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ABSTRACT OF THE DISSERTATION 

Chip-Scale Plasmonic Resonant Nanostructures: Manipulation of Light from Nano to 

Micro Scale 

by 

Liang Feng 

Doctor of Philosophy in Electrical Engineering (Photonics) 

University of California, San Diego, 2010 

Professor Yeshaiahu Fainman, Chair 

Professor Vitaliy Lomakin, Co-Chair 

Nanophotonics is finding myriad applications in information technology, health 

care, lighting and sensing. Plasmonics, as one of the most rapidly growing fields in 

nanophotonics, has great potential to revolutionize many applications in nanophotonics, 

including bio-sensing, imaging, lighting, photolithography and magnetic recording. In 

this dissertation, we explore the electrodynamics of plasmonic fields on different 

structured metallic chips and demonstrate how to manipulate light from nano to micro 

scale on the structure plasmonic chips. 



 

xviii 

It is highly desired to excite and control propagation of surface plasmon polariton 

fields in a systematic fashion as it is possible with optical fields both in free space and 

dielectric waveguides. To accomplish this goal, we developed the design methodology 

compatible with the conventional Fourier optical devices, investigated on-chip plasmonic 

metamaterials with novel material response and functionalities, as well as constructed 

sophisticated chip-scale integration of different optical elements.   

We begin by discussing the fundamentals of plasmonic fields and modal 

propagation properties. We next investigate a metallic metamaterial showing form-

birefringence by engineering the inherent metal properties on nanoscale, and 

experimentally characterized their supported plasmonic index ellipsoids. We present 

novel experimental and analytic results of plasmonic nano metamaterials allowing 

excitation of plasmonic fields by transverse electric polarized incidence, complementing 

so far demonstrated transverse magnetic polarized excitation. We further construct a 

plasmonic photonic crystal to manipulate the propagating plasmonic field on a micro 

scale. On a lager sub-millimeter scale, we experimentally validated the feasibility of 

Fourier plasmonics, demonstrating possibilities of miniaturizing the conventional bulky 

optical devices on small plasmonic chips. We ultimately integrate various photonic 

components on different scales and provide an approach for efficiently using resonant 

plasmonic phenomena to achieve nanoscale optical field localization. 
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Chapter 1  Introduction 

1.1 Motivation 

Nanophotonics is finding myriad applications to improve information technology, 

health care, lighting and sensing [1-4]. Over the past decades, nanophotonics has been 

rapidly growing with the recent advancement of fabrication technology on micro and 

nano scales. The complexity of for the miniaturization of future systems will increasingly 

rely on optical interconnections, where the efficient on-chip manipulation of light on 

different scales is necessary.  

Plasmonics [5], as one of the most important fields in nanophotonics, has great 

potential to revolutionize many applications in nanophotonics, including bio-sensing [6, 

7], imaging [8-11], lighting [12-15], photolithography [16-18] and magnetic recording 

[19, 20]. Surface plasmon polaritons (SPPs) are formed due to strong interactions 

between electromagnetic fields and free electron oscillations on the metal-dielectric 

interfaces [5] and can be highly confined near the interfaces and intrinsically localized in 

a small volume on different structured metallic chips. This nanoscale plasmonic field 

confinement can significantly reduce average power requirements for nonlinear optical 

processes (such as surface enhanced Raman scattering [6]) and enable sub-diffraction 

limited imaging and waveguiding. More importantly, the intrinsic SPP field localization 

can help to beat the conventional diffraction limit, thereby showing a potential for full 

optical confinement on the nanoscale in all three dimensions beyond the diffraction limit 

of optical fields. Therefore, compact integration of optical devices is achievable on 
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plasmonic chips, which is expected to bridge the gap between nanophotonics and 

conventional electronics technologies. However, there are still a number of fundamental 

issues that need to be investigated for plasmonic optical elements to realize sophisticated 

on-chip light manipulation on different scales for future technologies. 

To accomplish the practical functionalities for plasmonic optical elements, it is 

highly desirable to excite and control propagation of SPP fields in a systematic fashion as 

it is possible with optical fields both in free space and dielectric waveguides. It requires 

the design methodology available from the conventional Fourier optical devices, on-chip 

plasmonic metamaterial with novel material response and functionalities, as well as 

sophisticated chip-scale integration of different optical elements. This dissertation 

explores the electrodynamics of SPP fields on different structured metallic chips and 

demonstrates how to manipulate light from nano- to micro-scale on the structured 

plasmonic chips. The objective of this dissertation is to engineer metallic structures and 

plasmonic optical elements on the scale from nanometers to tens of microns. This work 

will first focus on (i) the development of metallic metamaterials that exhibit novel 

plasmonic properties and optical responses which reduce to (ii) wavelength scale 

plasmonic photonic crystals. Further increasing the scale leads to (iii) the demonstration 

of Fourier Plasmonics that realizes conventional Fourier optics to miniaturize bulky 

optical devices on a plasmonic chip, and finally (iv) describe a nanophotonic device that 

implements an on-chip deep sub-wavelength nanoscale optical field localization.  
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1.2 Dissertation organization 

The dissertation is organized as follows. Chapter 2 reviews the basics of SPP 

propagation on the metal-dielectric interfaces. This includes an overview of the 

fundamental propagating SPP field distribution, propagation characteristics, as well as a 

summary of commonly employed methods for optical coupling to these modes. In 

addition to propagating SPPs, we discuss the localized surface plasmons (LSPs) and their 

associated resonant characteristics as well as potential applications.  

Chapter 3 describes an approach on a deep subwavelength scale to manipulate the 

intrinsic properties of metals and therefore provide more freedom to design their 

supported SPPs. We report an artificial uniaxial birefringent metal that exhibits different 

dielectric polarizabilities along different optical axes as well as its supported optical 

anisotropy of SPP waves. This anisotropic birefringent plasmonic metamaterial 

establishes its optical plasmonic anisotropy as an SPP index ellipsoid can be observed. 

The generated plasmonic index ellipsoid that exists in reciprocal space has been directly 

mapped and characterized in our experiment.  

Chapter 4 presents that a designer plasmonic metamaterial that is also engineered 

on a deep subwavelength scale in visible optical frequencies overcomes SPP’s 

fundamental limitation of transverse magnetic (TM) polarized excitation, and allows 

transverse electric (TE) polarized incidence to be strongly coupled to surface plasmons. 

The experimental verification, which is consistent with the analytical and numerical 

models, demonstrates this extraordinary TE-plasmon coupling with efficiency close to 

100% that is far from what is possible through naturally available materials.  
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Chapter 5 develops an approach to control SPP fields on the order of a 

wavelength. We designed and fabricated a dielectric plasmonic photonic crystal for 

manipulating SPP fields. The band structure of SPP fields inside the plasmonic photonic 

crystal has been calculated using the plane wave expansion method and validated by full 

wave numerical simulations. The fabricated device was characterized using our far-field 

SPP imaging technique. The transmittance of incident SPP waves is about 5% at 1520 nm 

(a designed bandgap frequency), confirming the designed band structure. The results 

show, both experimentally and theoretically, a complete two-dimensional bandgap for in-

plane SPP waves. The SPP fields at frequencies within this specified 0.14 2a cω π -wide 

bandgap frequency range are forbidden to propagate through the plasmonic photonic 

crystal. 

Chapter 6 presents an in-plane Fresnel zone plate (FZP) for focusing SPP fields 

designed by Fourier plasmonics on the scale of tens of microns. The fabricated device 

consists of 400 nm tall by 5 nm wide amorphous Si-based SPP FZP on an Al film 

integrated with a pair of two-dimensional nanohole arrays for excitation of the incident 

and detection of the diffracted SPP fields. Diffracted SPP fields from each Fresnel zone 

constructively interfere at the expected focal point to produce focusing with 3-fold 

intensity enhancement. Temporal and spatial characteristics of the focused SPP fields are 

studied with time-resolved spatial-heterodyne imaging technique. Good agreement with 

average power measurements is demonstrated.  

Chapter 7 demonstrates use of several plasmonic resonant phenomena combined 

with strong field localization to enhance efficiency of confining optical fields in a Si 

waveguide. Our approach utilizes a plasmonic resonant nano-focusing-antenna (RNFA), 
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that simultaneously supports several focusing mechanisms in a single nanostructure, 

integrated with a lossless Si waveguide utilized with silicon-on-insulator (SOI) 

technology, to achieve a sub-diffraction limited focusing with a nanoscale (deep 

subwavelength) spot size. The metallic RNFA effectively converts an incoming 

propagating waveguide mode to a localized resonant plasmon mode in an ultrasmall 

volume in all 3 dimensions. The near-field optical measurements of the fabricated RNFA 

using heterodyne near-field scanning optical microscope (H-NSOM) validate the 

theoretical predictions showing strong optical field localization. 

Chapter 8 summarizes the major contributions of this work and discusses 

potential future research directions.  
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Chapter 2  Review of Surface Plasmon Polaritons 

In this chapter, we first review the basic optical properties of metals. We then 

discuss the properties of propagating SPPs at a planar metal-dielectric interface by 

solving the Maxwell equations with the proper boundary conditions. With the 

understanding of basic properties of SPPs, we then summarize several approaches for 

excitation of SPP modes, including coupling by both electrons and electromagnetic fields. 

Among them, we will emphasize two techniques for coupling light to SPP modes: the 

Kretschmann-Raether configuration and grating coupling, which are mainly used later in 

this dissertation. We then discuss the optical properties of metallic nanoparticles as well 

as their associated localized plasmonic fields. 

2.1  Optical properties of metals 

The optical properties of metals are usually described by the Drude model that 

was first proposed by Paul Drude in 1900 [21]. The model, based on the kinetic gas 

theory, assumes the microscopic behavior of electrons in a metal can be treated 

classically with a sea of independent electrons bouncing off heavier and relatively 

stationary positive ions with a common relaxation time γ . The frequency dependent 

dielectric function ε  can be expressed as: 

                                      ( )
2

2

p

i

ω
ε ω ε

ω ωγ
∞= −

−
,                                                 (2.1) 

where ε∞  includes the contribution of the bound electrons to the polarizability and 
p

ω  is 

the so called plasma frequency.  
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 With the plasma concept, the free electrons of metals can be viewed as moving in 

a positive charged background and the systems keep neutral macroscopically. Due to the 

movement of electrons and the interactions between different electrons, the system 

exhibits the fluctuation of the electron density microscopically. Because the interaction 

between electrons is Coulomb potential, the local electron density fluctuation can result 

in a long-range correlation of electrons in the entire system. Assume that every electron 

has a movement of x to the positive charged background, thereby resulting in an electric 

field: 

                                                             4E nexπ= ,                                                        (2.2) 

where n is the electron density. The recovery force on each electron is eE−  and the 

movement of electrons follows: 

                                                        2* 4m x ne xπ= −&& ,                                                    (2.3) 

where m* replaces the free electron mass me and it is obtained by approximating the real 

dispersion relation of the metal’s band structure in the limit of small k. All the electrons 

are therefore resonantly oscillating with the same frequency, the plasma frequency 
p

ω , 

                                                           
2

2 4

*
p

ne

m

π
ω = .                                                       (2.4) 

At the plasma frequency, all the electrons oscillate resonantly and this collective 

electron density resonance is called “volume plasmons”. An important extension of the 

plasmon physics has been accomplished by the concept of “surface plasmons”, when the 

infinite metal is terminated by a surface. We explore the properties of these surface 

plasmons on metal-dielectric interfaces in the next section. 
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2.2 Optical properties of SPPs on metal-dielectric interfaces 

The basics of SPPs propagation on a planar metallic surface are summarized by 

Raether [5]. The interface between the metal and the dielectric medium lies in the x-y 

plane as shown in Fig. 2-1. We assume SPPs propagation in the x direction with the 

electromagnetic fields exponentially decaying into the ± z directions. 

 

Fig. 2-1. The component Hy of the SPP mode at a smooth metal-dielectric interface. The 

electromagnetic eigen modes are TM polarized, and the fields are maximal at the interface (z = 0) 

and decay exponentially into both metals and dielectrics. 

The fields in two infinite half spaces can be described by the following TM wave: 

                          
( ) ( )( )
( ) ( )( )

, ,

,

E ,  0, exp

H 0,  , 0 exp

j x z j x z j

j y x z j

E E i k x k z t

H i k x k z t

ω

ω

= + −

= + −
,                              (2.5) 

where j = 1,2 represents the dielectric medium or the metal, respectively. The fields need 

to match at the interface (z = 0).  Hence, following Maxwell’s equations and continuities 

at the boundary, we can have the relationship of fields at the boundary: 

                                                        1 2
0

1 2

0z z
k k

D
ε ε

= + = .                                                 (2.6) 

Together with the relationship of fields in two different spaces: 



 

 

9 

                                                    

1 2
2

2

,z j j x
k k

c

ω
ε
  

= −  
   

,                                             (2.7) 

the wave vector 
x

k  is continuous through the interface and its dispersion relation can be 

expressed as: 

                                                        

1 2

1 2

1 2

x
k

c

ε εω

ε ε

 
=  

+ 
.                                                 (2.8) 

 

Fig. 2-2. Dispersion for SPPs on a smooth Ag film with different surrounding dielectrics. 

This dispersion relation ( )kω , see in Fig. 2-2, approaches the light line 1 cε ω  

at small 
x

k , but remains larger than 1 cε ω , so that SPPs has a longer wav vector than 

the optical wares with the same energy ωh : it is a non-radiative surface wave 

propagating along the metal surface. The value of ω  approaches 

                                                

1 2

11

p

spp

ω
ω

ε

 
=  

+ 
.                                                (2.9) 
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If assuming besides a real ω  and 1ε  that region 2 has a complex dielectric 

constant ( 2 2 2iε ε ε′ ′′= + ), we obtain a complex 
x x x

k k ik′ ′′= +  from Eq. 2.8: 

                                              

1 2

1 2

1 2

x
k

c

ε εω

ε ε

 ′
′ =  

 ′+ 
                                            (2.10) 

                                       

3 2

1 2 2

2

1 2 22( )
x

k
c

ε ε εω

ε ε ε

 ′ ′′
′′ =  

 ′ ′+ 
.                                     (2.11) 

The imaginary part of 
x

k , 
x

k′′  is responsible for the propagation loss of SPPs along the 

interface, with a characteristic propagation length 

                                             

3 2
2

1 2 2

0 1 2 2

( )1 1

2
spp

x

L
kk

ε ε ε

ε ε ε

 ′ ′+
= =  

 ′′ ′ ′′ 
.                                (2.12)  

This results from the non-zero imaginary part of the metal dielectric constant. It is highly 

desired to choose a metal with a high plasmonic resonance to increase the SPPs 

propagation length in the metal-dielectric interface. 

2.3 Excitations of SPP waves 

Electrons penetrating metals transfer momentum qh  and energy 0E∆ to the 

electrons of metals. The projection of q  upon the surface of the metal, 
x

k , determines the 

wave vector of the excited SPP waves. Together with the dispersion relation, the energy 

loss from the scattered electrons corresponding to the energy of excited SPP waves 

E ω∆ = h  can be detected. Therefore, fast electrons used to be a good tool to study the 

dispersion relation of SPPs [22, 23]. However, it is not convenient to reach the region of 
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small 
x

k  with electrons, either fast or slow, since the aperture of the electron beam can 

not be sufficiently reduced. 

More popular approaches to excite SPP waves are to directly couple light into 

SPPs. In this work, we are exclusively interested in excitation of SPPs by photons. This 

process meets the difficulty that the dispersion relation lies right from the light line, 

requiring larger wave vector for SPPs than the photons exciting them. The most 

commonly employed methods of coupling to SPPs include evanescent field coupling 

methods via a prism in the Kretschmann-Raether [24] and Otto [25] configurations and 

with a near-field scanning optical microscope (NSOM) tip [26]. Simply random surface 

roughness can also provide the momentum mismatch to excite SPPs [27] but grating 

coupling can be accomplished with a better coupling efficiency if the phase matching 

condition is satisfied for SPPs [28]. Among them, we will mainly introduce two schemes: 

the Kretschmann-Raether configuration using total internal reflection coupling and 

grating coupling. 

 

Fig. 2-3. Kretschmann-Raether configuration for coupling light to SPPs. 

In the Kretschmann-Raether configuration as shown in Fig. 2-3, light is incident 

to the metal from a prism. When the light is reflected at the metal-prism boundary with 
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the prism dielectric constant 3 1ε ε> , the projection of the wave vector on the surface is 

3 0 sinxk kε θ= , where θ  is the incidence angle. While this in-plane momentum is not 

sufficient to excite SPPs on the interface of the metal and the prism, if the metallic film is 

thin enough, electromagnetic field can evanescently couple to the surface mode on the 

other metal interface (e.g. metal-air) and excite SPPs at the incidence angle 0θ  when the 

phase matching condition is satisfied: 

                            1 2
3 0 0

1 2

sinx sppk k k k
ε ε

ε θ
ε ε

 
= = = 

+ 
.                                   (2.13) 

This type of SPP excitation can be realized with nearly 100% coupling efficiency. As a 

consequence, the minimal in the reflection spectrum corresponds to the maximum 

excitation of SPPs [29]. 

(b)

Λx

Λy

Kg,y = 2π/Λ

Kg,x = 2π/Λ

(a)

Λ Kg = 2π/Λ

 

Fig. 2-4. SEM images of (a) 1D metallic grating and (b) 2D metallic nanohole array with providing 

additional grating vectors for coupling light to SPP waves. 

 When light illuminates a metallic grating with a period of Λ as shown in Fig. 2-

4(a), the wave vector of the diffracted wave on the grating is modulated by the grating 

vectors as  

                                                       0 0sin
x g

k k mKθ= ± .                                              (2.14) 
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Integer number of the grating vectors 2
g

K π= Λ are added or subtracted from the 

projection of the incident optical filed wave vector 0 0sink θ  on the grating, according to 

the diffraction order m. Under the appropriate conditions that phase matching by 
g

mK  

can satisfy the SPP dispersion relation (
x spp

k k= ), the incident optical field can thus be 

converted to SPP waves on the metallic grating. 

The concept of grating coupling of SPP waves has been further extended with a 

two-dimensional (2D) metallic nanohole array [30], as shown in Fig. 2-4(b), in order to 

have more freedom in manipulation of SPPs excitation.  The incident optical field excites 

a SPP wave on the metallic nanohole array when the sum of its in-plane component of the 

wavevector and a combination of reciprocal lattice vectors satisfies the following phase 

matching condition: 

                                                    || , ,spp g x g y
k k mK nK= ± ± ,                                          (2.15) 

where  
spp

k  is the wave vector of the SPP wave, ,g x
K  and ,g y

K  are the grating vectors in 

the x and y directions, respectively, m and n are integers of diffraction orders of the 

excited SPP, and ||k  is the in-plane component of the incident wave vector and can be 

expressed as: 

                                        ( )|| 0
ˆ ˆxsin cos  + ysin cosx yk k k k θ φ θ φ= + =                           (2.16) 

for the square lattice. SPP waves excitation and propagation in such metallic nanohole 

arrays have been successfully imaged and elaborately studied with a far-field imaging 

setup [31, 32] that we will apply to the work in Chapter 5 and Chapter 6. The excitation 

of SPP waves on the metallic nanohole array can significantly enhance the optical 
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transmission through these subwavelength apertures and as a consequence, extraordinary 

optical transmission associated with SPPs and other resonant phenomena has been an 

important subject with extensive recent investigations [30, 33-40]. 

2.4 Localized surface plasmons 

Localized surface plasmons (LSPs) are collective electron charge oscillations in 

metallic nanoparticles when excited by light. Since the resonance here is limited to the 

nanoparticles, it is often called “localized” [41, 42] as comparing to propagating SPPs we 

discussed above. In the case of a nano-sphere, the corresponding condition for LSPs is 

given by [43] 

                                     ( ) 0

1
,      1, 2,3...

m

l
l

l
ε ω ε

+
= − =                                  (2.17) 

where the lowest mode l = 1 can be calculated from ( ) 02mε ω ε= − . These modes are 

radiative and the curved surface couples the modes with photons, so they are damped in 

addition to the internal damping by light emission.  

 This relation can also be obtained from calculating the polarization of a sphere in 

a uniform exterior electric field E0  

                                                    ( )
( )

( )
0

0

0

3

4 2

m

m

P E
ε ω ε

ω
π ε ω ε

−
=

+
.                                     (2.18) 

This equation is only valid in quasi-static electric regime as long as the sphere is much 

smaller than the free space wavelength. The field at the surface of the metallic sphere 

( 0 1ε = ) is  

                                               0 0 0

1 3
2

1 2

m m
s

m m

E E E E
ε ε

ε ε

−
= + =

+ +
,                                  (2.19) 
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which has a maximum for  2
m

ε ′ = −  and gives an enhancement of  

                                                         

22

0

3
s m

m

E
T

E

ε

ε

 ′ 
= =     ′′   

.                                         (2.20) 

This shows that the electric field on the metallic nano-sphere surface is typically a few 

orders higher than the incident optical field. Due to this significant field enhancement, a 

number of efforts have been carried on to apply LSPs to improve myriad optical 

nonlinear activities, especially in surface enhanced Raman scattering [44], enhanced 

fluorescence [45], etc. Different metallic geometries, such as metallic ellipsoids [46, 47], 

have been investigated to further improve the field enhancement and localization. It has 

also been suggested that electromagnetic energy can be guided below the diffraction limit 

through the near-field LSP coupling using an array of closely packed metallic 

nanoparticles [48-50]. The integration of LSPs with propagating SPP waves gives an 

additional knob to better control and excite LSPs on local metallic nanostructures [51].  

 Besides the dipolar electric LSPs we discussed above, a series of more 

complicated geometries, such as split ring resonators [52-55], metallic pairs [56, 57], 

have been intensively studied to demonstrate the localized magnetic resonance for 

realizing magnetic responses and negative permeability in optical frequencies. The 

simultaneous realization of both negative permittivity and negative permeability leads to 

negative index of refraction, bending the light in a wrong direction [58-60]. Imaging 

resolution improvement with negative refraction has been experimentally validated as 

shown in recently developed superlenses [8-10, 61]. 
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Chapter 3  Form Birefringent Metal and Its Supported 

Plasmonic Anisotropy 

3.1 Introduction 

Optical anisotropy refers to optical materials which possess polarizability that 

depends on the direction of propagation of electromagnetic fields. This phenomenon 

originates from atomic scale dipole moments that vary in space depending on the crystal 

lattice structure. The susceptibility and the corresponding polarizability of such media 

will vary in space depending on the propagation direction and the state of polarization of 

the optical fields propagating in such media. Consequently, such crystals possess indices 

of refraction that depend on the crystallographic lattice structure and in most general case 

are described in reciprocal space by an index ellipsoid in three dimensions [62, 63]. 

Optical anisotropy in dielectrics has been used to create various devices which found 

applications in displays, communication, storage, and computing. More recently, space-

variant polarizability of isotropic dielectrics has been achieved by creating a deep sub-

wavelength structure composed of two or more materials [64-67] such that in electrostatic 

field approximation it acts similarly to that of an anisotropic crystal, where the sub-

wavelength scale geometry can have average polarizability varying in three dimensions 

of the medium.  These structures called “form birefringence” have been also used for 

various applications to manipulate the polarization state of the fields in forms that are not 

possible with natural birefringent crystalline dielectrics [68, 69].  
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Recently, plasmonic phenomena that uses interaction of light and surface 

electrons on a metal-dielectric boundary has attracted attention due to its ability to 

strongly confine light near the interface and intrinsically localize light in small volumes 

[5]. The utilization of SPP can help to create optical field localization devices, enable 

novel functionalities on a nanometer scale. These devices, although lossy due to their 

physical origin, are making an impact on such uniquely suitable applications as nano-

imaging [8-10], label-free biochemical sensing [6, 7], nano-photolithography [16-18], 

and data storage [19, 20]. Note, that although the reported applications use isotropic 

plasmonic properties of metals, some applications [70] would be enabled by plasmonic 

anisotropy. However, in practice, it is difficult to realize optical plasmonic anisotropy 

because the optical properties of metals are isotropic. Here, we report a uniaxial form 

birefringent metal that exhibits different dielectric polarizabilities along different optical 

axes as well as its supported optical anisotropy of SPP waves. The generated plasmonic 

index ellipsoid that exists in reciprocal space has been directly mapped and characterized 

in our experiment. The discovery of this anisotropic plasmonic metamaterial further 

completes analogy between artificial plasmonic metamaterials and conventional optical 

crystals, thereby providing new opportunities to miniaturize myriad existing optical 

devices on-a-chip with plasmonics into nanometers scale 

3.2 Form birefringent metal 

A new type of artificial metamaterial consisting of metallic wires in a host 

dielectric medium has been proposed and analyzed using the effective medium theory 

[71]. The reported metal-dielectric composite acts as a slab with novel hyperbolic 
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dispersion properties that have been used to manipulate the propagating optical fields 

inside the slab, showing negative refraction [72, 73]. In this chapter, we propose and 

experimentally demonstrate for the first time a metal-dielectric composite metamaterial, 

in contrast to Refs. [72, 73], composed of dielectrics in a host metal that acts as an 

anisotropic uniaxial birefringent metal in the long wavelength approximation regime, 

supporting propagating SPP waves on the surface. Our metal-dielectric composite 

transfers its material birefringence to the SPP’s. We construct the effective index 

ellipsoid of such a metal-dielectric composite and show numerically and experimentally 

the corresponding SPP modes using the reciprocal space representations. 

 

Fig. 3-1. Form birefringent metal acting as an anisotropic plasmonic metamaterial: Schematic of a 

55 nm-thick Au from the birefringent metal with the designed parameters: dx = 140 nm, dy = 140 nm 

and r = 35 nm. 

The form birefringent metal acting as an anisotropic plasmonic metamaterial, 

schematically depicted in Fig. 3-1, is a two-dimensional (2-D) array of air nanoholes in a 

thin metal film implementing a deep subwavelength periodic structure with periods 
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differing in x and y directions. The effective dielectric constant tensor of this 

metamaterial can be described as: 

 

 0  0

0   0

0  0  

x

eff y

z

ε

ε ε

ε

 
 

=  
 
 

,                                                 (3.1) 

and using the effective medium theory the three diagonal elements are approximately 

expressed by [71] 
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d d d d

π π
ε ε ε

 
= − +  

 
, 

where 
m

ε and 0ε are the dielectric constants of metal (e.g., Au [74]) and dielectric 

medium in the nanoholes (e.g., air), respectively, r is the radius of nanoholes, and 
x

d and 

y
d are the periods of the deep subwavelength structure in the x and y directions, 

respectively. Since all three parameters in Eq. (3.2) are negative, the constructed 

metamaterial can be considered as an anisotropic metal. Therefore, it is evident that the 

different effective dielectric constants will inevitably result in different SPP eigen modes 

with their corresponding dispersion relations along the x and the y axes, thus creating 

optical anisotropy for SPP fields.  
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3.3 Experiment fabrication and measurement setup 

To validate our proposed anisotropic plasmonic metal-dielectric metamaterial, we 

use focused-ion-beam (FIB) milling to fabricate fine deep subwavelength features shown 

in Fig. 3-1 using an Au film on a glass substrate. The SEM micrograph of the fabricated 

structure is shown in Fig. 3-2. The excited SPP modes in the fabricated metamaterial are 

characterized in reciprocal space by analyzing reflection images (see Fig. 3-3) obtained 

from the glass substrate side of the samples inserted in an oil immersion microscope 

objective (MO) with high numerical aperture (NA=1.4). 

 

Fig. 3-2. SEM micrograph of the fabricated structure using FIB milling. 

A converging unpolarized spherical wave is used as an illumination function to 

code a wide-band angular momentum of the illumination function to a constant radial 

position within the illumination circle. Lens 1 and the microscope objective are used to 

construct a typical 4-f imaging system. Lens 2 is inserted against the image plane to 

perform a Fourier transformation of the information in the image plane (the coherence 

length for the 10 nm bandpass filter with the center wavelength of 540 nm is 29.16 µm 

and the maximum optical path difference in our setup is about 11.2 µm). The CCD 
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camera is located at the focal plane of lens 2 so that it can directly capture the 

corresponding Fourier transform, which represents the SPP’s index ellipsoid in the k 

space. Some of these spatial frequencies satisfy the phase matching condition and thus 

excite SPPs.  

 

Fig. 3-3. Measurement setup to directly image SPP’s index ellipsoid in reciprocal space in the far 

field, consists of a broadband source, an oil immersion microscope objective with NA=1.4, two 

lenses and a CCD camera. 
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3.4 Anisotropic surface plasmons 

Fig. 3-4 shows the numerically simulated and experimentally measured index 

ellipsoids of SPPs on the artificial form birefringent metal in reciprocal space at the 

wavelength around 540 nm. They are in a good agreement, with different effective SPP 

indices along different azimuthal directions, exhibiting anisotropic SPPs excitation. 

 

Fig. 3-4. Characterization of SPP’s index ellipsoid at the center wavelength of 540 nm. (a) 

Simulated SPP’s index ellipsoid in a representation of reflected power distribution in reciprocal 

space. (b) Experimental imaging of reflection from the metamaterial in reciprocal space. 

Since the image on the CCD is created by the reflected field (where the SPP on 

metal-air interface are also excited for rays with angular spectrum satisfying the SPP 

phase matching condition, the excited SPP index ellipsoid corresponds to a dip (i. e., loss) 

where the generated SPP undergoes material loss and consequently gets dissipated 

(similar to the Kretschmann-Raether configuration that uses prisms to excite SPPs [24]). 

The size of the obtained image is limited by the NA of our MO that corresponds to a free 

space wavevector of 1.4 k0. Note that the central dark ring in Fig. 3-4(b) (i.e., image of 

the phase ring inside the phase contrast MO) obscures some information but the 

information of interest here occurs at larger wavevectors. The bright circle represents the 
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boundary of the illumination at the angle corresponding to total internal reflection (TIR) 

when the transverse component of the illumination wavevector is k0. Outside this TIR 

circle, an elliptical dark ring caused by excitation of SPPs manifests the optical plasmonic 

anisotropy of the excited SPP waves. From this index ellipsoid, we can also retrieve 

experimentally the effective wavevectors of SPP modes propagating along x and y optical 

axes as well as other azimuthal angles. 

 

Fig. 3-5. Anisotropic SPP dispersion relations. Black and red symbols represent SPP’s wavevectors 

along the x and y directions, respectively. Solid curve, dashed curve and square dot correspond to 

the data retrieved from analytical calculations according to Eqs. (3.1)-(3.3), numerical simulations 

and experimental measurements, respectively. For experimental data, the error-bar in wavelengths 

indicates the bandwidth (10 nm) of the bandpass filters used in the experimental measurement. 

With considering the boundary continuity, the eigen vectors of SPPs along x and y 

axes yield 
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where 0k  represents the wavevector of light in free space. The experimentally measured 

wavevectors from Fig. 3-4(b) are integrated into Fig. 3-5 for comparison with the 

analytical calculations using Eq. (3.3) and numerical simulations in which the 

wavevectors of SPPs is determined as the positions of dips in the simulated reflection 

spectra. The index ellipsoid and SPP’s dispersion relations of wavevectors are measured 

as a function of optical wavelength by analyzing images obtained using a series of 10 nm 

bandpass interference filters in the spectral range of interest, i.e., from 540 nm to 680 nm. 

The plasmonic anisotropy in the range of interest attributes to the effective dipole 

moments engineered in an “artificial-atomic” scale with deep subwavelength features that 

vary in space depending on the crystal lattice of our form birefringent metal. The 

effective SPP indices in different directions vary since the plasmonic field interactions 

between unit cells strongly change with different duty cycles and dipole orientations, and 

thus manifest different averaged plasmonic E-fields in both individual unit cells and holes. 

 Polarized illumination was used to extract more detailed features and properties of 

the excited SPP modes on our form birefringent metal. Depending on the state of 

polarization of the illuminating field, only a fraction of SPP modes on the index ellipsoid 

will be excited. Both measured and simulated results are consistent with the results 

shown in Fig. 3-4 obtained with unpolarized illumination. When the polarization of the 

illumination field is along one of the optic axes (see Figs. 3-6(a), 3-6(b), 3-6(d) and 3-

6(e)), a symmetric SPP modes distribution with respect to the direction of the polarization 

is observed. Note, that the SPP wavevector propagating along the x direction has a 
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relatively larger wavevector but a smaller Quality factor with a wider spatial frequency 

bandwidth. When the illumination field is polarized at 45° with respect to the optic axes, 

the SPP modes distribution is clearly asymmetric along the x and y directions, suggesting 

plasmonic anisotropy. Data on SPP modes wavevectors extracted from Figs 3-6(c) and 3-

6(f) are found in good agreement with the results obtained with unpolarized illumination 

(Fig. 3-4) and other polarizations in Fig. 3-6. 

 

Fig. 3-6. Simulated and measured SPP index ellipsoids with different polarization orientations. (a)-

(c) Simulated reflection map in reciprocal space. (d)-(f) Experimental imaging of reflection in 

reciprocal space. The polarization states in ((a), (d)), ((b), (e)) and ((c), (f)) are oriented along the y, 

x and at 45° − axis, respectively.  

3.5 Summary 

Analog to optical birefringent crystals in nature, an artificial “form birefringence” 

metal has been constructed and shown to demonstrate different polarizabilities along 

different optical axes. This material anisotropy leads to optical plasmonic anisotropy of 

excited SPP modes. This novel optical plasmonic anisotropy is investigated using 
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analytic calculations, numerical simulations and experimental characterizations. 

Plasmonic index ellipsoid is observed and mapped directly in reciprocal space, 

demonstrating anisotropic dependence on the polarization state of the fields. This optical 

plasmonic anisotropy further completes the analogy between plasmonic metamaterials 

and conventional optical crystals, enabling construction of plasmonic optical devices for 

applications that rely on chip-scale nanoscale field localization. 

It is worth noting that the concept of “form birefringence” metal is not limited 

within the specific case shown above. The extension of this work to three dimensions 

also promises novel physics and applications. The 1D metamaterial is like the metallic 

wire grid polarizer that only acts as a metal when the state of the polarization is collinear 

with the axis of the wires. Therefore SPP index ellipsoid in reciprocal space only exists in 

a finite azimuthal angular regime centered symmetrically along wires. The 3D case can 

be designed more complicated to adapt more complex Bravais crystal lattices and thus 

realize a bi or multi-axial anisotropic metal that can support different SPP index 

ellipsoids on different cross-sections. The effective parameters of these form birefringent 

metals are decided by not only the designed geometries but also the index of dielectrics 

(e.g. air holes in this work). By filling high-index dielectrics in form birefringent metals, 

the effective plasma frequency of metals can be manipulated lower to the visible regime. 

Hence myriad important SPP phenomena currently demonstrated only in the UV regime 

such as superlensing [8-10] can be expected to construct in a much wider visible range 

with the emergence of “form-birefringence” metals. The effective plasma frequency of 

“form-birefringence” metals can be further actively controlled if the index of filled 

dielectrics is tunable. Therefore, “form-birefringence” metals provide more flexibility in 
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engineering inherent metal properties for complex homogeneous and inhomogeneous 

plasmonic devices that highly demand a wide-range adiabatic change of metal’s dielectric 

constant [75] and SPP’s index in optical circuit design.   
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Chapter 4  Metamaterial for Extraordinary Polarization 

Conversion in Plasmonic Excitation 

4.1 Introduction 

Due to the intrinsic transverse magnetic nature of plasmonic fields, however, 

SPPs efficient excitation is strongly constrained to TM polarized incidence, so that for 

unpolarized light, 50% of the energy that is TE polarized can not be utilized. Designer 

plasmons, also called spoof plasmons, refer to surface-plasmon-like waves on textured 

metal surfaces, which can be supported in periodic structures that may be made of perfect 

conductors [76-82]. Designer plasmons rely on evanescent or propagating modes inside 

the textured surface, with significant property variations for the two cases [76, 77]. The 

latter offers particular flexibility and can lead to surface modes with a very large wave 

vector. The existence of such plasmons can be attributed to the fact that the textured 

surface can be viewed as imposing an effective surface impedance, which can be 

artificially engineered by the structure geometrical parameters, such as the periodicity, 

duty cycle, and thickness of the metallic features. In the terahertz and microwave 

regimes, designer plasmonic metamaterials have been constructed to realize wave 

guidance and focusing [80, 81], as well as to engineer the slow wave characteristics of 

the guided microwave [82]. However, similarly to natural SPPs on metallic surfaces in 

the optical regime, such designer plasmons are also intrinsically TM polarized, and only 

the corresponding TM excitation has been demonstrated so far. 

Textured metallic surfaces with designer plasmons in the optical regime have a 

high potential to result in a number of unique phenomena due to possible interplay 
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between the plasmonic properties of metals and properties derived from structural 

features of the textured surface. The complexity of the resulting electromagnetic 

phenomena may provide great freedom to tailor SPP propagation as well as design a TE-

driven SPP, complementing the so far demonstrated TM-polarized excitation. In this 

chapter, we present, for the first time, an optical designer plasmonic metamaterial, which 

combines plasmonic properties of metals in optics and properties of designer textured 

surfaces typically observed for microwave structures. Such designer plasmonic 

metamaterial is engineered on a deep subwavelength scale in visible optical frequencies 

to overcome this fundamental limitation, and allows transverse electric (TE) polarized 

incidence to be strongly coupled to surface plasmons. The experimental verification, 

which is consistent with the analytical and numerical models, demonstrates this 

extraordinary TE to plasmon polarization conversion with efficiency close to 100%, far 

from what is possible through naturally available materials. This counterintuitive 

discovery will help to efficiently utilize the energy fallen into TE polarization and 

drastically increase overall excitation efficiency of future plasmonic devices. 

4.2  Optical designer plasmonic metamaterial 

The presented designer plasmonic metamaterial consists of Au stripes periodically 

arranged on a deep subwavelength scale, as shown in Fig. 4-1. So far similar 

metamaterials were analyzed only in two-dimensional (2D) configurations, and for the 

terahertz regime [77, 80, 82].
 
In contrast, in this study we operate in the optical regime, 

and consider an incident wave with a nonzero azimuth and elevation angles, requiring a 

fully three-dimensional (3D) analysis and physical understanding. The domain between 
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the top and bottom faces of the metamaterial acts as an array of metal-insulator-metal 

(MIM) plasmonic transmission lines [83], supporting plasmonic Bloch modes guided in 

the vertical direction. Because of the 3D nature of the problem, the modes are hybrid, 

consisting of both TM and TE polarized components. A combination of the modes guided 

in the upward and downward directions is required to satisfy the boundary conditions on 

the top and bottom faces of the metamaterials. Due to the extremely thin width of 

metallic stripes that is on the order of the skin depth, plasmonic modes in different MIM 

transmission lines are not independent and the introduced periodic potential makes a 

collectively oscillating plasmonic Bloch mode in the periodic array of transmission lines. 

In particular, the hybrid nature of the supported Bloch mode can provide mode overlap 

and bridge TE incidence and excited SP waves, thereby creating enhanced TE to plasmon 

coupling in the designer plasmonic metamaterial. 

 

Fig. 4-1. Optical designer plasmonic metamaterial: Schematic of enhanced TE to plasmon coupling 

with the designer plasmonic metamaterial. TE-polarized plane wave incidents from a glass substrate 

( n = 1.5) with the incident plane as the diagonal cross-section of the metamaterial slab and excites 

SPPs at the air/metamaterial interface.  
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Fig. 4-2. Design of the plasmonic metamaterial: (a) Simulated reflection spectra at 640 nm with the 

fixed thickness d = 55 nm and period Λ = 140 nm,  for different air slit widths w . (b), Simulated 

reflection spectra at 640 nm with the fixed period Λ = 140 nm and air slit width w = 40 nm, for 

different slab thicknesses d .  

Computer simulations have been performed to validate the proposed TE to 

plasmon coupling and to optimize the geometry parameters of the designer plasmonic 

metamaterial. For simulations and experiments we choose to use visible wavelengths 

varying from 540 nm to 680 nm with a focus on a detailed study at the wavelength of 640 

nm. Rigorous coupled wave analysis is employed to calculate reflection coefficients for a 

TE polarized plane wave incident from a high-index substrate ( n = 1.5) side. The 

geometry is optimized to achieve minimum reflection coefficient which in turn 

corresponds to maximum excitation efficiency of SPPs. We consider the case where the 

incident wave vector ( ), ,
x y z

K K K , has an in-plane projection along the diagonal, such 
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that || / 2x yK K k= = , and ||k  is the parallel wavenumber. Figs. 4-2(a) and 4-2(b) show 

the reflection coefficient as a function of the parallel wavenumber of the incident wave 

for different air slit widths and different slab thicknesses, respectively. We determine that 

the optimal geometry has a period of Λ  = 140 nm, slit width of w = 40 nm, and slab 

thickness of d  = 55 nm. The reflection coefficient is almost vanishing so that a nearly 

perfect (100%) TE to plasmon coupling efficiency with polarization conversion was 

achieved.  

4.3 Analysis of Bloch modes in metamaterial 

To gain deeper insight into the excitation mechanism of the TE-excited plasmon, 

we investigate the electromagnetic Bloch eigen modes propagating in the positive and 

negative z directions inside the metamaterial slab. As explained above, these modes are 

hybrid, but since the slab is a periodic layered medium in the x direction, the modes are 

either TM or TE with respect to x, denoted by TMx and TEx, respectively. The dispersion 

relation for the Bloch modes that propagate inside the metamaterial slab are obtained by 

imposing the boundary conditions at the interfaces, as well as the Floquet theorem with a 

periodic phase corresponding to the incident wave vector. The dispersion relation is then 

given by, 
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where the wavenumbers in the x direction are 2 2 2

, 0x i i y z
k k Kε β= − − , the impedances are 

0 , 0/
i x i i

Z k kη ε=  for TMx modes, and 0 0 ,/
i x i

Z k kη=  for TEx modes, 
i

ε  are the 

permittivities in each region, and a, mi =  for the air and metal, respectively; 0η  is the 

vacuum impedance. The dispersion relation can then be solved to obtain the complex 
z

β  

as shown in Fig. 4-3. 

 

Fig. 4-3. Complex 
z

β  plane shows the eigen values of Bloch modes inside slits of the metamaterial. 

Table 4-1. Complex wavenumbers 
z

β  normalized by k0 in the z direction of the two lowest modes 

(TMx and TEx) with different parallel wavenumbers sppk  for diagonal propagation of the designer 

SP, calculated at a wavelength of 640 nm. 

   Re( ksp) 

mode 

 

1.05 k0 

 

1.1 k0 

 

1.15 k0 

 

1.2 k0 

 

1.25 k0 

TMx 1.512-0.046j 1.496-0.047j 1.479-0.048j 1.461-0.049j 1.442-0.051j 

TEx 0.120-2.616j 0.119-2.634j 0.118-2.654j 0.117-2.674j 0.115-2.695j 

 

The lowest order mode is a TMx mode, which is a TEM-like mode in the slits. 

The second mode is a TEx evanescent-like mode. Their complex wavenumbers 
z

β  in the 

z direction vary as a function of the parallel in-plane wavenumber 
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( )2 2

|| spp x y
k k K K= = + ; values of 

z
β  for 

x y
K K=  are given in Table 1 for the two lowest 

modes (TMx and TEx) for different in-plane wavenumbers. The fundamental mode is 

TMx, and it has a dominant real part of its complex wavenumber 
z

β , such that it is 

mainly propagating. The higher order TMx modes, however, as well as all TEx modes are 

evanescent by nature, having a dominant imaginary part of 
z

β . Therefore, for large 

thicknesses, the fundamental mode is almost solely responsible for the power transfer 

above the slab, leading to the surface mode on the metamaterial surface.  

 

Fig. 4-4. The periodicity of the mode in thickness at different eigen vectors of SPPs retrieved from 

mode analysis (black) and simulations (red), exhibiting typical features of designer SPPs.. 

The angle of the dip viewed in reflection as a function of the slab thickness is thus 

expected to be periodic with a period of half the effective wavelength 

{ }0 / 2Re zd kλ β∆ =  . In other words, when increasing the thickness of the metamaterial 
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by d∆ , the excited SP modes will have the same in-plane wavenumber. This is shown in 

Fig. 4-4, where this quantity is calculated according to values of 
z

β  and compared with 

the exact period as a function of thickness variation. This periodic behavior is typical of 

designer SPPs [77]. 

4.4 Experimental fabrication and experimental setup 

To fabricate the designed optimized subwavelength structure, we used focused-

ion-beam milling of an Au film on a glass substrate. The SEM micrograph of the 

fabricated structure is shown in Fig. 4-5(b). The excited designer SPP modes in the 

fabricated metamaterial are characterized in reciprocal space by directly analyzing 

reflection images of SPPs’ index ellipsoids in the k space as shown in Fig. 4-5(a) (see 

details in Chapter 3). These images are obtained from the glass substrate side of the 

sample inserted in an oil immersion microscope objective (MO) with a high numerical 

aperture (NA=1.4). A converging polarized spherical wave is used as an illumination 

function to code a wide-band angular spectrum of the illumination. The size of the 

obtained reflection image at the back focal plane is limited by the NA of our MO that 

corresponds to a free space wavenumber of 1.4 0k . Note that the central dark ring in Figs. 

4-6(a)-4-6(c) (i.e., image of the phase ring inside the phase contrast MO) obscures some 

information, but the information of interest in our study lies at larger wavenumbers. The 

dark tails (reflection dips) in the reflected images correspond to excitation of the designer 

SPPs, similarly to the Kretschmann-Raether configuration that uses prisms to excite 

SPPs, and represent information about their index ellipsoids.  
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Fig. 4-5. Experimental configurations: (a), Measurement configuration that can directly capture the 

index ellipsoids by imaging the reflection in reciprocal space. (b), SEM micrographs of the 

fabricated metamaterial.  

 

 

Fig. 4-6. Measured index ellipsoid of designer SPPs at (a) 560 nm, (b) 600 nm, (c) 640 nm. 

These measurements are performed as a function of optical wavelength using a 

white light source in combination with a series of 10 nm bandpass interference filters in 
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the spectral range of interest, i.e., from 540 nm to 680 nm as shown in Figs. 4-6(a)-4-6(c) 

for wavelengths of 560 nm, 600 nm, and 640 nm, respectively. The polarizer is oriented 

at an angle of 45° with respects to the x direction. Therefore TM components are lying at 

the plane of 45°, while the incident plane of TE field is the plane of -45°. Thus the 

diagonals contain information about pure TE and TM components while the remainder of 

the space represents linear combinations of TE and TM incident waves. Since TE and 

TM are orthogonal, all the necessary information lies in the diagonals.   

4.5 Extraordinary TE to plasmon coupling 

The numerically simulated and experimentally measured index ellipsoids of the 

designer plasmon modes in reciprocal space are shown in Figs. 4-7(a) and 4-7(b), 

respectively, for a wavelength of about 640 nm. The detailed reflection spectra for TE 

and TM incidence have been extracted perpendicular (-45°) and parallel (45°) to the 

polarization, respectively, showing a good agreement between the experimental data and 

the simulation in Fig. 4-7(c). The extraordinary TE to plasmon coupling is observed as a 

sharp dip that occurs where its incident parallel wave vector satisfies the phase matching 

condition to excite the designer SPPs. However, in contrast to excitation of conventional 

SPPs, there is no pronounced dip in the reflectivity of TM polarization, indicating that 

surface waves are not generated. It is evident that a nearly perfect (100%) TE to plasmon 

coupling efficiency was achieved. 
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Fig. 4-7. Enhanced TE to plasmon coupling at 640 nm. (a), Simulated index ellipsoid of the excited 

surface mode in a representation of reflected power distribution in reciprocal space. (b), 

Experimental imaging of reflection from the metamaterial in reciprocal space. (c), Detailed 

reflection spectra retrieved from (a), (b) as TM (blue) is parallel and TE (red) is perpendicular to the 

incident polarization. Solid curves and hollow circles represent the results from simulation and 

experiment, respectively.  

The inherent nature of the surface mode supported by this extraordinary TE-

coupling has been further investigated using Finite Element Method (FEM) simulations, 

showing strong field confinement on the surface and exponentially decaying fields into 

the air, associated with this mode, as seen in Figs. 4-8(a)-4-8(c). Remarkably, although 

the polarization of the incident field is TE, the excited surface mode is almost entirely 

TM-polarized, as 
z

E  and the magnetic field transverse to the direction of propagation 

H⊥  are strongly dominant. The air slits act as a series of coupled transmission lines that 

efficiently transfer the power through the hybrid plasmonic modes (TMx and TEx) inside 

the metamaterial slab. TM-polarized components are generated due to the inherent hybrid 
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nature of these modes and provide highly efficient polarization conversion from the 

incident wave to the excited surface mode.  

 

Fig. 4-8. FEM simulations of the excited surface mode by TE incidence. (a), Field distributions of 

z
E in the diagonal cross-section and x-y plane, respectively. (b), Field mapping of the in-plane 

magnetic field component transverse to sppk , H⊥  (TM component). (c), Field mapping of the in-

plane magnetic field component parallel to sppk , ||H  (TE component), showing TM characteristics 

associated with designer SPPs.  

Fig. 4-9 shows the dispersion relation of the designer SPPs. The experimentally 

measured wavevectors from Fig. 4-6 at different wavelengths are compared with the 

wavevectors obtained by numerical simulations, which are the locations of the dips in the 

simulated reflection spectra of TE incidence. Similarly to conventional SPPs, the 

designer SPPs are associated with larger wavevectors at shorter wavelengths, 

asymptotically approaching the effective surface plasma frequency [76-79]. In the range 

of interest, the experimental and theoretical results are found to be in very good 

agreement, manifesting a broadband extraordinary TE to plasmon coupling of our 

designer plasmonic metamaterial. Although the optimum design was performed for the 
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wavelength of 640 nm, high coupling efficiencies are obtained in a range of over 100 nm 

(i.e., 70% at 540 nm and 90% at 680 nm), showing broadband operation. 

 

Fig. 4-9. Dispersion relation of excited designer SPP waves at the air/metamaterial interface. Solid 

curve and square markers correspond to data retrieved from numerical simulations and experimental 

measurements, respectively. For the experimental data, the error-bar in wavelengths indicates the 

bandwidth (10 nm) of the bandpass filters used in the experimental measurement.  

4.6 Summary 

The presented optical designer plasmonic metamaterial overcomes the inherent 

limitation of SPPs’ TM-polarization nature and supports highly efficient broadband TE to 

plasmon coupling. Our results are promising for improving the overall plasmonic 

excitation efficiency in a wide range of applications, including plasmon-assisted 

photovoltaics and on-chip plasmonic circuits. While the investigated geometry in this 
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work varies only in two dimensions, the optical fields vary in all three dimensions. Thus 

the plasmonic hybrid modes that facilitate the demonstrated phenomena become hybrid, 

in contrast to previously investigated 2D problems. Further complication of the geometry 

of such optical metamaterials to variations in 3D offers significant possibilities for 

creating designer metamaterials with counterintuitive optical responses. Engineered in the 

3D deep subwavelength “artificial molecules” of metamaterials, the plasmonic hybrid 

modes open a door to allow sophisticated nanometric linear and circular polarization 

mixing, as well as conversion and manipulation of optical guided and free space waves. 

This concept may be further extended to 3D layered structures [84, 85] by engineering 

the vertical connectivity between different layers, providing flexibilities in the design of 

novel nanophotonic structures. 
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Chapter 5  Plasmonic Photonic Crystal  

5.1 Introduction 

Photonic crystals are periodic optical nanostructures that are designed to affect the 

motion of photons in a similar way that periodicity of a semiconductor crystal affects the 

motion of electrons [86-88]. The strong photon scatterings can open a broad bandgap 

where the propagation of light is not allowed when the periodicity of photonic crystals is 

on the length scale of the wavelength. This property enables one to control light with 

amazing facility and produce effects that are impossible with conventional optics. The 

introduction of different defects can thus give rise to localized electromagnetic states: 

strong optical filed localization [89], linear subwavelength waveguiding [90], and other 

interesting applications.  

Although unique SPP properties has led to myriad plasmonic applications, 

excitation and control of SPP fields has not yet been advanced in a systematic fashion as, 

for example, for optical fields in free space and dielectric waveguides. Recent work on 

Fourier plasmonics, starts exploiting both refractive [91, 92] and diffractive
 
[93, 94] SPP 

devices. Moreover, SPP fields can be excited and manipulated by photonic crystal lattices 

(PCLs) similarly to that of light in photonic crystals made of dielectrics. For example, 

due to Bragg resonance at the boundaries of Brillouin zones, the SPP fields in a specified 

frequency range are forbidden to propagate through a periodic array of in-plane metallic 

bumps, which has been used to make waveguides with sub-wavelength confinement [95, 

96], high-efficiency Bragg reflectors [97] and resonators [98] for SPP fields. However, it 

is difficult, if possible, to analytically calculate the band structure of these metallic 
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plasmonic photonic crystals (PPCs) using conventional methods like the plane wave 

expansion (PWE) method [99] and the multiple scattering theory [100].  

In this chapter, we introduce a metallo-dielectric PPC, where the PCL is 

implemented in the dielectric material on the metal-dielectric interface. The band 

structure of the PPC has been theoretically calculated using the PWE method, exhibiting 

a complete wide two-dimensional (2D) bandgap for SPP fields. The experimental testing 

and numerical simulations of such a fabricated device confirm the band structure, 

validating our approach.  

5.2 Design of plasmonic photonic crystal 

 

Fig. 5-1. Schematic diagram of PPC’s geometry with design parameters a = 500 nm, D = 200 nm, 

and h = 400 nm. 

Fig. 5-1 shows the structural geometry of our PPC design consisting of a 2D array 

of high dielectric constant Si cylinders surrounded by low dielectric constant air on the 

surface of Al.  The Si cylinders are 200 nm in diameter and 400 nm in height, and they 

are arranged in a square mesh with a lattice constant 500a = nm. Since Si-Al and air-Al 

interfaces have different effective indices for in-plane SPP waves, the equivalent 
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potential diagram in quantum mechanics would correspond to an electron propagating in 

a real crystal or light propagating in photonic crystals. This periodic potential contrast can 

cause strong scatterings near the boundaries of Brillouin zones, thus modifying SPP’s 

dispersion and resulting in a complete bandgap caused by Bragg resonances.  

For propagating SPP waves along the x direction (see Fig. 5-1), there are 3 field 

components: Ex, Hy and Ez, which can be expressed as, 
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ε ε

ε ε
= =

+
, 2 2

0( )z xk k r kε= − , and 
m

ε , ( )rε  are permittivities of Al 

and air (or Si), respectively. These electric and magnetic field components are not 

independent as the eigenstate for one component is also the eigenstate for the other two 

components. Due to the boundary continuity, the Ez component has been chosen to form 

eigenfunctions and used to calculate the band structure of the PPC using the PWE 

method. Since most of SPP’s energy is confined on the surface, it is therefore reasonable 

to simplify Eq. (5.1) to consider Ez at 0z = , 

0( ) exp( )
z spp

E r E jk r= − ⋅ .                                             (5.3) 

For in plane SPP propagation, as reported [93, 94], the effective wave vector can 

be expressed as 
spp

k  with the still valid Helmholtz equation,  
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using Bloch theory, the eigen function of our PPC can be derived as 
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Fig. 5-2. Calculated band structure of the proposed PPC using the PWE method with 289 plane 

waves. A 0.14 2a cω π -wide 2D complete bandgap can be observed from 0.28 2a cω π  to 

0.42 2a cω π . 

For simplicity, we use Drude model for the permittivity of Al and since the band 

structure is only determined by the real part of the permittivities [101], we do not 
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consider the imaginary part of the permittivity (

2

2
1

p

m

ω
ε

ω
= − , where the plasma frequency 

p
ω  is 162.24 10× rad/s) [102]. The permittivities of air and Si are set 1 and 12.4, 

respectively. The calculated band diagram (see Fig.5-2) shows a complete 0.14 2a cω π -

wide 2D bandgap from 0.28 2a cω π  to 0.42 2a cω π . The complete 2D bandgap results 

from high contrast between air and Si cylinders in ( )
spp

rε . 

This band structure is next validated by full wave 3-dimensional (3D) finite 

element simulations (with 400 nm-high Si cylinders on the Al surface) using Comsol 

Multiphysics 3.4 as shown in Figs. 5-3(a)-5-3(c). An SPP wave, propagating from left to 

right, is launched at the left side of the simulation region. The periodic boundary 

condition is implemented in the vertical direction and the perfect matched layer boundary 

condition is applied on all other boundaries to eliminate the reflection. The permitivitty of 

Al is still described by the Drude model (

2

1
( )

p

m
j

ω
ε

ω ω γ
= −

−
) but with a damping 

coefficient 141.22 10γ = × rad/s [101]. We observe (see Figs. 5-3(a) and 5-3(c)) that the 

SPP wave can propagate inside the PPC in the second and the first bands at the 

frequencies of 0.48 2a cω π and 0.22 2a cω π . But in the bandgap occurring at the 

frequency of 0.39 2a cω π  (see Fig. 5-3(b)), strong attenuation can be observed and the 

SPP field propagation is forbidden. 
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Fig. 5-3. Full wave 3D finite element simulations show |Hy| of SPP waves propagating inside the 

proposed PPC at different frequencies: (b) 0.48 2a cω π (corresponding to the 2nd band); (c) 

0.39 2a cω π (corresponding to the bandgap); (d) 0.22 2a cω π (corresponding to the 1st band). 

5.3 Experimental fabrication 

For experimental validations we fabricated the sample using standard overlay E-

beam lithography method with the following steps as shown in Fig. 5-4: (1) A glass 

substrate was first cleaned and then coated with 5 nm thick Ti and 100 nm thick Al films; 

(2) a 1.5 µm thick polymethyl methacrylate (PMMA) layer was spun onto the metal plate 

and the designed PPC features were defined in PMMA by E-beam writing; (3) a 400 nm 
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thick film of amorphous Si was deposited over the PMMA mask; (4) using acetone lift-

off procedure, the Si-based PPC was formed on the Al film surface; (5) the entire sample 

was covered again with a 200 nm thick PMMA layer for the fabrication of two nanohole 

arrays, one to the left and the other to the right of the SPP PPC; (6) the PMMA was E-

beam patterned to create 200 µm × 200 µm nanohole arrays on a 1.6 µm square grid and 

with average nanohole diameter of 300 nm ; (7) the nanohole arrays were transferred to 

the Al film by wet chemical etching (E6 Metal Etchant), and PMMA was then removed 

using acetone.  

 

Fig. 5-4. Overlay E-beam lithography process to fabricate the designed PPC integrated with two 

nanohole arrays. 

The fabricated PPC consists of 20 and 80 lattice elements in the longitudinal and 

the transverse directions of the propagating SPP field, respectively. The SEM micrograph 

of the Si-based PPC on the Al film is reproduced in the inset of Fig. 5-5. As shown in Fig. 

5-5, there are two identical nanohole arrays integrated at different sides of the PPC for 

excitation and detection of SPPs: array #1 is used to couple light into SPPs and the 

excited SPP wave is normal incident to the PPC, and array #2 is used to couple SPPs 

back to the free space for the detection of the transmitted SPP wave through the PPC 

lattice.  
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Fig. 5-5. SEM micrographs of the integrated structure consisting of nanohole array #1, a PPC, and 

nanohole array #2: the PPC is fabricated by deposition of amorphous Si on Al/air interface; 

nanohole arrays #1 and #2 are fabricated in Al film and used for excitation (left) and detection 

(right) of the corresponding incident and transmitted through the PPC lattice SPP fields.  

5.4 Characterization results 

The integrated device was characterized using our far-field SPP detection system 

at the wavelength of 1520 nm ( 0.33 2a cω π ) [31, 32], as shown in Fig. 5-6. Incident 

light used for excitation of SPP waves in nanohole array #1 was polarized at 45° in the 

Cartesian coordinate system of the nanohole array grid. A 20X microscope objective 

(MO) is used to generate a narrow incident SPP beam on array #1. The SPP field 

transmitted through the PPC was radiated on nanohole array #2 and the scattered free 

space modes were collected by a 10X MO, transmitted through an orthogonally oriented 

polarization analyzer and imaged by a lens onto a charge-coupled detector (CCD) camera 

for detection and analysis.  The pair of the crossed polarizer and analyzer is to increase 

the signal to noise ratio by removing the directly transmitted light. 
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Fig. 5-6. Experimental setup that measures the transmission characteristics of PPC for SPP waves . 
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Fig. 5-7. (a), (b) Measured SPP time-averaged intensity maps as the SPP field is excited in nanohole 

array #1, propagates through the PPC and the transmitted SPP scatters from nanohole array #2 at 

1520 nm ( 0.33 2a cω π ). (c), (d) Numerical mappings of |Hy| of SPP waves propagating inside the 

proposed PPC at 0.33 2a cω π . The SPP waves are incident along the PPC’s lattice orientations: (a), 

(c) [1, 0] and (b), (d) [1, 1]. The insets in (a) represent the unperturbed SPP propagation on a 

continuous nanohole array (top) and SPP’s propagation through a PPC with 1000a = nm (thus the 

working wavelength is located in the first band) (bottom). Note that the simulations in (c) and (d) 

use periodic boundary conditions and provide insight to the field penetration into the PPC lattice, 

showing performance consistent with experimental results.  

The experimental validations for both [1, 0] (Г-X) and [1, 1] (Г-M) PPC lattice 

orientations and their comparisons with computer simulations are summarized in Fig. 5-

7. Figs. 5-7(a) and 5-7(b) show the measured SPP time-averaged intensity maps as the 

SPP field is excited in nanohole array #1, propagates through the PPC and the transmitted 

SPP scatters from nanohole array #2 (see the labeled regions). The width of the excited 

SPP beam is about 10 µm-wide and its convergence is well controlled within a half-angle 

of 2°. Note that the SPP excitation spot in nanohole array #1 is not in the field of view of 

the images shown in Figs. 5-7(a) and 5-7(b), (i. e., the excited SPP waves enter the left 

boundaries on the images). The PPCs in Figs. 5-7(a) and 5-7(b) are fabricated for 
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operation with normally incident SPP fields to propagate along [1, 0] (Г-X) and [1, 1] (Г-

M) orientations of the PPC lattices, respectively. Since the ratio between the measured 

out-coupled intensities can represent the ratio between SPP energies at different spots, we 

calculated, from the experimental data, the ratio between out-coupled SPP intensities at 

two spots, right before and after the PPC, to evaluate the transmission coefficients. The 

measured transmittances are about 5.4% and 5.8%, respectively, that are about 6 times 

less than the transmittance observed with a 400 nm high Si slab on an Al surface. To have 

visual comparisons, the insets in Fig. 5-7(a) show the image of unperturbed SPP 

propagation on a continuous nanohole array (top) and SPP’s transmission through the 

first passing band of another PPC with 1000a = nm. For both PPC orientations shown in 

Figs. 5-7(a) and 5-7(b), the incident SPP waves can not propagate through the PPC, since 

the wavelength of 1520 nm ( 0.33 2a cω π ) lies within the complete band gap of the PPC 

as expected from Fig. 5-2. Numerical simulations in Figs. 5-7(c) and 5-7(d) also confirm 

our measured results, showing strong attenuation inside the PPC for both lattice 

orientations. However, it should be noted that compared to numerical simulation at 

0.33 2a cω π  (see Fig. 5-3(b)), the SPP fields at 0.33 2a cω π  decay slower (see Fig. 5-

7(c)) although the value 0.33 2a cω π  lies closer to PPC’s midgap frequency. This might 

be due to lower effective index caused by finite height of Si cylinders that is about 4 

times shorter than the SPP’s evanescent tail extending into the dielectric medium. Lower 

effective index can cause blue shift of PPC’s band structure. Since the propagation of the 

SPP waves is inhibited in both [1, 0] (Г-X) and [1, 1] (Г-M) orientations of the PPC 
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lattices, it is evident, both theoretically and experimentally, that our PPC contains a 

complete 2D bandgap for in-plane SPP fields. 

5.5 Conclusion 

In summary, a PPC, that can modulate the propagation of in-plane SPP waves, has 

been designed, fabricated, and validated experimentally. The band structure has been 

calculated using the PWE method with proper approximations. It shows a complete 

0.14 2a cω π -wide 2D band gap. This complete band gap is verified by full wave 3D 

numerical simulations using the actual geometry of the fabricated device, and confirmed 

by experimental characterizations. For the future, our metallo-dielectric approach to PPC 

with an appropriate design of the desired band structure will allow more accurate design 

and realization of PPC-based on-chip waveguides, reflectors and resonators. In addition, 

numerous phenomena that have been observed in conventional dielectric photonic 

crystals, including super-prism [103], self-collimation [104], and negative refraction 

[105] can be also demonstrated for SPP waves. 
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Chapter 6   Fourier Plasmonics  

6.1 Introduction 

One unique property of the SPPs is their high confinement near the interface and 

intrinsically localized in a small volume, recently widely utilized in optical devices for 

subwavelength electromagnetic wave-guiding, label-free biochemical sensing, nano-

photolithography and data storage. SPP-based S-bends, Y-splitters, Mach-Zehnder 

interferometers and waveguide-ring resonators have also been demonstrated [106, 107]. 

Additionally, SPP wavelength can be shorter than the wavelength of light in surrounding 

media, leading to applications in sub-diffraction-limited in-plane microscopy. Sub-

diffraction-limited imaging can in principle be realized by negative refractions to recover 

the high spatial frequency information carried by the evanescent wave. However, in-

plane SPP microscopy offers, arguably, a more promising alternative to accomplish this 

goal due to the challenge in fabricating negative refraction materials in the visible 

spectrum. In the past, far-field microscopy combined with the in-plane image 

magnification by SPP, was suggested [108]. More recently, an negative refraction SPP 

hyperlens was implemented with resolution on the order of 0
7λ , far beyond the 

diffraction limit [109]. However, the challenge remains to excite and control propagating 

SPP fields in a systematic fashion as is possible with optical fields both in free space and 

dielectric waveguides. For example, it would be of great interest in biomedical research 

to create a confocal microscope with sub-diffraction limited resolution exploiting focused 

SPP fields. 
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To date, several groups have demonstrated for SPP focusing. A converging SPP 

wave has been obtained by coupling a laser beam to SPP via an array of concentrically 

arranged circular metallic slits [110, 111], other in-plane structures [112, 113], or by 

coupling a converging beam via a 2-dimensional rectangular nanohole array [32]. SPPs 

have also been localized at the sharp end of a tapered plasmonic waveguide [114-116].
 

Other authors have used refractive elements (e.g. a traditional lens [91] or a negative 

refraction superlens [117]) placed directly on top of the metallic film to focus SPP waves 

by introducing quadratic phase. In this Letter, we report another focusing approach using 

an in-plane SPP Fresnel zone plate (FZP) [118]. We provide design rules for the 

construction of such an FZP, and demonstrate experimentally the diffractive focusing of 

SPP fields in the plasmonic structures fabricated according to these design rules. 

6.2 Design and fabrication of in-plane SPP FZP 

A conventional optical binary amplitude FZP consists of a series of concentric 

rings, known as Fresnel zones that alternate in transmittance between transparent (i.e., 1) 

and opaque (i.e., 0). An adaptation of FZP for in-plane SPP focusing is illustrated 

schematically in Fig. 6-1. Consider the diffraction of an SPP plane wave impinging on 

this structure from the left. Constructive interference of SPP fields is obtained at a focal 

distance f from the FZP when Fresnel zone radii 
m

r  satisfy 

                                          

2 2

4

spp

m spp

m
r m f

λ
λ= + ,                                            (6.1)  

where m is an integer, and 
spp

λ is the SPP wavelength. For a planar FZP, 
m

r are boundary 

positions where transmittance changes between transparent and opaque.  
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Fig. 6-1. Schematic diagram of SPP FZP geometry and design parameters. 

In our experiments, a 12-zone SPP FZP with zone radii given by Eq. (1) was 

constructed at an Al/air interface for operation at a free space wavelength of 1.55 µm 

(corresponding to
spp

λ = 1.547 µm) and a focal length f =80 µm. As in previous work [31, 

32], nanohole arrays were integrated on both sides of the device for launching SPP waves 

and visualizing their propagation. 

The sample was fabricated by standard overlay E-beam lithography as that in 

Chapter 5: (1) A glass substrate was first cleaned and then coated with 5 nm thick Ti and 

100 nm thick Al films; (2) a 1.5 µm thick polymethyl methacrylate (PMMA) layer was 

spun onto the metal plate and 5 µm wide FZP features were defined in PMMA by E-

beam writing; (3) a 400 nm thick film of amorphous Si was deposited over the PMMA 

mask; (4) using acetone lift-off procedure, the Si-based FZP was formed on the Al film 

surface; (5) the entire sample was covered again with a 200 nm thick PMMA layer for the 

fabrication of two nanohole arrays, one to the left and the other to the right of the SPP 

FZP; (6) the PMMA was E-beam patterned to create 200 µm × 200 µm nanohole arrays 

on a 1.6 µm square grid and with average nanohole diameter of 300 nm; (7) the nanohole 
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arrays were transferred to the Al film by wet chemical etching (E6 Metal Etchant), and 

PMMA was then removed using acetone. SEM micrographs of the final product, showing 

the FZP and both nanohole arrays on the Al film, are reproduced in Fig. 6-2. 

 

Fig. 6-2. SEM micrographs of SPP FZP fabricated by deposition of amorphous Si on Al/air 

interface; also seen are the integrated arrays of nanoholes in the Al film for SPP field excitation 

(left) and detection (right).  

6.3 Characterization of diffractive focusing of in-plane SPPs 

The fabricated in-plane SPP FZP was tested with our far-filed spatial imaging 

technique operating with mode-locked 200 fs ultrashort laser pulses at a center 

wavelength of 1.55 µm, as shown in Fig. 6-3.
 
The average field intensity map of SPPs 

was first taken to characterize SPPs diffractive focusing due to the FZP. 

 

Fig. 6-3. Experimental setup for far-field imaging of in-plane SPP propagation via the grating 

coupling method. 
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Incident light was polarized at 45° to the nanohole arrays, and re-radiated field 

was detected with an orthogonally oriented polarization analyzer. Laser light was focused 

through a 5X microscope objective onto the input nanohole array to the left of the FZP at 

normal incidence. The lattice constant of hole arrays was chosen close to the SPP 

wavelength so that [±1, 0], [0, ±1] SPP modes were excited, with [1,0] mode directed 

toward the FZP. The incident SPP was converging at a half-angle of 2°, negligible 

compared to the 27° convergence half-angle introduced by the FZP. (The alignment of 

the objective was verified using a different area of the same sample). The excited SPP 

wave had a transverse width of about 80µm. Diffraction at the SPP FZP and subsequent 

interference resulted in focusing of the transmitted SPP at a particular location in the area 

of the output nanohole array to the right of the FZP. This detection nanohole array caused 

SPP to radiate into far field, where an image was finally captured with a 10X microscope 

objective coupled to a CCD camera.  

 

Fig. 6-4. (a) Measured SPP time-averaged intensity map over the nanohole array to the right of the 

FZP, showing +1-st order diffractive focusing and -1-st order diffractive fringes. Dashed white line 

indicates the left edge of the nanohole array. The FZP is located at x=-110 µm. Inset: Schematic 

diagram of the FZP and the nanohole array. (b) Post-processed image obtained from (a) by 

compensating for radiative loss.  



 

 

60 

The result of this measurement, shown in Fig. 6-4(a), represents the intensity map 

of SPP over the output nanohole array. The +1st-order FZP focal point is clearly seen at 

27x = − µm, 83 µm away from the FZP (located outside the image at x=-110 µm, 20 µm 

to the left of the white dashed line indicating the edge of the nanohole array). The 83 µm 

measured focal length is in good agreement with the 80 µm expected from Eq. (6.1). 

Fringes due to the diverging -1st-order of the FZP are also visible.  

The intensity map in Fig. 6-4(a) also reveals the rapid attenuation of SPP waves 

as they propagate from left to right across the nanohole array. The second nanohole array 

is introduced only for visualization purposes, and, in principle, would not be necessary in 

in-plane imaging applications. It is therefore informative to compensate for the radiation 

losses caused by this array in post processing. To this end, we assumed that, absent 

radiation and material loss, the SPP’s energy flow would be conserved, i.e., the 

integration of the measured intensity of the scattered SPP waves along the y direction 

would be the same at different x locations. Then the calculated material loss of Al (SPP 

propagation length ~322.5 µm at 1.55 µm wavelength) was added back to show the SPP 

intensity map predicted without the radiation loss in the area of the detection nanohole 

array. It is seen in Fig. 6-4(b) that, if the detection nanohole array is not present, SPP 

intensity at the focal point may be expected to be about 3 times that of the input SPP 

wave.  

6.4 Analysis using conventional Fourier optics 

The effectiveness of the in-plane SPP FZP described in this Chapter is limited 

somewhat by the fact that even its opaque zones are partially transparent. This is due to 
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the technical difficulty of fabricating Si-based FZP higher than several microns using the 

lift-off method in our fabrication technique. The evanescent tail of SPP fields in air 

extends further than the height of the FZP, and therefore a fraction of the incident SPP 

fields is able to transmit through the FZP opaque zones. Consequently, part of the SPPs 

"sails over" the Si barrier, the designed opaque zones of the in-plane SPP FZP. 

Experimentally, about 30% transmission was observed through those ‘opaque’ zones of 

FZP, a figure consistent with our finite-element numerical simulations. This defect can be 

taken into account by generalizing the standard Fourier optics expression for the FZP 

diffracted fields [108] to include contributions from both the transparent and the opaque 

zones of the FZP,  

                2

0 0 0 0

exp( )
( , ) ( ) exp( ( ) )

2

spp spp

spp T

ik x ik
u x y u y y y dy

i x xλ
= −∫∫  

                                  2

0 0 0 0

exp( )
0.3 ( )exp( ( ) )

2

spp spp

spp O

ik x ik
u y y y dy

i x xλ
+ −∫∫ .          (6.2) 

SPP intensity 
2

( , )u x y  at the focal plane ( 80f = µm) calculated from Eq. (6.2) is 

plotted in Fig. 6-5(a), and agrees well with the measured result in Fig. 6-5(b) that was 

taken from the transverse direction at the focusing spot in Fig. 6-4(a). The data shown in 

Fig. 6-5 are normalized by the maximum values in the figure, i.e., the intensity of the 

focusing spot. The reasons for the small discrepancy probably include the error of Fresnel 

approximation due to steep focusing geometry, and the rough estimate of the 

transparency of the opaque FZP zones. Therefore, methods of conventional Fourier optics 

can be applied to describe in-plane diffraction of SPP waves, providing possibilities of 

miniaturizing bulky optical devices on plasmonic chips.  
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Fig. 6-5. SPP intensity profile in the focal plane computed by the Fresnel diffraction method (a) and 

found experimentally (b). 
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6.5 Temporal-spatial measurement of in-plane SPP focusing 

 

Fig. 6-6. Experimental setup incorporating a ultrashort pulse laser for temporal-spatial amplitude 

measurement of SPP waves. 

In addition to average power measurement (Figs. 6-4 and 6-5), temporal-spatial 

amplitude distributions of the SPP waves were further investigated with our time-

resolved spatial heterodyne imaging technique as shown Fig. 6-6 [32]. Interference 

patterns between a reference beam and far-field radiation of SPP passing over the 

nanohole array were captured at 150 different time delays, with about 6 fs separation 

between adjacent frames.  

 

Fig. 6-7. Temporal evolution of spatial amplitude of the scattered SPP fields from the detection 

nanohole array (ranging from x=-100 µm to x=100 µm). (a) The converging SPP wave observed 

when the SPP pulse just enters the hole array. (b) The SPP pulse reaching its focal point after about 

220 fs. (c) The SPP pulse diverging past the focal point.  
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Figs. 6-7(a)-6-7(c) show field magnitude spatial maps at times τ =0 fs, 220 fs, and 

650 fs. Propagation of the SPP wavepacket from left to right over time is clearly 

visualized. The packet is also seen to converge to the optical axis at the focal point and 

diverge again thereafter. We also observed that the SPP focal spot can be moved by slight 

adjustment of the angle of incidence and the quadratic phase of the incident laser beam. 

This phase-controlled strategy can be helpful for in-plane microscopy applications. 

6.6 Conclusion 

In summary, an in-plane FZP for diffractive focusing of SPP fields on an Al/air 

interface was designed and fabricated. In-plane diffractive focusing of SPP was 

demonstrated and quantitatively characterized. The temporal and spatial characteristics of 

the focused SPP fields were experimentally analyzed using time-resolved spatial-

heterodyne imaging technique. The measured time-resolved spatial amplitude images 

provide additional insight and confirm both the analysis and the measured average power 

results. The FZP focused SPP fields down to a focal point on a flat metallic film surface 

and concentrated the incident power of the SPP. This power concentration may help 

improve the contrast and longitudinal resolution of SPP in-plane microscopy, as well as 

facilitate interesting SPP-based nonlinear effects such as surface enhanced Raman 

scattering (SERS) [115]. In addition to the refractive plasmonics, our work on SPP 

diffraction, leads to a direction of research on Fourier plasmonics, exhibiting great 

opportunities and capabilities of miniaturizing the conventional bulky optical devices on 

small plasmonic chips. 
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Chapter 7    Nanoscale Optical Field Localization by 

Resonantly Focused Plasmons 

7.1  Introduction 

Nanoscale field confinement enabled by plasmonic phenomena has great potential 

to revolutionize many applications in nanophotonics, including bio-sensing, imaging, and 

magnetic recording . Many metals in the optical frequency regime behave as electron 

plasmas, which below the plasma resonance frequency are characterized by a negative 

(real part of) permittivity. This property is equivalent to having a positive quantum 

mechanical potential as opposed to negative potential corresponding to dielectric 

materials [119]. Metal-dielectric surfaces can thus support SPPs, which are 

electromagnetic modes, extending evanescent fields from both sides of the interface [5]. 

Various schemes using propagating surface plasmon polariton (SPP) waves have been 

suggested [32, 101, 110-113]. For properly chosen parameters, the effective index of the 

SPP modes can be considerably higher than the index of the surrounding dielectric media. 

The thin metallic structures can support high effective index anti-symmetric (short-range) 

SPP modes and thus strong field localization [114, 115, 120, 121]. However, this is 

achieved on the expense of an intrinsically high power loss associated with SPP 

propagation in such high effective index structures, restricting their practical applications. 

Localized surface plasmons (LSPs), which are associated with collective oscillations of 

free electrons in a metal particle [5, 42, 122-124], are arguably a better sub-diffraction 

limited focusing alternative to adiabatic SPPs due to their smaller domain of 
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confinement. Additional ultra-strong confinement can be achieved using transverse 

electromagnetic (TEM) fields supported by small gaps between metals [125-127]. 

7.2  Geometry of resonant nano-focusing-antenna 

It is highly desired to have an optical nanostructure that can simultaneously 

support all focusing mechanisms that we describe above and thus produce a single nano-

focusing spot with strong field localization. In this letter, we introduce a novel plasmonic 

resonant nano-focusing-antenna (RNFA) geometry for efficient field nano-focusing and 

localization that simultaneously uses three physical mechanisms: LSPs [42], thin metallic 

wedge localization of SPP with high effective index [114, 115, 120, 121], and TEM field 

localization [125-127] (see Fig. 7-1). We fabricate the RNFA nanostructure and for the 

first time experimentally demonstrate sub-diffraction limited focusing with a nanoscale 

(deep subwavelength) spot size. The LSPs, thin metallic wedge localization, and TEM 

field localization in RNFA provide ultra-high confinement (on the order of 25 nm), while 

simultaneously allowing increasing the overall efficiency of the localized fields due to the 

resonant nature of LSP and associated large stored near-field energy. 

 

Fig. 7-1. The proposed novel RNFA nanostructure allows simultaneously achieving three optical 

field localization mechanisms realized with plasmonic phenomena using the corresponding 

realization geometries: resonant LSPs in nano-disks, thin metallic wedge localization of SPP fields, 

and TEM field localization in nano-antennas.  
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LSPs are special electromagnetic eigen modes associated with free electron 

longitudinal vibrations, exhibiting resonant singularity in spectra such as Mie resonances 

for small metallic spheres. LSPs on the nano-disk are associated with vibrating electrons 

on the disk sidewall and they follow the Born-von-Kármárn periodic boundary condition 

for LSPs that requires that an electron must oscillate in phase after the plasmon wave has 

experienced an entire round loop. While LSPs on the nano-disk structure already lead to 

strong field confinement, a significantly smaller field localization spot size can be 

achieved by introducing the field edge localization by sharpening the nanodisk. The 

effective index near the sharp edge can be very high (corresponding to a very low 

potential) thereby resulting in strong plasmonic field localization. The plasmonic fields 

on two sharp thin metallic wedges of the RNFA in Fig. 7-1 are strongly coupled and they 

support nearly uniformly distributed TEM type fields regardless of the gap size. These 

TEM fields are similar to the strong fields obtained at the feed points or small air gaps in 

dipole, bow-tie, and other small antennas. The gap operates as a capacitor that is known 

to confine strong fields even in the static regime. Such a nano-capacitor strongly confines 

the plasmonic fields, already enhanced due to the LSP and the sharp thin metallic wedge 

localizations. 

It should be noticed that though our RNFA geometry looks, in the general shape, 

similar to the nano-crescent-moon that has been investigated [123, 124], the physics 

behind our structure is quite different. In all prior work, two edges of the nano-crescent-

moon are independent. This discontinuity in the structure actually destroys the continuity 

of the excited plasmon mode. As a result, the localized surface plasmon resonance in the 

nano-disk, which is continuous in both structure and plasmon wave mode, can not be 
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reproduced by their nano-crescent-moon. Their nano-crescent-moon is only in the level 

of the deformation of conventional taper focusing structures (like Refs. 114, 115, 120, 

121). Our novel contribution introduces the idea of a dipole wire antenna from 

microwaves to overcome the issue of the structure discontinuity, and perfectly 

reproduced the localized surface plasmon resonance in the nano-disk (see Fig. 7-4), 

thereby simultaneously realizing 3 localization mechanisms. As we mentioned above, the 

novel focusing effect is drastically enhanced by coexistence of all 3 localizations (the 

performance can be degraded drastically if one of them is missing). For instance, the 

intensity of the focusing spot in our RNFA is about 6, 6, and 2 times better compared to 

the localization spots on a metal nanodisk (see Section 7.4), a nano-crescent-moon (if the 

same size of the crescent wedge is applied) [123, 124] and a dipole plasmonic nano-

antenna [126], respectively. On the other hand, this strong intensity in our RNFA is 

obtained at only a single spot. Other structures reported in literatures have multiple 

localization spots, e.g. a dipole plasmonic antenna has two localized spot at its two ends 

or a nano-disk results in at least two-spots. This obtained functionality is important for 

applications like sub-diffraction limited confocal microscopy. 

7.3 Integration of plasmonics with Si photonics 

Our experimental apparatus consists of a lossless Si waveguide integrated with 

the gold RNFA nanostructure to deliver TEz-like electromagnetic wave (x-polarized light 

becomes y-polarized after the bending area of the waveguide) to the RNFA and excite the 

LSPs (see Fig. 7-2). To our knowledge, this is the first integration of Si dielectric 

waveguide with single localized plasmonic element, and this integration provides 
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interconnection to and from the nanoantenna, enabling unique plasmonic features (like 

strong field focusing on nanoscale) that are currently unprecedented in conventional Si 

photonics. The experiments are designed for operation in the near infrared 

telecommunication optical spectrum range (~1550 nm). Top faces of the RNFA and 

waveguide are leveled to efficiently excite resonant LSP around the RNFA as well as 

easily detect the generated LSP outside the Si waveguide using heterodyne near-field 

scanning optical microscope (H-NSOM) (see insets of Fig. 7-2). 

 

Fig. 7-2. The proposed realization of the experimental setup consisting of monolithically integrated 

single gold RNFA, placed at the center of a 1 µm-wide Γ-shaped Si waveguide fabricated using SOI 

technology. 

The RNFA sample was fabricated using standard E-beam lithography procedure 

followed by reactive ion beam etching, gold deposition and focused-ion-beam processing. 

An SOI wafer with a Si slab thickness of 250 nm and an oxide layer thickness of 3 µm 

was used to construct the experiment. The Si waveguide was fabricated using the 

standard E-beam lithography procedure. First, as shown in Fig. 7-3, the designed Si 

waveguide was fabricated with four alignment marks using the standard E-beam 

lithography procedure followed by reactive ion etching (RIE) with Chlorine based 
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chemistry. The second lithography step in fabricating the nano-disks involves spin-

coating a 200 nm polymethyl methacrylate (PMMA) onto the entire sample. After the 

accurate E-beam alignment using the four marks in the Raith50 E-beam Writer, a 250 

nm-diameter hole was created in the PMMA mask on the top of the Si waveguide. 

Chlorine based RIE etching was performed again to etch a 50nm-high cylindrical void in 

the Si waveguide with PMMA acting as the RIE mask. This cylindrical void was then 

filled by gold deposition to form the designed gold nano-disk in the Si waveguide. The 

last fabrication step was performed by using a focused-ion-beam (strata FIB 201, FEI 

company, 30 keV Ga ions) to make an off-axis cylindrical cut-out and a gap with flat 

wedges based on the fabricated nanodisk. Finally, the RNFA has been fabricated and 

placed at the center of a 1 µm-wide Γ-shaped Si waveguide. The diameter and thickness 

of RNFA are 250 nm and 50 nm, respectively. The center of the 130 nm-diameter 

cylindrical cut-out is offset from the center of the nano-disk by 40 nm and the gap in the 

RNFA is only 25 nm (see Fig. 7-5(a)). 

 

Fig. 7-3. SEM micrographs of the fabricated monolithically integrated experimental system, 

including a Si waveguide integrated with a plasmonic RNFA. The FIB technique was used to 

fabricate the small off-centre cylindrical cut-out and the small gap of RNFA from a nano-disk. 
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7.4 Numerical analysis 

Finite element computer simulations with commercial software (Ansoft HFSS 

v9.0) summarized in Fig. 7-4 are used first to validate our proposed concepts. A 

comparison between the calculated resonant responses of the electric field intensity 

(squared magnitude) averaged over the volume defined by half-intensity of the 

corresponding maximum, which is achieved at the RNFA gap and the LSP localization 

spots in a simple gold nano-disk, clearly shows about six times resonant enhancement 

(see Fig. 7-4(a)). Also notice that the averaged intensity in the RNFA gap is enhanced 

~2-order of magnitude compared to light inside the Si waveguide. 

 

Fig. 7-4. Comparative numerical analysis of LSP resonance on RNFA and nano-disk: (a) The blue 

and the red curves show the spectra of the average intensities at the gap of the RNFA nanostructure 

and the field localization regions of the nano-disk, respectively. (b) Map of the LSP electric field 

intensity distribution on the top surface of the waveguide and nano-disk interface at the resonant 

frequency of 195 THz (wavelength of 1538.5 nm). c. Map of the electric field intensity distribution 

around the RNFA-Si interface (left) and the transverse plane cross-section at the center of the gap of 

the RNFA structure (right) at the resonant frequency of 194.5 THz (wavelength of 1542 nm). 
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At the resonant frequency, the LSP field is strongly confined at the edge of the 

nano-disk and decays exponentially. While in Fig. 7-4(c), the field is strongly and 

uniformly localized inside the nano-capacitor formed by the gap with the spot size of 

about 25 nm along the x direction. Note that the RNFA and nano-disk structures share 

similar eigen-frequencies and have resemblance in the spatial modal structure. The eigen-

frequencies of the LSPs of the two structures are 194.5 THz (wavelength of 1542 nm) for 

the RNFA and 195 THz (wavelength of 1538.5 nm) for the nano-disk, respectively. The 

resonant field distributions in Figs. 7-4(b) and 7-4(c) also have similar spatial modal 

structure consisting of four similar peaks along the circular perimeter corresponding to 

twice the surface plasmon wavelengths length of the resonator round loop. These 

similarities between the eigen-states have the same nature as the current distribution in a 

microwave dipole wire antenna, which is nearly identical to the case of free standing wire 

and an antenna of the same size fed through a small gap. Due to reciprocity, which is one 

of the fundamental principles of electromagnetism, the gap does not change significantly 

the source-excited or source-free field/current distributions as well as eigen-frequencies 

of such structures. 

In other words, the LSP resonance in RNFA can be seen as a “short-circuit” 

resonance compared to the LSP resonance in nano-disks. The definition of “short- and 

open-circuit” resonances is given in Ref. 126. The “short-circuit” resonance corresponds 

to the case where the small gap (the capacitor) is located at the minimum of the electric 

field in the original nano-disk. Without a gap, the magnetic field is the strongest and the 

electric field is the weakest at this location (hence the notation “short-circuit”). With the 

gap placed at this “short-circuit” location, the time variations of the strong magnetic field 
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lead to a voltage in the gap. The presence of this voltage, however, does not affect 

significantly the modal field because the gap is small and this effect is local. However, 

since the gap is small the voltage is transformed into a very strong local electric field 

between the gap edges just like in a capacitor. As mentioned above, this behavior is of the 

same nature as in the feed points of many gap fed microwave antennas, e.g. dipole 

antennas. The optical field impedance values of thin metallic wedges and the small gap 

associated with this “short-circuit” resonance are close to zero. Thus the impedance value 

of the entire RNFA geometry is similar to its original nano-disk’s [126]. 

For the open-circuit case, the situation is opposite, i.e. the modal magnetic field is 

minimal at the gap location. Therefore, the resulting electric field in the gap is weak. The 

modal electric field still has a maximum, which however is much lower than the strong 

field enhancement obtained due to the gap field localization. 

With the “short-circuit” resonance, the fact that resonant frequencies of the nano-

disk and RNFA are close has an important practical implication in relaxing the 

fabrication tolerance for constructing the RNFA from a nano-disk. Moreover, for the 

complicated RNFA structure, its eigen-frequencies can be characterized by developing 

closed form approximate expressions for a simple nano-disk structure. While the LSP 

field impedance and resonant frequencies do not change, the presence of the sharp thin 

metallic wedges and the small gap results in more than 6-fold enhancement of the field 

intensity (see Fig. 7-4(a)) localized in all 3 dimensions inside the nano-capacitor with a 

25 nm gap. 
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7.5 Experimental characterizations 

The near field H-NSOM measurements are performed first with a tip scanning 

step size of 100 nm to locate the resonance by simultaneously scanning the optical 

frequencies of the input field in the range of 191 THz to 196 THz over a scanning area of 

15 µm × 15 µm centered on the RNFA. The data shows a strong LSP localization at the 

frequency of 194.2 THz (λ0=1544.9 nm). 

The waveguide mode was successfully converted to the highly confined LSP 

resonance mode in the RNFA (see Fig. 7-5(b)). We can see here that the introduction of 

our RNFA does not strongly disturb the original waveguide mode as the transmission of 

the light in the waveguide after RNFA is about 65%, since the height and the size of 

RNFA are significantly smaller than the waveguide size and the modal extent. Next we 

use the input optical field at the resonant frequency to detect a high resolution near field 

intensity map with H-NSOM tip scanning step size of 10 nm (see Fig. 7-5(c)). The strong 

field localization obtained experimentally in Fig. 7-5(c) corresponds to the resonance of 

LSPs on the RNFA. The measured spot size along the x direction taking into account the 

finite probe aperture size was about 220 nm. Since the expected nanofocusing spot size is 

only tens of nanometers (corresponding to the size of the nano-capacitor), the 

measurement of the actual size even with current H-NSOM techniques is challenging 

owing to the size and the electromagnetic interaction between the probe and the measured 

structure. We consider these near field interaction effects in the RNFA characterization 

experiments by including a deconvolution procedure into our H-NSOM process (see 

Section 7.7). In the a restored near field intensity image shown in Fig. 7-5(d), the 

estimated effect of the probe on the convolution with the measured localized optical field 
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is an effective aperture of about 155±5 nm, consistent with the estimates achieved for 

other plasmonic nanostructures we tested in H-NSOM measurement (e.g. 150 nm for 

nanodisks). An elliptical focusing spot was obtained, which is associated with a slightly 

weaker localization in the y direction. The field localization along the x direction 

estimated from the restored measured data in Fig. 7-5(d) is about 75±5 nm. 

 

Fig. 7-5. Experimental results on characterization of the optical field localization in resonant RNFA 

geometry. (a) SEM micrograph of the RNFA geometry. (b) Low resolution H-NSOM field intensity 

at the frequency of 194.2THz (wavelength of 1544.9 nm). The bright spot in the middle of the 

waveguide (see dotted line) corresponds to the highly confined LSP modes in RNFA. (c) Raw H-

NSOM image of high resolution intensity mapping measured at 194.2 THz. (d) Processed image of 

the field intensity in the same area after deconvolution signal processing to extract the effect of the 

NSOM probe on the measured data. Insets of (c) and (d) show the cross-section data along the x 

(top) and y (bottom) axis. The RNFA shaped sketch in (c) and (d) indicates the position of the 

RNFA geometry. 

As shown in Fig. 7-4(a), the Quality factor of our RNFA is determined by the 

original nano-disk and is typically about 10. Thus the intensity as well as field 
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distribution varies relatively slowly with different wavelengths. This means that, within 

the range we did the simulation and measurement, the field distribution on the structure is 

very similar (strong focusing spot in the gap and other 4 bright spots on the sidewall can 

be obtained) but the coupling efficiency is slightly lower for off-resonant excitation. For 

example, at the wavelength of 192.3 THz (λ0=1560 nm) the measurement results show 

that the contrast of the focusing spot to the incident waveguide mode is about twice lower 

than that under the resonant excitation in Fig. 7-5(c). 

7.6 Conclusions 

The RNFA geometry has been analyzed theoretically and demonstrated 

experimentally to efficiently convert a waveguide mode into a resonant LSP mode, which 

is localized into an extraordinary small volume of deep subwavelength size on nanoscale. 

In principle, the size of the localization is only determined by the size of the RNFA’s gap. 

Such strong field localization is obtained due to combined effects of the resonant LSPs, 

edge localization by the sharp thin metallic wedges, and TEM field localization in the gap 

nano-capacitor. The presented structure and phenomena are anticipated to have important 

impacts on many applications including constructing novel devices for bio-medical 

imaging, bio-sensing, nano-lithography, heat-assisted magnetic recording, and plasmonic 

nanocircuits operating at optical frequencies. In addition, our integration of conventional 

Si photonics (e. g., Si waveguides) with plasmonic elements will also help to further 

advance incorporating unique unprecedented functionalities enabled by plasmonic 

devices into Si photonics. 
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7.7 Appendix- Deconvolution procedure 

Once the aperture of H-NSOM’s probe is comparable or bigger than the size of 

the localized optical field, the experimentally measured spot size is affected by the tip 

size and its interference with the plasmonic nanostructure. To estimate the size of the 

plasmonic localization, we need to perform measured data post-processing.  

 

Fig. 7-6. Description of the digital post-processing deconvolution process to estimate the size of the 

localized field spot size from the measured data. 

For simplicity, we consider a 1-dimensional case and make an assumption that the 

impulse response functions for both the localized field being characterized and the probe 

aperture of the H-NSOM have shapes of rect( )x a  and rect( )x b  functions with their 

corresponding widths of a and b, respectively. The result of the convolution between such 

two rectangular functions produces a trapezoid shape (see Fig. 7-6), representing an 

approximation to the measured data. The widths of this trapezoid’s bases are b a−  and 

a b+ , respectively, and both of them can be retrieved from the measured data obtained in 

the experiments. Hence, the actual focusing and the probe effect can be retrieved once the 

trapezoid shape is established. 

To find the trapezoid shape from the measured data (see Fig. 7-5(c)), we first 

perform a Gaussian fit with minimum variance. The intuition of the Gaussian fitting can 

be viewed as first finding a Gaussian-shaped bounded stripe area that tightly wraps the 
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data inside and then choose the center contour of this stripe as the fitting result. Hence, it 

should be statistically reasonable to take the peak value as the average of the data within 

the central region [128]. The peak value of the Gaussian fit was thus chosen as the upper 

base of the trapezoid. The linear fit was performed twice on the Gaussian curve 

separately, before and after the peak, to obtain two sides of the trapezoid. Fig. 7-7 shows 

the raw data along the x direction (extracted from Fig. 7-5(c)) and the corresponding 

trapezoidal fits with minimum variance for the RNFA. 

 

Fig. 7-7. Intensity distributions of the measured experimental data along the x direction determined 

from Fig. 7-5(c) for RNFA. A trapezoidal fit (red) is performed to a Gaussian fit (blue) of the 

measured data (black dotted). 

This trapezoidal fit was performed 4 times for measured data from Fig. 7-5(c) 

along the x, y, xy and –xy directions. The 1-dimensional estimates along these directions 

are used to approximate the 2-dimensional field in the x-y plane similar to that in Fig. 7-
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5(c). The retrieved widths of the localized field spot sizes from these 4 trapezoids along 

the 4 directions corresponding directions were used to create a fit by an ellipse in x-y 

plane using minimum variance criterion. 

We call this procedure deconvolution process. The resulting ellipse represents the 

estimated restored local field spot size and is used to calculate the fields in Figs. 7-5(d). 
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Chapter 8  Conclusions 

8.1 Summary 

This dissertation presents the investigation of chip-scale resonant plasmonic 

nanostructures, in order to manipulate light on the plasmonic chips from nano to micro 

scales.  These plasmonic nanostructures are expected to become crucial building blocks 

in future miniaturized and integrated photonic devices and systems.  

The contribution of each chapter was addressed as follows.  In Chapter 3, we 

presented the analysis of properties of a deep subwavelength metallic grating and 

investigated its associated plasmonic responses. The 2D metallic grating engineered on 

the nanoscale acts as an effective uniaxial birefringent metal and exhibits a strong in-

plane plasmonic anisotropy. This anisotropic birefringent plasmonic metamaterial 

establishes its optical plasmonic anisotropy as its SPP index ellipsoid is directly observed 

in experiments. In addition, our work shows possibilities of adapting more complex 

Bravais crystal lattices and thus realizing a bi or multi-axial anisotropic metal for more 

complicated plasmonic manipulation. These plasmonic metamaterials demonstrate an 

approach to construct important plasmonic devices on-a-chip, such as polarizers and 

waveplates for SPPs. 

In Chapter 4, we demonstrate both theoretically and experimentally a novel and 

original physical phenomenon, namely, that a TE incident field may excite a surface 

plasmon wave with efficiency of virtually 100%. This discovery is counterintuitive and 

expected to be of great interest and surprise to a large audience of scientists. To achieve 

this goal of breaking down the TM excitation barrier, we use the first optical designer 
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plasmonic metamaterial in visible light frequencies. The experimental realization is 

performed using advanced nanofabrication techniques and a unique characterization 

method. Both simulations and experiments show that the highly efficient TE coupling 

occurs for a surprisingly broad band of optical frequencies. We believe that this 

breakthrough discovery can drastically impact a large variety of plasmonic applications, 

such as plasmon-assisted photovoltaic energy conversion, sensing and detection. We also 

expect that this work will open the door to a new type of nanoscale metamaterials. By 

utilizing the concepts presented in Chapter 4, one may be able to engineer sophisticated 

three dimensional deep subwavelength structures for both microscopic and macroscopic 

polarization manipulation that will allow controlling the coupling of different guided 

waves, as well as the coupling of guided waves to free space beams.  

In Chapters 5 and 6, we demonstrate the feasibilities of integrating and 

miniaturizing conventional bulky free-space optical devices on plasmonic chips, such as 

photonic crystals and diffractive optical components. In Chapter 5, we first analyze 

theoretically the optimized conditions to achieve a complete bandgap with a 2D 

plasmonic photonic crystal. The fabricated device was then characterized using our far-

field SPP imaging technique, experimentally confirming the designed band structure. In 

Chapter 6, we present an in-plane Fresnel zone plate (FZP) for focusing SPP fields 

designed by Fourier plasmonics on the scale of tens of microns. Diffracted SPP fields 

from each Fresnel zone constructively interfere at the expected focal point to produce 

focusing with 3-fold intensity enhancement. The experimental results are consistent with 

the theoretical calculations using the conventional Fourier optics. 
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In Chapters 6 and 7 we discussed the approach of strongly focusing light using 

SPPs. Besides the diffractive focusing of in-plane propagating SPPs using the FZP 

designed by Fourier plasmonics in Chapter 6, we proposed in Chapter 7 a novel localized 

plasmonic geometry, to achieve a sub-diffraction limited focusing with a nanoscale (deep 

subwavelength) spot size. The plasmonic resonant nano-focusing-antenna (RNFA) 

simultaneously supports several focusing mechanisms in a single nanostructure and 

therefore drastically improves the coupling efficiency of the strongly localized optical 

fields. The metallic RNFA is integrated with a lossless Si waveguide and effectively 

converts an incoming propagating waveguide mode to a localized resonant plasmon 

mode in an ultrasmall volume in all 3 dimensions. This plasmonic nanoscale field 

localization is finally characterized and validated by the heterodyne near-field scanning 

optical measurements. 

8.2 Future directions 

During the last few years, the research field of plasmonics is rapidly growing, as 

these structures are expected to become crucial building blocks in large variety of optical 

devices and systems.  In the following we are briefly describe the potential areas of the 

applications that would benefit from such structures.  

A. Gain-assisted plasmonics 

Metals near the plasma frequency are inherently associated with an energy 

dissipation caused by the imaginary part of the dielectric constant, leading to significant 

loss to the propagating SPPs. A possible solution to this problem is to incorporate 

dielectric gain materials to compensate the material loss due to metals [129]. Furthermore, 
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the spontaneous emission rate of the gain material can be drastically enhanced, if covered 

by plasmonic structures, due to the small plasmonic optical volume [13, 14, 130]. The 

gain coefficient can thus be expected to be much larger than that in bulk gain materials, 

which is in principle possible to create a lossless SPP propagation. In this thesis, we have 

demonstrated various schemes to achieve optical filed localizations. Therefore, in the 

future, we would like to apply these schemes with gain material to realize lossless SPPs 

as well as nanoscale plasmonic lasing. 

B. Surfaced enhanced nonlinear optics 

Multiple-wave mixing processing occurs, as the amplitudes of the local electric 

fields become so large that in a highly polarizable nonlinear medium the nonlinear optical 

interactions where the photons interact with each other are pronounced. The 

electromagnetic fields of SPPs are strongly enhanced by the orders of magnitude, and 

conversion efficiencies of nonlinear processes can be increased dramatically as nonlinear 

materials are located on the surfaces of plasmonic structures, such as surface enhanced 

Raman scattering. In the future, the research would cover the development of methods to 

design the plasmonic structure to satisfy the phase matching and the resonance conditions 

for each of the involved frequencies. We should also develop the simulation tools to 

calculate the nonlinear effect for the multiple-plasmonic resonant structures, as well as 

fabrication and characterization of techniques to demonstrate the concepts and the 

designed devices.  

C. Super-resolution imaging 

Light emitted or scattered from an object includes not only propagating waves but 

also evanescent waves that carry the subwavelength detail of the object. The evanescent 
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waves usually decay exponentially and can not propagate. However, with SPPs, 

evanescent waves can be efficiently coupled into surface modes and enhanced by their 

resonant nature when their wave vectors are matched. Therefore, with SPPs, it is possible 

to realize super-resolution imaging and resolve the subwavelength information of the 

object. In addition, the “hot spots” created by plasmonic field localization in Chapters 6 

and 7 can be used as a focusing spot in confocal microscopy. The resolution of the 

confocal microscopy is determined by the size of the “hot spot” that is on the order of 

nanometers. In the future, these plasmonic assisted super-resolution imaging techniques 

can be applied to bio-chemical imaging and detection for analysis of dynamics of bio-

molecules on nanoscale. 
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