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In this thesis, the nanodisk-aligned multilayer structure, in which square cross-sectional 

nanodisks are vertically aligned on the top of a two-dimensional, dielectric-layered metallic 

structure, is proposed to investigate the near-filed and far-field radiative property enhancement 

for metamaterials. Multiple kinds of plasmonic resonances which support the peculiar properties 

of metamaterials have been identified on this proposed structure. Every plasmonic mode is 

analyzed and studied respectively. The localized plasmonic modes (Localized Surface Plasmon 

and Magnetic Polariton) are shown to be independent of the incidence angle and polarization, 

while the propagating plasmonic mode (Surface Plasmon) is demonstrated to be shifted with the 

varying of the incidence angle, which provides the possibility to make the plasmonic modes 

interact or couple with each other. The coupled plasmonic modes which are named as hybridized 

plasmonic modes can also be excited and lead to even more spectacular radiative properties both 

in the near-field and far-field. 

The results obtained from this study suggest a novel model to explore the underlying 

mechanism of plasmonic resonances, especially for their hybridization. The study will advance 

our fundamental understanding of light-matter interaction at nanometer scale and will provide us 

more degrees of freedom to manipulate the radiative properties in both the near-field and far-

field which might have great potentials in renewable energy applications that require specific 

radiative properties, such as thermophotovoltaic, photovoltaic cells and thermal emission sources. 
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1.0  INTRODUCTION 

Recently people have drawn much attention to achieve designable radiative properties (e.g., 

reflectance, transmittance and absorptance) by metamaterials, which indicates man-made 

materials with properties that may not be found in nature.  Beneath the interest is the great 

potential to engineer the nanostructure in many promising applications.  For instance, superlens 

[1] and plasmonic nanolithography [2] are proposed for breaking the diffraction limit with the 

help of metamaterials. With regards to device size decreasing, optical antenna [3] and plasmon 

waveguides [4] have been investigated. Moreover metamaterials provide extra possibilities for 

energy conversion, such as solar cells [5] and thermal emitters [6,7]. Triggered by the 

prospective potentials mentioned above, people drill down to the mechanism of metamaterials 

and study the elements from which the exotic response functions of metamaterials originate.  

In the area we focus, metamaterials especially indicate optical metamaterials. That means 

the kind of materials we can tune their optical properties arbitrarily. The most important 

parameter of optical properties is the refractve index  . The refractive index, or in the other 

words index of refraction, of a substance is a measure of the speed of light in that substance. It is 

expressed as a ratio of the speed of light in vacuum relative to that in the considered medium. 

From the material point of view, the refractive index comes from two parts: permittivity  , the 

electric response of a substance to the incident light,  and permeability  , the magnetic response 

of a substance to the incident light. The relationship is given by: 
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  √                                                                          (1.1) 

In nature, both   and   are mostly positive, thus the refractive index   is usually positive as well. 

Nevertheless, the greatest potential of optical metamaterials is the possibility to create a structure 

with a negative refractive index, which requires an effective negative   and an effective negative 

 . Materials with the negative refractive index, which are called negative index materials (NIMs), 

own many attracting features. As depicted in Fig 1-1(a), if the refractive index of the second 

medium is negative, light incident from a conventional positive index material (PIM) to a NIM 

will be refracted to the same side as the incidence. Furthermore, if light can be bent negatively, 

then a planar slab of a NIM inserted into a PIM space can focus light as shown in Fig 1-1(b).  

 

 

Fig 1-1, Unique features of a negative index material [8]: (a) negative refaraction and (b) planar 

lens 
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NIMs require electric and magnetic resonances separately in order to achieve abnormal 

permittivity and permeability different from unity. Electric resonance, which is relative to 

abnormal permittivity, includes surface plasmon polariton (SPP) or called surface plasmon (SP) 

[9] and localized surface plasmon (LSP) [10]. On the other hand, magnetic resonance 

corresponds to abnormal permeability which includes magnetic polariton (MP) [11]. 

A surface plasmon is a collective excitation of the electrons at the interface between 

dielectric and conductor. It can be excited by incident light on the periodically nano/micro-

structured dielectric-conductor interface where the free space wave vector 0k  can be 

compensated by reciprocal lattice vector x

x

x eG





2
, y

y

y eG





2
.  Moreover, the incident light 

can also induce the collective oscillation of free electrons in subwavelength objects, which is 

called localized surface plasmon. When the frequency of the incident light is resonant with the 

eigen frequency of the collective electron oscillation, the LSP is exited. On the other hand, 

magnetic polariton is the coupling of magnetic oscillation with incident light on material surface. 

It can be excited if the local structure supports the diamagnetism electron current on the surface 

of the material.  

While Ebbesen et al. [12] demonstrated the extraordinary optical transmission through a 

two-dimensional array of subwavelength holes perforated on a silver film, the investigations on 

surface plasmon have been rekindled. SP has been studied in many different kinds of structures, 

like 1-D grating [13], 2-D hole array [14], bull’s eye structure [15], and binary plasmonic 

structure [16]. In aforementioned periodic structures, the reciprocal wave vector should be 

applied to compensate the missing momentum between surface plasmon and incident light, 

which makes the transmission peaks resulting from SP are sensitive to the incidence angle and 

the precocity of the structure. 
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For the solo hole on thin metal films, people also found the evidence of surface plasmon, 

called localized surface plasmon [10]. By changing the geometric shape of the nano-holes, 

people investigate LSP theoretically [17] and experimentally [18,19]. LSP can also be supported 

by other subwavelength objects, such as nanoparticles [20,21]. On the nanoparticles, the 

resonance of charge density couples with incidence light, which leads to the existence of LSP. 

Those researches have shown that LSP is mostly dependent on geometrical shape of the 

resonators instead of periodicity or incidence angle.  

Magnetic polariton has been studied even more, because it can support the artificial 

permeability. In order to get the negative permeability, J. B. Pendry [22] first proposed to use a 

split-ring resonator (SRR), to achieve diamagnetism.  After that, magnetic resonance is widely 

studied. People successfully employ the single split-ring [23] and U-shape cells [24] to be the 

magnetic resonators.  By using the anti-parallel currents in different metal layers, people fulfill 

magnetic resonance with paired metal strips [25]. Shalaev et al. explained the paired metal strips 

with the concept of MP [26], and later they also draw out the contribution of electric resonances 

[27,28]. Further, double-layered and multilayered fishnet structure [29,30] are discovered to be a 

very good candidate for bulk negative refraction index materials (NIM). Recently metal gratings 

and an opaque metallic film spaced by a dielectric spacer is suggested by Lee et al. [31]. This 

finding can be applied on enhancing the performance of a thermal emitter or thermal collector. 

Theoretically, people use inductor-capacitor circuit (LC) model to predict the fundamental 

resonance frequency of MP [29]. And, Lee et al. also analyzed the higher order MP situation.  

SP, LSP, MP, those plasmonic resonances give different contributions for the metamaterials, 

yet they can also couple with themselves and interact with other kinds of resonances, which will 

dramatically change the optical properties of metamaterials. The hybridization of different kinds 
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of LSP has been investigated [32]. The interaction between LSP and SP is also considered [33]. 

It is well known that radiation loss of a magnetic dipole is substantially lower than that of an 

electric dipole of similar size [34], thus the coupling of MPs are even more widely studied. The 

early investigation involves coaxial SRRs [35]. After that, stereo-SRR dimer metamaterials are 

as well present [36]. MPs hybridization is also investigated on stacked cut-wire metamaterials 

[37] and tri-rod structure [38]. Moreover, the substructures in double layered fishnet materials 

are treated as magnetic atoms to study the coupling of MPs [39].   

Based on what we have previously discussed, plasmonic resonances, SP, LSP and MP, are 

the keys to study metamaterials. However, in most of the former studies, plasmonic resonances 

are investigated separately, and their couplings need to be studied more. While related to the 

previous works mentioned above, this paper proposes a novel two dimensional (2D) nanodisk-

aligned multilayer system, on which SP, LSP and MP can be studied and tuned at the same time. 

Moreover, the SP, LSP and MP on this structure can interact with each other and present coupled 

modes. Therefore, the study of our proposed structure will advance our understanding of the 

underlying mechanism of metamaterials and the light-matter interaction at nanometer scale. 

On the other hand, radiative properties of micro/nanostructures for renewable energy 

applications should be designed for a broad spectral range as well as angle independence, and 

polarization independence. That is because thermal radiation from a hot object is unpolarized and 

randomly directed. A simple one-dimensional grating can only satisfy the requirements for a 

specific direction and polarization state. Yet, in real world applications, a two-dimensional 

structure will be desirable for the best performance under the irradiation from a hot object. 

Different from the former studies to enhance radiative properties which have mainly focused on 

one dimensional (1D) nanostructure for simplicity in modeling and manufacturing, the localized 
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plasmonic modes (MP and LSP) generated in our proposed structure can present radiative 

property enhancement which is indeed independent of incidence angle and polarization. 

Furthermore, the hybridization of the plasmonic resonances implies that we can manipulate the 

radioactive properties as well as near-field electromagnetic field distributions with more degrees 

of freedom. All these features of the proposed structure mean the potentials for renewable energy 

applications which require for a broad spectral range and angle independence, such as 

thermophotovoltaic, photovoltaic cells and thermal emission sources. 

The thesis is structured as follows: in Chapter 2, we introduce the investigation theory we 

applied to the system, called rigorous coupled-wave analysis (RCWA). We expand it to 2D cases 

and verified it with 1D situation. In Chapter 3, the nanodisk-aligned multilayer structure as the 

system used to analyze the hybridization of MP, LSP and SP is described. The basic results from 

2D RCWA is presented. In Chapter 4, the role of MPs on nanodisk-aligned multilayer system is 

discussed in detail. In Chapter 5, LSP and SP are investigated on our structure and asymmetric 

structure is introduced to verify the contribution of LSP and SP. Finally, some conclusions are 

given in Chapter 6.  
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2.0  THEORETICAL METHOD 

In this chapter, the theoretical method we apply to this thesis, rigorous coupled-wave analysis 

(RCWA) is introduced. We extend the RCWA method from one dimensional (1D) to two 

dimensional (2D). The 2D method is verified by reproducing and comparing with 1D case. 

 

Two-Dimensional Rigorous Coupled-wave Analysis 

Rigorous wave-coupled analysis (RCWA) is a numerical modeling algorithm to solve Maxwell’s 

equations for the electromagnetic wave diffracted in periodic structures. RCWA algorithm is 

wildly used in plasmonic optics study because of its good convergence and accuracy, especially 

when the grating’s period is of the same order of magnitude as the wavelength. The accuracy of 

the solution provided by RCWA solely depends on the order of the space-harmonic expansion of 

the field. Therefore it is easy to balance the computation time and accuracy.  

RCWA for the 1D structure is well developed [40,41], however in 2D case RCWA is still 

under investigation [42]. In this thesis, we extend 1D RCWA code to 2D situation and apply it 

into nanodisk-aligned multilayer structure.  

To illustrate 2D RCWA, consider the periodic structure shown a unit cell as in Fig 2-1. 

The space is divided into 3 regions: Ⅰ incident region, Ⅱ grating region and Ⅲ transmitted 

region. The grating region can be structured by different layers, yet in each layer the permittivity 

is independent of z. By eliminating the z-dependency of the permittivity, it is possible to write 
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the solution inside each layer as a Fourier expansion, since only a dependency on the periodic 

coordinate x-y is present. At the boundaries between two layers, the tangential components of the 

electromagnetic fields are continuous. In this way, the unknown reflection and transmission 

coefficients of the incident region and transmitted region can be connected to each other and 

determined. For simplicity, we treat the situation for grating region as only one layer to illustrate 

2D RCWA, though it can be composed of layers by layers as Fig 2-1 shows.  

For 2D grating with periods of    and  , let's consider     and     diffraction orders 

to x and y direction, respectively. Based on the Floquet condition, we have diffraction wave 

vectors in x-direction and y-direction as 

       
  

  
  (        )  

       
  

  
  (        )                                         (2.1) 

Where   and   are the diffraction orders, and  ,    are the x-component and y-

component of the incident wave vector. 

 

Fig 2-1. The sketch for the region division in RWCA 
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Hence, the normal wave vector component corresponding to each diffraction orders in 

Region Ⅰ and Region Ⅲ can be found from 

      √  
              

      √  
                                                          (2.2) 

where    and    is a dielectric function in Region Ⅰ and Region Ⅲ, respectively. Due to the 

periodicity, the dielectric function in the grating region can be expressed as Fourier series: 

 (   )  ∑ ∑        * (
   

  
  

   

  
 )+                             (2.3) 

where     can be determined by the inverse Fourier transform. 

The electric field in Region Ⅰ and Region Ⅲ can be expressed by a superposition of 

diffracted waves: 

 ⃑    ⃑     { (           )}  ∑ ∑  ⃑       * (                )+    

 ⃑   ∑ ∑  ⃑      { (                )}                        (2.4) 

Also, the electric and magnetic field in the grating region (i.e., Region Ⅱ) can be 

expressed as a Fourier expansion in terms of the spatial harmonics: 

 ⃑   ∑ ∑         * (         )+    

 ⃑⃑   
   

   
∑ ∑  ⃑⃑      { (         )}                               (2.5) 

where    
  

 
 with   being the wavelength in vacuum. Note that      and  ⃑⃑    are related via 

Maxwell’s equation. Consequently, one can derive the coupled differential equation for       and 

 ⃑⃑   . Then the problem become as the eigen value problem for       and  ⃑⃑    with the boundary 
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condition that the tangential components of the electromagnetic fields at each region are 

continuous. Once       and  ⃑⃑    are solved, the unknown reflection and transmission coefficients 

of the incident region and transmitted region can be obtained easily. 

            For the ideal RCWA calculation, the diffraction orders   and   should be   . Yet in the 

real application, the diffraction orders are truncated to be a finite number which can guarantee 

the convergence of the calculation. 

The difficulty for 2D RCWA calculation is that it increases the computation time 

geometrically compare to the 1D situation. For instance, to calculate 1D grating with   10 

diffraction orders, we need to solve eigenvalue and eigenvector of a complex matrix whose 

dimension is (2 21) by (2 21). However, to calculate 2D grating with  10 diffraction orders, 

we need to solve eigenvalue and eigenvector of a complex matrix whose dimension is (2 212) 

by (2 212). Thus the computation time is hugely increased. To balance the computation time and 

the accuracy, we choose the order of  18 in our 2D RCWA calculation, while the order of  19 

has been chosen in a former work and shows reasonable convergence [42]. In their study, the 

absolute error is within 0.01 and the relative error is less than 5% when the diffraction order 

changes from  19 to the higher order of  25.  

The extended 2D RCWA is applied to calculate the reflectance of 1D periodic strip- 

aligned multilayer structure as Fig 2-2 shows, where silver grating are aligned on a silicon 

dioxide film based on a silver substrate. The structure is under normal incidence and the electric 

field of the incident light is along x-direction. For comparison, 1D RCWA is also employed. The 

two results are shown in Fig 2-3. As it shown, the two methods match very well, which verify 

the validation of our 2D RCWA code. 
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Fig 2-2,  sketch for one unit cell of the 1D periodic strip-aligned multilayer structure. Λ=500 nm, 

df=20 nm, dg=20 nm, w=250 nm. 

 

Fig 2-3, the reflectance of the structure in Fig 2-2, calculated by 2D RCWA code, compared with 

1D RCWA code. 
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3.0  NANODISK-ALIGNED MULTILAYER STRUCTURE 

In this chapter, the 2D nanodisk-aligned multilayer structure is presented, on which we apply 2D 

RCWA to study its radiative property. The reflectance spectrum result for normal incidence is 

shown and the meaning of each characteristic dip is provided. 

 

2D Nanodisk-Aligned Multilayer and Reflectance Spectrum 

One unit cell of the proposed 2D nanodisk-aligned multilayer structure is depicted as Fig 3-1. 

The square cross-sectional nanodisks are vertically aligned on the top of two-dimensional, 

dielectric-layered metallic structure. The silver substrate can be regarded as opaque since its 

thickness is much larger than the radiation penetration depth. The following parameters are 

picked for the better performance of the plasmonic modes and their hybridization. The 

periodicity Λ for the nanodisks aligning is 500 nm for both x-direction and y-direction on the 

plate. The nanodisk is square with width w=250 nm and its thickness dg is 30 nm. The thickness 

of the SiO2 df is 25 nm. A linearly polarized electromagnetic wave is incident from air at the 

incidence angle  .   is rotated in x-z plane. And we define p-polarization as electric field 

paralleled with x-direction as Fig 3-1 shows and s-polarization as magnetic field paralleled with 

x-direction.  
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Fig 3-1, schematic of one unit cell for the proposed nanodisk-aligned multilayer structure. Λ

=500 nm, df=25 nm, dg=30 nm, w=250 nm. 

 

We calculate the reflectance for the normal incidence in the wave number ranging from 

5000 to 20000      with 2D RCWA method. For normal incidence, the s-polarization and p-

polarization are indistinguishable for this symmetric structure. The result is shown in Fig 3-2(a).  
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Fig 3-2, (a) reflectance of the proposed nanodisk-aligned multilayer structure for the normal 

incidence with p-polarization. (b) reflectance of the 1D periodic strip-aligned multilayer structure 

for the normal incidence with p-polarization. 
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The fundamental mode of MP (MP1) splits into 3 modes at 5800, 6400 and 7400      in 

this nanodisk-aligned multilayer structure compared with the reflectance of 1D periodic strip-

aligned multilayer structure (Fig 3-2(b)). The schematic of 1D periodic strip-aligned multilayer 

structure is the same as Fig 2-2 with different parameters of Λ=500 nm, df=25 nm, dg=30 nm, 

w=250 nm. The 2D nanodisk-aligned multilayer structure supports localized surface plasmon 

(LSP) at 11600     
 where the nanodisk stands as a nanoparticle and supports LSP by it alone. 

And this character cannot be found in 1D periodic strip-aligned multilayer structure. For the dip 

around 17200      we will prove in the later chapter that it is the third order harmonic mode of 

MP (MP3), yet this MP3 mode is coupled with SP mode. For the reflectance of 1D periodic 

strip-aligned multilayer (Fig 3-2(b)), MP3 can be separated with SP, but they still interact with 

each other. And MP3 is shifted a little bit according to this coupling. 
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4.0  MAGNETIC POLARITON MODES 

This Chapter provides the background knowledge of magnetic polariton (MP), which results in 

some basic characteristics for MPs. The properties of MPs on nanodisk-aligned multilayer are 

investigated according to the reflectance spectrums at different incidence angles and different 

polarizations. The field distribution for each characteristic mode is also presented to demonstrate 

the underlying physical mechanisms. 

4.1 MAGNETIC POLARITON: BACKGROUND 

Magnetic polariton by definition is the magnetic oscillation on material surface coupled with 

incident light, which depends mostly on the plasmonic properties and geometry structure of the 

material. It draws much attention because of its potential to achieve effective negative refractive 

index materials. 

The key parameter for light interaction with matter is the refractive index (        ). 

In nature, the real part of refractive index    is always positive. However, many efforts are put to 

realize negative    because of its great potentials for many amazing applications, such as 

superlen [1] and nanofabrication beyond diffraction limit [2]. The negative refractive index 

requires for negative permittivity and permeability. Those two parameters show how the matter 
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reacts with the incident electromagnetic wave. For permittivity, it is determined by the ability of 

a material to polarize in response to the field, in general the response reduces the total electric 

field inside the material. However, there can be abnormal response if electric resonance exists in 

the material, such as SP, LSP and plasma phenomenon for noble metals in the infrared and 

visible spectrums, which actually increase the total electric field. In this case, the real part of 

permittivity can be negative.  For permeability, the situation is similar. Permeability is the 

amplitude of magnetization that a material obtains in response to the incident electromagnetic 

wave. In nature the response always decreases the total magnetic field in the material. Yet, in the 

case of existence of some abnormal magnetic resonance such as MP, the material response in 

fact enhances the total magnetic field, or it can be understood as strong diamagnetism occurs. 

Then the real part of permeability can be negative. Or in the other words, MP can support the 

existence of negative permeability. Once the MP exists, the total field is enhanced inside the 

material, which leads to energy localization according to the resonance. In that case, the 

absorptance   is largely enhanced. For our nanodisk-aligned multilayer structure, since the silver 

film is opaque (transmittance   ), from the energy conservation      , one can observe 

reflectance dips by the attribution of the excitation of MPs. Thus in this thesis we can study the 

reflectance dips in the spectrums to investigate MPs. 

According to Lenz’s Law, when a time-varying magnetic field is parallel to axis of a 

spiral coil of metal wire, an induced magnetic field will occur due to resultant current in the coil. 

Therefore, diamagnetism is achieved. Based on this perspective, LC circuit model is often used 

to study the diamagnetism. The frequencies of the LC resonances are determined entirely by the 

geometry and size. In order to scale the diamagnetic response to the optical frequencies, where 
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the plasmonic properties are dominant, people also modify the effective geometry parameters 

and apply the LC circuit model to successfully describe and predict MP resonance [29]. 

In former studies, diamagnetism has been achieved by the single split-ring [23], U-shape 

cells [24], paired metal strips [25] and double-layered or multilayered fishnet structure [29, 30]. 

Recently 1D periodic strip-aligned multilayer structure is suggested by Lee et al. [31] to apply 

MP properties to enhance the performance of thermal emitter, thermal collector or photovoltaic 

cell.  

Regarding the specific requirement of radiative properties, the design of renewable 

energy applications should be feasible to a broad spectral range as well as a wide angular region 

and it should be polarization independent. That is because thermal radiation from a hot object, 

such as the sun for a good illustration, is unpolarized and randomly directed. A simple one-

dimensional grating can satisfy the requirements for a specific direction and polarization state. In 

real world applications, a two-dimensional (2D) structure will be desirable for the best 

performance under the irradiation from a hot object. Therefore, we introduce 2D nanodisk-

aligned multilayer structure, on which the angle and polarization independent radiative properties 

can be supported by MP resonance. 

4.2 MAGNETIC POLARITON ON NANODISK-ALIGNED MULTILAYER 

The diamagnetism of the nanodisk-aligned multilayer structure can be explained as follows. The 

incident light produces oscillating magnetic field and this field induces a current in the nanodisk 

along the x direction and another near the surface of the metal film in the opposite direction. The 



19 

anti-parallel currents result in a diamagnetic response. The diamagnetic response is then coupled 

to the metallic film to cause the MP on the surface.  

We calculate the reflectance for the nanodisk-aligned multilayer structure as illustrated in 

Chapter 3, which is under p-polarization incidence with different incidence angles, as shown in 

Fig 4-1. The periodicity Λ for the nanodisks aligning is 500 nm for both x-direction and y-

direction on the plate. The nanodisk is square with width w=250 nm and its thickness dg is 30 nm. 

The thickness of the SiO2 df is 25 nm. As we can see, according to the extra confinement in the y-

direction, the fundamental mode of MP on 2-D nanodisk-aligned multilayer structure splits into 3 

modes at 5800, 6400 and 7400    , as shown in Fig 4-1. The y-direction magnetic field 

distributions on the surface of the silver substrate are calculated for those three dips and plotted 

in Figure 4-2. We can see that for all those three dips, the anti-parallel currents between the 

nanodisk and the substrate confine strong magnetic field inside the space covered by the 

nanodisk. 

 

Fig 4-1, the reflectance of the proposed nanodisk-aligned multilayer structure for the different 

incidence angles. The incident lights are in p-polarization. 
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Fig 4-2, (a) schematic of the plane where the y-direction magnetic field distribution on the 

surface of the silver substrate is calculated; the field distribution for reflectance dips at 5800 (b), 

6400(c) and 7400      (d), while the incident light is normal to the surface. The magnetic field 

is normalized by the incidence magnetic field as|  |
 
|      |

 
⁄ . The brighter color implies the 

stronger field. “MAX” shows the maximum value of |  |
 
|      |

 
⁄  in the plane. The blue 

square shows the position of the nanodisk. 

 

And there is only one resonance loop for all those three modes, which demonstrates that all the 

dips are split MP1 modes. The deep physical reason for the splitting of the MP1 mode is still 

unclear, which need to be investigated in the future. 
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Besides the fundamental mode of MP, the third order harmonic mode (MP3) can also be 

excited for normal incidence at 17100    , as shown in Fig 4-1. We also calculate its magnetic 

field distribution in the y-direction on the surface of the silver substrate, as plotted in Fig 4-3. We 

can see that similar with MP1 modes, there is a strong magnetic field confined inside the space 

covered by the nanodisk. Yet, there are three resonance loops, which indicate that it is MP3 

mode. We can also observe that the resonance is not so localized in the space covered by the 

nanodisk. We will demonstrate it results from the influence of surface plasmon (SP) in the later 

chapter.  

 

 

Fig 4-3, the y-direction magnetic field distribution on the surface of the silver substrate for 

reflectance dips at 17100    . The incident light is normal to the surface. The magnetic field is 

normalized by the incidence magnetic field as|  |
 
|      |

 
⁄ . The brighter color implies the 

stronger field.  “MAX” shows the maximum value of |  |
 
|      |

 
⁄  in the plane. 
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The second order harmonic mode (MP2) cannot be excited under the normal incidence. 

That is because the two anti-parallel current loops are strictly mirror symmetric for normal 

incidence, and the magnetic fields induced by the currents cancel each other out. In that case, 

MP2 mode cannot present [18]. However, for the oblique p-polarization incidences, the mirror 

symmetry of the two anti-parallel current loops is broken. Thus we could find MP2 mode dips in 

reflectance under oblique p-polarization incidence situation, as we can see in Fig 4-1.  The dip at 

12600      for      , the dip at 12300      for       and the dip at 13100      for 

      are all MP2 dips. We also show magnetic field distribution in the y-direction on the 

surface of the silver substrate in Fig 4-4 for the dip at 12600      and incidence angle      . 

These tow asymmetric resonance loop gives the evidence for MP2 mode. 

 

Fig 4-4, the y-direction magnetic field distribution on the surface of the silver substrate for 

reflectance dips at 12600      under the incidence angle     . The magnetic field is 

normalized by the incidence magnetic field as|  |
 
|      |

 
⁄ . The brighter color implies the 

stronger field. “MAX” shows the maximum value of |  |
 
|      |

 
⁄  in the plane. 
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From the effective LC circuit model, we know the property of MPs depends only on the 

local geometry of the micro/nanostructure and the plasmonic property of the material which is 

intrinsic, thus we can say MPs are localized and the diffracted evanescent waves cannot affect 

them. In other words, if the materials are fixed, the resonance frequencies for MPs in our system 

depend only on the geometry of the nanodisk but remain unchanged with the unit cell period Λ 

and the incidence angle.  To verify this, we calculate the oblique incidence situations for both p-

polarization and s-polarization and compare them in Fig 4-5. For the normal incidence, p-

polarization and s-polarization are indistinguishable, as shown in Fig 3-2. As the figures show, 

MP1 at 5800, 6400 and 7400    , for both s and p polarizations, MP2 around 12600~13100 

     for p polarization, and MP3 around 17100~17900      for both s and p polarizations, all 

these MP modes remain at almost unchanged frequencies while the incidence angle is changing. 

The slight changes for the dips under same MP modes are due to the interaction between MP and 

SP, which we will discuss later. As we noticed, the s-polarization cannot support MP2 modes. 

The schematic of the current for the assumptive MP2 mode under s-polarization incidence is 

shown in Fig 4-6. As we can see, because for s-polarization the incident electric field is parallel 

to the surface, the oblique incidence angle cannot break the mirror symmetric for the resonance 

loops and the total induced magnetic is effectively zero in this case.  
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Fig 4-5, reflectance of the proposed nanodisk-aligned multilayer structure under different 

oblique incidence angles. 
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Fig 4-6, schematic of the current for the assumptive MP2 mode under s-polarization incidence 

 

The primary advantage for the 2D proposed nanodisk-aligned multilayer structure, 

compared to 1D periodic strip-aligned multilayer structure, is that in the 2D structure, the MPs 

can be not only independent of the incidence angle but also independent of polarization of the 

incident light. We can easily check Fig 4-1 and Fig 4-5 to verify this. Thus, the true all-incident-

angle radiative property enhancement can be achieved by nanodisk-aligned multilayer structure. 

Therefore, the proposed nanodisk-aligned multilayer structure is a big step closer to the real 

world applications for renewable energy, such as thermal emitter, thermal collector and 

photovoltaic cell.  
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5.0  SURFACE POLARITON MODES AND HYBRIDIZAITON 

In this chapter, we discuss the characteristics about surface plasmon (SP), localized surface 

plasmon (LSP). The roles of SP and LSP played on nanodisk-aligned multilayer structure are 

studied by reflectance spectrum and the field distribution for each characteristic mode. We also 

investigate the coupling between SP and MP, SP and LSP on the system, and how these 

couplings affect the reflectance spectrum. 

 

5.1 SURFACE PLASMON 

A surface plasmon (SP) is a collective excitation of the electrons at the interface of dielectric and 

conductor. For the half-infinite dielectric and conductor interface, we could easily derive the 

dispersion of surface plasmon by applying Maxwell equation and boundary conditions [43].   

md

md
sp kk






 0                                                            (5.1) 

where 0k  is the free space wave vector, d is the dielectric permittivity and m  is the metal 

permittivity .We could notice that the wave vector of SP spk  is always larger than the free space 

wave vector ( 0kksp  ), which means that SP cannot be excited by the free space incident light on 
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the smooth dielectric-conductor surface. However, for nanodisk-aligned multilayer, the periodic 

structured dielectric-conductor surface supports high order diffraction. And then the reciprocal 

vector could supply the missing momentum which can excite SP. 
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We know SP is a kind of collective electron excitation. And it is companied with great 

field electromagnetic field enhancement on the surface of the material. This kind of energy 

confinement can also lead to dips in the reflectance spectrum. From Eq. 5.2, we know that the 

frequency of SP resonance depends on the incidence angle and the periodicity of the structure. 

And because no collective electron excitation can be coupled with the incident light for s-

polarization, the s-polarization incident light cannot support SP resonance.  

For the simplicity, we calculate the reflectance for simple grating, by setting df=0, in the 

case of 1D periodic strip-aligned multilayer structure shown in Fig 2-2. The incident light is in 

different angle. The characteristic SP modes on this simple grating structure represent for SP 

modes on 2D nanodisk-aligned multilayer, as long as they share the same periodicity and the 

incident light is p-polarization.  The results are given is Fig 5-1.  All the dips in the reflectance  
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Fig 5-1, reflectance of 1D simple grating at different incidence angles. Λ=500 nm, df=0 nm, 

dg=30 nm, w=250 nm. The incident lights are in p-polarization. 

 

satisfy Eq. 5.2, and represent the (1,0) mode (i=1, j=0) SP for each different incidence angle. (1,0) 

mode and (0,1) mode are overlapped with each other. We can compare this calculation with 2-D 

nanodisk-aligned multilayer result and index out the 10 SP modes, as shown in Fig 5-2. We can 

see all the SP modes match with the simple grating calculation in a reasonable range, except for 

the normal incidence. For the normal incidence, there is no SP dip around the frequency which is 

predicted by equation (2) and by the simple grating calculation. The (1, 0) SP mode for the 

normal incidence is supposed to be around 18200      , yet the MP3 mode is also around this 

frequency range that is close enough to couple with the SP mode. Thus these two modes couple 

with each other and support the dip at 17100    . We can find the MP3 mode for the normal 

incidence deviates from the other MP3 modes for the oblique incidences, yet all MP modes are 
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Fig 5-2，  the reflectance of the propose 2D nanodisk-aligned multilayer structure for the 

different incidence angles. The incident lights are in p-polarization. 

 

supposed to occur at a fixed frequency. The reason is also from the coupling of MP3 mode and 

SP mode. Only the SP mode for normal incident is close enough to MP3 mode to get them 

coupled. Besides, because the reflectance dip at 17800      under normal incidence results 

from the coupling of SP mode and MP3 modes, the dip goes deeper than the uncoupled SP mode 

or pure MP3 mode. 

To understand the physical mechanism of this coupled SP and MP3 mode, we calculate 

the y-direction magnetic field distribution on the surface of the silver substrate for pure SP mode 

(16000      at       in Fig 5-3(a)), uncoupled MP3 mode (17800      at       in Fig 5-

3(b)), and coupled SP and MP3 mode ((17800      at      in Fig 5-3(c)). As we can see, for  
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Fig 5-3, the y-direction magnetic field distribution on the surface of the silver substrate for 

reflectance dips at 16000      while       (a); 17800      while       (b); and 17100 

     while       (c). The magnetic field is normalized by the incidence magnetic field 

as|  |
 
|      |

 
⁄ . The brighter color implies the stronger field. “MAX” shows the maximum 

value of |  |
 
|      |

 
⁄  in the plane. 

 

SP mode, the field is strong not only on the surface covered by the nanodisk but also almost 

everywhere on the surface. That is because SP modes are not localized on the plane. They are 

only localized in the z-direction, yet propagating on the surface. In contrast, the field for MP3 

mode is mostly localized on the nanodisk covered surface and shown three resonance loops. The 

field distribution for coupled SP and MP3 mode shows combined characteristics of SP mode and 

MP3 mode. It owns both the localized three resonance loops under the surface covered by 

nanodisk and the enhanced field diffused everywhere on the surface. And we can understand the 

frequency shift of coupled SP and MP3 mode like this: the MP3 mode supports the localized 

three resonance loops under the surface covered by nanodisk However, when the SP mode 

occurs, the localized field is distracted by the field induced by SP in some degree. Thus, the 

resonance frequency decreases, and the wave number of resonance decreases correspondingly.   
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Fig 5-4，  the reflectance of the 1D periodic strip-aligned multilayer structure at different 

incidence angles. The incident lights are in p-polarization. 

 

To verify this coupling effect, we also calculate the reflectance for 1D periodic strip-

aligned multilayer of the same parameters at different incidence angles as comparison in Fig 5-4. 

The SP mode for the normal incidence shows as a dip which is closed to the MP3 mode in this 

case, yet the MP3 mode for the normal incidence is affected by the SP mode so that it deviates 

from the other MP3 modes for the oblique incidences similar to the 2D case. Therefore, the 

similar coupling effects can present in both 1D periodic strip-aligned multilayer structure and 2D 

nanodisk-aligned multilayer structure.   

So far, the coupling effects between MPs and SPs on nanodisk-aligned multilayer are 

demonstrated. 
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5.2 LOCALIZED SURFACE PLASMON 

The incident light can induce the collective oscillation of free electrons in subwavelength objects 

such as metal nanoparticle, nanowire and nanodisk. While the frequency of the incident light is 

resonant with the eigen frequency of the collective electron oscillation, the localized surface 

plasmon (LSP) is exited. Like MPs, LSPs depend only on the local geometry of the nanoparticles 

and the intrinsic material property. Therefore it should as well be independent of the incidence 

angle and polarization. For the 2D nanodisk-aligned multilayer structure, the nanodisks can 

support LSP mode by themselves alone. We can find LSP modes on the reflectance of nanodisk-

aligned multilayer both under p-polarization (Fig 5-2) and s-polarization (Fig 4-5) at 10000 

     and 11600    , which are shown as independent of the incidence angle and polarization. 

We also calculate the field distribution for one LSP mode as an example. Because for LSP the 

field should be constrained around the nanodisk, we no longer choose the silver substrate surface 

to plot the field distribution. Instead, we choose the top surface of the nanodisk to plot the y-

direction magnetic field distribution for the LSP mode at 11600      in Fig 5-5. As the LSP 

characteristic predicts, the enhanced magnetic field is localized around the nanodisk.  
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Fig 5-5, (a) schematic of the plane where the y-direction magnetic field distribution on the top 

surface of the nanodisk is calculated; (b) the field distribution on the top surface of the nanodisk 

for reflectance dips at 11600      while       . The magnetic field is normalized by the 

incidence magnetic field as|  |
 
|      |

 
⁄ . The brighter color implies the stronger field. “MAX” 

shows the maximum value of |  |
 
|      |

 
⁄  in the plane. 

 

To illustrate the dips at 10000      and 11600      result from LSP, we calculate the 

reflectance of nanodisk aligned on a free standing silicon dioxide film with all the same 

parameters of our nanodisk-aligned multilayer structure, except that there is no silver substrate. 

As we can see from Fig 5-6, the nanodisk-aligned silicon dioxide film also gives two dips at 

10000      and 11600      
in its reflectance. For this kind of structure, MP modes cannot be 

excited, because there is no structure which supports an effective diamagnetism current. And 

because the mode at 10000      and 11600      is angle and polarization independent, they 

should be among LSP modes and MP modes. After all, we can identify the dips at 10000      

and 11600      are LSP resonance modes. 
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Fig 5-6, the reflectance of the nanodisk-aligned freestanding silicon dioxide film for the normal 

incidence (red) compared with the reflectance of nanodisk-aligned multilayer for the normal 

incidence (black). 

 

Comparing the reflectance of 2D nanodisk-aligned multilayer Fig 5-2 with 1D periodic 

strip-aligned multilayer Fig 5-4, we find there is no LSP mode excited at 10000      and 11600 

     on periodic strip-aligned multilayer. That also verifies that those two modes come from the 

LSP excitation of nanodisks which cannot be supported on the strip structure. 

LSP can also couple with SP and MP on the nanodisk-aligned multilayer. While under 

the incidence of p-polarization light, SP mode can be excited on the nanodisk-aligned multilayer. 

Because the frequency of SP mode varies with the incidence angle while the frequency of LSP 
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mode and MP mode are fixed, it is possible for SP mode to get close enough to LSP mode and 

MP mode in the reflectance spectrum to interact with each other by varying the incidence angle. 

From the Fig 5-2, the coupled LSP, MP and SP modes can be find at 12300      under       

and 11800      under      . For both these two situations, the SP modes which are supposed 

to happen at 13100     for       and 12000     for       are close enough to the LSP 

mode at 11600      and MP2 mode around 12600    . Thus LSP, MP and SP modes are 

coupled with each other and present a dip which is stronger than the dip excited by LSP, MP or 

SP alone. For illustration, we calculate the y-direction magnetic field distribution on both the 

surface of silver substrate and the top surface of the nanodisk for the dip at 11800      

under       in   Fig 5-7.  

On the surface of silver substrate, the field distribution presents the characteristics of both 

MP2 and SP, which shows two asymmetric resonance loops localized in the area covered by the 

 

Fig 5-7, the y-direction magnetic field distribution for reflectance dips at 11800      while 

      on the surface of silver substrate (a) and on the top surface of the nanodisk (b). 



36 

nanodisk and also the universal enhanced field on the surface. On the top surface of the nanodisk, 

the field distribution shows the characteristics of LSP that strong enhanced filed localized around 

the nanodisk. Therefore, the dip at 11800      under       shows all the characteristics of 

MP2, SP and LSP, which indicates the dips results from the coupling of the MP2, SP and LSP 

modes. 

This hybridized mode we have previously discussed results from the angle independence 

of SP modes. Hence in the case that SP cannot be supported (i.e. s-polarization), the coupling 

effect cannot be observed in the reflectance under the s-polarization oblique incidence as shown 

in    Fig 5-8. 

 

Fig 5-8, the reflectance of the proposed nanodisk-aligned multilayer structure for the different 

incidence angles, while the incident lights are in s-polarization. 
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5.3 ASYMMETRIC NANODISK-ALIGNED MULTILAYER 

So far from our discussion, the characteristics of MP modes and LSP modes on nanodisk-aligned 

multilayer are similar with each other. They both depend only on the geometric shape and the 

intrinsic material property, while they are independent of the incidence angle and the polarization. 

To further distinguish LSP modes with MP modes, we introduce the asymmetric nanodisk-

aligned multilayer structure, as Fig 5-9 shows. In this structure, the square nanodisk with w by w 

in symmetric nanodisk-aligned multilayer is replaced by the rectangular nanodisk with wx by wy 

(wx =250 nm, wy =300 nm).   

 

 

Fig 5-9. schematic of one unit cell for the asymmetric nanodisk-aligned multilayer structure. Λ

=500 nm, df=25 nm, dg=30 nm, wx=250 nm, wy=300 nm. 
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We calculate the reflectance for such structure under normal incidence both in p-polarization and 

s-polarization, plotted in Fig 5-10 and Fig 5-11. As we can see, for the p-polarization, MP modes, 

including MP1 round 6000      and MP3 mode around 17000      remain, yet the LSP mode 

at 11600 is gone. On the other hand, for the s-polarization, the LSP mode at 11600 remains 

unchanged, yet the MP modes, both MP1 and MP3, shift to a lower frequency.  

 

 

Fig 5-10, reflectance of the asymmetric nanodisk-aligned multilayer for the normal incidence 

(red) compared with the reflectance of symmetric nanodisk-aligned multilayer for the normal 

incidence (black). The incidence is in p-polarization.  
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Fig 5-11, reflectance of the asymmetric nanodisk-aligned multilayer for the normal incidence 

(red) compared with the reflectance of symmetric nanodisk-aligned multilayer for the normal 

incidence (black). The incidence is in s-polarization.  

 

We can understand this as follows. The direction of resonance is defined as the direction 

along which the anti-nodes of the resonance align. The direction of MP resonance is parallel to 

the direction of electric field, as we can see in the field distribution on the surface of silver 

substrate for MP resonance such as Fig 5-7(a). Oppositely, the direction of LSP resonance is 

vertical to the direction of electric field, which is shown in the field distribution of LSP such as 

Fig 5-7(b). Thus, the key parameter affecting MP resonance is the geometry length along the 

direction of the electric field, while the determinate parameter for LSP resonance is the geometry 

length perpendicular to the direction of electric field. Therefore, when the asymmetric nanodisk-

aligned multilayer is under p-polarization incidence, electric field is along x-direction. And the 
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geometry length along x-direction wx is unchanged with symmetric nanodisk-aligned multilayer 

w. Hence the MP resonance should also be unchanged for p-polarization. Yet for LSP resonance 

the geometry length perpendicular to electric field wy varies from w, thus the LSP resonance is 

different for asymmetric nanodisk-aligned multilayer under p-polarization incidence. In the 

contrary, while symmetric nanodisk-aligned multilayer is under s-polarization, the electric field 

is along y-direction. So LSP is determined by wx and MP is determined by wy. Therefore the LSP 

mode stays unchanged at the same time that MP modes shift to lower frequency because wy is 

larger than w for symmetric nanodisk-aligned multilayer. 

By investigating the reflectance of asymmetric nanodisk-aligned multilayer, we know 

MP modes are affected by the geometry parameter along the electric field while LSP modes are 

determined by the one perpendicular to the electric field. This finding helps us understand more 

about the mechanism of MP and LSP resonance and offers another degree of freedom to tailor 

radiative property of renewable energy applications. 

We demonstrate in this chapter that the proposed nanodisk-aligned multilayer structure 

can support not only MP modes but also SP modes and LSP modes. Moreover the SP modes can 

be coupled with MP modes and LSP modes by changing the incidence angle. The dominant 

parameters for MP and LSP modes are in the different directions which are perpendicular to each 

other. All those characteristics employ us more possibility to manipulate the radiative properties 

of nanostructures both in the near-field and far-field, which can be used to the renewable energy 

applications. 
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6.0  CONLUSION AND FUTURE WORK 

This thesis proposes a novel nanodisk-aligned multilayer structure, on which all the plasmonic 

resonances, SP, LSP and MP, can be excited at the same time and interact with each other, 

supporting the coupled modes. To numerically study the structure, the RCWA method is 

extended to 2D and applied to the nanodisk-aligned multilayer. The strong energy constraint of 

SP, LSP and MP phenomenon presents characteristic dips in the reflectance. Therefore each 

plasmonic mode is analyzed by investigating the reflectance of the structure under different 

incidence angles and polarizations. The magnetic field distributions are also calculated to verify 

the single modes and hybridized modes and to explore the mechanisms beneath them. 

It is shown that MP1 and MP3 mode can be excited on nanodisk-aligned multilayer 

structure under either normal or oblique incidence, and their resonance frequencies are 

independent of the incidence angle and polarization. MP2 mode occurs while it is under oblique 

p-polarization incidence, in which case the symmetry of the resonance loops is broken. 

LSP can be supported by the nanodisk in the proposed structure. Similar to MP modes, 

LSP modes depend only on geometry parameters and the intrinsic material properties. Hence, 

LSP modes are shown to be independent of the incidence angle and polarization as well.  

SP mode on the other hand is demonstrated to occur only under p-polarization incidence 

and vary with the incidence angle. And because of the angular dependence of the SP mode, it can 

be coupled with MP modes and LSP modes at some specific incidence angle. The coupled MP3 
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and SP mode is found at the normal incident for both s-polarization and p-polarization. The 

coupled LSP, MP2 and SP mode exists at larger incidence angle like 30
o 

or 40
o
 for the p-

polarization incidence. Those coupling effects shift the resonance frequency of the original LSP, 

MP and SP modes and present stronger dips in the reflectance. 

The asymmetric nanodisk-aligned multilayer structure is also introduced, on which MP 

and LSP oscillate in different directions and are distinguishable.  

To summarize, in this thesis, the proposed nanodisk-aligned multilayer structure shows 

the feasibility to support all-incident-angle and polarization-independent radiative property 

enhancement both in the near-field and far-field. These features hold great potentials in 

renewable energy applications, such as thermal emitter, thermal collector and photovoltaic cell. 

The discussion about the hybridization of the plasmonic resonances as well as the asymmetric 

nanodisk-aligned multilayer can enhance our understanding of the mechanism of the plasmonic 

modes and provide us with more degrees of freedom to manipulate the radiative property of 

metamaterials. 

In the future, the underlying physical mechanism of the splitting of MP1 mode on the 

nanodisk-aligned multilayer structure needs to be investigated, which can provide us with more 

complete physical understanding of the system and more precise control of the MP modes. 

Theoretically, I propose to develop a LC circuit model for the 2D nanodisk-aligned multilayer 

structure to predict MP1 modes. To tailor MP and LSP resonances, nanodisks of different cross 

section shapes may need to be introduced and studied. Moreover, nanodisk-aligned multilayer 

structures with the different periodicity (e.g. hexagon and diamond) need to be present to 

investigate more complex hybridization modes which might support stronger coupling and 

broader spectral range radiative property enhancement. 
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