large 

enhancement because of its very large (3)χ  value (2.16×10-18 (m2/V2)), even though it has 

a thicker dielectric gap compared with the other samples. Therefore, larger (3)χ  values 

and thinner gaps are important factors to achieve higher THG enhancement in this 

hybrid plasmonic structure. Even though the (3)χ  value of HfO2 has not yet been 

reported in literature, the observed THG enhancement from our experiments (1 nm 

HfO2 vs. 1 nm Al2O3) is suggesting that the (3)χ  value of HfO2 is greater than that of 

Al2O3. 

Table 6.1: THG enhancement factor; efficiency and effective nonlinear coefficients.  
Film-coupled plasmonic stripe resonators with five different dielectric materials in the 
gap along with a gold reference sample are summarized in the table. 

 
 THG enhancement THG efficiency (%) Effective 

(3)χ  (m2/V2) 

Gold 1 2.05×10-9 7.6×10-19 

3 nm Al2O3 103.00 5.06×10-7 7.6×10-16 

1 nm Al2O3 105.05 5.64×10-5 8.5×10-14 

1 nm HfO2 106.03 5.70×10-4 8.2×10-13 

5 nm ITO 105.86 3.58×10-4 5.5×10-13 

3 nm TiO2 106.21 8.78×10-4 1.2×10-12 
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In addition to the large enhancement, the coupled stripe-film system also exhibits 

a high conversion efficiency from incident excitation energy to THG intensity. The 

efficiency is defined as the power of the THG response generated from the sample 

divided by the power of the incident laser. The incident excitation power is measured by 

a power meter, while the power of the THG response is derived from the CCD counts 

and is normalized by a calibrated light source (Labsphere). As shown in Table 6.1, the 

gold reference sample has a low THG efficiency of 2.05×10-9 %, while the dielectric 

samples with stripes can achieve relatively high efficiencies as compared to gold. The 

highest efficiency observed here was 8.78×10-4 % from 3 nm of TiO2 embedded in the 

film-coupled plasmonic nanostripes. Different definitions for the THG efficiency used in 

literature complicates a direct comparison of their absolute values  [99]. However, it is 

demonstrated that a high efficiency compared with gold can be achieved with the same 

structure on different materials despite relatively low (3)χ  values of some of the 

materials. In the experiments here, the excitation power was limited to 5 mW in order to 

prevent damage of the sample due to the corresponding large localized field intensity. 

Another figure of merit to enable comparisons to other studies, is an effective (3)χ  

value  [99] from the sample, which is defined as the product of the (3)χ  value of gold  

and  the corresponding enhancement factor as the same excitation conditions are used. 

The highest estimated effective (3)χ  value from the dielectric material embedded in the 
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nanostripe structure is from the 3 nm TiO2 sample with a value of 1.2×10-12(m2/V2). The 

effective (3)χ  values from the other dielectric samples are listed in Table 6.1. 

 

6.8 FWHM of THG spectra 

While most previous research focused on the intensity of the THG response, few 

investigated the shape of the spectrum itself  [99,101,103]. Two-dimensional finite 

difference time domain method (Lumerical FDTD Solutions) was used to calculate the 

THG spectrum. In the simulation model, periodic boundary conditions were used and 

the structure was illuminated by a normal incident plane wave pulse source with pulse 

length of 150 fs and central wavelength of 1500 nm, which were consistent with the 

experimental conditions. A frequency domain power monitor was used to record the 

output power through the monitor plane in simulations (details of simulation method is 

introduced in section 3.4.2).  

In experiment, the FWHM of THG spectrum from the 5 nm ITO embedded 

plasmonic structure is found to be only 3.3 nm whereas it is 4.2 nm from the substrate 

(gold film and dielectric layer but without stripes) as shown in Figure 6.7 (a). This is 

consistent with the simulation result in Figure 6.7 (b), where the FWHMs are 3.15 nm 

and 4.20 nm from the embedded plasmonic structure and substrate, respectively.  
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Figure 6.7: FWHM of THG spectra in experiment and simulation.  Normalized THG 
spectra from 5 nm of ITO embedded in the nanostripe structure compared to the 
substrate area without stripes (consisting of gold film and dielectric layer). Experimental 
data is shown in (a) and corresponding simulations in (b). Adapted from Ref.  [98]. 
 

 

As seen in Figure 6.8, the other dielectric materials follow a similar trend, 

displaying a narrower spectrum from stripes compared with the substrate. The error 

bars extracted from five different measurements on the sample reveal that the FWHM 

difference between stripe and substrate is from the plasmonic structure, as opposed to 

the measurement variation. 

 

Figure 6.8: FWHM of THG spectra from different samples.  Four different dielectric 
samples and the gold reference sample were measured using the same excitation 
conditions. Error bars are obtained based on measurements on five different areas on 
each sample. Adapted from Ref.  [98]. 
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An explanation for this narrowing effect is given by considering the 

contributions from different nonlinear sources in this hybrid structure. When both 

nonlinearities are considered simultaneously, as is the case in the experimental data, the 

spectrum is the same as the simulated stripe case shown in Figure 6.7 (b). However, the 

simulated spectra behave differently when the nonlinearity of the dielectric material or 

gold is considered individually. As shown in Figure 6.9, the nonlinearity of the dielectric 

material is critical to the narrowing effect of the THG spectrum, while the nonlinearity of 

the gold alone cannot produce the narrower spectrum which was observed in the 

experiments. The clear and statistically significant difference between the FWHM of the 

spectra from the stripes and the substrate is a strong indication that the THG in these 

structures mainly arise from the dielectric material in the gap.  

 

Figure 6.9: Simulated THG spectra by considering the individual contributions from 
different nonlinear sources in this hybrid structure.  Adapted from Ref.  [98]. 

 



 

92 

6.9 Conclusion 

In conclusion, greater than six orders of magnitude enhancement in the THG 

signal was observed from film-coupled plasmonic stripe resonators compared with a 

bare gold film. To elucidate the origin of the THG signal, a comprehensive study was 

performed of the film-coupled nanostripe resonators in terms of stripe width, excitation 

wavelength and dielectric spacer material. Both these experiments and corresponding 

simulations indicate that the THG response mainly arises from the dielectric layer itself. 

Despite using an ultrathin layer of dielectric (1-5 nm), high nonlinear conversion 

efficiency was extracted, which is promising for future on-chip nonlinear devices. 

Furthermore, as the THG is a process without saturation where the intensity grows 

cubically as a function of the incident power, the efficiency can be even higher if the 

damage threshold of the sample can be increased, given more robust metals and 

dielectric layers. The hybrid plasmonic structure and the large THG enhancement offer a 

pathway to explore other nonlinear optical processes at the nanoscale as illustrated in 

the next chapter. 
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Chapter 7  Active control of multiple, simultaneous 
nonlinear optical processes in nanogap cavities 

 

 

7.1 Introduction 

In previous chapter, THG is selected as a nonlinear optical process to investigate 

the main contributing nonlinear source in the hybrid plasmonic nanogap cavity 

structure. Two-dimensional nanostripe structure is selected for simplicity since THG 

process only involve one excitation wavelength. In this chapter, I extend the discussion 

to other common nonlinear optical processes and employ a three-dimensional 

nanorectangle structure with two fundamental resonances (introduced in Chapter 4). 

The relative strengths are enhanced and controlled between THG, SFG and FWM arising 

from 1-7 nm Al2O3 layers sandwiched between a gold film and silver nanorectangles. It 

is demonstrated that the relative strength of the three, simultaneous nonlinear optical 

processes can be precisely controlled by either the ratio between the powers of the two 

excitations or the thickness of the Al2O3 layer. Furthermore, enhancements up to 106-fold 

for THG and FWM are observed along with 104-fold enhancement for SFG response 

when the resonance of the transverse and longitudinal mode of the cavity are matched 

to the two pump excitations. The ability to obtain and control multiple, nonlinear optical 

processes simultaneously opens new capabilities for advanced on-chip manipulation 
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and processing of optical signals on the deep nanoscale. This work was first published in 

Ref.  [167]. 

As discussed previously, plasmonic structures are promising to enhance and 

control nonlinear optical processes as the subwavelength-scale elements not only 

increase the local electric field intensities but also result in relaxed phase matching 

conditions. This opens the possibility to observe and further manipulate multiple 

nonlinear optical processes simultaneously which would be forbidden in bulk crystals 

due to incompatible phase matching requirements. Such observations have typically 

been achieved with a preferred combination of SHG and THG  [168–172], with limited 

investigations of other combinations such as SHG and FWM  [173], or THG and 

FWM  [173]. Additionally, studies of 2D materials  [174,175] and chemical 

imaging  [176,177] report observations of up to three different nonlinear signals from a 

single sample, however the different nonlinear processes are not observed 

simultaneously. A recent demonstration of an all-dielectric frequency mixer  [178] is 

promising to obtain a variety of nonlinear responses across a broad spectral range, 

which relies on the large nonlinearities of constituent dielectric materials, however 

questions still remain regarding the interplay between these nonlinear processes. To 

date, the interplay between multiple, simultaneous nonlinear processes has not been 

elucidated which is critical to enable dynamic tuning and precise control of the relative 

strength of the processes. This would facilitate the precise manipulation of nonlinear 
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responses at the nanoscale and is promising for on-chip functional nonlinear devices. 

Furthermore, plasmonic structures with dual spatially-overlapped fundamental 

resonances  [120] to enhance nonlinear optical processes such as SFG and FWM, that 

require two distinct excitation wavelengths, have not been experimentally 

demonstrated. 

In this chapter, I employ a film-coupled nanorectangle plasmonic structure to 

observe THG, SFG and FWM simultaneously. Section 7.2 describes the sample 

schematic, which is a similar structure as introduced in Chapter 4. The experimental 

setup for measuring nonlinear responses is introduced in section 7.3. Linear optical 

characterization and finite-element simulation are performed in section 7.4 to illustrate 

the resonance modes of the plasmonic nanogap structures. To start measuring multiple, 

simultaneous nonlinear responses, the time delay between the two excitation pulses is 

varied as shown in section 7.5. Then, excitation power dependence measurements are 

performed in section 7.6 to convince the observed signals are from the corresponding 

nonlinear optical processes. In section 7.7, two excitation wavelengths are varied 

respectively around the resonance wavelengths to show that maximum nonlinear 

intensities are obtained when the excitation wavelengths match the resonance 

wavelengths of the plasmonic nanogap structure. Furthermore, section 7.8 describes the 

enhancement of these nonlinear responses by the presence of plasmonic structures and 

good agreement is achieved between experiment and simulation. Section 7.9 discusses 
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the FWHM of excitation wavelength dependent nonlinear intensity, which offers insight 

into the main contributing nonlinear source in this hybrid plasmonic structure by 

combining with simulation. Lastly, it is demonstrated in section 7.10 that the relative 

strength of the three nonlinear processes can be controlled, either actively by 

manipulating the relative intensity of the two pump excitations or passively by varying 

the thickness of the dielectric Al2O3 layer.  

Below, I briefly describe the main features associated with the three nonlinear 

processes explored in this chapter using two pumping frequencies 1ω  and 2ω .These 

processes include (1) surface SFG, which upconverts two photons at the pumping 

frequencies 1ω  and 2ω  to the summed frequency 1 2SFGω ω ω= + , (2) THG, leading to an 

output photon at 23THGω ω= , and (3) degenerate FWM, leading to an output photon at 

1 22FWMω ω ω= − . The experimental observations, detailed below, show that the three 

nonlinear processes are significantly amplified due to resonant enhancement at the two 

pump frequencies. To qualitatively understand such processes, coupled mode theory 

analysis is applied in the non-depleted region, detailed in the section 3.3, to illustrate the 

scaling of the nonlinear power output with respect to the pumping power 1(2)P  and the 

pumping frequency detuning 1(2)ω∆  from the respective resonant frequencies: 
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                                    (7.1) 

where it is assumed that there is a predominant mode around the resonance frequency 

1(2)ω  and (r )i iγ  denotes the total (radiative) decay rate of the mode at iω .  

 

7.2 Sample design   

The samples used in this work were fabricated by first depositing a 75 nm gold 

film onto a silicon substrate by electron-beam evaporation with 2 Å/s deposition rate. 

Then, an ultrathin dielectric Al2O3 layer was deposited on top of the gold film by ALD 

by VaporPulse Technologies, Inc and the thicknesses were confirmed by ellipsometry 

measurements. Finally, EBL was used to fabricate silver nanorectangles on top of the 

dielectric layer with a height of 30 nm (details in section 2.3.1). Different rectangle 

widths and lengths were fabricated on each sample to ensure that the resulting plasmon 

resonances could be matched with the two excitation wavelengths.  

The fabricated plasmonic structures consist of an ALD Al2O3 film with a 

thickness of either 1, 3, 5 or 7 nm sandwiched between a 75 nm gold film and silver 

nanorectangles fabricated by EBL as shown in Figure 7.1.  The widths and lengths of the 
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nanorectangles were designed such that the resonance wavelengths from the transverse 

and longitudinal modes overlapped with the two excitation wavelengths 1(2)λ = 840 

(1500) nm, respectively.  

 

Figure 7.1: Sample schematic.  Schematic of sample structure that consists of a 1 to 7 nm 
dielectric Al2O3 film sandwiched between 30 nm tall silver rectangles and a 75 nm gold 
film. Adapted from Ref.  [167]. 

 
 

7.3 Experimental setup   

As shown in the Figure 7.2, the samples were excited by a Ti: sapphire laser 

(Coherent Chameleon, ~150 fs pulse duration, 80 MHz repetition rate) and an optical 

parametric oscillator pumped by the same Ti: sapphire laser. Half-wave plates were 

used to control the polarization state of these two excitations and a variable delay line 

was used to control the relative time difference between the two laser pulses.  The two 

laser pulses were then combined by a beam splitter and focused onto the sample plane 

via a microscope objective (Mitutoyo M Plan Apo NIR, 50×). The same objective was 

used to collect the nonlinear signals in a reflection geometry, which were then passed 

through a dichroic mirror and a short-pass filter (600 nm) before being detected by a 
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CCD-coupled (Princeton Instruments 400 BR Excelon) spectrometer (Acton sp2500i). A 

white light imaging system was also incorporated into the setup for bright field imaging.  

 

 

Figure 7.2: Schematic of experimental setup. 

 

7.4 Resonance modes of the plasmonic nanogap structure  

Reflectivity measurements were performed with white light as shown in Figure 

7.3, where the two dips centered at the two excitation wavelengths represent the 

corresponding plasmon resonances from the nanorectangle. The 500 - 1000 nm spectral 

range was measured by a charge-coupled device (CCD) camera with the incident 

polarization parallel to the rectangle width and the 1000 - 1700 nm spectral range was 

measured by an indium-gallium-arsenide (InGaAs) camera with the incident 
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polarization parallel to the rectangle length. Plasmonic nanogap structures consisting of 

Al2O3 layer with different thicknesses were measured to determine the specific width 

and length to obtain the desired resonance wavelengths for matching with excitations.  

 

Figure 7.3: Reflection spectrum of the plasmonic nanogap structure. Measured 
reflection spectra from a sample with a 1 nm Al2O3 film embedded in the plasmonic 
nanogap structure. 500 – 1000 nm was measured for the transverse magnetic (TM) 
polarization, when the polarization of incident light is along rectangle width, and 1000 – 
1700 nm was measured with the transverse electric (TE) polarization, when the 
polarization of incident light is along the rectangle length. Adapted from Ref.  [167]. 

 
 

The electric field distribution is modified by the presence of the nanorectangle 

structures, giving rise to strongly localized and enhanced optical fields as seen in the 

simulations shown in Figure 7.4 (a) and (b) performed by a finite-element method 

(COMSOL Multiphysics). The resonance wavelengths correspond to the width and 

length of the nanorectangles for TM and TE incident polarization, respectively. As 

confirmed in Chapter 4, these two resonance modes also overlap spatially at the four 

corners of the nanorectangle.  
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Figure 7.4: Simulated electric field enhancement distribution.  (a) Simulated electric 
field distribution at 840 nm, where the resonance wavelength corresponds to the 
rectangle width. (b) Simulated electric field distribution at 1500 nm, where the resonance 
wavelength corresponds to the rectangle length. Adapted from Ref.  [167]. 
 
 

7.5 Time delay scan     

Experimentally, the nonlinear signals were generated by two ~150 fs laser pulses 

with wavelengths at 840 nm and 1500 nm. Both excitation pulses were passed through 

the same objective and spatially overlapped on the sample. A delay stage was used to 

control the relative time difference between the two pulses, resulting in the emergence of 

three nonlinear signals near zero time delay as shown in Figure 7.5(a). The signal 

centered at 500 nm is from THG and generated from the 1500 nm excitation. As the THG 

process does not involve the 840 nm excitation, the THG intensity remains constant as 

the time delay between the two pulses is varied. On the other hand, the remaining two 

nonlinear signals, which are from SFG and FWM, display a strong dependence on the 

time delay, reaching a maximum intensity at exactly the zero delay position. The red 
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shift of the wavelength of the FWM response seen in Figure 7.5 (a) is attributed to the 

approximately 10 nm spectral linewidth of the two excitations, resulting in the overlap 

of different peak wavelengths of the two excitation pulses at different time delays, also 

referred to as frequency chirping. A characteristic spectrum at zero time delay is shown 

in Figure 7.5 (b) which exhibits one peak arising from each of the nonlinear optical 

processes.  

 

 

Figure 7.5: Time delay scan.  (a) Measured nonlinear response as a function of time 
delay between the two excitation pulses at 840 nm and 1500 nm. (b) Spectrum at zero 
time-delay, where three distinct peaks are observed simultaneously which arise from 
THG, SFG and FWM. Adapted from Ref.  [167]. 

 
 

7.6 Excitation power dependence     

In this section, to verify that the three peaks are indeed from the THG, SFG and 

FWM processes described by Eq. (7.1), power dependence measurements were 

performed. Specifically, I measured the dependence of the nonlinear signals on the 
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power of both excitation wavelengths by first varying one excitation power, and then 

the other, while keeping one excitation power constant. Figure 7.6 (a) and (b) show the 

intensities of the nonlinear signals as a function of the two excitation powers, 

respectively.  

 

 

Figure 7.6: Dependence of nonlinear intensities on the excitation power.  (a) Measured 
nonlinear signal as a function of 840 nm excitation power for the three nonlinear 
processes as indicated in the figures. (b) Measured nonlinear signal as a function of 1500 
nm excitation power for the three nonlinear processes as indicated in the figures. 
Adapted from Ref.  [167]. 

 
 



 

104 

Polynomial function fits by the power law exhibit good agreement with the 

experimental data, confirming the observed signals are indeed from the expected 

nonlinear optical processes in the non-depleted region. Specifically, the THG response 

has a cubic power relation on the 1500 nm excitation power and remains constant with 

varying 840 nm excitation power. The SFG response increases linearly with increased 

840 nm and 1500 nm excitation powers. The FWM response possesses a square power 

relation on the 840 nm excitation power and a linear relation on the 1500 nm excitation 

power. 

 

7.7 Dependence of nonlinear intensity on the excitation 
wavelength     

To take advantage of the enhanced electric field confined within the Al2O3 layer, 

the polarization of the two excitations are manipulated such that the 840 nm excitation is 

linearly polarized along the width of the nanorectangle and the 1500 nm excitation is 

linearly polarized along the length as shown in the schematic in Figure 7.7. Additionally, 

excitation wavelength dependence measurements were performed to verify the 

importance of spectrally matching the plasmon resonance with the excitation 

wavelength.  
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Figure 7.7: Illustration of the experimental geometry. The blue arrow represents 840 
nm excitation with TM polarization (excitation polarization along rectangle width) and 
the red arrow represents 1500 nm excitation with TE polarization (excitation polarization 
along rectangle length). Adapted from Ref.  [167]. 

 
 

Figure 7.8 (a) and (b) show characteristic results from a 1 nm Al2O3 dielectric 

layer embedded between a gold ground plane and silver nanorectangles with the 

shorter wavelength excitation at 80 μW and the longer wavelength excitation at 160 μW. 

The width and length of the nanorectangle are selected such that the resonances from 

the transverse and longitudinal modes are centered at 840 nm and 1500 nm respectively 

(Figure 7.3). When one excitation is detuned from the resonance at 840 nm while the 

other excitation remains constant at 1500 nm, the SFG and FWM intensities decrease 

dramatically because of the reduced electric field intensity in the nonlinear media as the 

plasmonic structure is off-resonance with the excitation. There is no variation in the 

THG intensities since this process only relies on the 1500 nm excitation. Similarly, when 

the other excitation wavelength is detuned from the resonance at 1500 nm, while the 840 
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nm excitation remains constant, the THG, SFG and FWM intensities decrease 

dramatically due to the reduced electric field intensity. However, the rate of the decrease 

in the nonlinear signal with detuning of the excitation wavelengths varies for the 

different nonlinear processes as seen in Figure 7.8 (a) and (b). This variation can be 

explained by the different-order Lorentzian lineshapes as described by Eq. (7.1), which 

means that different nonlinear processes have different behaviors in terms of their full 

width at half maximum (FWHM) as the excitation wavelengths are detuned from the 

resonance. This will be further discussed in section 7.9 

 

 

Figure 7.8: Dependence of nonlinear intensity on the excitation wavelength. (a) THG 
(blue), SFG (green) and FWM (orange) intensity as the excitation wavelength is varied 
from 820 nm to 860 nm for a 1 nm Al2O3 film embedded in the plasmonic nanogap 
structure. (b) THG (blue), SFG (green) and FWM (orange) intensity as the excitation 
wavelength is varied from 1470 nm to 1530 nm for a 1 nm Al2O3 film embedded in the 
plasmonic nanogap structure. Data points are experimental results and curves are 
Lorentzian function fits to the data. Adapted from Ref.  [167]. 
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7.8 Enhancement of the nonlinear responses in experiment and 
simulation     

By employing the excitation schematic illustrated in last section, nonlinear 

responses from THG, SFG, and FWM obtain dramatic enhancement due to the 

resonance modes from plasmonic nanogap structures. In this section, the effect of the 

thickness of the Al2O3 layer on the enhancement of the nonlinear response is 

investigated. To this end, four different thicknesses (1 nm, 3 nm, 5 nm, 7 nm) were 

fabricated by ALD. The enhancement of the nonlinear response is defined as the 

nonlinear response from the Al2O3 embedded between the silver nanorectangles and the 

gold film divided by the nonlinear response from the control sample consisting of Al2O3 

layer on the gold film (without the silver nanorectangles) under the same excitation 

conditions. The Al2O3 layer on the gold film is selected as the control sample since the 

nonlinear intensity from a sub-7 nm Al2O3 layer itself is too weak to detect. The intensity 

of the nonlinear response from the Al2O3 layer on gold remains constant for different 

Al2O3 layer thicknesses, with the exception of the SFG intensity, which increases slightly 

for thicker layers as shown in Figure 7.9 (A bare gold film was also included as a 

reference). However, the SFG intensity remains within the same order of magnitude for 

all Al2O3 layer thicknesses which makes it reasonable to calculate the enhancement 

factor using these reference intensities. 
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Figure 7.9: Nonlinear intensities from reference samples. Intensities of the nonlinear 
signal from THG, SFG and FWM for different thicknesses of Al2O3 on a gold film 
(without nanorectangles) and a bare gold film for reference. Adapted from Ref.  [167]. 

 
 

 

It should be noted that different excitation powers were employed for the control 

sample and plasmonic nanogap structures in order to prevent damage of the silver 

nanorectangles from the strongly enhanced electric fields in the nanogaps. Therefore, the 

power laws shown in Figure 7.6 (a) and (b) were used to extrapolate the nonlinear 

intensities taken at different excitation powers to the same condition. As summarized in 

Figure 7.10 (a), the nonlinear optical processes experience dramatic enhancements in the 

presence of the plasmonic nanogap structures as compared to only the gold film. In 
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particular, greater enhancement in the nonlinear signals are observed for thinner Al2O3 

layers due to the higher electric field intensities in the gap region for smaller nanogap 

structures. This indicates that the effect of the enhanced electric field induced by the 

plasmonic structure dominates the enhancement as opposed to the total thickness of 

nonlinear media in the gap region. From Figure 7.10 (a), it is also observed that the 

enhancement factors of THG and FWM processes are very similar and on the same order 

of magnitude for all four studied thicknesses, and between 10 and 76 times larger than 

the enhancement observed for SFG depending on the Al2O3 thickness. This difference in 

enhancement arises as THG and FWM are third-order nonlinear processes, resulting in 

the generation of a nonlinear signal with a cubic power dependence on the excitation 

electric field intensity, while SFG is a second-order nonlinear process with a square 

power law relation. Thus, a larger enhancement is expected for higher-order nonlinear 

processes which is also observed experimentally here. This is further highlighted by the 

observation that the square of the enhancement factors of the THG and FWM responses 

are approximately the same as the cube of the enhancement factor of the SFG response, 

which are close to 1012 for the 1 nm gap as an example. The maximum efficiencies for 

these nonlinear processes are extracted using a calibrated light source and estimated to 

be 7.44×10-4 %, 8.55×10-6 %, 1.28×10-3 % for THG, SFG and FWM respectively from the 1 

nm Al2O3 layer embedded in the plasmonic structures.  
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Figure 7.10: Nonlinear response enhancement in experiment and simulation. The 
enhancement of the nonlinear signal for the three different nonlinear optical processes 
and for four different Al2O3 thicknesses ranging from 1 nm to 7 nm. The enhancement 
factor is defined as the nonlinear signal of the Al2O3 film embedded in the plasmonic 
nanogap structure divided by the nonlinear signal from an Al2O3 film of the same 
thickness on gold and under the same excitation conditions. (a) Experiment. (b) 
Simulation. The enhancement factor at 1 nm is normalized to the experimental value for 
easier comparison. Adapted from Ref.  [167]. 
 
 

The impact of the Al2O3 thickness on the resulting nonlinear generation was also 

numerically investigated, which is summarized in Figure 7.10 (b). The simulated 

enhancement factor is normalized to the experimental value at 1 nm for easier 

comparison of the dependence on gap thickness. For both FWM and THG processes, 

qualitative agreement between the numerical and the experimental results can be 

observed for thicknesses smaller than 7 nm, where the nonlinear processes are 

significantly enhanced by the collective plasmonic resonance inside the Al2O3 layer. The 

resonance degrades at larger thicknesses where the surface roughness, ignored in our 

simulation, can alter the modal profile to a greater extent, offering an explanation of the 
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observed disagreement at thicknesses greater than 7 nm. As for the SFG process, the 

numerical results suggest a more pronounced thickness dependence, which may be 

attributed to nonlocal optical responses such as the anomalous skin effect in 

metals  [179]. Thus, the actual effective material loss on the surface, particularly relevant 

in SFG processes, might be strongly underestimated in our simulation which relies on a 

local material response model. 

 

7.9 FWHM of the excitation wavelength dependence     

In addition to the enhancement factor as shown in the previous section, the 

thickness of the Al2O3 gap layer also affects the FWHM of the nonlinear intensity as a 

function of excitation wavelength in cases where the plasmonic structure is off-

resonance with the excitation wavelength. The FWHM of the excitation wavelength 

dependence is depicted in Figure 7.11 (a) and (b) for different thicknesses of the Al2O3 

layer and for the various nonlinear optical processes. The error bars indicate the 

standard deviation from five independent measurements on different areas of the same 

sample and are much smaller than variations between samples with different 

thicknesses of the Al2O3 layer. Figure 7.11 (c) and (d) show representative excitation 

wavelength dependence spectra from which the data in Figure 7.11 (a) and (b) is 

extracted. From these spectra, it is observed that the FWHM exhibits a clear dependence 
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on the thickness of the Al2O3 layer and the particular nonlinear optical process being 

generated. 

 

Figure 7.11: FWHM of excitation wavelength dependence. (a, b) FWHM of the 
excitation wavelength dependence where the two excitation wavelengths are varied 
independently. (a) 840 nm excitation is varied. (b) 1500 nm excitation is varied. Data 
points with error bars are from five experimental measurements taken at different areas 
on each sample. Lines serve as a guide to the eye. (c, d) Normalized nonlinear intensity 
as a function of excitation wavelength from which the FWHM shown in (a) and (b) are 
obtained. The arrows represent the corresponding nonlinear optical process and gap 
thickness. Adapted from Ref.  [167]. 
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First, it is observed experimentally that the FWHM of the excitation wavelength 

dependence increases for larger Al2O3 thicknesses. This can be qualitatively understood 

based on the decrease of the electric field amplitude between on and off resonant 

excitation for 1 and 7 nm gaps, which as seen in Figure 7.12 (a) and (b) is more dramatic 

for the smaller gap size. The more dramatic decrease of electric field intensity results in 

increased decay rate of nonlinear intensities as the structure is off-resonance with the 

excitations, thus decreasing the FWHM of excitation wavelength dependence. 

 

Figure 7.12: Biquadratic electric field enhancement distribution 4
0/E E . The structure 

is on and off resonance with the excitation. (a) 1 nm Al2O3 gap. (b) 7 nm Al2O3 gap. 
Adapted from Ref.  [167]. 

 
 

Second, it is observed that the FWHM of the excitation wavelength dependence 

varies with different nonlinear optical processes, as shown in Figure 7.11 (a) and (b). 

This is expected from Eq. (7.1), which illustrates that the spectral response as a function 
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of excitation frequency exhibits a higher-order Lorentzian lineshape, and consequently a 

narrower FWHM, for higher-order power relations of the nonlinear intensity versus 

excitation power. Thus, for higher order power dependence, the amplitude of the 

nonlinear polarization decreases more rapidly with decreased electric field intensity as 

the excitation moves away from the resonance wavelength of the plasmonic structures, 

resulting in smaller FWHM. Specifically, the FWHM of THG response when varying 

1500 nm excitation is smaller than SFG and FWM due to its cubic dependence (3rd-order 

Lorentzian lineshape) on the excitation power compared with the linear dependence of 

SFG and FWM (simple Lorentzian lineshape). And the FWHM of FWM response when 

varying 840 nm excitation is smaller than SFG due to it square dependence (2nd-order 

Lorentzian lineshape) on the excitation power compared with the linear dependence of 

SFG (simple Lorentzian lineshape). 

 

7.10 Relative strength tuning of the three nonlinear processes     

In this section, I investigate control of the relative strength of the three, 

simultaneously occurring nonlinear processes; first passively by varying the thickness of 

the Al2O3 layer and next, actively by varying the excitation power ratio between the 840 

nm and 1500 nm excitations. To demonstrate passive control, the same excitation 

conditions (840 nm excitation: 140 μW, 1500 nm excitation: 280 μW) were employed on 

four samples with different Al2O3 layer thicknesses embedded in the nanogap structures. 
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The fraction of one nonlinear intensity is defined as its intensity divided by the sum of 

all three nonlinear intensities. It is observed in Figure 7.13 that the fraction of THG 

intensity remains constant with increasing thickness, while the fraction of SFG intensity 

increases and the fraction of FWM intensity decreases. It should be noted that the 

fractions of nonlinear intensities as a function of dielectric thickness may be different for 

different excitation power conditions, which provides active tuning in addition to  

passive tuning from the variation of gap thickness.  

 

Figure 7.13: Passive tuning of the relative strength of the three nonlinear processes for 
different thicknesses of the Al2O3 film.  For these measurements, the 840 nm excitation 
power is 140 μW and the 1500 nm excitation power is 280 μW. Adapted from Ref.  [167]. 

 
 
 
 
Next, to demonstrate active control, experimental results are shown in Figure 

7.14 where the 1500 nm excitation power is constant at 160 μW while the 840 nm 

excitation power varies, giving a power ratio in the range of 0.25 to 1.75.  With a larger 

excitation power ratio, the THG intensity remains constant since it only depends on the 

excitation power at 1500 nm. On the other hand, the SFG intensity and FWM intensity 
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increase since they are linearly and squarely proportional to the 840 nm excitation 

power, respectively. As a result, the fraction of THG intensity decreases for higher 

excitation power ratios between 840 nm and 1500 nm excitations since the other two 

nonlinear intensities increase dramatically. It is observed that the FWM intensity 

increases more rapidly than the SFG intensity with increased 840 nm excitation power, 

which is due to the second order power relation for FWM compared to the linear power 

relation for SFG. Therefore, the fraction of FWM intensity increases with higher 

excitation power ratio while the fraction of SFG intensity remain almost constant with 

varying excitation power ratio. 

 

Figure 7.14: Active tuning of the relative strength of the three nonlinear processes by 
varying the excitation power ratio.  The excitation power ratio between the 840 nm and 
1500 nm excitation is varied and the measurement is performed on the 1 nm sample. For 
these measurements, the 1500 nm excitation power is 160 μW and the 840 nm excitation 
power is varied from 40 μW to 280 μW with the corresponding power ratio shown in the 
figure. Adapted from Ref.  [167]. 
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7.11 Conclusion     

In this chapter, enhancement factors approaching 106-fold for THG and FWM 

along with 104-fold for SFG were observed experimentally from plasmonic nanogap 

cavities. Three nonlinear optical processes, THG, FWM and SFG, were generated 

simultaneously and their relative strength was controlled actively by varying the ratio of 

the power between the two excitations and passively by varying the thickness of the 

Al2O3 gap layer. The capability to precisely control the interplay between these 

simultaneous nonlinear signals may facilitate applications such as on-chip nonlinear 

devices as well as provide new insights into nonlinear generation at the deep nanoscale. 

Nanorectangle structures were fabricated such that both the transverse and the 

longitudinal mode contribute to the enhanced electric field intensities confined within 

the nanogap structure at two distinct wavelengths, thus significantly increasing the 

generated nonlinear signal. The enhancement of the relative strength of these nonlinear 

signals is important for future applications where a local weak pump is more important 

than overall conversion efficiency such as for local generation of extreme ultraviolet 

(EUV) light or four photon luminescence for near-field lithography. The FWHM of the 

generated nonlinear signals were measured as a function of the excitation wavelength 

for different Al2O3 thicknesses, which indicates that the observed enhancement of the 

nonlinear signal is mainly due to the strongly enhanced electric field confined within the 

dielectric Al2O3 layer itself and not the surrounding plasmonic structure. It is observed 
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that the generated nonlinear signal increase with thinner Al2O3 gap layers, which is 

consistent with numerical simulations and offers design principles to utilize ultrathin 

dielectric materials for future efficient nanoscale nonlinear devices. Additionally, the 

nonlinear coefficient of the Al2O3 used in this chapter is very small compared with other 

common nonlinear materials  [2], providing a pathway to further increase the generated 

nonlinear signal by employing other dielectric materials with larger nonlinear 

coefficients (such as TiO2 or ITO as introduced in Chapter 6). The ability to observe 

different orders of nonlinear optical processes and tune their relative strength provides a 

pathway to utilize multiple, simultaneous nonlinear optical processes and may find 

applications in for example optical frequency mixers and quantum information. 
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Chapter 8  Metasurface-based diamond frequency 
converter using plasmonic nanogap cavities 

 

 

8.1 Introduction 

In this chapter, a specific application of utilization the film-coupled plasmonic 

nanogap cavity structure in nonlinear optics is introduced. A metasurface consisting of 

plasmonic nanogap structures is used to enhance both (2)χ  and (3)χ  nonlinear optical 

processes in a thin gradient slab of diamond with a thickness down to 12 nm. 

Specifically, THG and SHG are both enhanced 1.6×107-fold, while FWM is enhanced 

3.0×105-fold compared to the diamond without the metasurface. While diamond does 

not have bulk (2)χ  due to centrosymmetry, the observed SHG response arises due to the 

surface (2)χ  of diamond slab and is further enhanced by the metasurface structures. 

Additionally, it is observed that different nonlinear processes (THG, SFG and FWM) can 

be enhanced simultaneously by matching the two excitation wavelengths with the 

fundamental and second-order mode of the nanogap cavities. This diamond-nanocavity 

system thus provides a platform for efficient nonlinear light generation from diamond 

and offers potential for on-chip nonlinear diamond device. 

Diamond with its unique properties has been widely investigated as a promising 

platform for nanophotonics  [180–182]. Diamond’s excellent thermal properties and 
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hardness enable high-power applications. Other appealing properties of diamond for 

applications in on-chip photonic devices include a very high index of refraction, 

ultrawide transparency window and negligible birefringence  [183,184]. Recent 

demonstrations of diamond patterning techniques  [185–190] and realization of 

superradiant emission  [191], supercontinuum light generation  [192] and other quantum 

nanophotonic effects  [193–197] have illustrated the importance of some of diamond’s 

properties. However, the nonlinear optical properties of diamond remain largely 

unexplored, especially at the nanoscale. With its relatively high nonlinear coefficient  [2], 

diamond is believed to be a promising candidate for integrated nonlinear 

devices  [192,198–202]. Moreover, one of the distinctive features of diamond is its ability 

to host defects in its crystal known as color centers. These optically addressable spin-

qubits are unexplored in terms of their interactions with nonlinear processes such as 

frequency conversion to shift their emission wavelength. Therefore, the combination of 

nonlinear properties of diamond with the various color centers it hosts could enable 

interplay between nonlinear optics and quantum optics, which would be especially 

appealing for applications in quantum information. Despite the advances in Raman 

emission  [203–205] and measurement of nonlinear coefficients in bulk diamond  [206–

209], investigation of nonlinear responses from nanometer scale diamond is challenging 

due to the weak intrinsic response of nonlinear processes and requirement of phase 

matching conditions.  
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To date, great efforts have been made to fabricate diamond nanomechanical 

resonators  [185,186,189,190] to overcome the limits of nonlinear optical processes; 

furthermore, progress has been made in demonstrating optical parametric oscillation via 

FWM using single-crystal diamond ring resonators  [200]. To create high quality-factor, 

integrated diamond resonators for an enhanced nonlinear response, complicated 

fabrication techniques are necessary and great care needs to be taken to prevent damage 

to the diamond during fabrication. On the other hand, plasmonic structures have been 

proven to be a well suited platform to investigate nonlinear optical processes as 

discussed in the previous chapters. The deeply subwavelength scale of these devices 

simultaneously allows for large confinement and enhancement of electric 

fields  [37,61,120], as well as a relaxation of phase matching conditions  [38]. Among the 

many different plasmonic structures, particularly large enhancements of nonlinear 

generation have been reported using plasmonic nanogap cavities as shown in Chapter 6 

and 7, which consist of a metallic nanoparticle separated from a metallic ground plane 

by a nanometer-scale dielectric layer. Furthermore, the flexibility to vary the gap 

material makes these structures well suited to be applied to diamond. Instead of needing 

to fabricate carefully shaped diamond resonators, a plasmonic platform is demonstrated 

to explore the nonlinearity of diamond where only an etched diamond thin film is 

necessary. This simplified fabrication approach reduces the possibility of damage during 



 

122 

fabrication and greatly scales down the diamond thickness to ~ 10 nm for applications in 

on-chip diamond nonlinear devices. 

In this chapter, a film-coupled plasmonic nanogap structure is utilized to 

enhance nonlinear response in diamond. Section 8.2 describes the experimental setup for 

measuring nonlinear responses. Section 8.3 provides characterization of diamond slab, 

fabrication details of making plasmonic nanogap structures, and the schematic of 

fabricated sample. In section 8.4, linear optical characterization and finite-element 

simulation are utilized to reveal the resonance modes of the plasmonic structure. Then, 

excitation power dependence measurements are performed in section 8.5 to convince the 

observed nonlinear signals are from the expected nonlinear processes. In section 8.6, 

THG and SHG intensities are demonstrated to be enhanced 1.6×107-fold respectively 

comparing a thin diamond layer embedded in the cavity to bare diamond on PDMS, 

when the excitation wavelength overlaps with the resonance of the nanogap cavity. 

Furthermore, SFG and FWM are selected as other nonlinear processes to demonstrate 

the capability of this platform to enhance different nonlinear responses simultaneously 

and thus function as a frequency mixer in section 8.7.  

 

8.2 Experimental setup   

The samples were excited using a Ti: sapphire laser (Coherent Chameleon, ~150 

fs pulse duration, 80 MHz repetition rate) and an optical parametric oscillator pumped 
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by the same Ti: sapphire laser. A beam splitter was used to overlap the two laser pulses 

spatially and a variable delay line allowed for control over the relative time difference 

between the two laser pulses. Then the two excitation pulses were focused onto the 

sample plane using a microscope objective lens (Mitutoyo M Plan Apo NIR, 100×). The 

same objective was used to collect the nonlinear response in a reflection geometry, and 

the signal was passed through a dichroic mirror (650 nm longpass) along with two 

short-pass filters (600 nm and 650 nm cutoff) before being detected by a CCD camera 

(Princeton Instruments 400 BR Excelon) attached to a spectrometer (Acton sp2500i). The 

dichroic mirror was changed to an 800 nm longpass and the short-pass filters were 

changed to 785 nm and 1000 nm cutoff wavelengths when measuring SHG response. 

The schematic of experimental setup is similar to Figure 7.2, except the excitation 

wavelength, dichroic mirror and filters were changed to accommodate the desired 

spectral range. 

 

8.3 Sample design   

The samples used in this work consist of a gold ground plane on silicon 

substrate, an etched diamond slab and gold nanoparticles. The 75 nm gold film was 

deposited by electron-beam evaporation with a 2 Å/s deposition rate. The etched 

diamond slab was fabricated on 1 x 1 mm, 30 μm thick electronic-grade, single-crystal 

diamond thin film (Element Six). It was then mounted and etched on a sapphire carrier 
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wafer to a submicron thickness using deep reactive-ion etching (RIE) with alternating 

ArCl2 and O2 chemistries through a collaboration with the Loncar group at Harvard 

University. The gradient in the etched diamond slab occurs naturally due to mechanical 

polishing process. Once etching is complete, the slab is dewetted from the carrier wafer 

using a droplet of Hydrogen fluoride (HF). Once the diamond is detached, the HF is 

diluted with DI water and the thin film is transferred and bonded onto the gold film via 

Van der Waals forces. The diamond slab was measured by AFM showing a 2.6 nm/μm 

gradient as shown in Figure 8.1.  

 

 

Figure 8.1: AFM characterization of diamond slab.  (a) AFM image of the diamond slab. 

(b) Height profile along the dashed line in (a). 
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Figure 8.2: PDMS transfer process. 

 

The gold nanoparticles were fabricated by EBL and transferred onto diamond 

using PDMS as shown in Figure 8.2. The nanoparticles were first fabricated on a silicon 

substrate. Then, a PDMS stamp was placed on top and the sample was baked at 100°C 

for 30 minutes. Potassium hydroxide (KOH) solution was used to etch the thin silicon 
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dioxide (SiO2) layer on the silicon substrate for 2 hours. This results in the gold 

nanoparticles debonding from the silicon substrate and attaching to the PDMS stamp, 

which was then placed on a glass slide and stored in vacuum to dry overnight. Lastly, 

with the gold nanoparticles face-down, the PDMS stamp was pressed onto the diamond 

slab and baked at 120°C for 4 minutes. The sample was placed in vacuum for two days 

and then baked at 120°C for 4 minutes before removing the stamp (detailed fabrication 

process in section 2.3.3).  

The fabricated device consists of a diamond slab sandwiched between a 75 nm 

gold film and transferred gold nanoparticles, forming plasmonic nanogap cavities. As 

shown in Figure 8.3 (a), the diamond slab is covered with arrays of nanoparticles and 

there are three key areas on the sample: (i) transferred nanoparticles on a ~12 nm 

diamond film on a gold substrate which forms nanogap cavities (area A in Figure 8.3 

(a)); (ii) transferred nanoparticles on a ~200 nm diamond film on a gold substrate which 

is too thick to form gap plasmons and thus behave as decoupled nanoparticles (area B in 

Figure 8.3 (a)); (iii) diamond (~12 nm) on a gold substrate serving as a reference (area C 

in Figure 8.3(a)). An additional reference consist of a bare diamond slab on PDMS with a 

similar thickness and gradient as the diamond slab on gold.  The thickness of the 

different areas of the diamond slab is confirmed by AFM as shown in Figure 8.3 (b) and 

the height profile in Figure 8.3 (c) shows that the thinnest section of diamond is 12 nm.  
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Figure 8.3: Optical and AFM image of the sample.  (a) Optical image of the sample. 
Area A: transferred nanoparticles on ~ 12 nm diamond, forming nanogap cavities; area 
B: transferred nanoparticles on ~ 200 nm diamond, forming decoupled nanoparticles; 
area C: diamond on gold. (b) AFM image of the area in (a) delineated by the square. (c) 
Height profile along the dashed line in (b). 

 

A schematic of the fabricated diamond device is shown in Figure 8.4 and depicts 

nanoparticle (220 nm side length) arrays with 440 nm period on a diamond wedge with 

an approximate gradient of 2.6 nm/μm (Figure 8.1).  

 

Figure 8.4: Sample schematic. A thin diamond wedge is sandwiched in between a 75 
nm evaporated gold film and EBL-fabricated gold nanoparticles with height = 30 nm. 
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8.4 Reflection spectra and resonance mode   

In this section, the resonance modes of the fabricated plasmonic nanogap cavities 

are characterized. The simulated electric field enhancement distribution for a nanocavity 

with a 12 nm diamond gap illustrates the highly confined electric fields obtain 

enhancement up to 40-fold in the diamond in comparison with the original incident field 

(Figure 8.5 (a)), which facilitates the nonlinear processes. A reflection spectrum was 

measured to determine the resonance wavelengths of these nanocavities as shown in 

Figure 8.5 (b), CCD and InGaAs cameras were used to probe the spectral range from 700 

nm to 1600 nm. For the nanogap cavities, the fundamental resonance mode is at 1455 nm 

and the second order mode is at 840 nm. The fundamental mode is blue-shifted to 1130 

nm for the decoupled nanoparticles and no obvious second order mode is observed 

within the measured spectral range. The fundamental mode from decoupled 

nanoparticles is attributed to a LSPR mode from the nanoparticle itself. This mode is 

distinct from the nanogap mode in nanogap cavities because the ~200 nm gap between 

the gold nanoparticles and substrate is too thick to support a nanogap mode.  
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Figure 8.5: Resonance mode of the fabricated device. (a) Simulated electric field 
enhancement distribution of nanogap cavities at 1455 nm. (b) Measured reflection 
spectra from nanogap cavities and decoupled nanoparticles. The 700 nm – 1000 nm 
range was measured using a CCD camera and 1000 nm – 1700 nm was measured with 
an InGaAs camera. 
 

 

8.5 Dependence of THG and SHG intensity on the excitation 
power     

To leverage the field enhancement provided by the nanogap cavities to enhance 

nonlinear generation, an excitation wavelength of 1455 nm matching the fundamental 

resonance is used to excite THG. A power dependence measurement is performed to 

confirm that the observed signal is from the THG process. A third order power law is 

observed on all three regions of the sample and on the control namely, nanoparticles on 

~12 nm diamond layer (nanogap cavities); nanoparticles on ~200 nm diamond layer 

(decoupled nanoparticles); diamond (~12 nm) on gold  and diamond (~12 nm) on PDMS 

as shown in Figure 8.6. Due to the greatly enhanced electric field intensity confined 
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within the thin diamond layer, the THG response from the nanogap cavities is enhanced 

1.6×107-fold compared to bare diamond on PDMS. The enhancement factor is defined as 

the nonlinear intensity from the plasmonic structures divided by the intensity from bare 

diamond on PDMS under the same excitation conditions. Note that different excitation 

powers are used to generate the nonlinear response as indicated in Figure 8.6 in order to 

prevent damage to the nanocavities due to overheating from the localized electric field. 

In light of this, the nonlinear intensities are extrapolated to the same excitation power 

using the confirmed power law to derive the enhancement factor. This large 

enhancement is primarily from the plasmonic nanogap mode and not merely due to the 

presence of the gold nanoparticles themselves, the THG intensities from decoupled 

nanoparticles are shown as a comparison. Much less enhancement is observed 

compared with nanogap cavities, even though a larger amount of nonlinear medium (i.e. 

a thicker diamond layer) contributes to the THG response. The electric field intensity 

within the diamond in decoupled nanoparticles decreases dramatically compared with 

that of nanogap cavities due to decoupling of the nanogap mode when the diamond 

thickness is increased to 200 nm, which results in the observed decreased THG intensity. 

The nonlinear response from the diamond on gold also obtains an enhancement 

compared with the diamond on PDMS, which may be explained by a contribution from 

the nonlinearity of gold or surface effects, whereas the nonlinear response from PDMS 

itself is negligible.  
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Figure 8.6: Dependence of THG intensity on the excitation power. THG intensity as a 
function of excitation power shown on a log scale. Data points are experimental results 
and lines are cubic polynomial fits. (a) 1455 nm excitation. (b) 1130 nm excitation. 
Nanogap cavities: transferred nanoparticles on ~12 nm diamond; decoupled 
nanoparticles: transferred nanoparticles on ~200 nm diamond. 
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In addition to the large enhancement, the nanogap cavities have a relatively high 

nonlinear conversion efficiencies considering their nanoscale dimensions. The efficiency 

is defined as the power of the generated nonlinear intensity from embedded diamond 

nanocavities divided by the power of the incident excitation. The power of the nonlinear 

signal is derived from the photon counts and a calibrated light source (Labsphere) 

positioned at the focal plane of the objective lens. With an observed damage threshold 

for an excitation power at 5 mW, the maximum THG conversion efficiency is estimated 

to be 2.33×10-5 %. 

To illustrate the importance of the nanogap cavity, 1130 nm excitation is also 

used to generate THG response as shown in Figure 8.6 (b), which overlaps with the 

resonance wavelength of the decoupled nanoparticles. In this case, the THG intensity is 

enhanced 7.4×104-fold compared with the intensity from bare diamond on PDMS, which 

is almost three orders of magnitude smaller than for on-resonance excitation of the 

nanogap cavities (at 1455 nm). This is due to the smaller electric field intensity 

enhancement for the decoupled nanoparticle compared with the plasmonic nanogap 

mode that is excited in nanogap cavities. The comparison further indicates that the 

plasmonic nanogap resonance mode is critical to enhance the overall THG response 

since much less nonlinear media (only ~12 nm diamond layer) is present in nanogap 

cavities. On the other hand, the enhancement when comparing decoupled nanoparticles 

to bare diamond on PDMS at 1130 nm excitation is larger than the enhancement 
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measured when comparing the same two samples for 1455 nm excitation (1.1×104), since 

the decoupled nanoparticles are resonant with 1130 nm excitation.  

 

Figure 8.7: Dependence of SHG intensity on the excitation power.  SHG intensity as a 
function of excitation power shown on a log scale. Data points are experimental results 
and lines are quadratic polynomial fits. (a) 1455 nm excitation. (b) 1130 nm excitation. 
Nanogap cavities: transferred nanoparticles on ~12 nm diamond; decoupled 
nanoparticles: transferred nanoparticles on ~200 nm diamond. 
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Similarly, power dependence measurements are performed for SHG response 

and a quadratic power dependence is observed for both 1455 nm excitation and 1130 nm 

excitation (Figure 8.7). SHG is enhanced 1.6×107-fold for diamond in the nanogap 

cavities formed by gold nanoparticles and a gold ground plane as compared with bare 

diamond on PDMS for 1455 nm excitation. This enhancement is comparable to the 

observed THG enhancement even though it is from a lower order nonlinear process. 

This can be explained by the modified (2)χ  profile within diamond due to the presence 

of plasmonic structures, giving rise to a higher SHG intensity than simply the 

enhancement resulting from the electric field confinement in the cavity. 1130 nm 

excitation is also utilized to excite SHG response to further emphasize the importance of 

plasmonic nanogap mode by noticing the enhancement factor from nanogap cavities is 

much larger than decoupled nanoparticles when both structures are on resonance with 

the excitations. The maximum SHG conversion efficiency from the nanogap cavities for 

a 5 mW excitation power is estimated to be 7.59×10-6 %. 

 

8.6 Dependence of THG and SHG intensity on the excitation 
wavelength    

To further investigate the importance of the plasmonic nanogap mode for 

enhanced nonlinear responses, the excitation wavelength is varied. Specifically, laser 

excitation at wavelengths from 1430 nm to 1480 nm with constant power are utilized for 
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nanoparticles on a 12 nm diamond layer (nanogap cavities) and the resulting spectra are 

shown in Figure 8.8 (a) for THG and Figure 8.9 (a) for SHG.  

 

 

Figure 8.8: Dependence of THG intensity on the excitation wavelength.  (a) THG 
response spectra as a function of excitation wavelength. (b) THG enhancement factor 
compared with a bare diamond reference as a function of excitation wavelength and the 
corresponding reflection spectrum from the same area. The FWHM of the THG 
enhancement is 31 nm, while the FWHM of the reflection spectrum is 204 nm. 
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Figure 8.9: Dependence of SHG intensity on the excitation wavelength. (a) SHG 
response spectra as a function of excitation wavelength. (b) SHG enhancement factor 
compared with bare diamond reference as a function of excitation wavelength and the 
corresponding reflection spectrum from the same area. The FWHM of the SHG 
enhancement is 40 nm, while the FWHM of the reflection spectrum is 204 nm. 

 

It is observed that the maximum nonlinear intensity occurs at 1455 nm for both 

the THG and SHG signals, which is the resonance wavelength of the plasmonic nanogap 

cavities. The nonlinear intensity decreases dramatically when the excitation is detuned 
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from this resonance wavelength because of the reduced electric field intensity within the 

diamond layer. By plotting the enhancement factor with the reflection spectrum of the 

structure (which indicates the fundamental resonance mode) as a function of excitation 

wavelength, good agreement is achieved in terms of maximum absorption 

corresponding to maximum nonlinear generation. The enhancement factor is defined as 

the nonlinear intensity from nanoparticles on 12 nm diamond layer (nanogap cavities) 

divided by the intensity from bare diamond on PDMS. Note that different excitation 

powers (THG: 300 μW on nanogap cavities and 12 mW on bare diamond on PDMS; 

SHG: 42 μW on nanogap cavities and 18 mW on bare diamond on PDMS) are used to 

generate the nonlinear response. The fact that the maximum nonlinear intensity occurs 

when the structure absorbs the most incident light further indicates that the observed 

large nonlinear intensity enhancement is from the increased electric field intensity 

within the embedded diamond layer created by the plasmonic nanogap structures.  

The full-width at half-maximum (FWHM) of the THG and SHG enhancement as 

a function of excitation wavelength are noted to be much narrower than the cavity 

reflection spectrum as shown in Figure 8.8 (b) and Figure 8.9 (b), which is a consequence 

of the nonlinear dependence of THG and SHG intensity on the electric field intensity. 

The ratio between the FWHM of THG enhancement as a function of excitation 

wavelength (31 nm) and the FWHM of reflection spectrum (204 nm) is 0.15 in 

experiment, while the ratio is quantitatively expected to be 3 2 1−  (0.51) due to the 3rd 
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order Lorentzian lineshape for THG compared with the simple Lorentzian lineshape of 

the reflection spectrum. The discrepancy could be due to the relatively low quality factor 

of the plasmonic nanogap cavities, which might introduce some error when using 

coupled mode theory analysis where it is assumed that mode amplification only occurs 

at the resonant frequency (infinitely large quality factor). Similarly, the ratio between the 

FWHM of SHG enhancement (40 nm) and the FWHM of reflection spectrum (204 nm) is 

0.20 in experiment, while the ratio is quantitatively expected to be 2 1−  (0.64) due to 

the 2nd order Lorentzian lineshape for SHG. Qualitative agreement between experiment 

and theory is achieved in terms of the narrowed bandwidth of excitation wavelength 

dependent nonlinear response compared with the cavity reflection spectrum. On the 

other hand, the ratio between the FWHM of THG enhancement and the FWHM of SHG 

enhancement agrees well between experimental ratio (
31 0.78
40

= ) and ratio derived 

from coupled mode theory analysis (
3 2 1 0.79

2 1

−
=

−
) since the effect of quality factor 

occurs both in THG and SHG, thus compensating for each other. 

 

 

8.7 Multiple, simultaneous nonlinear optical processes  

In this section, it is further demonstrated that responses from multiple nonlinear 

optical processes can be enhanced simultaneously within a single nanocavity. Here, SFG 
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and FWM are selected to demonstrate this capability along with the previously 

characterized THG process. Excitation wavelengths of 840 nm ( 1ω ) and 1455 nm ( 2ω ) 

are used to generate these three nonlinear responses to match the fundamental and 

second-order mode of the nanogap cavities. The output SFG frequency equals 

1 2SFGω ω ω= +  while the degenerate FWM frequency equals 1 22FWMω ω ω= − . A variable 

delay stage was employed to control the relative time delay between the two excitation 

pulses. The SFG and FWM responses start to appear when the time delay is below 

approximately 150 fs, which is the pulse duration of the excitation lasers, while the THG 

intensity remains constant as it only depends on the 1455 nm excitation (Figure 8.10 (a)). 

The two excitation pulses overlap perfectly at zero time delay, which is therefore when 

the SFG and FWM intensities reach a maximum; the corresponding spectrum is shown 

in Figure 8.10 (b). 

 

Figure 8.10: Time delay scan.  (a) The spectra of nonlinear responses as a function of the 
time delay between the two excitation pulses (λ  = 840 nm, 1455 nm, respectively). (b) 
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Nonlinear response spectrum at the zero time delay; the three peaks correspond to THG, 
SFG and FWM respectively. 

 

The emission peak observed at 485 nm is from THG as confirmed previously. 

Similar power dependence measurements are performed to demonstrate that the other 

two peaks are from SFG and FWM processes, respectively (Figure 8.11). Specifically, the 

signal at longest wavelength (590 nm) possesses a quadratic relation on the 840 nm 

excitation power and scales linearly as the 1455 nm excitation power is varied. 

Therefore, it is confirmed that this signal is from FWM as it meets the expected power, 

which is further supported by the fact that the signal occurs at the expected wavelength 

as determined by the frequency conversion relation. Similarly, the signal in the middle 

of three peaks (532 nm) possesses a linear relation both on the 840 nm the 1455 nm 

excitation power, indicating that it is indeed from SFG. 
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Figure 8.11: Dependence of FWM and SFG intensity on the excitation power.  (a, b) 
Power dependence measurements for variable 840 nm excitation power. (a) FWM 
intensity. The 1455 nm excitation powers for nanogap cavities and the diamond 
reference are 180 μW and 18 mW respectively. (b) SFG intensity. The 1455 nm excitation 
power for nanogap cavities is 180 μW and SFG intensity from the diamond reference is 
too small to observe. (c, d) Power dependence measurements for variable 1455 nm 
excitation power. (c) FWM intensity. The 840 nm excitation powers for nanogap cavities 
and the diamond reference are 400 μW and 14 mW respectively. (d) SFG intensity. The 
840 nm excitation powers for nanogap cavities is 400 μW and the SFG intensity from 
diamond reference is too small to observe. The insets in (a-d) show the energy diagram 
for the corresponding frequency conversion process. 
 
 
 

Furthermore, the nanocavities with a 12 nm diamond gap layer (nanogap 

cavities) possess two resonance wavelengths as shown in Figure 8.5, which are from 

fundamental mode and second-order modes and overlap with the two excitation 
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wavelengths utilized for SFG and FWM. Therefore, the SFG and FWM intensities are 

expected to obtain large enhancement compared with the bare diamond due to the 

enhanced electric field intensity in the nanogap region for both of the excitation 

wavelengths. FWM is enhanced 3.0×105-fold compared to bare diamond on PDMS as 

extracted from Figures 8.11 (a) and (c). Similar to THG enhancement, different excitation 

powers are used for nanogap cavities and bare diamond and the corresponding power 

dependences are utilized to extrapolate the intensities to compare at the same excitation 

powers. For SFG, the signal from bare diamond is too weak to detect since only the 

surface of diamond can generate SFG response due to the inversion symmetry in its 

crystal lattice. Thus we cannot determine an enhancement factor for this process.  

 

8.8 Conclusion    

In conclusion, a diamond slab is embedded into plasmonic nanogap cavities 

formed by a gold ground plane and EBL-fabricated nanoparticles transferred using a 

PDMS stamp. By overlapping the excitation wavelength with the resonance wavelength 

of the structure, 1.6×107-fold enhancement is achieved respectively for THG and SHG 

when comparing the 12 nm diamond layer between nanoparticles and a gold ground 

plane to bare diamond on PDMS. The large nonlinear intensity enhancement results in 

relatively high nonlinear conversion efficiency, approaching 2.33×10-5 % and 7.59×10-6 % 

for THG and SHG respectively. These efficiencies are comparable with other reported 
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results using plasmonic structures  [94,98,99], but achieved with a unique material – 

diamond, which have not been experimentally demonstrated previously. The efficiency 

would be further improved by employing thinner diamond layer in the nanocavities, 

which requires optimization of etching process. Increasing the damage threshold would 

also facilitate to enhance the efficiency, which relies on substituting gold with other 

refractory materials  [210–212] such as TiN or coating gold nanoparticles with ultrathin 

ALD layer to prevent deformation  [213]. Comprehensive measurements were 

performed on different areas of the sample and reference sample along with excitation 

wavelength dependence to confirm that the observed large enhancement is from the 

enhanced electric field intensity within the diamond layer in the nanogap region. The 

maximum nonlinear intensity occurs when the resonance wavelength of the nanogap 

cavity overlaps with the peak absorption wavelength. The FWHM of the THG intensity 

enhancement as a function of excitation wavelength is smaller than the FWHM of 

reflection spectrum due to the nonlinear nature of the THG process. Furthermore, SFG 

and FWM were selected to demonstrate that this platform is capable of enhancing 

multiple nonlinear processes simultaneously due to the relaxation of phase matching 

conditions resulting from the deeply subwavelength dimensions of the structure. The 

cavity’s vertically oriented gap offers the potential to embed diamond containing color 

centers for future applications in quantum communication. In addition, extending the 

use of the structure to different spectral ranges is facilitated by its flexibility with regard 
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to using other metals besides gold for the ground plane and transferred nanoparticles. 

The PDMS transfer process provides a convenient and non-disruptive method to place 

nanoparticles onto the diamond and can be used to transfer different types of 

nanoparticles. All these appealing properties point towards the potential of this 

metasurface-based diamond platform for efficient, on-chip nonlinear devices and single-

photon frequency conversion of the emission of color-centers in diamond from visible to 

telecommunication.  
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Chapter 9  Conclusions 
 

This dissertation has explored the optical properties of film-coupled plasmonic 

nanogap cavity structure and demonstrate precise manipulation and simultaneous 

enhancement of multiple nonlinear optical processes in this plasmonic structure. 

Plasmonic structures are a promising platform to investigate nonlinear optics. The 

strongly enhanced and localized electromagnetic field results in dramatically enhanced 

nonlinear responses. The subwavelength dimensions relax the requirement of phase 

matching conditions, offering potential for simultaneous efficient generation of multiple 

nonlinear optical processes, even second and third order nonlinear processes at  the 

same time.  

A custom-built experimental setup is employed to measure multiple nonlinear 

responses simultaneously and a confocal microscope setup is used to measure 

polarization-resolved reflection from plasmonic metasurface. In addition to these 

experimental measurements, coupled mode theory analysis and finite-element 

simulation methods are also utilized to explain the origin, geometry, and power 

dependence of the observed enhanced nonlinear responses. It is demonstrated that these 

analysis can be extended to the investigated partially on-resonance plasmonic system 

involving deep nanoscale features, providing important insights into the observed 
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nonlinear optical effects. Qualitative agreement between theory, finite-element 

simulation, and experiment are obtained.  

Five main results are described in this dissertation from Chapter 4 to Chapter 8. 

Firstly, a film-coupled plasmonic nanogap cavity structure fabricated by combining EBL 

for generating nanoparticle arrays and ALD for generating ultrathin sub-10 nm gap is 

introduced in Chapter 4. The plasmonic nanocavity is formed by sandwiching ultrathin 

dielectric material in the gap between metallic substrate and arrays of metallic 

nanoparticles. This chapter introduces the investigated platform in this dissertation and 

provides a detailed optical characterization. The linear optical properties are illustrated 

both in experiment and simulation, revealing the spectrally tunable near-perfect 

absorption which results from well-localized electromagnetic field in the gap region due 

to the resonance modes. Metasurfaces were fabricated using EBL-written nanoparticles 

and compared to have similar performance with colloidal nanocubes. The size, shape 

and arrangement of nanoparticles can be precisely determined using EBL, while 

colloidal nanocubes do not require the slow lithography process and can be deposited 

over centimeter-scale areas and in a conformal manner. I further demonstrate that two 

spectrally separated and spatially overlapped resonances can be achieved within the 

same nanogap structure, which is unique compared with previous reports where 

multiple rods instead of a single structure is used to achieve dual-band absorption  [214], 

thus, no spatial overlap of the two resonances occurs. This is believed to open new 
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interesting avenues since it enables the design of multi-resonant nanogap structures as 

well as the control of the precise arrangement of nanogap cavities. In particular, it is 

demonstrated in simulation that having two spatially overlapped resonances at different 

wavelengths allows for large, simultaneous enhancement of both the excitation and 

emission rates, as well as the quantum yield, resulting in up to 60-fold improvement in 

these figures of merit compared to singly resonant structures. Furthermore, the dual-

band resonances would benefit other nonlinear optical processes, such as SFG and 

FWM, where two distinct excitations are needed. 

A hybrid plasmonic structure is described in Chapter 5 where a film-coupled 

nanocube is integrated into the center of concentric nanorings, forming a hybrid 

plasmonic nanoantenna. The emission from embedded QDs obtain high directionality of 

emission in the direction normal to the ground plane and enhanced spontaneous decay 

rate simultaneously. This proposed hybrid plasmonic structure is a promising platform 

for achieving high decay rate and good directionality photon emission, which is 

promising to achieve high coupling efficiency into optical fibers and an ultrafast 

directional single photon source. More accurate control of the nanocube position could 

be realized by employing methods such as AFM tip pick-place technique  [215] and 

optical manipulation method  [216], offering potential to control the emission direction.  

Then, in Chapter 6, I explore THG process in the film-coupled plasmonic 

nanogap cavity structure and conclude that the THG intensity is primarily attributed to 
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the dielectric material in the gap region, as opposed to the surrounding metal. Previous 

literatures have shown that plasmonic structures are promising platform to enhance 

THG intensity  [99–103]. However, it is under debate whether the dielectric material 

decorated in the plasmonic structures or the metal itself is the major contributing 

nonlinear source. It is believed that probing the origin of large nonlinear response 

enhancement observed in plasmonic structures will facilitate better understanding of the 

intrinsic enhancement mechanism and can also be extended to other nonlinear optical 

processes. This would also provide insight into further enhancing the nonlinear intensity 

by employing thinner gaps or dielectric materials with higher nonlinear coefficients. 

More than six orders of magnitude enhancement in the THG response compared with a 

bare gold film is achieved, despite using ultrathin dielectric materials. The relative 

enhancement of the nonlinear signal strength is important in the following two aspects: 

(1) the enhanced nonlinear responses would strengthen the fundamental understanding 

of the enhancement mechanism at the deep nanoscale. (2) the relative nonlinear signal 

enhancement can introduce large effective nonlinear coefficients. The ultrathin film 

structures are also providing advantages over traditional, large nonlinear devices as 

they could enable nanoscale, on-chip nonlinear devices. Additionally, plasmonic 

structures’ capability to create extremely large local nonlinear response enhancement 

could be important for scenarios where a weak pump is necessary such as for local 

generation of extreme ultraviolet (EUV) light and four photon luminescence for near-
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field lithography. I expect this new insight into the nonlinear response in ultrathin gaps 

between metals to be promising for on-chip nonlinear devices such as ultrafast optical 

switching and entangled photon sources.  

In addition to utilizing the enhanced electric field in the plasmonic nanogap 

cavity to enhance nonlinear response, I further demonstrate that multiple nonlinear 

optical processes can be generated efficiently at the same time within a single structure 

in Chapter 7. This is fulfilled by the subwavelength dimension of the investigated 

plasmonic structure, resulting in relaxed phase matching conditions. To this end, 

rectangle nanoparticles are employed which support two spectrally tunable and 

spatially overlapped resonances. THG, SFG and FWM responses obtain dramatic 

enhancement simultaneously by the presence of plasmonic nanogap structures. 

Furthermore, their relative strength is demonstrated to be manipulated actively by 

varying the excitation power ratio between the two excitations and passively by varying 

the gap thickness. Enhancements up to 106-fold for THG and FWM are observed along 

with 104-fold enhancement for SFG response when the resonance of the transverse and 

longitudinal mode of the cavity overlap with the two excitations. The obtained 

maximum efficiencies for these nonlinear processes are estimated to be 7.44×10-4 %, 

8.55×10-6 %, and 1.28×10-3 % for THG, SFG, and FWM respectively. The obtained 

efficiency numbers are actually quite promising, in particular considering that only a 

couple of nanometer of nonlinear media is contributing to the major nonlinear signals. 
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By comparing the efficiency numbers reported in this dissertation with those from the 

literature  [178] using similar average mW pump power but all-dielectric structure 

(larger dimension and necessity for specific nonlinear material with higher nonlinear 

coefficient), here the obtained THG efficiency is actually higher than the reference and 

FWM efficiency is on the same order of magnitude, while SFG efficiency is lower due to 

the lack of bulk nonlinearity. The efficiencies can be further improved by employing 

other dielectric materials with higher nonlinear coefficients. It is believed that the ability 

to control multiple nonlinear optical processes simultaneously would be promising for 

advanced on-chip nanodevices for manipulation and processing of nonlinear optical 

signals. 

Lastly in Chapter 8, diamond is selected as a material which attracts significant 

interest in the nanophotonics field to demonstrate an efficient on-chip frequency mixer 

using the plasmonic nanogap structure. Large nonlinear intensity enhancements from 

different nonlinear processes are achieved simultaneously when an ultrathin 12 nm 

diamond slab is embedded in the plasmonic nanocavity. The obtained efficiencies are 

comparable with other literature using nanometer scale structures but different 

nonlinear materials  [98,99,178], proving it is promising for on-chip diamond-based 

nonlinear devices. Furthermore, diamond contains multiple color centers with emission 

wavelengths across a large spectral range. Color center emission wavelength can be 

further extended with nonlinear optical processes, for example, to telecom range for 
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quantum communication. The combination of quantum mechanics and nonlinear optics 

would make diamond a new contender for efficient single photon source with spectral 

tunability. 

Therefore, the film-coupled plasmonic nanogap cavity structure has been proven 

to be a promising platform to investigate nonlinear optics. The dual-band spectrally 

tunable and spatially overlapped resonances give new insight into nonlinear optical 

processes involving multiple excitations and could be improved to possess even more 

fundamental resonances within a single structure with additional modification of 

structure design. The vertical nanogap structure offers potential to embed different 

types of dielectric materials into the plasmonic cavity for numerous application aspects 

considering the unique properties of these substitute dielectric materials. This plasmonic 

platform along with the demonstrations of precise manipulation of multiple nonlinear 

optical processes would facilitate better understanding of the nonlinear optical effects at 

the deep nanoscale and be promising for efficient, multi-functional on-chip nonlinear 

devices.  
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Appendix A  Higher-order Lorentzian function 
In this appendix, I introduce some algebraic properties of higher-order 

Lorentzian function, which is useful to understand the spectral line-shape discussed in 

this dissertation.  The Lorentzian function is a single peak function expressed as: 
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The second-order Lorentzian function is expressed as: 
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The third-order Lorentzian function is expressed as: 
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