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ABSTRACT 

 
Plasmonic Devices for Near and Far-Field Applications 

Salma Alrasheed 

 

Plasmonics is an important branch of nanophotonics and is the study of the interaction of 

electromagnetic fields with the free electrons in a metal at metallic/dielectric interfaces or 

in small metallic nanostructures. The electric component of an exciting electromagnetic 

field can induce collective electron oscillations known as surface plasmons. Such 

oscillations lead to the localization of the fields that can be at sub-wavelength scale and 

to its significant enhancement relative to the excitation fields. These two characteristics 

of localization and enhancement are the main components that allow for the guiding and 

manipulation of light beyond the diffraction limit. This thesis focuses on developing 

plasmonic devices for near and far-field applications.  

In the first part of the thesis, we demonstrate the detection of single point mutation in 

peptides from multicomponent mixtures for early breast cancer detection using self-

similar chain (SCC) plasmonic devices that show high field enhancement and 

localization. In the second part of this work, we investigate the anomalous reflection of 

light for TM polarization for normal and oblique incidence in the visible regime. We 

propose gradient phase gap surface plasmon (GSP) metasurfaces that exhibit high 

conversion efficiency (up to ∼97% of total reflected light) to the anomalous reflection 

angle for blue, green and red wavelengths at normal and oblique incidence. 
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In the third part of the thesis, we present a theoretical approach to narrow the plasmon 

linewidth and enhance the near-field intensity at a plasmonic dimer gap (hot spot) 

through coupling the electric localized surface plasmon (LSP) resonance of a silver 

hemispherical dimer with the resonant modes of a Fabry-Perot (FP) cavity.  

In the fourth part of this work, we demonstrate numerically bright color pixels that are 

highly polarized and broadly tuned using periodic arrays of metal nanosphere dimers on a 

glass substrate. In the fifth and final part of the thesis, we propose numerically an 

approach to narrow the plasmon linewidth and enhance the magnetic near field intensity 

at a magnetic hot spot in a hybridized metal-insulator-metal (MIM) structure. The 

computational method used throughout the thesis is the finite-difference time-domain 

method (FDTD). 
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Chapter 1 

Introduction 

Plasmonics is a major branch of nanophotonics and is the study of the interaction of 

electromagnetic fields with the free electrons in a metal at metallic interfaces or in small 

metallic particles. The electric component of an exciting electromagnetic field can induce 

collective electron oscillations known as surface plasmons. Such oscillations lead to the 

localization of the fields at sub-wavelength dimensions and to its significant enhancement 

relative to the excitation fields. These two characteristics of localization and enhancement 

are the main components that allow for the guiding and manipulation of light at the 

nanoscale beyond the diffraction limit. Examples of surface-plasmon based devices 

include biosensors, high-resolution imaging, solar cells, waveguides, data storage, light 

emitting devices etc [2-9] 

There are two different types of surface plasmons : surface plasmon polaritons (SPPs) 

which propagate along a planar dielectric-metal interface and localized surface plasmons 

(LSPs) which are localized at metallic nanoparticles. In metals such as gold silver, and 

aluminum, this coupling is within visible wavelengths. The history of SPPs goes back to 

the beginning of the 20th century when Wood, in 1902, observed an anomalous decrease 

in the intensity of visible light reflected from metallic gratings. This anomaly was the 

result of the excitation of SPPs mediated by the grating. In 1957, a mathematical 

description of these surface waves was established by Ritchie, where he derived the 

dispersion relations of SPPs at metallic interfaces. His theory was confirmed 

experimentally by Powell and Swan by measuring electron energy loss spectra of Al 
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foils. Later, a method of optically exciting SPPs using a prism was demonstrated by 

Kretschmann and Raether in 1968 [2-9].   

The history of LSPs goes back to the Roman times when metallic nanoparticles were 

used for staining glass. In 1904, the Maxwell-Garnett theory of an effective dielectric 

constant explained the bright colors observed in glass containing small metallic 

nanoparticles. In 1908, Mie developed a theory of scattering and absorption of light by 

spherical particles. His theory still forms the basis of discussing localized surface 

plasmons (LSPs) in small metallic nanoparticles. Around 1990, the field of plasmonics 

started to grow rapidly and more towards applications due to the use of plasmonic 

metallic tips in scanning near-field optical microscopes by Fischer and Pohl and by Inoue 

and Kawata, and to the development of fabrication techniques, numerical simulation 

tools, and physical analysis techniques. In 1974, Fleischmann et al observed a strong 

Raman signal of pyridine molecules adsorbed at roughened silver surfaces. The 

enhancement of the Raman signal is due to the local field enhancement at the position of 

the Raman scatterer and is caused by the presence of surface plasmons. This led to the 

establishment of the field of surface-enhanced Raman scattering (SERS) [2-9].  

1.1 Maxwell’s Equations and the Drude-Lorentz Model 

The interaction of electromagnetic fields with metals is described using Maxell’s equations where 

the dielectric function of the metal can be found using the Drude-Lorentz model. This classical 

description is valid even for metallic nanostructures that are a few nanometers in size (down to 

about 2-4 nm depending on the structure). This is due to the high density of free carriers in metals 

n ≈1028 −1029m−3( )  and as a result the energy spacing between the electron energy levels is 
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much smaller than the thermal excitation energy kBT at room temperature [2-9]. Therefore the 

dielectric function of the nanoparticle is the same as that of the bulk metal. However if the 

particle size is smaller than the mean free path  ∼10nm( )  of the conduction electrons, the 

classical description still applies but the damping constant in Drude theory needs to be modified 

due to additional collisions with the boundaries of the particle, which mainly affect the imaginary 

part of the dielectric function. If the particle radius is below 1 nm, quantum effects becomes 

dominant as the continuous electronic conduction band breaks up into discrete energy states, and 

the Drude model is no longer valid.  

Combining the two curl equations of Maxwell’s equations in the absence of external 

charge and current densities gives the wave equation 

∇×∇×𝐄 =  −µ!
𝜕!𝐃
𝜕𝑡!  

𝐊 𝐊 ∙ 𝐄 − 𝐾!𝐄 = −ε 𝐊,𝜔
𝜔!

𝑐! 𝐄 

In the time and Fourier domains respectively. 𝑐 =  !
!!!!

 is the speed of light in vacuum, 

E and D is the electric field vector and the electric displacement vector respectively, 𝜔 is 

the angular frequency and K is the wave vector. Depending on the polarization direction 

of the electric field vector, two cases are possible. For transverse waves, 𝐊 ∙ 𝐄 = 0 , 

which gives the dispersion relation 

𝐾! =  𝜀 𝐊,𝜔 !!

!!
       (1) 

For longitudinal waves, the second equation gives 
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𝜀 𝐊,𝜔 = 0 

The dielectric function of the metal can be found using the Drude-Lorentz model. In this 

model the free electrons gas is treated as a plasma that moves against a background of 

fixed positive ion cores. For Alkali metals the validity of this model extends to the 

ultraviolet, while for noble metals such as gold and silver, interband transitions can occur 

within the visible frequencies, in this case the dielectric function can be decomposed into 

free and bound charges components. The bound charge effect can be described using the 

classical picture of a Lorentz-oscillator with a resonant frequency 𝜔! and can be added to 

the equation of motion of the electron [6, 9]. In addition, some aspects of the band 

structure are included in the effective mass of the electron [2]. The free electrons 

oscillates in response to the AC electric field of the incident electromagnetic wave and its 

motion is damped via collisions at a collision frequency of 𝛾 =  1 𝜏 , where 𝜏  is the 

relaxation time of the free electron gas, and is of the order of 10-14 s at room temperature, 

corresponding to 𝛾 = 100THz [2-9]. 

The Drude-Lorentz model leads to an expression for the relative dielectric function of the 

free electron gas given by  

𝜀 𝜔 = 1−
𝜔!!

𝜔! + 𝑖𝛾𝜔 

where 𝜔!! =
!!!

!!!
 is the plasma frequency of the free electron gas. This dielectric function 

is related to the AC conductivity of metals through the relation 

𝜀 𝜔 = 1+
𝑖𝜎(𝜔)
𝜀!𝜔
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where 

𝜎 𝜔 =
𝜎!

1− 𝑖𝜔𝜏 

and 𝜎! =
!!!!
!

 is the the dc conductivity. Since 𝜏  is of the order of  10-14 s , we need to go 

near to optical frequencies to notice any departure from 𝜎! . Therefore, in the low and 

high frequency regimes we have  

𝜀 𝜔 ≈ 1− !!!

!!
     , for ω ≫ γ            (2) 

𝜀 𝜔 ≈ 1+
𝑖𝜔!!

𝛾𝜔 = 1+
𝑖𝜎!
𝜀!𝜔

  ,      for ω ≪ γ 

Combining (1) and (2), the dispersion relation of the free electron gas is  

𝜔! = 𝜔!! + 𝐾!𝑐! 

As in Fig. 1.1., for 𝜔 < 𝜔!  , the propagation of the transverse electromagnetic waves is 

forbidden inside the metal. For 𝜔 > 𝜔! , the plasma allows the transverse waves to 

propagate with a group velocity of 𝑣! = 𝑑𝜔 𝑑𝐾 < 𝑐 [2].  

The significance of 𝜔! comes from the fact that in the small damping limit at the plasma 

frequency, we have 𝜀 𝜔! = 0  (for 𝐊 = 0). This excitation corresponds to a longitudinal 

oscillation of the conduction electron gas which leads to a surface charge density 

𝜎 = ±𝑛𝑒𝑢 at the slab boundaries. The quanta of these oscillations are called bulk or 

volume plasmons to distinguish it from surface plasmons. Because volume plasmons are 
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longitudinal, they do not couple to transverse electromagnetic waves and can be excited 

through particle impact [2-9]. 

	

Fig .1.1: Dispersion relation of the free electron gas. S. A.Maier (2007). Plasmonics: 

Fundamentals and Applications.    

 

1.2 Surface Plasmon Polaritons at Metal/Insulator Interfaces 

Suface plasmon polaritons (SPPs) are surface charge density waves propagating at a 

metal-dielectric interface, evanescently confined in the perpendicular direction [2-9]. 

The simplest geometry that supports SPPs is that of a single flat interface (see Fig. 1.2.) 

between a dielectric (z > 0) with positive real dielectric constant 𝜀! and a conductor (z < 

0) with a dielectric constant 𝜀!(𝜔) where Re ε! < 0 , which is a condition fulfilled in 

metals at frequencies below the volume plasmon frequency 𝜔! . 

Assuming the wave propagate along the x direction and has no spatial variation in the 
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y-direction so that 𝜀 depends only on z, 𝜀 = 𝜀 𝑧  , then the propagation wave can be 

described as 𝐄 𝑥,𝑦, 𝑧 = 𝐄(𝑧)e!"# where 𝛽 =  𝑘! is the propagation constant and is 

equal to the wave vector in the direction of propagation. 

 𝑘! =  𝑘!,! , (i =1,2), is the component of the wave vector perpendicular to the interface in 

the regions of z > 0 (dielectric) and z < 0 (metal) respectively. Its reciprocal 𝑧 = 1 𝑘!  

quantifies the confinement of the wave perpendicular to the interface where it defines the 

evanescent decay length of the fields. Surface plasmon polaritions exist only in the TM 

polarization where only the components 𝐸! , 𝐸! and 𝐻! are non zero. This is a result of 

the continuity condition for Ey and Hx at the interface and the requirement that 

confinement to the surface demands that Re k! > 0 and Re k! > 0 and consequently 

the TE solution is not allowed [2]. The dispersion relation of SPPs propagating at the 

interface is given by 

𝛽 = 𝑘!
𝜀!𝜀!
𝜀! + 𝜀!

 

Which is valid for real or complex ε!, i.e. a conductor with or without loss. kzi  is related 

to the propagation constant through 

𝑘!,! = 𝛽! − 𝜀!
𝜔
𝑐

!
 

where (i =1,2), . Fig. 1.3. (a,b) shows the dispersion relation for a metal of negligible 

damping Im ε! 𝜔 = 0)  and that of complex ε! 𝜔  [2]. Because SPPs are bound, they 

correspond to the part of the dispersion curve to the right of the light lines of air and 
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silica. Therefore, Light cannot couple directly to SPPs since energy and momentum 

cannot be conserved simultaneously. Therefore special techniques are used to provide the 

additional momentum such as prism coupling and grating coupling. For small wave 

vectors, 𝛽 is close to the light line of wave vector 𝑘!. In this regime the SPPs acquire the 

nature of a Sommerfeld-Zaenneck wave that is poorly localize to the interface and most 

of its energy extends into the dielectric space. At large wave vectors, the frequency of the 

SPPs approaches the surface plasmon frequency  

𝜔!" =
𝜔!
1+ 𝜀!

 

and 𝛽 goes to infinity (for negligible damping) and the group velocity goes to zero , 

therefore the SPP acquire an electrostatic nature and is known as the surface plasmon. If 

ε! 𝜔  is complex, 𝛽 reach a finite value at 𝜔!". A frequency gap exists with an 

imaginary 𝛽 prohibiting propagation between 𝜔!" and 𝜔! for negligible damping while a 

leaky quasibound part is allowed in the case of damping. In addition, the SPPs are 

damped as they travel in the metal with a propagation (attenuation) length given by 

𝐿 =  2Im 𝛽 !!. Consequently, at frequencies close to 𝜔!", SPPs have a large field 

confinement (below the diffraction limit) and a small propagation length since a large 

part of its energy is in the metal so it is more sensitive to damping. While at low 

frequencies the opposite is true since it has most of its energy in the dielectric space [2-

9]. 
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Fig. 1.2. S. A.Maier (2007). Plasmonics: Fundamentals and Applications.    
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Fig. 1.3: (a) Drude metal with negligible damping with air and silica interface. (b) A 

metal with damping (silver) for silver/air, silver/silica interface. S. A.Maier (2007). 

Plasmonics: Fundamentals and Applications.    

	
 
1.3 Surface Plasmon Polaritons in Multilayer Systems 
	
In multilayer systems consisting of alternating conducting and dielectric layers, each 

single interface sustains SPPs. If the separation between interfaces is comparable or 

smaller than the decay length 𝑧 , the SPPs in different interfaces interact and give rise to 

coupled modes. Two important systems are the insulator/metal/insulator (IMI) 

heterostructure of a thin metallic film between two infinitely think dielectric layers, and 

the metal/insulator/metal (MIM) heterostructure of a thin dielectric film between two 

infinite metallic layers (see Fig. 1.4.).  The fields decay exponentially in the layers II and 

III (z > a and z < a). As before, we denote the wavevector perpendicular to the interface 

as 𝑘! =  𝑘!,! , (i =1,2,3). For the middle region –a <z <a, the modes at the top and bottom 

interfaces couple.  Assuming the layers II and III have the same dielectric constants 

ε! = ε! ,  results in k! = k!, and there are as a result two dispersion relations  

tanh𝑘!𝑎 =
−𝑘!𝜀!
𝑘!𝜀!

 

tanh𝑘!𝑎 =
−𝑘!𝜀!
𝑘!𝜀!
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corresponding to the odd modes where Ex(z) is  an odd function while Hy(z) and Ez(z) 

are even, and to even modes where Ex (z) is even while Hy (z) and Ez (z) are odd 

functions. 

	

Fig. 1.4: A three-layer system, II and III are two infinite half spaces. S. A.Maier (2007). 

Plasmonics: Fundamentals and Applications.    

 

We are interested in the MIM geometries, setting ε1 as the dielectric constant of the 

core layer and ε2 = ε2(ω) as the dielectric function of the metal. Fig. 1.5. shows the 

dispersion relation for the odd mode for a silver/air/silver hetrostructure, where the 

dielectric function of silver is fit to Johnson and Christy data. As a result β does not go to 

infinity but folds back and approaches the dispersion of SPPs at a single interface as the 

air core thickness increases. Large propagation constants β (small penetration lengths z) 

can be achieved for sufficiently small dielectric core. Such slow and strongly bound SPPs 

can be achieved, for sufficiently small dielectric core, at excitations well below ωsp (out 

in the infrared) compared to a single interface where such effects are at excitations near 

ωsp [2-9]. 
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Fig. 1.5: A silver/air/silver multilayer system, the size of the air core is 100 nm (dashed 

gray line), 50 nm (dashed black line), and 25 nm (continuous black line). The continuous 

gray curve is the dispersion at a single silver/air interface while the gray straight line is 

air light line.  S. A.Maier (2007). Plasmonics: Fundamentals and Applications.  

 

1.3.1 Gap-Surface Plasmons 

If the upper layer in the MIM hetrostructure is a nm-thin metal strip resonator, its 

terminations will reflect incident SPPs.  Such reflection will be negligible for the weakly 

bound fast SPPs, whereas for slow and strongly bound SPPs, the reflections are sufficient 

for the efficient excitation of standing wave plasmonic resonances. In this thesis metal-

backed metasurfaces are used for the anomolus reflection of light in chapter 3.  The basic 

element used in this approach is the metal-insulator-metal (MIM) resonator as shown in 

Fig 1.6. Such resonator supports gap-surface plasmons (GSP) resonances, which are the 

excitation of standing wave resonances composed of forward and backward travelling 
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slow SPPs in the gap between the metal strip and the metal substrate. This causes peaks 

in the scattering spectra at the resonance wavelength in addition to a local field 

enhancement in the gap. At the GSP resonance, the phase varies rapidly over the range of 

𝜋 as expected for a Lorentz-like oscillator [10-13]. 

	

Fig. 1.6: Gap surface  plasmon resonator 

 

From the interpretation of the resonances as standing waves, the strip width w, and 

wavelength λ are related by  

𝑤𝑘!𝑛!!! = 𝑝𝜋 − 𝜙 

where 𝑛!!!  is the real part of the slow mode index (𝛽 𝑘! = 𝑛!!! − 𝑖𝑛!!!! ), w is the width 

of the strip, 𝑘! is the vacuum wavenumber, p is an integer defining the order of the mode 

and 𝜙  is an additional phase shift acquired upon reflection of the SPP from the 

termination of the strip. This equation show that a new resonator with the same 

d	
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h	

x	

z	
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wavelength is obtained if the resonator width w is increased by ∆𝑤 = 𝜆! 2𝑛!!! . 

The resonance peak spectrally broadens with increasing strip width w, strip thickness h 

and gap size d, this is because in all three cases the SPP becomes less strongly bound, 

resulting in weaker reflection at the strip terminations thereby weaker resonances. GSP 

metasurfaces have the advantage of being much less sensitive to fabrication 

imperfections compared to electrostatic resonances [10-13]. 

1.4 Localized Surface Plasmons 

Localized surface plasmons (LSPs) are non-propagating collective oscillations of the 

conduction electrons in metallic nanoparticles where the curved boundaries of the particle 

exerts an effective restoring force that gives rise to a resonance. This resonance leads to 

field amplification both inside and in the near field zone of the particle, in addition to a 

resonantly enhanced absorption and scattering. These two characteristics of localization 

and enhancement are the main components that allow for the guiding and manipulation of 

light beyond the diffraction limit [2]. In contrast to SPPs, LSPs can be excited directly by 

light since energy and momentum can be conserved simultaneously. The curved surface 

of the particle provides the additional momentum, which can be roughly approximated by 

k = n 2π a( ) , where n is an integer and a is the particle’s generic size [3]. For gold, 

silver and aluminum nanoparticles, LSPs resonances fall within the visible part of the 

spectrum.  

LSPs are commonly referred to as optical antennas. An optical antenna can be defined as 

a structure that converts propagating electromagnetic radiation from the far-field into the 
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near-field and vice versa. For a particle of size d that is much smaller than the incoming 

wavelength (d ≪ λ), the quasi-static approximation can be used. This is the lowest-order 

surface mode, and is adequate for particles of dimensions below 100 nm. In this 

approximation, the phase of the oscillating electromagnetic field is constant over the 

particle volume, i.e. spatial retardation effects over the particle volume are neglected, as 

in Fig. 1.7, and the mode is sometimes called the mode of uniform polarization (also 

known as the Fröhlich mode). Therefore, the problem can then be simplified to a particle 

in an electrostatic field and time harmonic dependence can be added to the solution. At 

optical and NIR frequencies, light-matter interactions are mainly through the electrical 

component of light, while the magnetic component effect is extremely weak. Therefore, 

the total energy of the system in this quasistatic limit is electromechanical and is the sum 

of the electrons’ potential energy in the electric field and their kinetic energy [5].  

For a homogenous and isotropic sub-wavelength sphere of radius 𝑎 and dielectric 

constant 𝜀 in a surrounding isotropic nonabsorbing medium of dielectric constant 𝜀! , the 

applied field induces a dipole moment inside the sphere of magnitude proportional to 

|Eo|. The dipole moment of the sphere is then given by 𝒑 = 𝜀!𝜀!𝛼𝑬! , where  

𝛼 = 4𝜋𝑎!
𝜀 − 𝜀!
𝜀 + 2𝜀!

 

is the polarizability of the sphere. Therefore, a resonant enhancement of the polarizability 

appears when 𝜀 + 2𝜀!  is a minimum, which for small or slowly varying Im[𝜀] , reduces 

to  

𝑅𝑒 ε (ω) = −2𝜀! 
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and is known as the Fröhlich condition and the associated mode as the dipole surface 

mode. If the surrounding medium is air (𝜀! = 1), and for a sphere consisting of a Drude 

metal, the resonant frequency of this dipole surface mode is at ω!" = 𝜔! 3  [2-9]. 

 

	

Fig. 1.7. K.Kelly, E.Coronado, L.Zhao, and G.Schatz (2003). J. Phys. Chem 107(3): 668-

677 

 

For a plane-wave illumination with 𝐄 𝐫, t = 𝐄!𝑒!!"# , the field induces an oscillating 

dipole moment  𝐩 t = 𝜀!𝜀!α𝐄!𝑒!!"# and the radiation of the sphere causes the 

scattering of the plane wave and can be represented by the radiation of a dipole located at 

its center.  The field inside the particle and in the near-field zone (𝑘𝑟 ≪ 1) is  

𝐄!" =
3𝜀!

𝜀 + 2𝜀!
𝐄! 

𝐄!"# = 𝐄! +
3𝐧 𝐧 ∙ 𝐩 − 𝐩
4𝜋𝜀!𝜀!

1
𝑟! 
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and the corresponding magnetic field for oscillating fields is  

 

𝐇 =
𝑖𝜔
4𝜋  𝐧×𝐩

1
𝑟! 

This shows that within the near field, the fields are predominantly electric, since the 

magnetic field is smaller by about a factor of 𝜀! 𝜇! (𝑘𝑟) than the electric field, and it 

vanishes for static fields (𝑘𝑟 → 0). In addition, this near field is strongly localized on the 

nanometer scale. In the far-field radiation zone (𝑘𝑟 ≫ 1), the dipole fields are spherical 

waves which have the same radiation pattern as that of a dipolar radioantenna  

𝐇 =
𝑐𝑘!

4𝜋  𝐧×𝐩
𝑒!"#

𝑟  

𝐄 =
𝜇!
𝜀!𝜀!

 𝐇×𝐧 

The optical scattering of nanoantennas shows properties similar to that of classical 

analogs of gain, directivity, and emissivity. The cross sections for scattering and 

absorption are  

𝐶!"# =
𝑘𝟒

6𝜋 𝛼 =
8𝜋
3 𝑘𝟒𝑎!

𝜀 − 𝜀!
𝜀 + 2𝜀!

!
    

𝐶!"# = 𝑘Im 𝛼 = 4𝜋𝑘𝑎!Im
𝜀 − 𝜀!
𝜀 + 2𝜀!

  

This shows that the cross sections of absorption and scattering also experience a 

resonance enhancement at the Fröhlich condition. It also shows that for small particles (a 
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≪ λ), the absorption efficiency (scaling with a3) dominates over the scattering efficiency 

(scaling with a6).  

For larger particles, retardation effects due to significant phase changes of the driving 

field over the volume of the particle takes place, and the quasi-static approximation is no 

longer valid. Mie theory provides exact solutions of Maxwell’s equations for higher 

modes in spherical particles and the quasi-static results are recovered if the sphere is sub-

wavelength in size. The spectral position of the resonant frequency depends on the size of 

the particle and red-shifts to lower energies as the particle size increases. This can be 

understood from the fact that as the distance between charges at opposite interfaces of the 

particle increase, the resorting force decrease lowering the resonance frequency. Due to 

this red-shift, interband transition effects decrease as the resonance moves away from the 

interband edge. However, this is counteracted by an increase in radiation damping as the 

particle size increases causing a significant broadening of the plasmon resonance. 

Furthermore, the radiation pattern changes from the dipolar radiation pattern of small 

sub-wavelength particles, and show strong scattering in the forward direction. If the size 

of the particle is less than 10 nm, an additional damping process occurs due to the 

scattering at the particle surface since the particle size in this case is smaller than the 

electron mean free path. This results in the dephasing of the coherent electron oscillation 

and a broadening of the plasmon linewidth. The shape of the nanoparticle also affects the 

spectral position of the plasmon resonance. For particle shapes differing from a simple 

sphere, the polarizablility becomes anisotropic, with different optical response in 

different directions. In addition, plasmons are sensitive to the lightning rod effect and a 

very intense field is produced as the radius of curvature of a surface becomes smaller [2-
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9]. 

Additional shifts occur through coupling between nanoparticles. This is due to 

electromagnetic interactions between the localized modes of each particle, giving rise to 

new hybridized modes that are spectrally shifted relative to the single particle resonance. 

For small spherical particles in the dipole approximation (a ≪ λ), the particle ensemble 

can be treated as interacting dipoles assuming that (a ≪ d), where d is the interparticle 

spacing.  

For closely spaced particles (𝑑 ≪ 𝜆), near-field coupling proportional to 𝑑!! dominates 

(below 𝑑 ≈ 150 nm). In this case, two modes are distinguished depending on the 

polarization of the exciting light as in Fig. 1.8. The restoring force acting on the 

oscillating electrons is decreased in the case of longitudinal modes causing a red-shift as 

the particle separation decreases, while an increase in the restoring force causes a blue-

shift for the transverse mode as the particle separation is decreased. In addition, for 

closely spaced particles, strong field enhancement and localization can occur in nano-

sized gaps known as hot spots. For largely spaced particles, far-field coupling 

proportional to 𝑑!! dominates. This coupling is via diffraction where the net acting field 

on every dipole includes the incident field and the sum of the radiation fields from all 

other dipoles, this substantially modifies the particle polarizability relative to the single 

particle resonance, resulting in the shifting and enhanced scattering intensity of the array, 

in addition to narrowing the plasmon linewidth [2].  
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Fig. 1.8. S. A.Maier (2007). Plasmonics: Fundamentals and Applications.    

 

1.5 Surface Enhanced Raman Scattering 

Raman scattering is the inelastic light scattering from optical phonons. It is divided into 

two types: Stokes scattering which corresponds to the emission of a phonon, and anti-

Stokes scattering which corresponds to phonon absorption.  Conservation of energy 

requires that 

𝜔! = 𝜔! ± Ω 

Where 𝜔! is the angular frequency of the incident photon, 𝜔! is the angular frequency of 

the scattered photon, and Ω is the angular frequency of the phonon. Conservation of 

momentum gives  

𝐤! = 𝐤! ± 𝐪 
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Where 𝐤! is the wave vector of the incident photon, 𝐤! is the wave vector of the scattered 

photon and 𝐪 is the wave vector of the phonon. The + sign corresponds to Stokes 

scattering, while the – sign corresponds to anti-Stokes scattering [2, 14].  

The frequencies of the phonons involved can be found from the frequency shift of the 

scattered light. Because the phonon frequency is small, about two orders of magnitude 

smaller than the frequency of the visible photon, the maximum frequency shift for the 

scattered photon is about 1%. Therefore Raman scattering is a weak process and the 

scattering rate is small. In the context of molecules and for a Stokes process, the total 

power of the inelastically scattered light scales linearly with the intensity of the incident 

light as  

𝑃! = 𝑁 𝜎!"𝐼!"# 

where N is the number of Stokes active scatteres within the excitation area, 𝜎!" is the 

scattering cross section, and 𝐼!"# is the intensity of the incident light.  Surface enhanced 

Raman spectroscopy (SERS) is the enhancement of the Raman signal achieved by 

placing the Raman-active molecules in the vicinity of the near field of a metallic 

nanostructure. This causes an increase in 𝑃! due to two factors: first the Raman cross 

section is modifies due to the change in the environment of the molecule where 

𝜎!"#! > 𝜎!" . This is referred to as the chemical or electronic contribution and can lead to 

a maximum enhancement of 100. The second factor in the total enhancement of 𝑃! is the 

presence of highly enhanced fields caused by the excitation of localized surface plasmon 

resonances in the metallic nanostructures, in addition to the lightning rod effect 

(crowding of electric field lines and therefore enhancement near sharp metallic features). 
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This leads to an enhancement of both the incoming and scattered light fields expressed by 

the electromagnetic enhancement factor 𝐿 𝜈 = 𝐄!"# 𝜈 𝐄!  where 𝐄!"#  is the local 

enhanced field amplitude. Therefore for Stokes scattering under SERS, the total power is 

𝑃! = 𝑁 𝜎!"#!𝐿!"#! 𝐿!"#$$! 𝐼!"# 

Since the frequencies of the incident and scattered photons are almost equal, then  

𝐿!"# = 𝐿!"#$$  , and therefore the total SERS enhancement is proportional to the fourth 

power of the field enhancement factor. Therefore the enhancement of the power of the 

Stock scattering can be expressed as [2, 14] 

𝑅 = 𝐄!"# ! 𝐄! ! 

1.6 The Finite-Difference Time-Domain Method (FDTD) 

The finite-difference time-domain method (FDTD) is one of the most widely used 

numerical methods in computational electrodynamics, due to its advantages of easy 

implementation and versatility in dealing with a very large class of problems, including 

complex shaped structures and anisotropic, inhomogeneous or frequency dependent 

materials. It is a direct solution of Maxwell’s time-dependent curl equations. Since it is a 

time-domain method, FDTD frequency solutions are found by exploiting Fourier 

transforms, and a broadband frequency response can be analyzed using a single simulation. [15-

17]. Maxwell’s curl equations in linear, nondispersive, isotropic, lossy media are  

∂𝐇
∂t =

−1
𝜇 ∇×𝐄−

1
𝜇 𝐌!"#$%& + 𝜎∗𝐇  
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∂𝐄
∂t =

1
𝜖 ∇×𝐇−

1
𝜖 𝐉!"#$%& + 𝜎𝐄  

This results in the following six coupled scalar equations 

∂H!
∂t =

1
𝜇
∂E!
∂z −

∂E!
∂y − M!"#$%&! + 𝜎

∗H!  

∂H!
∂t =

1
𝜇
∂E!
∂x −

∂E!
∂z − M!"#$%&! + 𝜎

∗H!  

∂H!
∂t =

1
𝜇
∂E!
∂y −

∂E!
∂x − M!"#$%&! + 𝜎

∗H!  

∂E!
∂t =

1
𝜇
∂H!
∂y −

∂H!
∂z − J!"#$%&! + 𝜎

∗E!  

∂E!
∂t =

1
𝜇
∂H!
∂z −

∂H!
∂x − J!"#$%&! + 𝜎

∗E!  

∂E!
∂t =

1
𝜇
∂H!
∂x −

∂H!
∂y − J!"#$%&! + 𝜎

∗E!  

Where 𝐉 = 𝐉!"#$%& + 𝜎𝐄 and  𝐌 = 𝐌!"#$%& + 𝜎∗𝐇 and  𝜎 is the electric conductivity 

(siemens/m) and 𝜎∗ is the equivalent magnetic loss (ohms/m). The above six coupled 

equations form the basis of the FDTD numerical algorithm. 

The FDTD was first proposed by Yee in 1966. Maxwell’s equations in their 

differential form are solved using the central difference form of both the space and time 

derivatives. The central difference form has a second order accuracy in the discretization 

interval. The volume is discretized into cells known as the Yee cells. As illustrated in Fig. 

1.9. in the Yee cell,  the Yee algorithm, each E component is surrounded by four 
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circulating H components and each H component is surrounded by four circulating E 

components. The resulting finite-difference equations are then solved using the leapfrog 

method, where the E and H field components are evaluated at alternate half time steps of 

Δt/2. I.e. the electric field is solved at a given time instant, and then the magnetic field is 

solved at the next time instant. In addition, Yee also chose to interleave the E and H 

components in the space lattice at intervals of Δx/2, Δy/2 and Δz/2 as shown in Fig. 1.10. 

This process is repeated until the desired transient or steady-state field behavior has fully 

evolved [15-17]. 

For example, a function u evaluated at a discrete point in space and time can be written as 

𝑢 𝑖∆𝑥, 𝑗∆𝑦, 𝑘∆𝑧,𝑛∆𝑡 = 𝑢!,!,!!  

where Δt is the time increment, Δx, Δy and Δz are the lattice space increments and n, i, j 

and k are an integers. Yee used central finite-difference for space and time derivatives 

which is second-order accurate. For example, the first partial derivative of u at a fixed 

point in time tn = n Δt in the x-direction is  

𝜕𝑢
𝜕𝑥 𝑖∆𝑥, 𝑗∆𝑦, 𝑘∆𝑧,𝑛∆𝑡 =

𝑢!!!/!,!,!! − 𝑢!!!/!,!,!!

∆𝑥 + 𝑂 ∆𝑥 !  

The first partial time derivative of u at a fixed space point (i,j,k) is  

𝜕𝑢
𝜕𝑡 𝑖∆𝑥, 𝑗∆𝑦, 𝑘∆𝑧,𝑛∆𝑡 =

𝑢!,!,!
!!!/! − 𝑢!,!,!

!!!/!

∆𝑡 + 𝑂 ∆𝑡 !  

Yee space lattice is accurate, flexible and robust and can be applied to a wide variety of 

problems. Other algorithms such as the hexagonal grid or the tetrahedron/dual-
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tetrahedron meshes exist. The choice of one algorithm over the other depends on the 

structure geometry and the accuracy of simulating a propagating wave interacting with a 

structure. The time step is restricted by the stability limit known as the Courant-

Fredrichs-Lewy (CFL) limit. This limit prevents the discretized signal from traveling 

more than a single cell in a single time step, which if it happens will lead to an unbound 

solution that grows exponentially, and is caused by the violation of causality. The time 

step is bound by  

∆𝑡 <
1
𝑐

1
1
∆𝑥! +

1
∆𝑦! +

1
∆𝑧!

 

Which is the CFL limit of the 3D Yee algorithm for Maxwell’s equations. For a cubic 

grid, ∆𝑥 = ∆𝑦 = ∆𝑧 = ∆, and we have  

∆𝑡 <
∆
𝑐
1
3

 

Therefore, the wave in the three-dimensional mesh propagation is restricted to a fraction 

of the distance across the cell, in the case of a cubic cell is one-third of the cell diagonal 

[15-17].  
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Fig. 1.9. A. Taflove and S. Hagness (2005) Computational Electrodynamics: The Finite-

Difference Time-Domain Method.  

 

Fig. 1.10. A. Taflove and S. Hagness (2005) Computational Electrodynamics: The Finite-

Difference Time-Domain Method.  
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Chapter 2 
 
Detection of Single Amino Acid Mutation From Human Breast Cancer 

by Plasmonic Self Similar Chain 

2.1 Introduction	

Control of the architecture and electromagnetic behavior of nanostructures offers the 

possibility of designing and fabricating sensors that, owing to their intrinsic behavior, 

provide solutions to new problems in various fields. We show detection of peptides in 

multicomponent mixtures derived from human samples for early diagnosis of breast 

cancer. The architecture of sensors is based on a matrix array where pixels constitute a 

plasmonic device showing a strong electric field enhancement localized in an area of a 

few square nanometers. The method allows detection of single point mutations in 

peptides composing the BRCA1 protein. The sensitivity demonstrated falls in the 

picomolar (10-12 M) range. The success of this approach is a result of accurate design and 

fabrication control. The residual roughness introduced by fabrication was taken into 

account in optical modeling and was a further contributing factor in plasmon localization, 

increasing the sensitivity and selectivity of the sensors. This methodology developed for 

breast cancer detection can be considered a general strategy that is applicable to various 

pathologies and other chemical analytical cases where complex mixtures have to be 

resolved in their constitutive components. 

The combination of plasmonic nanostructures and Raman spectroscopy is recognized 

as a powerful analytical approach [18]. Nevertheless, for single-molecule or few-
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molecules detection, the method has strong limitations when used as a brute force for 

complex constructs (such as a mixture of different kinds of molecules) [19, 20], as in 

early disease detection or, in general, in molecular medicine. These limitations are easily 

explained by the fact that Raman spectra from a mixture of several kinds of 

macromolecules or from high–molecular weight proteins do not show any specific 

signatures necessary to solve or distinguish each component or basic molecular group 

constituting high–molecular weight proteins. That is, Raman bands originating from 

different components of a mixture tend to overlap one another, and the attribution of 

Raman peaks and bands to each molecule or to the building block of molecules’ 

constituents is almost impossible. In particular, the method fails when the number of 

components is higher than 5 [21] or in proteins with high molecular weight.  

We propose, on the basis of human proteins implicated in breast cancer development, 

a way to detect a mixture of peptides unambiguously representing the signature of a 

tumor. This method, designed for detecting biomarkers in the early stage of cancer, was 

applied to human samples. Moreover, in a mixture of peptides, we demonstrated 

specifically down to the single amino acid level. This result was achieved by retaining the 

high sensitivity of a single SSC and by achieving high selectivity for SSCs combined in 

an m × n matrix array. In particular, we designed a matrix where each SSC is the 

sensitive pixel of the array (Fig. 2.1.) and total pixel interrogation is used to reconstruct 

the molecular composition of the mixture. By setting an appropriate dilution, each pixel 

detects a reduced number of molecular species in the mixture, compatible with the 

solution concentration and diffusion laws. The whole mixture can be reconstructed by 

reading the Raman spectra of a dried solution on all m × n matrix elements. 	
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2.2 The Analytical Approach 

The success of this method lies in two peculiar aspects of the SSC: first, the electric field 

generated in each SSC is strongly spatially confined (hotspot) to a region of a few square 

nanometers; and, second, Raman enhancement is high enough (about 107) to allow for 

the detection of a few molecules falling in the hotspot region. With this strategy, our 

device has the appropriate sensitivity and selectivity necessary to solve complex 

mixtures. A further element is that the device is compatible with biomolecular methods 

used to extract peptide content from the protein domain of interest. The peptides 

extracted from the protein domain differ in the substitution of a single amino acid, which 

is the cause of missense mutations in the BRCA1 protein. BRCA1 is a tumor suppressor 

gene whose germline mutations predispose to breast and ovarian cancers [22, 23]. 

Particularly, the literature has shown that a woman carrying a germline mutation of 

BRCA1 has an 85% risk of developing breast and ovarian cancers, and it is estimated that 

about 5 to 10% of all breast cancers are caused by inheritance of dominant disease genes 

[24].  

The direct detection of a single amino acid point mutation in the BRCA1 protein through 

Raman or other spectroscopic techniques is an impossible task because the signature in 

the spectra is washed out by other complex molecular groups in the protein. For this 

reason, we used molecular methods based on digestive enzyme technology to extract the 

relative set of peptides contained in the BRCA1-BRCT protein domain. In this way, 

detection of mutation is transformed into a multicomponent mixture analysis. 

In the present work, we obtained both in vitro wild-type and mutated BRCA1-BRCT 
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protein domains. The mutated form is characterized by a missense mutation known as 

M1775R. The two protein domains were digested by Glu-C enzyme and fractionated by 

micro–high-performance liquid chromatography (HPLC). Peptides obtained from the 

wild-type and mutated domains are referred to as M1775 and M1775R, respectively. 

The two fractions containing the M1775 peptide plus 10 other pep- tides (for a total mix 

of 11 peptides) and the M1775R peptide plus 13 other peptides (for a total mix of 14 

peptides) were analyzed by Raman spectroscopy using a 10 × 10 SSC array (Fig. 2.1. (b-

g)). In the following, we describe SSC design, fabrication, and electromagnetic behavior, 

followed by detailed accounts of spectroscopic measurements. 

2.3 SSC Design and Fabrication 

The proposed device consists of three noble metal nanospheres of appropriate diameter 

and interdistance relation, as explained by Li et al. [19]. The device, firstly proposed by 

Li et al. [19], Fig. 2.2. (d) shows two spatial regions with plasmonic field localization. In 

particular, an intense hotspot is localized in the smallest gap (between the smallest sphere 

and the middle sphere). The footprint area of the hotspot is comparable with the smallest 

gap. Moreover, the relative position between the nanospheres, calculated by Li et al. [19], 

was further optimized to maximize the ratio of the electric field in the hotspot to the 

electric field in the middle gap. However, from the point of view of fabrication, the SSC 

device presents a challenge because it is necessary to control the smallest nanosphere 

down to a few tens of nanometers and the smallest gap below the 5-nm range. To meet 

these fabrication requirements, we combined two techniques: top-down and bottom-up 

(electron beam lithography and metal electroless deposition) [25-27]. Use of high-
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resolution electron beam lithography allows the best control of structure definition and 

positioning, rendering the overall process controllable and reproducible, whereas site-

selective and self-assembling silver nanoparticle electroless deposition [26, 28] is used 

for creating real 3D nanostructures of appropriate size and shape. Fig. 2.2. (a-c) reports 

the steps of the process and shows representative scanning electron microscopy (SEM) 

images of SSCs in four different configurations: monomer, dimer, trimer, and tetramer 

Fig. 2.2. (e-h). 

The fabrication process illustrated in Fig. 2.2. shows that, after the lithography process 

leading to the formation of nanoholes, a metal site-selective growth Fig. 2.2. (a and b) 

forms the SSC. Fig. 2.2. (c) reports the redox reactions responsible for silver nanosphere 

growth. Fig. 2.2. (e-h) presents SEM images of SSCs and higher architectural 

combinations showing full fabrication control. The combination of SSCs, from dimers to 

tetramers, can improve sensitivity detection below picomolar concentrations. Here, we 

used only SSC monomers. This technology can easily be scaled up for mass production 

by using imprinting as a parallel and low-cost lithography technique. 

 

2.4 Local Field Enhancement of SSC and Role of Disorder 

Structural surface roughness or disorder is present on a scale much smaller than the laser 

wavelength as a result of an intrinsic fabrication mechanism. By using finite-difference 

time-domain (FDTD) analysis, we investigated the role of disorder in sustaining energy 

localization effects [17, 29-34]. Fig. 2.3. (a-c) shows a comparison between the ideal 
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geometry and our final disordered enhanced geometry [35]. SSC metrology values, such 

as nanosphere sizes and gaps, were taken from actual fabricated devices. Fig. 2.3. shows 

a map of an electric field for two configurations of SSC. In the first case, the SSCs are 

ideal, without surface roughness. In the second case, an average roughness of 2 nm 

(measured by SEM on fabricated SSCs) was introduced in the calculation. Furthermore, 

in both cases, the smallest gap was 5 nm. From the comparison between the ideal case 

and the fabricated SSC, we discovered that spatial localization and field enhancement are 

further improved in the final devices. 

In both situations, the results show an enhancement factor in the electric field of 

around 100 (based on our fabricated geometry). The results of Fig. 2.3. (c) were based on 

a statistical ensemble of more than 200 different samples, which means that the effect of 

disorder is reproducible and stable. Compared to surface-enhanced Raman scattering 

(SERS) measurements obtained after depositing a monolayer of benzenethiol molecules, 

this enhancement value is close to the experimental value (about 107) eil 

[36, 37]. Moreover, from the point of view of localization field, it is important to 

consider another parameter (that is, ratio e = Egap1/Egap2) between the fields Egap1 and 

Egap2, located in the smallest gap and in the middle gap. As from Fig. 2.3. (c), the ratio e 

at l = 514 nm is around 4 for the ideal SSC and 6 for the fabricated SSC Fig. 2.3. (a). 

Under uniform deposition of molecules over the whole SSC device, the dominant Raman 

signal will originate from the molecules located in the smallest gap. In fact, Raman 

intensity is proportional to the fourth power (E4) of the local electric field. In the case of 
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fabricated SSCs, e4
disordered = 64 = 1296; instead, e4

ordered = 44 = 256. Fig. 2.4. also 

shows results obtained by the commercial FDTD software Lumerical for a system with 

and without disorder.  

Fig. 2.4. (a) shows the maximum enhancement for the near field 𝐸   (V/m) for R1 =95 

nm, d1,2 = 19 nm, R2 = 35 nm, d2,3 = 5 nm, R3 = 20 nm at a wavelength of 527.273 nm 

without surface roughness. Fig. 2.4. (b) shows the maximum enhancement for the same 

dimensions at 666.7 nm with surface roughness.  

Raman intensity is dominated by the scattering of molecules sitting in the smallest 

hotspot. In a Raman experiment where SSC devices were used as SERS building block, 

the intensity signal coming from the molecules in the smallest gap was three orders of 

magnitude higher than the signal coming from the intermediate gap (the intermediate gap 

is the only region where a residual electric field is different from zero). As a 

consequence, we can exploit this behavior of the SSC to assume that the detected signal 

came from the smallest gap, without the need for any aligning procedure to locate the 

molecules specifically in the hotspot. Therefore, if we randomly cover the SSCs with 

molecules, the Raman signal detected is dominated by the signal of the molecules sitting 

in the area defined by the smallest gap. 

In order to reconstruct the whole content of the mixture, it is necessary to have a 𝑚×𝑛 

matrix array of SSC, whose 𝑚×𝑛 element is high enough to have all types of molecules 

statistically represented in the overall mxn pixels ensemble. The bio molecular procedure 

followed for extracting the peptides of interest from BRCA1 led, after purification, to a 

mixture of two fractions of 11 and 16 peptides, respectively. The experimental dilution 
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used was in the range of 100 pM. At this concentration, few types of molecule were 

deposited over each hot spot area, as resulted from the analysis of Raman spectra (see 

Figure. 2.5.). To find the elemental composition of a multicomponent mixture, a database 

is needed where the Raman spectrum of each peptide component is known. In our 

procedure, we created this database by acquiring each single peptide Raman spectra (base 

element), then the multicomponent spectra at each pixel of the matrix is recovered by 

fitting it with a linear combination of the base elements. The number of peptides in each 

pixel of the matrix is comprised typically between 3 and 5. Therefore, the collection of all 

pixel spectra allowed us to fully reconstruct the mixture composition, hence to find the 

mutated peptide coming from a patient carrying the disease. A 10×10 matrix is sufficient 

to fully reconstruct the original peptides mixture. 
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Fig. 2.1: Scheme of the whole process from peptide extraction to Raman detection. (A) A 

mixture of peptides is extracted from the BRCT domain derived from the BRCA1 protein. (B) 

The mixture is collected in aqueous solution at a concentration of 100 pM. (C to E) A drop is 

deposited and dried on a matrix array of SSCs (each chain is a pixel). (F) The whole content of 

peptides is spread over the matrix, and some (three different types per pixel, on average) are 

deposited in the smallest gap. These are the only ensembles per pixel that contribute to the Raman 
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signal. (G) Representative Raman signal from pixel i,j of the matrix array composed of, on 

average, three different types of peptides. 

 

	

	

 

Fig. 2.2: Fabrication process of silver SSC. (A) After electron beam lithography and 

surface treatment with 2 M HF, the sample is immersed in HF/AgNO3 aqueous solution, 

where Ag+ is reduced to silver metal through a redox reaction chain. (B) In nanowells 

(reduction surface), silver growth follows a spherical symmetry and generates three 

spheres of appropriate diameter and interdistance. (C) Redox reactions inside a nanowell 
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starting from the silicon surface. (D) SSC architecture and 2D map of electric field. 

Evidence of external laser polarization along the chain axis. The electric hotspot is 

localized in the smallest gap. (E to H) SEM images of silver SSCs and possible 

combinations in monomer, dimer, trimer, and tetramer. Scale bars, 50 nm. PMMA, 

polymethyl methacrylate. 

 
	
 

	

Fig. 2.3: Effects of disorder and sphere positioning on hotspot localization and 

enhancement. (A) Three-dimensional field enhancement and localization of (top) ideal 

SSC with zero sphere roughness and (bottom) fabricated SSC with 2-nm surface 

roughness. (B) Two-dimensional field map with zero roughness (top) and average surface 

disorder of 2 nm (bottom). (C) Comparison of enhancement between ideal SSC and 

fabricated SSC. A systematic electric field enhancement of a factor of 2 (as a function of 

wavelength) is expected of a 2-nm disorder. E0 is the maximal field value used as 

normalization factor in the 3D plot. In all simulations, laser polarization occurred along 

the SSC axis. au, arbitrary units; dis., disorder; ord., order. 
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Fig. 2.4: Linear combination fitting procedure of peptide spectra. Raman spectra were 

collected in a representative pixel of the array. The fit gives a weighted composition of 

peptides 1, 8, and 12. 

 

2.5 Conclusion 
 
The experimental strategy described in this work can overcome the limitation of detection 

and identification of very low concentrated proteins/peptides in a body fluid, and 

therefore it may represent a tremendous advancement in early diagnosis of cancer and 

other degenerative diseases. Moreover, this approach can be successfully applied for the 

evaluation of drug response and prognosis in patients undergoing complex and often 

debilitating treatments, such as chemiotherapy. At the best of our knowledge this is the 

first time of use of plasmonics for in-vitro human cancer sample analysis with a high 
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level of complexity such as 25 components mixture at pico-molar concentration. The 

present method can be considered a general strategy, applicable to other classes of 

pathologies and other chemical analytical cases, where complex mixtures have to be 

resolved in their constitutive components. 
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Chapter 3 
 
Design and Simulation of Reflectarray Metasurfaces in the Visible 

Regime 

3.1 Introduction 

Conventional optics modifies the wave front of light through propagation, where the 

change in phase gradually accumulates as the light propagates. If an abrupt phase change 

exists at the interface between two media, over a thickness of the scale of a wavelength, 

the normal laws of reflection and refraction no longer hold. Such phase shift can be 

created using a two dimensional array made of optical resonators with sub-wavelength 

separation and a phase response that is spatially dependent. This is because light scattered 

from optical resonators can introduce abrupt phase and sometimes polarization changes 

relative to the incident light. If the phase shift varies linearly with position, the incident 

plane wave remains intact resulting in anomalous reflection and refraction. The amount 

by which the incident plane wave is bent is proportional to the phase gradient [10-12, 38, 

39]. 

Two dimensional arrays made of optical resonators with sub-wavelength periodicity 

are known as metasurfaces, and because of their thickness which is negligible compared 

to the incident wavelength (thickness ∼λ/20), they can be considered near resonances of 

the constituents as a discontinuity interface that introduces an abrupt change in the 

amplitude, phase and sometimes polarization of the incident light at the wavelength scale. 

Therefore they can function as flat optical elements [2, 38, 40-44]. 
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Fig. 3.1: Schematic representation of the generalized laws of reflection and refraction. At 

the interface, a sudden phase shift Φ(x) that linearly depends on x is introduced. 

 

If the phase gradient along the interface between the two media, as in Fig. 3.1., is 

constant, then by using the conservation of the wavevector along the interface, or 

alternatively by using Fermat’s principle, the resulting generalized laws of reflection and 

refraction are 

  
sin(θt )nt − sin(θi )ni =

1
ko

dΦ
dx

 (1) 

  
sin(θr )− sin(θi ) =

1
koni

dΦ
dx

 (2) 

Where   k!  is the free space wavevector,  ni  and  nt  are the refractive indices of the two 
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media,  dΦ dx  is the phase gradient along the interface, and  θ i ,  θt  and  θr  are the incident, 

transmission and reflection angles respectively. The generalized laws of refraction and 

reflection can be shown to be equivalent to a blazed grating in that it eliminates all but 

one diffraction order, although the mechanism is different, since blazed gratings rely on 

gradual phase accumulation. Therefore, the metasurface can be considered as a flat 

blazed grating, where the anomalous angle of reflection equals one of the diffraction 

angles [45]. 

To achieve the full phase change of 2π, two different methods were used [38, 40, 41, 

46-61]. In the first approach, the scattered cross-polarized light relative to the incident 

light is manipulated using V-shaped nanoantennas, which demonstrates generalized 

reflection and refraction. However even in the case of negligible loss, the upper 

theoretical efficiency limit of this approach is ∼ 25% [38, 40, 41]. In the second 

approach, the metasurface is separated from a metal substrate by a dielectric spacer. Such 

configuration works only in reflection mode, but can have a high efficiency reaching 

100% for negligible loss [10-12, 53, 62-73] 

 
For the visible and NIR range using plasmonic metallic structures, anomalous 

reflection was demonstrated using silver and gold, but with low efficiencies in the blue 

and green wavelengths [59-61, 63]. Other structures used for better efficiency are silver 

trapezoid shaped nanorods [62]. Our designs use both aluminum and silver and 

demonstrate high efficiency anomalous reflection and broad working bandwidth in the 

visible regime. Aluminum is a promising plasmonic material with a strong plasmonic 

response that spans much of the visible spectrum, and together with its low cost has 
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gained increasing attention recently [72-74]. 

The basic element used in the second approach of metal-backed metasufraces is the 

metal-insulator-metal (MIM) resonator as shown in Fig. 3.2. Such resonator supports 

gap-surface plasmon (GSP) resonances, which are standing waves resonances resulting 

from forward and backward travelling slow SPPs in the gap between the metal strip and 

the metal substrate. This causes peaks in the scattering spectra at the resonance 

wavelength in addition to a local field enhancement in the gap. At the GSP resonance, the 

phase variation is that of a Lorentz-like oscillator, where it varies over the range of 𝜋 [10, 

11, 13, 75, 76] 

	

Fig 3.2: A schematic representing the GSP resonator, where a TM polarized plane wave 

propagating in the x-z plane is scattered by a metal block of width w and thickness h, 

separated from a metal surface by a dielectric layer of thickness d. 
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As the resonances are standing waves, their resonance can be calculated from the 

Fabry-Perot equation  

 wko ′n = Nπ −φ    (3) 

Where  w  is the width of the block,   k!  is the vacuum wavenumber,  ′n and ′′n are the real 

and imaginary parts of the slow GSP mode index ( β ko = ′n − i ′′n ) respectively, φ  is an 

additional phase shift acquired upon reflection of the SPP from the termination of the 

block and N is the order of the mode. This equation shows that a higher order GSP mode 

with the same wavelength is expected if  w is increased by 
  
Δw= λo 2 ′n( )  [10-13]. The 

resonance peak broadens with increasing block’s width w, thickness h and gap size d, this 

is because in all three cases the SPP becomes less strongly bound, resulting in weaker 

reflection at the block’s boundaries thereby weaker resonances. GSP metasurfaces have 

the advantage of being much less sensitive to fabrication imperfections [11, 77]. 

Here we investigate the anomalous reflection of light for TM polarization for normal 

and oblique incidence in the visible regime. We propose gradient phase GSP 

metasurfaces in the visible regime that exhibit high conversion efficiency (up to ∼97% of 

total reflected light) to the anomalous reflection angle for blue, green and red 

wavelengths at normal and oblique incidence, and where light polarization is unchanged 

after the reflection. We use the commercial software (Lumerical) for the finite-difference 

time-domain method (FDTD) simulation. The building blocks of the metasurfrace are 

metal nanobricks with varying sizes arranged periodically. We use both Al and Ag for 
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normal and oblique incidence respectively. Both metals exhibit better performance than 

Au particularly for shorter wavelengths, since for Au, resonances below 520 nm are 

quenched due to interband transitions. For normal incident TM polarized light, we use 

aluminum metasurfaces, the reflected light is at 10° to the normal. We design 

metasurfaces to demonstrate this effect at three different wavelengths of 445 nm, 530 nm 

and 650 nm (different array parameters for each wavelength). In the second configuration 

we show anomalous reflection of TM polarized light for an oblique incidence of -63°, 

reflecting to an angle of -10° to the normal. For this scheme we use silver, and design 

three different metasurfaces operating at a wavelength of 430 nm, 520 nm, and 620 nm. 

3.2 Structure and Design 

A three-dimensional schematic of the Al and Ag metasurfaces used are shown in Fig. 3.3. 

(a) and (b) respectively. The metasurface consists of a periodic array of the supercell. The 

general design of the supercell for each of the Al and Ag array (consisting of more than 

one brick) is shown in Fig. 3.3. Note that the schematics shown are for the Al and Ag 

arrays for blue and green wavelengths respectively, however for other colors, the 

supercell generally has a similar design. For each color, the parameters of the supercell 

are given in Table. 3.1. and Table. 3.2. For the first example, the Al antennas of thickness 

of 50 nm are coupled with an optically thick Al substrate (500 nm thick) separated by a 

dielectric SiO2 (n = 1.45) spacer, which is also 50 nm thick. The array is in the x-y plane 

and a TM plane wave source illuminates the metasurface at normal incidence along the z-

axis. Due to the thickness of the Al substrate, the transmission is zero and the absorption 

A is found from A = 1-T-R = 1 – R, where R represents the total reflectivity to all 
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directions. For the second example, Ag antennas of thickness of 30 nm are coupled with 

an Ag (500 nm thick) substrate separated by a dielectric SiO2 (n = 1.45) spacer of 

thickness of 30 nm.  

For the Al array, a “super” unit cell consisting of 12 nanobricks arranged with a period 

from brick to brick center of Λx and a total cell length in the x-direction of 12(Λx) and of 

a period of Λy in the y-direction. For the Ag array, the super unit cell consists of 6 

nanobricks, and the cell total length in x is 6(Λx) and is Λy in the y-direction. There are 

two main approaches for designing reflectarray metasurfaces, namely the phase-shift 

approach and the equivalence principle approach [78-80]. The equivalence principle 

approach is a more general approach using the exact solutions of Maxwell’s equations. 

However for our purpose here, since the design is for a fixed incident angle, the phase-

shift approach gives results that are in good agreement with the FDTD simulations. Using 

Eq. (2) together with dΦ dx = m 2π( )ni / d , where dΦ dx  is the phase gradient along the 

interface, m  is the diffraction order, ni  is the refractive index of the first medium and d  

is the length of the supercell [45], The bricks dimensions are chosen such that they are 

separated by 60° steps in their reflection phase for the Al array, while for the Ag array, all 

bricks have the same dimensions as they need to have the same phase of 360° in order for 

light to be reflected into the -6 diffraction order. Note that this is equivalent to using a 

supercell consisting of only one brick with a period in x and y of Λx and Λy respectively, 

as then the -10° angle is equivalent to the -1 diffraction order. However, here we use 6 

bricks to demonstrate the reflected plane wave more clearly. We use parameter sweeps 

for the brick dimensions Lx and Ly to find the optimum values for the design. Perfectly 
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matched layer boundary conditions (PML) were used in the vertical (z) direction to 

eliminate unphysical scattering at the boundaries of the simulation region. The mesh 

accuracy is set to 3, which corresponds to λ/14 step size. The boundary conditions are 

periodic in both x and y directions to simulate an infinite array of the super cell. The 

complex refractive index of both Ag and Al is taken from the data of Palik (0-2 µm) [81]. 

To measure the power reflected from the array, a 2D-z-normal (in the x-y plane) 

frequency-domain power monitor is placed at a distance of 500 nm ± 5 nm above the 

metasurface for all of the arrays. For the far-field polar plots, the far-field projection 

functions are used to propagate the reflected fields to a hemisphere of a radius of 1 m 

above the metasurface. The final images (polar plots) represent the field intensity on the 

hemisphere, as viewed from above the metasurface. Such feature utilizes the fields on the 

single surface of the frequency-domain power monitor, placed at 500 nm ± 5 nm above 

the metasurface, and use them to calculate the far-fields at 1m above that surface. For the 

phase of Ex plots, a 2D-y-normal (in the x-z plane) frequency-domain profile monitor is 

placed at the center of the array. The parameters used for each color are given in Table 

3.1. and Table 3.2.  
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Table 3.1. Al array unit cell bricks parameters Lx and Ly for the three colors, in 
addition to Λx and Λy 

 
Color Wave-

length 
(nm) 

Lx1 , 
Ly1  
(nm)  

Lx2 , 
Ly2 
(nm)  

Lx3 , 
Ly3  
(nm)  

Lx4 , 
Ly4 
(nm)  

Lx5 , 
Ly5 
(nm)  

Lx6 , 
Ly6 
(nm)  

Λx 
(nm) 

Λy 
(nm) 

Blue 445 20, 200 58, 200 80, 200 138, 
150 

170, 40 220, 15 240 240 

Green 530 20, 200 76, 200 96, 200 120, 
200 

144, 30 204, 20 300 300 

Red 650 43, 200 98, 200 122, 
200 

156, 
200 

220, 
100 

250, 20 300 300 

	

Table 3.2. Ag array unit cell bricks parameters Lx and Ly for the three 
colors, in addition to Λx and Λy 

Color	 Wave-	
length	(nm)	

Lx	,		
Ly		
(nm)		

Λx		
(nm)	

Λy	
(nm)	

Blue	 430	 260,		
260	

400	 270	

Green	 520	 357,		
360	

500	 370	

Red	 620	 500,		
460	

630	 490	
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Fig. 3.3:  (a) Schematics showing the designed Al array metasurface, where a single wavelength 

TM polarized light is normally incident on the array and reflected at 10° to the normal. A single 

unit cell consists of an Al brick separated from a continuous Al substrate by a glass spacer, while 

the supercell consists of 12 bricks. The general design of the super cell of the array for each color 

is shown, where the dimensions used for each wavelengths of blue, green and red are shown in 

Table. 3.1. (a). (b) Schematics showing the designed Ag array metasurface, where a single 

wavelength TM polarized light is obliquely incident on the array at -63° to the normal and 
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reflected at -10°, a single unit cell consists of an Ag brick separated from a continuous Ag 

substrate by a glass spacer, while the supercell consists of 6 bricks. The general design of the 

supercell of the array used for the three colors is shown, where the dimensions used for each 

wavelengths of blue, green and red are shown in Table. 3.1. (b). 

	

3.3 Results and Analysis 

For the Al arrays metasurfaces, TM polarized light is normally incident on the array and 

is reflected at an angle of 10° to the normal (the first diffraction order). We designed a 

different array for each wavelength. Fig. 3.4. (a-c) shows the phase of Ex for each Al 

array (in the x-z plane) at each of the wavelengths of (a) 445 nm (b) 530 nm and (c) 650 

nm respectively. Fig. 3.4. (d) shows the amount of source power reflected into the 

anomalous angle (the first diffraction order) for each of the Al arrays at the wavelengths 

of 445 nm, 530 nm and 650 nm represented by the blue, green and red lines respectively. 

Fig. 3.4. (e) shows the far-field intensity 
  
E

2
 (v/m)2 (on a hemisphere of a radius of 1m 

above the metasurface) for the wavelength of 530 nm. The far-field polar plots for the 

wavelengths of 445 nm and 650 nm are very similar. We calculated the total amount of 

reflected power relative to the source power for each array, and since there is no 

transmission, the rest of the source power is absorbed. The total reflected power amount 

is 73%, 66.87% and 65.86% of the source power for each of the blue, green and red 

arrays respectively. For the blue array, since 66.4% of total source power is reflected into 

the first order (at an angle of 10° to the normal), it follows that 91 % of total reflected 
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power goes into the anomalous mode. Similar calculations show that 90% and 96.6% of 

total reflected power goes into the anomalous reflection angle for each of the green and 

red arrays respectively. In addition, the resulting reflected beam is p-polarized for all 

arrays as the incident beam. Note that we used a pair of each element for the Al arrays to 

reduce the first order diffraction angle.  

For the Ag arrays metasurfaces, TM polarized light is obliquely incident on the array at -

63° to the normal and is reflected at -10° to the normal (diffraction order number of -6). 

As in the case for the Al arrays, we design a different array for each wavelength. Fig. 3.4. 

(f-h) shows the phase of Ex for each Ag array (in the x-z plane) at each of the 

wavelengths of (a) 430 nm (b) 520 nm and (c) 620 nm respectively. Fig. 3.4. (i) shows 

the amount of source power reflected into the anomalous angle (the sixth diffraction 

order) for each of the Ag arrays at the wavelengths of 430 nm, 520 nm and 620 nm 

represented by the blue, green and red lines respectively. Fig. 3.4. (j) shows the far-field 

intensity 
  
E

2
 (v/m)2 (on a hemisphere of a radius of 1m above the metasurface) for the 

wavelength of 520 nm. The far-field polar plots for the wavelengths of 430 nm and 620 

nm are very similar.  We also calculated the total amount of reflected power relative to 

the source power for each array as 43.9%, 56.1% and 54.5% for the blue, green and red 

arrays respectively. While the amount of total reflected power going into the anomalous 

reflection mode is 96.6%, 91.2% and 64.5% for the blue, green and red arrays 

respectively. These results show the possibility to control light with high efficiency in the 

visible regime. 
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Fig. 3.4.  (a)(b)(c) The phase of Ex for Al array (in the x-z plane) at a wavelength of 445 

nm, 530 nm and 650 nm respectively. (d) Amount of source power reflected into each 

order for Al array at a wavelength of 445 nm, 530 nm and 650 nm  (blue, green and red 

lines respectively). (e) The far-field intensity 
  
E

2  (v/m)2 (on a hemisphere of a radius of 

1m above the metasurface) for the wavelength of 530 nm. (f)(g)(h) The phase of Ex for 

Ag array (in the x-z plane) at a wavelength of 430 nm, 520 nm and 620 nm respectively. 
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(i) Amount of source power reflected into each order for Ag array at a wavelength of 430 

nm, 520 nm and 620 nm  (blue, green and red lines respectively). (j) the far-field intensity 

  
E

2  (v/m)2 (on a hemisphere of a radius of 1m above the metasurface) for the wavelength 

of 520 nm. 

	
Finally, we show how the efficiency and the angle of anomalous reflection evolves as the 

incident angle is changed for a given reflectarrray. For this purpose we choose the Al and 

Ag arrays used at the red (650 nm) and blue (430 nm) wavelengths respectively. The 

arrays at the other wavelengths show similar results. Using Eq. (2) together with 

dΦ dx = m(2π )ni / d , where dΦ dx  is the phase gradient along the interface, m  is the 

diffraction order, ni  is the refractive index of the first medium and d  is the length of the 

supercell [45], the angle of anomalous reflection can be calculated for a given angle of 

incidence. For the Al array at the red wavelength of 650 nm, Fig. 3.5. (a) shows the 

amount of source power reflected into the anomalous angle (here the first diffraction 

order), for different angles of incidence. For each color, θi ,θr( )   is shown, where θi  is the 

angle of incidence, and θr  is the anomalous reflection angle (here the first diffraction 

order (m =1)). Note that the observed anomalous reflection angles (for m =1) from 

simulation match those that are calculated. As can be shown from Fig. 3.5. (a), most of 

the reflected light goes into the anomalous reflection angle (the first diffraction order of 

m=1) for incident angles up to the angle of 30°. The total amount of reflected power is 

then decreased for the incident angles of 40° and 50° with more light being distributed 

among different diffraction orders. However, at an incident angle of 60°, the total 
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reflected power is increased again with most of the light being specularly reflected to the 

diffraction order m = 0. Note that we referred to the reflected angle (θr = 60° ) as * in Fig. 

3.5 (a), since here it corresponds to the zero diffraction order, and is not calculated using 

m =1 as in the previous angles. Fig. 3.5 (b) shows the results obtained for the Ag array at 

the blue (430 nm) wavelength where the amount of source power reflected into the 

anomalous angle (here the diffraction order m =-6) is shown for different angles of 

incidence. For a normal incidnet angle, the reflection is specular into the zero diffraction 

order (m =0) (θr = 0° ). Note that as in the case of the Al array, we referred to the 

reflected angle (θr = 0° ) as *, since here it corresponds to the zero diffraction order, and 

is not calculated using m =-6 as for the other angles. As the incident angle increases, 

more light is reflected into the anomalous reflection angle (m=-6) and less into the zero 

diffraction order (specular reflection) until it reaches a maximum at about 60° where after 

that, the reflection into the zero order grows again. These results show that the arrays are 

flexible in handling different angles of incidence with a reasonable efficiency. 
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Fig 3.5: (a) The amount of source power reflected into the anomalous angle (the first diffraction 

order), for different angles of incidence for the Al array at the wavelength of 650 nm. For each 

color, θi ,θr( )  is shown, where θ i is the angle of incidence, and θr is the anomalous reflection 

angle (here the first diffraction order (m =1)). At an incident angle of 60°, most of the light 

undergo a specular reflection into the diffraction order m = 0 (θr = 60° ). Note that we referred to 

the reflected angle (θr = 60° ) as *, since here it corresponds to the zero diffraction order, and is 

(a) 

(b) 
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not calculated using m =1 as in the previous angles. (b) The amount of source power reflected 

into the anomalous angle (here the diffraction order m =-6), for different angles of incidence for 

the Ag array at the wavelength of 430 nm. For a normal incidnet angle, the reflection is specular 

into the zero diffraction order (m =0) (θr = 0° ). Note that as in the case of the Al array, we 

referred to the reflected angle (θr = 0° ) as *, since here it corresponds to the zero diffraction 

order, and is not calculated using m =-6 as for the other angles. 

	

3.4 Conclusion 

We numerically studied the anomalous reflection of light for TM polarization for normal 

and oblique incidence in the visible regime. We proposed gradient phase GSP 

metasurfaces using Al and Ag for normal and oblique incidence respectively. We showed 

that high conversion efficiency (up to ∼97% of the total reflected light) to the anomalous 

reflection mode could be achieved. Such devices can be used as part of planar optical 

components with broad working bandwidth and can be integrated into photonic systems. 

In addition, since GSP metasurfaces are much less sensitive to fabrication imperfections 

[77], such devices have the advantage of being robust and scalable. 
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Chapter 4 
 
Effect of Surface Plasmon Coupling to Optical Cavity Modes on 
the Field Enhancement and Spectral Response of Dimer-Based 
sensors	
	

4.1 Introduction 

Plasmonics is an important branch of nanophotonics and is the study of the interaction of 

electromagnetic fields with the free electrons in a metal at metallic/dielectric interfaces or 

in small metallic nanostructures. The electric component of an exciting electromagnetic 

field can induce collective electron oscillations known as surface plasmons. Such 

oscillations lead to the localization of the fields that can be at sub-wavelength scale and 

to its significant enhancement relative to the excitation fields. These two characteristics 

of localization and enhancement are the main components that allow for the guiding and 

manipulation of light beyond the diffraction limit. Examples of surface-plasmon based 

devices include biosensors, high-resolution imaging, solar cells, waveguides, data 

storage, light emitting devices etc [2-4, 82-87].  

One of the main powerful methods used in sensors is surface enhanced Raman 

spectroscopy (SERS), which is the enhancement of the Raman signal achieved by placing 

Raman-active molecules in the vicinity of the near field of a metallic nanostructure [14, 

88, 89]. Single and few molecules detection is a desired feature and can be achieved 

through a higher enhancement and localization of the electric field [14, 88-91]. Closely 

spaced plasmonic nanoparticles such as hemisphere dimers and dimers of other shapes 

form nano-sized gaps with strong field enhancement and localization within a few cubic 

nanometers, and are knows as hot spots [92-96]. The Raman signal is proportional to the 



80 
 

fourth power of the electromagnetic field enhancement factor ( 𝐸!"# !/ 𝐸! !), therefore a 

higher local field enhancement 𝐸!"#  in the hot spot greatly enhances the Raman signal, 

and its localization in a small gap enables the detection of few molecules deposited there. 

Many different configurations were used to realize such features of high enhancement 

and localization including self-similar chains (SSCs) nanolense [91], nanocuboids [83], 

nanospheres [97, 98], nanorods [99], and nanoparticles clusters [100].  

One of the major problems in plasmonics is the large linewidth of plasmon resonances 

due to the large radiative damping of the metal [93, 101, 102]. Several methods have 

been used to decrease the linewidth and enhance the quality factor of the resonance. This 

requires coupling the broad LSP resonance to a system with a narrow resonance. 

Examples of such methods include far-field diffractive coupling [101-108], coupling with 

a quadruple resonance [109], coupling with waveguide modes [110] and coupling with a 

photonic microcavity [111-126]. In this paper, we propose an approach to narrow the 

plasmon linewidth and produce a large near-field enhancement in the gap (hot spot) of a 

silver plasmonic hemispherical dimer. The coupling mechanism involves the dimers with 

the collective resonance mode of the array, enhanced by far-field diffractive coupling, 

and the resonant modes of a Fabry-Perot (FP) cavity. First we demonstrate, using a 

hemispherical silver dimers array embedded in a FP cavity, an anticrossing in the 

reflection spectra and a Rabi splitting of 76 meV due to the strong coupling between the 

silver dimers array collective resonance mode and the optical cavity’s second mode. The 

resulting near-field intensity is 24% enhanced following the introduction of the FP cavity 

(with a maximum enhancement factor of 𝐸!"# / 𝐸! =  252.6) compared to the bare 

dimers array without the cavity. In addition, the resonance splitting allows for greater 
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flexibility in using the same array at different wavelengths. We then further propose a 

practical design to realize such a device to maximize the near-field enhancement and 

include dimers of different shapes and materials, where we show that up to 2-fold 

increase in enhancement can be achieved for a certain configuration. The computational 

method used is the finite-difference time-domain method (FDTD). 

4.2 Structure and Design 

In our first model, a hemispherical silver dimers periodic array is placed within a FP 

cavity as shown in Fig. 4.1 (a). Each hemisphere has a radius of 45 nm and the gap 

between the hemispheres is 5 nm. Both the dimer and the FP mirrors are silver where the 

complex refractive index is taken from the data of Palik (0-2 µm) [81]. The surrounding 

medium is air (index of refraction =1). The dimers array is in the x-y plane with a 

periodicity (dimer distance is referred to center-to-center) of 400 nm and 420 nm in the x 

and y directions respectively. Note that the dimer size and the periodicity of the array are 

chosen such that the collective resonance wavelength of the array matches that of the FP 

cavity mode (in this case the second order cavity mode). The FP upper mirror is of a 

thickness of 15 nm as to allow for the light from the source to pass through it (the 

transmissions ranges from 71% to 43% as the wavelength changes from 450 nm to 720 

nm). The lower mirror’s thickness is 500 nm (zero transmission). The total cavity’s 

length (d) is 478 nm (separation between the two mirrors). A TM plane wave source with 

a wavelength ranging from 450 nm to 720 nm, placed above the FP cavity (above the 15 

nm thick mirror), illuminates the array at normal incidence along the z direction. Since 

we are using the second mode of the FP cavity, and we need the position where the 
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electric field of the FP cavity standing wave has a maximum, we place the dimers array at 

the cavity quarter length above the lower mirror as shown in Fig. 4.1 (b). Note that the 

first order mode is at 1115 nm and is far from the dimer resonance. Perfectly matched 

layer boundary conditions (PML) where used above and below the array in the z-

direction to absorb scattered waves at the boundaries of the simulation domain. The mesh 

accuracy is set to 3, corresponding to a λ/14 step size. A mesh override region of 0.1 nm 

in all three directions is used around the dimer for a better resolution of the gap’s near-

field enhancement. To simulate an infinite array of the unit cell, periodic boundary 

conditions are used in both x and y directions. The periodicity in x and y allows for far-

field diffraction coupling [101-108] between the dimers, where the net acting field on 

every dipole includes the incident field and the sum of the radiation fields from all other 

dipoles, this substantially modifies the particle polarizability relative to the single particle 

resonance, resulting in enhanced scattering intensity of the array, in addition to narrowing 

the plasmon linewidth. This is accompanied by enhancing the near field intensity of the 

individual dimer [101-108]. We use such enhanced peak due to diffractive coupling, to 

further couple it with the FP cavity. For our finite-difference time-domain method 

(FDTD), we use the commercial software (Lumerical). The reflection spectrum of the 

bare dimers array without the FP cavity is shown in Fig. 4.2. (a). A reflection maximum 

is observed at λ = 540 nm, which is due to the excitation of the dimer’s longitudinal 

electric LSP mode (As can be seen from the electric field vector arrows in Fig. 4.2. (c)) 

enhanced by the far-field diffraction coupling. Fig. 4.2. (b) shows the corresponding near 

electric field intensity distribution at the reflection peak for the bare dimers array for a 
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unit cell (containing one dimer) where an enhancement factor of 𝐸!"# / 𝐸! =  204 is 

observed.  

	

Fig. 4.1: (a) Schematic representation of a hemispherical dimers array placed within an 

FP cavity. Each hemisphere has a radius of 45 nm and the gap between the hemispheres 

is 5 nm. Both the dimer and the FP mirrors are silver where the complex refractive index 

is taken from the data of Palik (0-2 µm) [81]. The surrounding medium is air (index of 

refraction =1). The dimers array is in the x-y plane with a periodicity (dimer center-to-

center) of 400 nm and 420 nm in the x and y directions respectively. The FP upper mirror 

is of a thickness of 15 nm as to allow for the light from the source to pass through it. The 

lower mirror’s thickness is 500 nm. The total cavity’s length (d) is 478 nm (separation 

between the two mirrors). A TM plane wave source with a wavelength ranging from 450 
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nm to 720 nm, placed above the FP cavity (above the 15 nm thick mirror), illuminates the 

array at normal incidence along the z direction. (b) Since we are using the second mode 

of the FP cavity, and we need the position where the electric field of the FP cavity 

standing wave to be a maximum, we place the dimers array at quarter the cavity length 

above the lower mirror.  

	

	

Fig. 4.2: (a) The reflection spectrum of the bare dimers array without the FP cavity. A 

reflection maximum is observed at λ = 540 nm, which is due to the excitation of the 
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dimer’s longitudinal LSP mode enhanced by the far-field diffraction coupling. (b) Near 

electric field intensity distribution at the reflection peak of λ = 540 nm for the bare dimers 

array for a unit cell (containing one dimer) where an enhancement factor of 𝐸!"! / 𝐸! =

 204 is observed. (c) The electric field vectors represented by the arrows show the 

longitudinal LSP mode of the dimer.  

	

A further step in our study is the insertion of the array in a FP cavity. In Fig. 4.3. (a) 

we show the reflection spectra of the FP cavity of a total length of d = 478 nm without 

embedding the dimers array. A reflection dip is observed at λ = 556.4 nm which results 

from the excitation of the second order cavity mode. Fig. 4.3. (b) shows the electric field 

intensity distribution for the FP standing wave of the second order mode. The dimer array 

is then placed within this cavity. Since we are using the second mode of the FP cavity, 

and we need the position where the electric field of the FP cavity standing wave to be a 

maximum, we place the dimer array at quarter the cavity length above the lower mirror as 

shown in Fig. 4.1 (b). Fig 4.3. (c) shows the electric field intensity distribution of the FP 

second order standing wave as it interacts with the dimer (for a unit cell) when the dimer 

array is placed within the cavity. Note that the field intensity is normalized to an electric 

field intensity of 3.3 V/m as to make the interaction between the dimer and the cavity 

more clear, however the actual field intensity is 228.3 V/m and 252.6 V/m at the dimer 

gap for the higher and lower energy modes respectively as shown in Fig. 4.4. 
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Further, in Fig. 4.4. (a) it is shown the dimers array mode that splits into two hybridized 

modes of narrow bandwidth when the array is placed within the cavity.  Fig. 4.4. (b) and 

(c) shows the corresponding near electric field intensity enhancement of the unit cell of 

the dimers array, when embedded in a FP cavity, for the higher and lower energy modes 

respectively ( at a wavelength of 499 nm and 591.8 nm respectively). In both cases of the 

higher and lower hybridized modes, the longitudinal electric LSP mode of the dimer is 

excited (similar to Fig. 4.2 (c)). Note that the two modes differ in phase such that for the 

higher energy mode, the plasmon oscillation is in phase with the cavity mode (where the 

dimer is located), while it is antiphase for the lower energy mode. The full width half-

maximum (FWHM) for each of the higher and lower energy modes is 19 nm and 15 nm 

respectively. A 24% increase in enhancement with an enhancement factor of 𝐸!"# /

𝐸! =  252.6 is shown at the gap of the dimer for the lower energy hybridized mode. 

While for the higher energy hybridized mode, the near-field enhancement is 𝐸!"# /

𝐸! =  228.3 at the gap of the dimer.			
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Fig. 4.3: (a) The reflection spectra of the FP cavity of a total length of d = 478 nm 

without embedding the dimers array. A reflection dip is observed at λ = 556.4 nm 

resulting from the excitation of the second order cavity mode. (b) The electric field 

intensity distribution of the FP standing wave of the second order mode (c) The electric 

field intensity of the FP second order standing wave as it interacts with the dimer (for a 

unit cell) when the dimer array is placed within the cavity. Note that the electric field 

intensity is normalized here to 3.3 as to make the interaction more clear, however the 

actual field intensity is 228.3 V/m and 252.6 V/m at the dimer gap for the higher and 

lower energy modes respectively as shown in Fig. 4.4. 
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Fig. 4.4: (a) shows the dimers array mode splits into two hybridized modes of narrow 

bandwidth when the array is placed within the cavity of a total length of d = 478 nm. (b) 

and (c) shows the corresponding near electric field intensity enhancement of the unit cell 

of the dimers array (containing one dimer), when embedded in a FP cavity, for the higher 

and lower energy modes respectively (at a wavelength of 499 nm and 591.8 nm 

respectively). An enhancement factor of 𝐸!"# / 𝐸! =  228.3 is shown at the gap of the 

dimer for the higher energy hybridized mode in (b), while for the lower energy 

hybridized mode in (c); the near- field enhancement is 𝐸!"# / 𝐸! =  252.6 at the gap of 



89 
 

the dimer. The full width half-maximum (FWHM) for each of the higher and lower 

energy dips is 19 nm and 15 nm respectively. 

	

In the following we will show that such a high electric field enhancement results from the 

strong coupling between the collective mode of the dimers array and the optical mode of 

the FP cavity. This strong coupling results in two hybridized modes, which are the high 

and low energy hybridized modes whose energies can be calculated using the two-level 

coupled oscillator model [113, 127, 128] 

𝐸!,! = 𝐸!" + 𝐸!"#$%& /2± ∆ 2+ 𝐸!" − 𝐸!"#$%&
!/4 

where 𝐸!" and 𝐸!"#$%&  are the energies of the dimers array collective mode and the FP 

cavity second mode respectively. ∆ is the coupling strength. For the FP cavity alone 

without the dimers array, the resonant condition for the Nth mode is given by 𝜆! =

2𝑛(𝑑 + 𝛿)/𝑁, where 𝑛 is the real part of the refractive index of the material separating 

the two mirrors, and 𝑑 is the cavity’s total length. 𝛿 is the apparent length increase of the 

cavity due to the reflection phase at the mirrors. By using FDTD simulations, we 

determined 𝛿 = 76 nm. 𝐸!" is also found through numerical simulations as 2.3 eV 

corresponding to a wavelength of 540 nm as shown in Fig. 4.2. Fig. 4.5. Shows the 

simulated (red lines) and calculated (green lines) positions of the reflection dips as the 

cavity’s total length d is varied from 300 nm to 600 nm in steps of 50 nm while all other 

conditions are kept the same.  
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The coupling strength in the coupled oscillator model is taken to be 76 meV. Fig. 4.5 

shows good agreement between the simulated and calculated reflection dips. The blue 

line and the horizontal black line represent the cavity modes and the dimers array 

collective mode resonance respectively. At the crossing of the blue and black lines, the 

positions of the reflection dips shows a large anticrossing due to the strong coupling 

between the cavity mode and the array mode. Moving away from the position of the 

anticrossing, the reflection dips approximately follow one of the two lines.  

	

Fig. 4.5: The simulated (red lines) and calculated (green lines) positions of the reflection 

dips as the cavity’s total length d is varied from 300 nm to 600 nm in steps of 50 nm 

while all other conditions are kept the same. The calculated reflection dips are found 

using the coupled oscillator model of the dimers array mode and the optical cavity mode. 

The coupling strength is 76 meV. The blue line and the horizontal black line represent the 

cavity modes and the bare (without the cavity) dimers array mode resonance respectively. 
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To realize a practical implementation of this coupling, the array is placed on a glass 

(SiO2) substrate of index of refraction of 1.45 as in Fig. 4.6. Below the glass substrate is a 

500 nm thick mirror (zero transmission), another mirror of a thickness of 15 nm is placed 

above the array (the transmissions ranges from 65.3% to 35.5% as the wavelength 

changes from 520 nm to 850 nm). Both the dimers and the FP mirrors are silver where 

the complex refractive index is taken from the data of Palik (0-2 µm) [81] (Note that 

similar results in terms of the splitting and enhancement can be obtained if Au is used).  

As in the first model, the surrounding medium is air (index of refraction =1). The dimers 

array is in the x-y plane with a periodicity (dimer center-to-center) of Dx and Dy in the x 

and y directions respectively. A TM plane wave source placed above the FP cavity 

(above the 15 nm thick mirror) illuminates the array at normal incidence along the z 

direction. All other simulation conditions are similar to the first model without using the 

substrate. Note that because of the glass substrate, the collective resonance of the bare 

dimers array without the cavity is red-shifted [129-132] and the diffractive coupling is 

less efficient due to the inhomogeneous (asymmetric) environment around the particles 

[101]. However it was shown that for large enough particles, strong diffractive coupling 

can occur even in an asymmetric configuration [106, 133, 134]. Furthermore, additional 

peaks at the blue side of the original resonance can arise [135-138]. We first consider the 

cavity resonances for a FP cavity that is partially filled with glass (SiO2) of refractive 

index of 1.45. Using a similar argument as above, we choose the substrate thickness such 

that the top of the substrate where the dimers array is placed coincides with the position 

where the electric field of the FP cavity standing wave is large.  
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A possible scheme for implementing the cavity proposed in the paper, is to fabricate the 

semi-transparent mirror on a AFM cantilever, as in Fig. 7, by means of the two- photon 

lithography technique [138]. The accurate dynamical distance control that can be reached 

by AFM in the z direction, the distance between the two cavity mirrors, would be 

effective for optimizing the resonance at the experimental condition given by the whole 

device. We believe that this proposed scheme would be successfully compatible with fast 

scanning techniques where both, high enhancement will be combined with high density 

distribution of hot spots for light enhanced spectroscopies. 

 

	

Fig. 4.6: Schematic representation of a hemispherical dimers array on a glass (SiO2) 

substrate of refractive index of 1.45 placed within an FP cavity. Both the dimer and the 

FP mirrors are silver where the complex refractive index is taken from the data of Palik 

(0-2 µm) [57]. The surrounding medium is air (index of refraction =1). The dimers array 

is in the x-y plane with a periodicity (dimer center-to-center) of Dx and Dy in the x and y 

directions respectively. The FP upper mirror is of a thickness of 15 nm as to allow for the 
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light from the source to pass through it. The lower mirror’s thickness is 500 nm. A TM 

plane wave source of a wavelength ranging from 520 nm to 850 nm, placed above the FP 

cavity (above the 15 nm thick mirror), illuminates the array at normal incidence along the 

z direction. The distance between the two mirrors is the total length of the cavity. 

	

	

Fig. 4.7: Schematic representation of a possible scheme for implementing the cavity 

proposed in this paper. The dielectric layer above the thin mirror has a dielectric constant 

that is close to that of the cantilever (about 1.5). 

	

As an example, we consider a hemispherical dimers array where each hemisphere has 

a radius of 35 nm. The gap between the hemispheres is 5 nm. The glass substrate is of a 

thickness of 350 nm. The periodicities (dimer center to center) in the x and y directions 

are 160 nm and 335 nm respectively. As in the first example of the dimers array without a 

substrate, the dimer size and the periodicity of the array are chosen such that the 
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collective resonance wavelength of the array matches that of the FP cavity mode (in this 

case the third order cavity mode). Note that due to the presence of the substrate, the 

resonance wavelength of a given cavity mode is shifted to a higher value (the second 

mode is at 903 nm and the third mode is at 1924 nm). A TM plane wave source of a 

wavelength ranging from 520 nm to 850 nm, placed above the FP cavity (above the 15 

nm thick mirror), illuminates the array at normal incidence along the z direction. The 

reflection spectra of the dimer array on the substrate without using the cavity is shown in 

Fig. 4.8. (a).  A reflection maximum is observed at λ = 620 nm, which is due to the 

excitation of the dimer’s longitudinal electric LSP mode enhanced by the far-field 

diffraction coupling. We choose the periodicity in x and y to be 160 nm and 335 nm 

specifically as to show the splitting more clearly and get a single resonance peak for the 

dimer array without the cavity. This is because due to the glass substrate, additional peaks 

at the blue side of the original resonance can arise for arbitrary periods [135-137]. Fig. 

4.8. (b) shows the corresponding near electric field intensity distribution at the reflection 

peak for a unit cell of the array on the substrate where an enhancement factor of 

𝐸!"# / 𝐸! =  78.4 is observed.  
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Fig. 4.8: (a) The reflection spectrum of the hemispherical dimers array on the glass 

substrate alone without the FP cavity. A reflection maximum is observed at λ = 620 nm, 

which is due to the excitation of the dimer’s longitudinal LSP mode enhanced by the far-

field diffraction coupling. (b) The corresponding near electric field intensity distribution 

at the reflection peak of λ = 620 nm for a unit cell where an enhancement factor of 

𝐸!"# / 𝐸! =  78.4 is observed.  

	

In Fig. 4.9. (a), we show the reflection spectra of the FP cavity alone where its total 

length is  d = 657.5 nm (thin mirror at 307.5 nm above the substrate) that is partially 

filled with a glass substrate (index of refraction of 1.45) of thickness of 350 but without 

the dimers array (as in Fig. 4.6 excluding the dimers). A reflection dip is observed at λ = 

623.3 nm resulting from the excitation of the third order cavity mode. Fig. 4.9. (b) shows 

the electric field intensity distribution for the FP standing wave of the third order mode at 

623.3 nm. The dimer array is then placed within this cavity. The top of the substrate 

where the dimers array is placed coincides with the position where the electric field of the 

FP cavity standing wave is large. Fig. 4.9. (c) shows the electric field intensity of the FP 

third order standing wave as it interacts with the dimer (when the dimer array is placed 

within the cavity on top of the substrate). Note that the electric field intensity is 

normalized here to 3.62 V/m as to make the interaction between the dimer and the cavity 

more clear, however the actual field intensity is 102.3 V/m and 112.7 V/m at the dimer 

gap for the higher and lower energy modes respectively as shown in Fig. 4.10. 

 In Fig. 4.10. (a), it is shown the dimers array mode splits into two hybridized modes 
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of narrow bandwidth when the array is placed within the cavity.  Fig. 4.10. (b) and (c) 

shows the corresponding near electric field intensity enhancement of the unit cell 

(containing one dimer) of the dimers array on the substrate, when embedded in the FP 

cavity, for the higher and lower energy modes respectively (at the wavelengths of 596.7 

nm and 630 nm respectively). As is the case for the dimer array without the substrate, the 

longitudinal electric LSP mode of the dimer is excited for both the higher and lower 

energy modes. Note again, as in the first case of the array without the substrate, that the 

two modes differ in phase such that for the higher energy mode, the plasmon oscillation 

is in phase with the cavity mode, while it is antiphase for for the lower energy mode. The 

full width half-maximum (FWHM) for each of the higher and lower energy dips is 7.5 

nm and 12.5 nm respectively. An enhancement factor of 𝐸!"# / 𝐸! =  102.3 is shown at 

the gap of the dimer for the higher energy hybridized mode. While for the lower energy 

hybridized mode, the near- field enhancement is 𝐸!"# / 𝐸! =  112.7 at the gap, which is 

a 43% increase in enhancement relative to the enhancement without using the cavity. 
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Fig. 4.9: (a) The reflection spectra of the FP cavity, containing a substrate, of a total 

length of d = 657.5 nm without embedding the dimers array. A reflection dip is observed 

at λ = 623.3 nm resulting from the excitation of the third order cavity mode. (b) The 

corresponding electric field intensity distribution of the FP standing wave of the third 

order mode (c) The electric field intensity of the FP third order standing wave as it 

interacts with the dimer when the dimer array is placed on the substrate. Note that the 

field intensity is normalized here to 3.62 V/m as to make the interaction more clear, 

however the actual field intensity is 102.3 V/m and 112.7 V/m at the dimer gap for the 

higher and lower energy modes respectively as shown in Fig. 4.10. 
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Fig. 4.10: (a) shows the dimers array mode splits into two hybridized modes of narrow 

bandwidth when the array on the substrate is placed within the cavity of a length of d = 

657.5 nm. (b) and (c) shows the corresponding near electric field intensity enhancement 

of the unit cell of the dimers array (containing one dimer), when embedded in a FP 

cavity, for the higher and lower energy modes respectively (at a wavelength of 596.7 nm 

and 630 nm respectively). An enhancement factor of 𝐸!"# / 𝐸! =  102.3 is shown at the 

gap of the dimer for the higher energy hybridized mode in (b), while for the lower energy 

hybridized mode in (c); the near- field enhancement is 𝐸!"# / 𝐸! =  112.7 at the gap. 
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The full width half-maximum (FWHM) for each of the higher and lower energy dips is 

7.5 nm and 12.5 nm respectively. 

	

Table. 4.1. shows different arrangements with different dimer shapes, different materials 

and other parameters including the total length of the cavity, the thickness of the 

substrate, the periodicity in x and y, the enhancement at the gap of the dimer with and 

without the FP cavity, the gap size and the mode order of the cavity to produce high 

enhancement at the wavelengths of 492.2 nm, 521.2 nm, 677 nm, 686.4 and 750 nm, 

where an increase in enhancement of 81%, 25%, 44%, 54% and 200% is observed 

respectively. The details of the dimensions of each dimer are given below the table. Note 

that the Ag Bow-tie configuration produces a two-fold enhancement.  

Table 4.1.  
	
Wavelen
gth (nm) 

Dimer 
Materia
l 

Dimer 
Shape  

Dx 
(nm)  

Dy 
(nm)  

Cavity 
Mode 
order 

Substr
ate 
Thicke
ss (nm)  

Cavity 
length 
d (nm) 

𝑬𝒍𝒐𝒄
/ 𝑬𝟎  

 
withou
t the 
cavity  

𝑬𝒍𝒐𝒄
/ 𝑬𝟎  

 
with 
the 
cavity 

Gap 
size 
(nm) 

492.9 Al spheres 160 335 4 350 679.5 37.8 68 5 

521.2 Ag  spheres 240 370 4 350 717.5 72 90 5 
 
 

677 Ag  Bow-
tie 

365 395 3 350 792.5 200 288 5 

686.4 Au  Rounde
d rods 

270  370 3 350 757.5 58.5 90 5 
 

750 Au  Bow-
tie 

365 395 3 350 867.5 128.25 255.6 5 
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The wavelength in Table. 4.1. refers to the wavelength at maximum enhancement when 

the cavity is introduced. For the Al dimer sphere, each sphere has a radius of 35 nm, 

while for the Ag dimer spheres; each sphere has a radius of 40 nm. For the Ag bow-tie 

dimer, each is an equatorial triangle with a side of 70 nm and a thickness of 20 nm. 

Finally for the Au rounded rods dimer, the radii are 30 nm and 30 nm, and the total length 

of the rod is 100 nm.  Note that we chose the sizes of the different dimers, as well as the 

periodicity in both x and y, such that the collective resonance wavelength of the dimers 

array matches that of the FP cavity resonance. 

4.3 Conclusion 

We theoretically present an approach to enhance the near-field intensity at a plasmonic 

dimer gap (hot spot) through coupling the electric localized surface plasmon (LSP) 

resonance of a dimer with the resonant modes of a Fabry-Perot (FP) cavity. The strong 

coupling is demonstrated by the anticrossing in the reflection spectra and a Rabi splitting 

of 76 meV. Up to 2-fold increase in enhancement can be achieved compared to the 

enhancement without using the cavity. In addition, the resonance splitting allows for 

greater flexibility in using the same array at different wavelengths. We then further 

propose a possible scheme for implementing the cavity. In addition, we show different 

configurations using different dimer shapes, materials and cavity lengths to maximize the 

near-field enhancement at the wavelengths of 492.9 nm, 521.2 nm, 686.8 nm, 677 nm and 

750 nm. Such high field enhancement has potential applications in many optical devices, 

such as in sensors and high resolution imaging devices. Finally this array-cavity system is 

simple with fixed and reproducible geometries that give rise to a high and stable Raman 
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enhancement, which makes it a good candidate for the practical realization of SERS-

based sensors. 
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Chapter 5 
 
Plasmonic Nano Dimers for Color Pixels	
	

5.1 Introduction 

Metal nanoparticles support collective electron oscillations known as surface plasmons. 

Such oscillations results in the localization of the fields beyond the diffraction limit and 

to its enhancement relative to the incident fields. This is in addition to the strong 

scattering and absorption of light at the resonance wavelength of the metal nanoparticle. 

These features are used in many devices including biosensors, solar cells, light emitting 

devices, waveguides and high resolution imaging [2-4, 82]. Among such applications are 

display technologies, which are evolving more towards higher resolution and 

miniaturization. Plasmonic color pixels can offer solutions to realize such technologies 

due to their sharp resonances and selective scattering and absorption at particular 

wavelengths and due to their size, allowing it to perform at resolutions beyond the 

diffraction limit. Examples of plasmonic color generation devices include color filters 

[84, 139-148], high resolution color pixels [74, 149-153], plasmonics combined with 

liquid crystals [154] image printing beyond the diffraction limit [155-158] transparent 

display [159] and color holograms [160-162]. In this paper we demonstrate bright color 

pixels that are broadly tuned and highly polarized using periodic arrays of different metal 

nanosphere dimers on a glass substrate. Farfield diffractive coupling further enhances and 

tune the resonance, narrowing its linewidth, which results in purer colors. The 

computational method used is the finite-difference time-domain method (FDTD) using 

the commercial software FDTD Lumerical Solutions v8.9.  
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Display technologies including plasma displays, liquid crystal displays (LCD) and 

light-emitting diode (LED) displays, use different color-producing media to produce 

color pixels such as the standard RGB color scheme pixel made up of the primary colors 

(blue, green and red) under the illumination of a light source or through utilizing an 

electric voltage. These technologies are evolving towards more flexible displays, higher 

resolution and higher energy efficiency [74, 158, 159]. Plasmonic color pixels offer the 

advantage of increased resolution and a wide range of color tunability through changing 

the dimensions or the geometry of the structure, the surrounding environment index, the 

polarization, or the angle of incidence of the exciting light. In addition, the ultra thin 

thickness of the structure supporting plasmonic elements makes it suitable for integration 

in miniaturized devices. The periodicity is also comparable to the wavelength, which 

makes it possible to produce pixels that are smaller than conventional methods. Further, 

since plasmonic resonators are made of metals, they are more stable than chemical 

pigments and can endure higher temperatures and ultra-violet radiation [139, 144, 145]. 

In this paper, we show that periodic arrays of different metal nanosphere dimers on a 

glass substrate can produce bright color pixels that are broadly tuned and highly 

polarized. This is based on the fact that plasmonic nanoparticles show resonant selective 

scattering at particular wavelengths, while being almost transparent to other wavelengths. 

To produce the color pixels, nanosphere dimers made of aluminum, silver and gold are 

used for the blue, green and red pixels respectively. Al and Ag are more suitable than 

gold for shorter wavelengths as Au nanoparticle resonances below 520 nm are quenched 

due to interband transitions [74]. In the case of the nanospherical dimer, we found that 

the longitudinal plasmon resonance along the axis of the dimer is the main contributor to 
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the resonance and therefore to the color of the pixel. Far-field diffractive coupling 

enhances the scattering intensity and reduces the plasmon linewidth of the array [101-

104, 106-108, 163]. Note that the glass substrate has the effect of red-shifting the 

resonance and making the far-field diffractive coupling less efficient due to the 

inhomogeneous environment around the dimers [129-133]. However, it was shown that 

for large particles, diffractive coupling could still occur [106, 133, 134]. In addition, the 

glass substrate can result in additional peaks appearing at the blue side of the original 

resonance [135-137]. For appropriate periodicities, additional resonances can be 

suppressed to produce purer colors pixels. The advantage of using a dimer instead of a 

monomer is that it is polarization sensitive, which is consistent with display technologies, 

and to its ability to enhance the far-field scattering intensity as the gap gets smaller [164]. 

5.2 Structure and Design 

For the numerical optimization of the design, we tune the color of each pixel by changing 

the spheres material and diameters, while keeping the gap fixed. This small gap also 

allows for a higher far-field scattering intensity [48]. In addition we use far-field 

diffractive coupling to further enhance, tune and narrow the plasmon linewidth through 

changing the periodicities of the array, Dx and Dy, (dimer center to center distance in the 

x and y directions respectively). Advantages of this approach include simplicity of the 

design, bright coloration and highly polarized function. In addition, we show that it is 

possible to obtain different colors by varying the angle of incidence. Our design can also 

be used for transparent displays by projecting monochromatic light at the resonance 

wavelength. A schematic diagram of the array is shown in Fig. 5.1. 
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Fig 5.1: Schematic diagram of the plasmonic color pixel array of periodic metal 

nanosphere dimers on a glass substrate of thickness h. Polarized white light interacts with 

the dimers and selectively scatters back certain wavelengths. The gap distance between 

the spheres is g and the periodicity in x and in y is Dx and Dy respectively.  

	

We use FDTD commercial software Lumerical to perform the numerical optimizations 

and calculate the reflection spectra. We use p-polarized white light (400-750 nm) to 

excite the arrays at normal incidence. This results in the excitation of the longitudinal 

plasmon resonance along the axis of the dimer, which is the main contributor resonance 

that produces the color of the pixel. This makes the array polarization selective which is 

compatible with display technologies. Each pixel consists of an array of identical 

nanosphere dimers with the same edge-to-edge spacing. We also numerically calculate 

the scattering and absorption cross-section efficiencies for the individual dimers to show 
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diffractive coupling effects on the spectral peaks and linshapes. 

In general, as the length of the dimer increases, its resonance red shifts, however this 

is accompanied by a broader resonance due to an increase in radiative damping. This 

effect can be minimized using diffractive coupling to achieve strong higher intensity and 

narrower peaks suitable for color displays. We choose Dx in all of the three arrays to be 

much smaller than the wavelength used, while Dy is varied to tune the resonance. This is 

because for a rectangular array, as our case, the periodicity perpendicular to the 

polarization vector is more important in determining the spectral shift and width of the 

resonance than the periodicity that is parallel to the polarization vector [101, 103, 105]. 

We designed RGB pixels in the reflection mode with their spectral peaks positions 

corresponding to the wavelengths of blue (453 nm), green (520 nm), and red (637 nm). 

Table 5.1. shows the parameters used for each pixel array. The thickness of the glass 

substrate is 140 nm for all of the arrays. The gap size between the spheres is 3 nm for all 

of the dimers used. The complex refractive index for Ag, Al and SiO2 are taken from the 

data of Palik (wavelength range: 0-2 µm), while for Au, it is taken from Johnson and 

Christy [81, 165]. For our application, we consider mainly the reflection spectra of each 

array. To measure the reflected spectra from the arrays, a 2D z-normal (in the x-y plane) 

frequency domain power monitor is placed at a distance of 500 nm above the array. The 

colors shown in the figures are obtained by converting the reflection spectra into the CIE 

chromaticity diagram. A unit cell of one dimer was used. The boundary conditions in the 

x and y directions are periodic to simulate an infinite array of the nanosphere dimers. 

Perfectly matched layer boundary conditions (PML) were used in the z-direction to 

eliminate scattered waves at the boundaries of the simulation region. A mesh override 
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region of a size of 1 nm in all three directions is used around the dimer. For the scattering 

and absorption cross-sections of the dimer alone, we use a total field scattered field 

(TFSF) plane wave source around the dimer together with two power monitor boxes, one 

in the scattered field region and one in the total field region. A mesh override region of 1 

nm is used around the dimer throughout the TFST source region. For the oblique angle of 

incidence plots in Fig. 5.5, the broadband fixed angle source technique (BFAST) is used, 

and the mesh override region around the dimer was set to 2 nm. To find the polarization 

of the reflected light, a polar ellipse analysis object is placed at a distance of 510 nm 

above the array. 

Table 5.1. Parameters used for the RGB pixels arrays. 
	

Color Material Array’s 
Resonance 
Reflection 
Peak 
Wavelength 
(nm) 

Sphere Radius 
(nm)  

Dx  
(nm) 

Dy  
(nm 

Blue Al 453 35 160 335 
Green Ag 520 40 245 360 
Red Au 637 50 380 480 
	

5.3 Results and Analysis 

Fig. 5.2 (a-c) shows the scattering and absorption cross sections of the dimer alone 

without the array for the Al (radius 35 nm), Ag (radius of 40 nm) and Au (radius 50 nm) 

dimers used for the blue, green and red pixels respectively. The gap size in all the dimers 

is 3 nm. The results show that at resonance, the scattering is significantly higher than the 

absorption for the three dimers, which is good for this application. The scattering peak is 
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at the wavelength of 341 nm, 513 nm and 619 nm for each of the Al, Ag and Au dimers 

respectively. Placing the dimer in an array will further shift, enhance and narrow the 

resonance peak, as is shown below. Fig. 5.3. shows the reflection spectra of the dimers 

arrays on a glass substrate for the three configurations used for blue, green and red 

obtained under p-polarized light at normal incidence with a wavelength ranging from 

(400-750 nm). Note that in the case of the red array, the increased radiative damping 

broadens the resonance, these additional wavelengths modifies the perceived color into a 

pastel red. The CIE chromaticity diagram coordinates for each color are (X = 13.0485, 

Y= 5.5355, Z = 66.9152, x = 0.1526 and y = 0.0647) for the blue, (X = 7.4466, Y= 

19.5526, Z = 7.3495, x = 0.2167 and y = 0.5692) for the green and (X = 16.0995, Y= 

9.3116, Z = 3.7168, x = 0.5527 and y = 0.3196) for the red as shown in Fig. 5.4. 

Fig. 5.5. Shows the reflection spectra of the array used for the green pixel where Dy is 

varied from 240 nm to 440 nm in steps of 40 nm, while Dx is kept fixed at 240 nm. As Dy 

increases, the collective resonance of the array is enhanced, redshifted and narrowed as 

compared to the isolated Ag dimer in Fig. 5.2 (b), which is useful for producing purer 

colors. Similar results are found for the other arrays. This result is in agreement with the 

sharpening and narrowing of the array resonance as the period is approaching the 

diffraction edge as was shown in [101, 103, 105].  
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Fig. 5.2: Scattering and Absorption cross sections for the dimer alone without the array 

for the (a) Al dimer with a sphere radius of 35 nm. A scattering peak is observed at a 

wavelength of 341 nm. (b) Ag dimer with a sphere radius of 40 nm. The scattering peak 

wavelength is at 513 nm. (c) Au dimer with a sphere radius of 50 nm, where the 

scattering peak wavelength is at 619.2 nm. The gap size is 3 nm in all of the dimers. 
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Fig. 5.3: The reflection spectra of the dimers arrays on a glass substrate for the three 

configurations used for blue, green and red respectively obtained under p-polarized light 

at normal incidence with a wavelength ranging from (400-750 nm). The spectral peaks 

positions corresponding to the wavelengths of blue (453 nm), green (520 nm), and red 

(637 nm). 

	



111 
 

	

Fig. 5.4: The CIE chromaticity diagram coordinates for each color are (X = 13.0485, Y= 

5.5355, Z = 66.9152, x = 0.1526 and y = 0.0647) for the blue, (X = 7.4466, Y= 19.5526, 

Z = 7.3495, x = 0.2167 and y = 0.5692) for the green and (X = 16.0995, Y= 9.3116, Z = 

3.7168, x = 0.5527 and y = 0.3196) for the red. 
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Fig. 5.5: Shows the reflection spectra of the array used for the green pixel where Dy is 

varied from 240 nm to 400 nm in steps of 40 nm, while Dx is kept fixed at 240 nm. As Dy 

increases, the collective resonance of the array red shits and its linewidth narrows which 

is useful for producing purer colors. 

	

Fig. 5.6 shows the polarization state of the reflected light for the arrayed used in the green 

pixel. Similar results are found for the other arrays. The reflected light is p-polarized as 

expected. Finally we show that it is possible to obtain different colors by varying the 

angle of incidence. Fig. 5.7 (a-c) show the reflection spectrum for each array as the angle 

of incidence is changed from 0o to 60o, and the corresponding color for each angle.  
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Fig. 5.6: The reflected light is p-polarized as expected, since the longitudinal plasmon 

resonance along the axis of the dimer is the main contributor to the resonance and 

therefore to the color of the pixel. 
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Fig. 5.7: The reflection spectrum for each of array of the (a) blue, (b) green and (c) red 

pixels as the angle of incidence is changed from 0o to 60o, and the corresponding color 

for each angle. 

	

5.4 Conclusion 

We have demonstrated numerically highly polarized bright plasmonic color pixels 

enabled by the selective scattering of aluminium, silver and gold nanosphere dimers 

arranged in periodic arrays on a glass substrate. We showed that it is possible to obtain 

RGB pixels in the reflection mode. Far-field diffraction coupling further shifts and 

enhances the scattering intensity, narrowing the plasmon line width for brighter and more 

vivid colors. The longitudinal plasmon resonance along the axis of the dimer is the main 

contributor to the resonance, and the colors are tuned using a combination of the dimer 

length and the inter-dimer spacing in the array Dx and Dy. We further showed that it is 

possible to obtain different colors by varying the angle of incidence. Advantages of this 

approach include simplicity of the design, bright coloration and highly polarized 

function. Our design can also be used for transparent displays by projecting 

monochromatic light at the resonant wavelength. 
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Chapter 6 
 
Giant Magnetic Field Enhancement in Hybridized MIM 
Structures	
	

6.1 Introduction 

At optical and NIR frequencies, light-matter interactions are mainly through the electrical 

component of light, while the magnetic component effect is extremely weak [166]. 

However, it has been shown that artificial magnetism can be generated at optical and NIR 

frequencies through utilizing surface plasmon resonances (SPRs) in specially designed 

metamaterials. The incoming magnetic field of the wave can excite SPRs that can 

produce a current loop, which gives rise to an effective magnetic dipole moment that 

opposes the incident magnetic field [167, 168]. Such magnetic plasmon resonance is 

different from LC resonances arising in perfectly conducting split-ring resonators (SRRs) 

at microwave and mid-IR frequencies, and in which the skin depth is much smaller than 

the structure size [167, 168]. In such SRRs, the strong magnetic response is achieved at a 

particular ratio of the radiation wavelength to the structure size. However in magnetic 

plasmon resonances in subwavelength structures, the plasmonic effect, due to the size 

being comparable to the skin depth, plays the dominant role.  The resonance frequency is 

determined by the electromagnetic properties of the metal and the structure geometry 

rather than the wavelength to size ratio. As a result, the magnetic plasmon resonance 

appears in the optical-NIR range of the spectrum [167, 168]. Several structures have been 

proposed in the literature to demonstrate magnetic hot spots including nanorings [169], 
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MIM nanosandwiches [170-172] and nanoparticle clusters [173, 174]. The MIM structure 

(nanosandwich) consists of two metallic strips separated by a dielectric layer. Such 

structure supports an anti-symmetric mode where the electric field in the two metallic 

strips oscillates out of phase producing antiparallel currents which combine with the 

displacement currents in the dielectric gap to form a current loop that produces a 

magnetic dipole moment in a direction that is opposite to the incident magnetic field 

[172, 175]. This results in a highly enhanced and localized magnetic field in the dielectric 

layer known as a magnetic hot spot with potential applications in sensors, light matter 

interaction at weak magnetic fields and negative refractive index materials [168, 176]. 

One of the main problems in plasmonics is the high radiative damping resulting in a large 

plasmon linewidth which limits the near field enhancement [2, 101, 102]. Various 

methods have been used to reduce the radiative damping through coupling the LSP 

resonance to a narrow resonance mode. Some examples for enhancing the magnetic 

plasmon resonance include far-field diffractive coupling [175, 177], coupling to Bloch 

surface waves [178], coupling to SPPs [179] and coupling with a photonic microcavity 

[113, 180].  

Here we propose a numerical approach to narrow the plasmon linewidth and enhance 

the magnetic near field intensity at a magnetic hot spot in a gold-insulator-gold (MIM) 

nanostructure. We first introduce in part of the dielectric layer of a single MIM on a glass 

substrate, at its center, another dielectric material with a HRI of 3. This results in an 

increase of the magnetic near field enhancement of the magnetic plasmon (MP) 

resonance by 35% compared to the same single MIM structure on a glass substrate, but 

with the only use of a dielectric spacer layer of an index of refraction of 1.45. For brevity, 



117 
 

we will refer to the MIM with the added HRI as the hybridized MIM (HMIM). We then 

couple this enhanced MP resonance to a propagating surface plasmon polariton (SPP) to 

achieve a further enhancement of 438%. The strong coupling between the MP and the 

SPP is demonstrated by the large anti-crossing in the reflection spectra with the 

generation of two hybridized MP modes. The resulting maximum enhanced magnetic 

field at the gap is H Hi

2 = 3554.8  with a total of 796% increase in enhancement 

compared to the MIM (without using both the HIR layer and coupling with a SPP). The 

computational method used is the finite-difference time-domain method (FDTD) using 

the commercial software Lumerical Solutions Inc. (Ver. 8.7.0). The SPPs are excited by 

grating coupling where the reciprocal vector of the grating provides the extra momentum 

to couple with the SPPs [2, 181]. When placed in a periodic array on top of a gold film on 

a glass substrate, the collective resonance of the array (without coupling to the SPP) blue 

shifts from that of a single HMIM on a glass substrate from a wavelength of 894.9 nm to 

that of 854.5 nm. The anticrossing is observed when the magnetic resonance of the 

collective HMIM periodic array on a gold film on a glass substrate matches that of the 

SPP at a period of 837 nm. We tune the resonance wavelength of the (1,0) SPP mode by 

changing the period of the array while keeping the size of the HMIM structures constant. 

6.2 Results and Analysis 

The single HMIM structure on a glass (SiO2) substrate of a thickness of 140 nm and an 

index of refraction of 1.45 is shown in the inset of Fig. 6.1. The HMIM consists of two 

gold strips separated by a dielectric layer composed of two types of dielectrics. Each strip 

has a width (w) of 120 nm and a length (l) of 80 nm. The height (h1) of each gold strip is 
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40 nm while the height (h2) of the dielectric layer is 20 nm. The dielectric layer is 

composed of two materials as shown in the inset of Fig. 6.1. At the center is a dielectric 

with a high refractive index of 3 and a width of 40 nm, while on the sides is a dielectric 

with an index of refraction of 1.45 with also a width of 40 nm for each. Fig. 6.1 also 

shows the reflectance spectrum of this single HMIM structure. The peak at the 

wavelength of 689 nm corresponds to the excitation of the electric dipole (higher energy 

symmetric mode) when the currents in the strips are parallel, while the peak at the 

wavelength of 883 nm corresponds to the magnetic dipole moment (lower energy anti-

symmetric mode) when the currents in the strips are anti-parallel.  

For the simulation of this single structure, a TM plane wave total field scattered field 

source (TFST) illuminates the single MIM structure from above at normal incidence 

along the z-direction with a wavelength ranging from 600 to 1000 nm. We use perfectly 

matched layer boundary conditions (PML) in all directions of the simulation region. The 

mesh accuracy is set to 3 which corresponds to a λ/14 step size. A mesh override region 

of 1 nm is placed around the HMIM structure. To measure the reflectance in Fig. 6.1, a 

2D frequency-domain power monitor, normal to the z direction (in the x-y plane), is 

placed at a distance of 275 nm above the structure. For the magnetic near field 

enhancement plots, a 2D frequency-domain profile monitor, that is normal to the y 

direction (in the x-z plane), is placed at the center of the structure, where its boundaries 

are the same as that of the structure.  
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 The complex refractive index of gold is taken from Johnson and Christy [165]. The 

incident plane wave has an electric field amplitude of Ei = 1V m and a corresponding 

incident magnetic field amplitude of Hi = 2.654 ×10
−3A/m . 

	

Fig. 6.1:  Reflectance spectrum of this single HMIM structure. The peak at the wavelength of 689 

nm corresponds to the excitation of the electric dipole moment, while the peak at the wavelength 

of 883 nm corresponds to the magnetic dipole moment. In the inset is a schematic representation 

of the single MIM structure on a glass substrate.  Each strip has a width (w) of 120 nm and a 

length (l) of 80 nm. The height (h1) of each gold strip is 40 nm and the height (h2) of the dielectric 

layer is 20 nm. The dielectric layer is composed of two materials as shown in the inset. At the 

center is a dielectric with a high refractive index of 3 and a width (d) of 40 nm, while on each side 

is a dielectric with an index of refraction of 1.45 and a width of 40 nm each. 
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Fig. 6.2 (a) shows the magnetic near field H  at the magnetic resonance at a wavelength 

of 850.5 nm, for a single MIM on a glass substrate without using the center HRI material 

(only the dielectric with 1.45 index). Fig. 6.2 (b) shows the near electric field E at the 

same magnetic resonance of (a) and the corresponding electric field vectors. An 

enhancement factor of H Hi

2 = 446.6 at the hot spot is observed. Fig. 6.2 (c) shows the 

magnetic near field H  at the magnetic resonance at a wavelength of 895 for a single 

HMIM on a glass substrate where the width (d) of the center HRI material is 40 nm. Fig. 

6.2 (d) shows the corresponding near electric field E  of the resonance in (c) and the 

corresponding electric field vectors. The magnetic near field enhancement of the HMIM 

is H Hi

2 = 811.7  which is 82% higher than in the case when no center HRI material is 

used. In addition, the electric field enhancement at the gaps is reduced from 

E Ei
2 = 2065.4  to E Ei

2 = 1701.6  when the HRI is introduced and the frequency is 

redshifted. Since the MIM structures in general can be considered as a resonant LC 

circuit with the metal strips and the gaps at the ends as inductors and capacitors 

respectively [167, 176], it appears that inserting the HRI material at the center reduces the 

potential drop between the strips pairs which in turn increases the capacitance resulting in 

an increased current and a higher magnetic moment. This is also shown in comparing the 

electric field vectors in Fig. 6.2 (b) and Fig. 6.2 (d), where inserting the HRI materials 

results in more circulating arrows contributing to the magnetic dipole moment. In 

addition, Fig. 6.2 (c) shows that the HMIM has a more localized magnetic hot spot than 

the MIM. This is also consistent with the frequency red shift of the resonance as the 

capacitance increases. We also found the reflectance spectrum of the single HMIM on a 
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glass substrate and the magnetic near field enhancement as a function of the HRI width 

(d) (see supplementary information). 

	

Fig. 6.2:  (a) The magnetic near field H at the magnetic resonance at the wavelength of 850.5 

nm for a single MIM on a glass substrate without using the center HRI material (only the 

dielectric with 1.45 refractive index). (b) The near electric field E at the same magnetic 

resonance in (a) and the corresponding electric field vectors. An enhancement factor 

H Hi

2 = 446.6  is observed at the hot spot. (c) The magnetic near field H  at the magnetic 

resonance at the wavelength of 894.94 nm for a single HMIM on a glass substrate where the 

center HRI width (d) is 40 nm. An enhancement factor H Hi

2 = 811.7  is observed. (d) The near 
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electric field E  at the same magnetic resonance in (c) and the corresponding electric field 

vectors. 

 

The geometry of the MIM periodic array structure on a thin gold film on top of a glass 

substrate is shown in Fig. 6.3 (a). The thickness (t) of the gold film is 100 nm, therefore 

the SPPs on the upper and lower surfaces of the film are decoupled. The glass substrate is 

of a thickness of 500 nm and a dielectric constant of 1.52. The HMIM dimensions is the 

same as that used for the single HMIM structure. A TM plane wave source illuminates 

the arrays from above at normal incidence along the z-direction with a wavelength 

ranging from 600 to 1000 nm. We use perfectly matched layer boundary conditions 

(PML) above and below the arrays in the z-direction together with periodic boundary 

conditions along the x and y directions. The mesh accuracy is set to 3 which corresponds 

to a λ/14 step size. A mesh override region of 1 nm is placed around the HMIM in the 

unit cell. For the magnetic near field enhancement plots, a 2D frequency-domain profile 

monitor in the x-z plane, is placed at the center of the structure in the unit cell, where its 

boundaries are the same as that of the structure. Fig. 6.3 (b) shows the reflection spectrum 

of the array at the position of maximum splitting when the period of the array is 837 nm, 

where the higher and lower energy MP hybridized modes are at the wavelengths of 834.3 

nm and 874.7 nm respectively. 
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Fig. 6.3:  (a) The geometry of the HMIM periodic array structure on a thin gold film on top of a 

glass substrate is shown in Fig. 6.3. The thickness (t) of the gold film is 100 nm. The glass 

substrate is of a thickness of 500 nm and a dielectric constant of 1.52. The HMIM dimensions is 

the same as that used for the single HMIM structure. (b) the reflection spectrum of the array at the 

position of maximum splitting when the period of the array is 837 nm, where the higher and 

lower energy MP hybridized modes are at the wavelengths of 834.3 nm and 874.7 nm 

respectively. 

	

Fig. 6.4 shows the positions of the reflection dips as a function of period. The horizontal 

black line is the magnetic resonance wavelength of the collective array of the HMIMs 
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when placed in a periodic array on a gold film above a glass substrate (as in Fig. 6.3 (a) 

(without coupling to an SPP)), while the blue line indicates the resonance wavelengths of 

the (1,0) SPP mode as a function of period. Both lines were obtained by simulations. The 

red lines represents the simulated reflection dips as the periods of the array (px and py) are 

both simultaneously changed from 625 to 925 in steps of 25 nm. An anti-crossing 

behavior is observed generating two hybridized MP modes when the HMIM magnetic 

resonance (black line) and the SPP resonance (blue line) are approximately equal at a 

period of 837 nm. Fig. 6.5 (a) and (b) shows the magnetic near field H  for the higher 

and lower energy MP hybridized modes at the wavelengths of 834.3 nm and 874.7 nm 

respectively corresponding to the position of maximum splitting at the period of 837 nm. 

The magnetic near field enhancement factor is H Hi

2 = 1903  and H Hi

2 = 3554.8  at the 

higher and lower energy modes respectively, which is a further enhancement of 438% 

relative to the single HMIM and a total of 796% enhancement relative to a single MIM 

on a glass substrate structure. Note that the periodicity of the array itself away from the 

region of the coupling with the SPP, modifies the magnetic near field enhancement in 

agreement with far-field diffractive coupling results that has been previously studied 

[175, 177]. For example, at the periods of 470 nm and 950 nm, the maximum magnetic 

near field enhancement is H Hi

2 = 1858  and H Hi

2 = 1787  respectively. This gives a 

229% and a 220% enhancement relative to the single HMIM on a glass substrate. In 

addition, compared to other structures such as high-index dielectric nanostructures [23, 

24], the MIM structures provide higher localization and enhancement, however they are 
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more complex in architecture and fabrication processes compared to high-index dielectric 

nanostructures, but the use of each depends on the specific application. 

	

Fig. 6.4: The positions of the reflection dips as a function of period. The horizontal black line is 

the magnetic plasmon resonance of the collective array of the HMIMs when placed in a periodic 

array on a gold film above a glass substrate (as in Fig. 6.3 (without coupling to an SPP)), while 

the blue line indicates the resonance wavelengths of the (1,0) SPP mode as a function of period. 

Both lines were obtained by simulations. The red lines represents the simulated reflection dips as 

the period of the array is changed from 620 to 925 in steps of 25 nm. 
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Fig. 6.5: The magnetic near field H  for the higher and lower energy MP hybridized modes at 

the wavelengths of 834.3 nm and 874.7 nm respectively corresponding to the position of 

maximum splitting at the period of 837 nm. 

	

We found that increasing the width (d) of the HRI piece redshifts the magnetic 

resonance as shown in Fig. 3 (a) where the reflectance spectrum from the single HMIM 

structure on a glass substrate is shown. At the same time, the magnetic near field 

enhancement increases, reaches a maximum at the HRI width (d) of 40 nm, then 

decreases as d is increased further as shown in Fig. 3 (b). Therefore, the width (d) of 40 

nm for the HRI piece is optimum for enhancing the near magnetic near field. Note that 

The maximum magnetic near field enhancement corresponding to each peak in (a) but at 

a wavelength that is slightly red shifted from the reflectance peak spectral position due to 

the difference of the peak wavelength between the near and far-field measurements in 

plasmonic structures [1]. 
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Fig. 6.6.  (a) The reflectance spectrum of the single HMIM structure as the HRI width d 

increases. (b) The maximum magnetic near field enhancement corresponding to each peak in (a) 

but at a wavelength that is slightly red shifted from the reflectance peak spectral position due to 

the difference of the peak wavelength between the near and far-field measurements in plasmonic 

structures [1]. 

	

6.3 Conclusion 

	

In	summary,	we	propose	numerically	an	approach	to	narrow	the	plasmon	linewidth	and	

enhance	the	magnetic	near	field	intensity	at	a	magnetic	hot	spot	in	a	hybridized	metal-
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insulator-metal	(HMIM)	structure.	The	magnetic	near	field	enhancement	of	the	HMIM	is	

increased	by	82%	compared	with	 the	MIM	without	 the	HRI	material.	We	 then	 couple	

this	 enhanced	 MP	 resonance	 to	 a	 propagating	 surface	 plasmon	 polariton	 (SPP)	 to	

achieve	a	further	enhancement	of	438%,	resulting	in	a	total	magnetic	field	enhancement	

at	 the	gap	of	 H Hi

2 = 3554.8 .	 Such	highly	enhanced	and	 localized	magnetic	 field	has	

several	 potential	 applications	 including	 sensors,	 light	 matter	 interaction	 at	 weak	

magnetic	fields	and	negative	refractive	index	materials	[3,11].	
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