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Second harmonic generation (SHG) is one of the most fundamental nonlinear 

optical phenomena, describing the conversion of incident light to radiation at 

twice the frequency. Since the first observation of SHG from a quartz crystal 

at 1961, there have been extensive studies on this nonlinear phenomenon not 

only to clarify its physical origin, but also to realize unconventional 

functionalities. In particular, recent emergence of plasmonics and 

metasurfaces has rejuvenated this field, because tailoring the geometry of 

single nanoparticles or arrays of nanoparticles offers a new degree of freedom 

for improving the efficiency of the SHG. However, despite large research 

efforts, the physical origin of SHG from plasmonic structure has not been 

fully understood, hindering the SHG from being widely utilized. It is aim of 
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this dissertation to contribute to the understanding of SHG in relation to its 

microscopic origin and controllability. 

First, still largely unexplored, the microscopic origin of SHG and its far-

field conversion in relation to the individual nonlinear polarization 

components is extensively studied. To this end, wide-angle radiation pattern 

of SHG from the 82 plasmonic antennas of different resonance modes is 

investigated, with k-space measurement setup and hydrodynamic model 

based SHG calculations. Under this configuration, it is clearly demonstrated 

for the first time that, in sharp contrast to common belief of the dominance of 

surface-normal component, surface-parallel or bulk nonlinear polarization 

component can provide more significant contribution to SHG radiation than 

surface-normal component. Furthermore, distinct dipole directions and 

distributions of each nonlinear polarization component is also emphasized, 

providing a method for estimation and tuning of all nonlinear polarization 

components and their far-field radiations. 

Second, a novel approach for active control of SHG directivity in a single 

plasmonic structure is proposed and experimentally demonstrated. Based on 

a coherent conversion process of SHG, active control of SHG directivity is 

realized by manipulating the surface plasmon (SP) wave of the structure. In 

agreement with theoretical analysis, a significant change in SHG directivity 

is observed in a single plasmonic antenna with submicrometer adjustment of 

the incident beam position. This result clearly demonstrate that SHG 

directivity can be controlled by manipulating the SP wave, which enables the 

realization of steerable radiation source. Furthermore, as proposed control 

scheme is based on the control of SP wave at fundamental frequency, applying 

the established principles in plasmonics, metamaterials, and metasurfaces to 
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this approach with other plasmonic structures is conceivable for improved 

performance or increased functionality with complexed nonlinear wave front. 

Contributing to understanding of SHG, the results presented in this 

dissertation provide a new degree of freedom in designing and controlling the 

SHG radiations, enabling the application of SHG in various fields of 

photonics. 

Keyword: Second Harmonic Generation, Second-order Nonlinear 

polarization, Steerable radiation source, Hydrodynamic Model, k-space 

Measurement, Plasmonic Antenna 
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Chapter 1 

Introduction 

1.1   Motivation 

The development of electrical switching device, the transistors, 

revolutionized the electronics in terms of its advances and widespread usage. 

However, in recent decade, electronics has encountered its bandwidth 

limitations of silicon electronics and printed metallic tracks, which impedes 

the advances of electronics [1]. As a promising candidate to solve this 

limitations, photonics that uses a photon as an information carrier has been 

attracted great attention due to its higher bandwidth and speed than the 

electronics [1-3]. In this vein, plasmonics [2], metamaterials [4] and 

metasurfaces [5,6] have also been suggested and extensively studied for 

photon control in both the linear and nonlinear optics. Nonetheless, photon 

control in nonlinear optics, which can be a tool for designing active optical 

devices such as optical transistors, still lack of study, obstructing the 

explosive progresses of optical signal processing. 



 

 

Second harmonic generation (SHG) is one of the most fundamental 

nonlinear optical phenomena, describing conversion process where the 

incident light converted to the radiation at twice the frequency. This 

interesting phenomenon was first observed from the quartz crystal at 1961 [7] 

and from the silver film at 1965 [8], and has since been studied intensively in 

terms of its underlying physics as well as its diverse and unique applications. 

Recently, the tunable and strong nonlinearity derived from plasmonic field 

enhancement and metamaterials has rejuvenated this field with fresh 

applications, such as multiplexed holography [9], nonlinear lens [10], and 

tunable second harmonic transistors [11]. 

However, surprisingly, SHG from plasmonic structure has not been fully 

understood until now and many of SHG studies only rely on the limited 

information of SHG. This situation hinders the SHG from being widely 

utilized with plasmonic structure. At the same time, the second-order 

nonlinear polarization, a source for SHG, are also still not provided with 

simple picture or relations, such as force and momentum in classical 

mechanics, which could enables the estimation and tuning of nonlinear 

polarizations and their far-field radiations without detailed nonlinear 

calculation. Therefore, experimental investigation of SHG with theoretical 

assessment, to explore its microscopic origin and find simple picture for 

second-order nonlinear polarization that provides intuitive dynamics of SHG, 

has great importance in SHG study. 

At the same time, unlike the electronics, the propagation of the signals 

(photon) in photonics is not limited to waveguide, but can be expanded to 

space through the manipulation of the radiation directivity [2]. In this regards, 

the directivity control of nonlinear optical signal could give opportunity to 



 

 

design nonlinear optical elements even in a novel way. For example, 

directivity control of the second harmonic (SH) emission not only yields the 

on-off controls to a receiver, but also yields switching of signals to different 

receivers or even can be used as a steerable radiation sources, resulting in 

alleviated complexity in making functional element and even could provide a 

way for novel functional element. Therefore, active control of SHG 

directivity holds great promise for future photonic applications. 

Overall, the subjects considered in this work range from the fundamental 

physics of SHG to its controllability for future applications. More specifically, 

microscopic origin of SHG in terms of nonlinear polarization components and 

control of SHG directivity are addressed. Lack of understandings of SHG also 

means that there are still remaining possibilities for a novel nonlinear photon 

control with SHG. In this regards, it is truly fascinating to explore the 

unrevealed origins of SHG and to realize its potential for future photonic 

devices. 

  



 

 

1.2   Background 

1.2.1   Second harmonic generation 

Second harmonic generation (SHG) is the nonlinear optical phenomenon, 

arisen from the interaction between light and nonlinear medium that include 

crystals, molecules, and plasmonic materials. In this interaction, part of the 

energy of incident light converted to the energies at the doubled frequency, 

yielding generation of second harmonic light. 

 

Figure 1.1. SHG (left) from the molecules and (right) from the plasmonic 

nanostructures [12]. 

This interesting phenomenon was first observed from the quartz crystal 

at 1961 [7] and the same phenomenon was observed from the metal at 1965 

[8]. Since then, there have been intensive studies on this phenomenon in 

relation to: inversion symmetry [13,14], surface and bulk contributions [15-

17], hydrodynamical electron pressure [18-20], plasmon- or exciton-resonant 

[21-25] enhancement, and geometrical selection rules [26]. 



 

 

 

Figure 1.2. The first observation of the SHG (top) from quartz crystal [7] and 

(bottom) from silver film [8]. 

The underlying physics of SHG, including frequency conversion and 

strong symmetry dependence, have also facilitated diverse and unique 

applications such as spin-wavelength multiplexed holography [9], exciton 

spectroscopy [27], all-optical diode [28], tunable optical transistor [11], and 

bio-medical applications [29,30]. In particular, compared to the initial studies 

that treated relatively simple geometries of flat films [13,31] and spheres 

[17,32], recent studies of SHG have focused on the combination of multiple 

elements, to emphasize inter-particle couplings for larger degrees of freedom 

in the design and enhancement of far-field radiation. Notable 

accomplishments include resonant structures at both fundamental and second 

harmonic frequencies [33,34], phase-matching structures for nonlinear 

optical mirror [35], and SHG beam control with plasmonic arrays [10]. While 



 

 

this trend of multi-element SHG control is considered to be a logical path 

toward SHG application, nevertheless, it is noted that the in-depth exploration 

of the microscopic origin of SHG and its far-field conversion in relation to 

the individual nonlinear polarization components are still surprisingly rare, 

even at a single SHG particle/element level. 

 

Figure 1.3. SHG applications. (from top to bottom) multiplexed holography 

[9], tunable optical transistor [11], and photodynamic therapy [30]. 



 

 

Recently, determination of the second-order nonlinear susceptibility 

tensors and corresponding nonlinear polarizations, from different 

experimental configurations such as flat metal film [16,36] and metal sphere 

[17,37], has been reported. Among them, the results from the Wang et al. [16] 

and the Bachelier et al. [17] have been widely used as a basis for the SHG 

analysis for different configurations and geometries [24,33,34,38]. However, 

it should be noted that these determinations were based on the SHG 

measurement from the limited geometries (flat film [16] and a sphere [17]) in 

a narrow solid angle, which cannot capture the geometry dependent and full-

angle radiation nature of SHG. 

 

Figure 1.4. Determination of the second-order nonlinear susceptibility 

components from different configurations. (left) SHG from the flat metal film 

under two-beam excitation condition [16]. (right) SHG from the metal sphere 

[17]. 

In this dissertation, the SHG from the antennas with various geometrical 

parameters is characterized by the wide-angle measurement setup and HDM 

based SHG calculations. The results clearly demonstrate that previously used 



 

 

assumptions [24,33,34,38] can be incorrect. In addition, new point of view 

for SHG with each nonlinear polarization component is suggested, which 

allow more intuitive analysis for SHG and provide hidden degree of freedom 

for manipulating SHG, allowing new opportunity to design photonic devices 

with SHG. 

  



 

 

1.2.2   Manipulation of directivity 

Due to its ability to convert subwavelength localized energy into free 

radiation and vice versa [39], highly directional optical antennas have 

received great attention in the fields of single photon source [40-42], wireless 

optical interconnects [43-45], and molecular spectroscopy [46-48]. In this 

vein, highly directional radiation has been studied by manipulating the 

multipolar interaction of single- or multi-particle (e.g., optical Yagi-Uda 

antenna or generalized Kerker effects) [41,49-51], or controlling the 

scattering phase of an array of thin particles (e.g., metasurfaces) [52-54].  

 

Figure 1.5. Designed directivity by manipulating (top) multipolar interaction 

of single particle [49] and (bottom) scattering phase of array of particles [53].  



 

 

However, a limited number of multipoles in single- or multi-particle 

restricts achievable directivity, and on the other hand, the metasurfaces, 

capable of scattering highly directional light, requires a large area of meta-

particles with a similar sized excitation from the incident light. Most of all, 

these schemes rely on the resonance of the particles, leading to high-precision 

requirements for structural parameters and operation frequencies.  

Alternatively, there is another approach that utilizes several micrometer 

sized plasmonic nanowire, which exhibits highly directional emission 

through the leakage radiation of the surface plasmon (SP) waves [55]. A broad 

continuum of SP modes on the wire allows broadband operations of this 

approach. However, the presence of strong incidence fields for exciting the 

SP wave on the wire requires additional spatial filters to separate the leakage 

radiations from the incidence fields. 

 

Figure 1.6. Unidirectional emission from a silver nanowire [55]. 



 

 

One possible way to overcome this difficulty is to use the frequency 

converted local excitation sources such as quantum dots (QDs), which emit 

light at a different frequency to the incident wave [56]. In this case, the 

incident light can be spectrally filtered at the output end or ignored by other 

resonant elements, resulting in background-free directional emission. This 

frequency converted local excitation sources also can be obtained from the 

optical nonlinearity of material itself (e.g., second- or third- harmonic 

generation, and sum frequency generation), which has advantage in 

fabrication as it does not require precise positioning of the QDs. Recently, 

second harmonic (SH) emission induced by a propagating SP wave has also 

been observed from the plasmonic antennas [57]. 

 

Figure 1.7. Observed SH emission from the propagating SP wave on the 

antenna [57]. 



 

 

The control of directivity in nonlinear optics, which requires 

simultaneous control of k and ɤ, has recently received great attention 

[6,58,59], as they are desired for the device design based on frequency-

converted wave devices, such as optical hologram, sensors, spectrometer, 

optical diodes, nonlinear light sources, etc. [9,60-65]. In this vein, the 

dynamic control of directivity of second harmonic signals also has been 

achieved by modulating the incident beam [66-71] or additional incidence 

beam at SH frequency [72,73]. However, within our best knowledge, dynamic 

control of SH emission directivity from a single plasmonic structure based on 

the controlling of propagating SP wave has not been reported. 

 

Figure 1.8. Applications of nonlinear directivity control. (from left to right) 

Nonlinear metamaterial hologram [60], nonlinear optical sensing [61], 

vacuum ultra-violet light sources [65]. 

In this dissertation, we note that the propagating SP wave along the 

antenna and SH emissions induced by this SP wave have the same lateral 

propagating direction by the coherent SHG conversion process. With this 

directional correlation between the propagating SP wave and the SH emission, 

a novel approach for control of SH emission directivity is proposed and 

experimentally demonstrated.  



 

 

1.3   Layout of dissertation 

This dissertation is focused on two aspect of SHG: the microscopic origin of 

the SHG in relation to second-order nonlinear polarization components and 

control of SH emission directivity. To this end, first, a hydrodynamic model 

(HDM), which shows best fit to our SHG experiments, is introduced for SHG 

analysis in this work. Then, the microscopic origin of SHG, in terms of 

second-order nonlinear polarization components, is extensively studied from 

the 82 plasmonic antennas, with k-space resolved wide-angle measurement 

setup and HDM based SHG calculations. With this configuration, the 

contribution of each nonlinear polarization component and its characteristics 

are analyzed. Finally, the directivity control of SH emission in a single 

plasmonic antenna is theoretically analyzed and experimentally demonstrated. 

First, in Chapter 2, the detailed derivations and calculation results of 

HDM are presented, in terms of linear and SHG responses. Then, the 

approximated HDM, used in this work, is presented. Also, the comparison 

with other models is discussed. Chapter 3 summarizes the details of 

experimental and simulation methods. Chapter 4 presents the nonlinear 

polarization based SHG analysis with the investigation of wide-angle SHG 

radiation pattern from the 82 plasmonic antennas. Chapter 5 presents a novel 

method for control of SHG directivity from a single plasmonic antenna, with 

theoretical and experimental demonstrations.  



 

 

 

Chapter 2 

Hydrodynamic model for SHG 

In this chapter, a basic theoretical background of hydrodynamic model is 

discussed. First, introduction of hydrodynamic model is presented with 

detailed derivation of hydrodynamic model equations from the Eulerôs 

equation and continuity equation of free electrons. Then, the linear and 

nonlinear response of hydrodynamic model is discussed with simulation 

results. Finally, approximated hydrodynamic model, used in this work, is 

presented and compared with other models. 

  



 

 

2.1   Hydrodynamic model 

Hydrodynamic model (HDM) is a semiclassical model for describing the 

collective motion of the free electrons inside the metal [74]. The equations of 

motions in HDM are derived from the charge density n(r, t) and the velocity 

of the electron fluid v(r, t), under the influence of the Lorentz force, electron 

pressure and convective acceleration. Although this model is certainly very 

crude [18] than rigorous quantum mechanics, but this model has advantage 

of simplicity, could giving an easier view for relation between parameters (or 

forces) with the results. In addition, this model can calculate particles of 

hundreds of nanometers, which is hard to simulate with quantum mechanics 

without series of approximations. 

 

Figure 2.1. Experimental verification of the HDM with a film-coupled 

plasmonic nanosphere with a few nanometer gap [75].  



 

 

Unlike the Drude model, HDM also reflects quantum pressure, which 

allows describing the nonlocal responses and thus describing several features 

that are not commonly included in the macroscopic Maxwellôs equation, such 

as field enhancement below a few nanometer gap region [75], longitudinal 

modes [76], and an insensitivity to small-scale roughness [77]. In addition, 

HDM has intrinsic nonlinear property inside its equation, thus also can 

describe harmonic generations, such as second-, third-, or high-harmonic 

generation [19,78,79]. However, although these advantages of HDM, it has 

not been widely utilized, because there are still lack of verification of the 

model with various experiments. 

 

Figure 2.2. HDM calculations. (a) Longitudinal plasmon modes are excited 

(green solid line) above the plasma frequency [76]. (b) Insensitivity to small-

scale roughness [77]. 



 

 

 

Figure 2.3. HDM calculations for SHG from metallic nanowire [78]. 

In this dissertation, comparing the experimental result of SHG radiation 

patterns from the 82 plasmonic structures, validity of HDM is examined. In 

addition, comparison with other models is also addressed. In following 

section, more detailed explanations for HDM in terms of derivation of basic 

equation, linear responses, nonlinear responses, and approximated HDM for 

alleviated computational load are addressed. 

  
































































































































































































