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Abstract 

This thesis relates itself with the study and realization of surface plasmon 

polaritons (SPPs) and their devices. 

Plasmonics is the emerging field that will help technologies advance further into 

the nano-scale without the concern for delays or size limitations. SPPs are a more 

advanced field of photonics as they use metals instead of the semiconductors or insulators 

used in optics. They operate at frequencies in the light and near infrared spectrum, as this 

range produces their unique characteristics. Plasmonics possess the miniaturization of 

electronics and the speed of photonics. They do not suffer from both the delays in nano-

electronics, and the size limitations faced in optics. 

We provide a solid introduction to plasmonics, which includes their propagations, 

the different modes present, the confinement of the modes and losses, and the reasons for 

diverting towards SPPs. Moreover, some of the recent advances in plasmonics and their 

devices are introduced and discussed. 

Nano-focusing using plasmonic devices is discussed and the theory behind it 

examined. Moreover, a novel technique for optimizing nano-plasmonic slit arrays is 

presented. The slits cause the bending of the light beam, where the beams from the 

different slits intersect and are focused at a point from the device. The proposed technique 

drastically reduces the number of optimization variables by using the phase profile in 

acquiring the slit widths. The method is demonstrated on slit arrays with different number 

of slits. 
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Furthermore, three-dimensional (3-D) chips are the new inclination towards a 

more compact and efficient system. Planar chips, on the other hand, suffer from 

congestion of components, which leads to a reduction in speed and efficiency. We present 

a novel 3-D multilayer plasmonic coupler for the realization of 3-D plasmonic circuits. 

The device takes advantage of the momentum match of the plasmonic slot waveguide and 

the input silicon waveguide, causing the wave to propagate vertically as well as 

horizontally with losses due to absorption in the metal. This method is illustrated and 

discussed in details.     
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Chapter 1 

 

Introduction 

 

1.1 The drawback of electronic interconnects  

It is undeniable that the demand for faster processing and information 

transport is endless. Our unrelenting need for faster, smaller, and more 

efficient devices has driven electronics towards the nano-scale. Now it is 

standard to produce ultra-fast transistors in the nano-scale range, and an 

illustrious example of that is the Intel microprocessor [1], [2]. Interconnects 

are a major component of integrated circuits (ICs) because they distribute 

signals, power, and clock to the various components on the IC. As the size of 

the components is scaled down, the performance of the circuit becomes highly 

dependent on interconnects. However, unlike transistors, where functionality 

improves with diminishing size, interconnect efficiency reduces, thus limiting 

the speed of digital circuits and electronic devices. As the copper 

interconnects are scaled down, delays increase due to an increase in the 

effective resistance, capacitance, cross talk, and radiation [1]-[3]. Furthermore, 
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the time constant, which is the product of the resistance and capacitance of the 

line, affects the interconnect line [4]. It is evident from the resistance and 

capacitance equations given in (1.1) [4] that as the size of the conductor 

decreases its resistance increases. 

 

0 r

L
R

WT

lw
C

d

ρ

ε ε

=

=
. (1.1) 

Here, ρ is the electrical resistivity, 0ε  and r
ε  are the permittivities of free 

space and the dielectric material, respectively. L and l are the length of the 

conductor and plate, respectively. W and w are the width of the conductor and 

plate, respectively. T and d are the thickness of the conductor and distance 

between the plates, respectively. It is shown that when an interconnect is 

scaled down to the nano-scale, R increases due to its inverse proportionality 

relation with  W , and C increases due to the decrease in d. Moreover, copper 

interconnects are limited by their bandwidth and capacity, thus placing a 

constraint on how many components that can be placed on a chip.  

Instead of using a chip with a processing core, a chip with multiple 

processing cores was introduced to increase the performance [5]. However, as 

these chips are scaled down and the number of cores is increased, the wires 

connecting these cores complicate the connection since they occupy a large 

area of the chip. Moreover, a large fraction of power gets dissipated in the 
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connecting wires, leading to deficiencies. This happens, especially, in low 

power devices. As a result, this places a limit on how far cores are positioned.  

An alternative would be using dielectric photonic interconnects due to 

their compatibility with CMOS electronics [5], [6]. The photonic interconnects 

offer various solutions to problems pointed out in electronics. These 

interconnects serve as high bandwidth and low loss interconnects between 

optics and electronics [6], leading to a better processing of distributed 

components and cores.  

1.2 Silicon Photonics as the alternative key 

Photonics is the science that combines optics and electronics, and 

involves the generation, emission, transmission, modulation, amplification, 

detection, and all forms of manipulating light. Dielectric optical interconnects, 

compared to electronic interconnects, offer increased speed and bandwidth at 

minimum power consumption. However, this comes at a cost of 1000 times 

larger optical interconnects than their electronic counterpart. Large optical 

devices have stimulated the need of sub-micron and nano-scale miniaturized 

devices in order to take advantage of their high capacity. One would want to 

connect the ultra-fast electronic computing units with high speed links. 

Ubiquitous miniaturized optical devices and interconnects are proposed owing 
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to their ability to carry 1000 times the capacity of electronic circuits [1]-[8]. 

Optical networks represent the foundation for large scale digital signal 

communication. The scalability of these networks revolutionized the next 

generation integrated-on-chip optical communications. 

The advances in modern day technology and the enhancement of 

fabrication techniques simplified the realization of optical devices. A number 

of silicon-on-insulator devices (SOI) have been proposed for high density 

photonics integrated circuits. This is partly due to their high refractive index 

contrast and for its excellent optical properties at optic fiber communication 

frequencies. In addition, silicon photonics are easily integrated in three-

dimension (3-D) with other silicon based devices [5]. In [6], a Mach-Zehnder 

electro-optic modulator is designed and fabricated to convert the electrical 

signal to an optical signal. This is accomplished by encoding an optical wave 

with a high speed electronic signal. It is demonstrated that optical modulation 

rates up to 10 Gbps are obtained with low power consumption. A grating 

coupler using the conventional SOI has been proposed in [9]. This device 

promises a coupling loss below 1 dB, and ease of integration in photonic 

circuits. Another device, the ring resonator filter using photonic wires [10], 

was tested experimentally and fabricated. It had a 1 dB pass band of 310 GHz, 

and is CMOS compatible. Moreover, in [11] a resonant coupling type 

polarization splitter is demonstrated. It uses photonic crystals utilizing the 
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photonic band-gap effect and micro-cavities. It is not easy to design a 

waveguide using photonic crystals due to their reduced size and high index 

contrast. Moreover, these crystals incur high losses compared to photonic 

wires [12]. 

Signal interconnects represent the dominant challenge that limits the 

speed of the digital system. Nevertheless, the size mismatch between nano-

scale electronic circuits and the optical devices has limited electronic and 

optical integration [3], [7]. When the dimensions of optical components 

become close to half the wavelength of light, optical diffraction occurs 

restraining the propagation of light, and limiting the scalability of the optical 

devices [1], [3], [7]. This is due to the 3-D nature of waves propagating in a 

dielectric material, and is derived from (1.2) [13]. 

 

2
2 2 2

2x y c
k k

c

ω
β ε+ + =

. (1.2) 

For a 3-D wave propagating in a dielectric waveguide with dielectric constant

0
c
ε > , propagation constant z

kβ = , and frequency ω , both the transverse 

phase constants xk and yk are real. This produces an upper limit on xk and yk  

such that 0, ( ) (2 )x y c ck k c nω ε π λ≤ = , where c
n

 
and 0λ  

are the core 

refractive index and wavelength in vacuum, respectively. Due to this upper 

limit, a lower limit is created on the lateral mode size of the propagating wave 
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[13], [14] 0
, ( 2 )

x y c
d d nλ≥ . This makes the dielectric photonic components 

one or two orders of magnitude larger than their electronic counterparts. 

Moreover, photonic devices are frequency dependent and have a narrow 

bandwidth, depending on the device configuration, limiting their usage and 

efficiency. If the technology of the terahertz photonic components is linked 

with the nano-scale electronics, and high speed transistors are exploited fully, 

the circuit will no longer suffer from the pointed out limitations. The ultimate 

solution would be a circuit at the nano-scale that bridges the mismatch 

between the two technologies, carry optical and electrical signals, hence 

improving efficiency and cutting down on the chip’s power consumption. 

 Surface plasmon polaritons (SPPs) are the answer to this problem. 

Plasmonics possess the high data rate capability offered by optics. They 

operate at frequencies in the light and near infrared regions, thus giving them 

the high capacity endured by optics. Moreover, plasmonics enjoy the 

miniaturization characteristics offered by electronics. Plasmonics use metals, 

including copper and aluminum, in their configurations. This feature is also 

demonstrated by electronics and CMOS devices as they use copper and 

aluminum. 
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1.3 Thesis Objectives 

Various plasmonic structures, implemented based on different guiding 

and confinement techniques, have been proposed for different applications. 

These structures are proposed to help in the realization of integrated optics, 

efficient photovoltaics, nano-sensors, and high resolution focusing. The 

highlighted applications are important for achieving faster and more efficient 

technologies in the nano-scale. 

The objective of this thesis is to present an efficient technique that is 

useful for the optimization of nano-plasmonic slit arrays. These arrays are 

used for nano-focusing and beam shaping. This optimization technique 

reduces the optimizable parameters considerably, thus saving time, 

computations, and memory. Moreover, this thesis proposes a novel device for 

the realization of 3-D plasmonic chips. The device assists in having high 

density integrated optics on stacked chips, as well as increasing the efficiency 

and computations of the system. This structure allows us to couple light from 

an input waveguide to different stacked layers by taking advantage of the 

polarization dependent nature of plasmonic slot waveguides. 

The proposed technique and device aid in the advancement of 

optimization techniques and technology. Also, more applications are realized, 
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especially in sensing, multilayer coupling, waveguiding, and polarization 

splitting. 

1.4 Thesis Outline 

Chapter 2 of this thesis gives a theoretical background regarding SPPs 

and their confinement and guiding beyond the diffraction limit of light. 

Furthermore, different plasmonic waveguide designs for coupling between 

SPPs and silicon photonics in the literature are also discussed. Additionally, a 

brief discussion about the use of SPPs in nano-sensors and photovoltaics are 

underlined. Chapter 3 illustrates our work in the optimization of the nano-

plasmonic slit array, as well as the demonstration of the approach on different 

slit array examples. Chapter 4 is devoted to propose our 3-D coupler and 

polarization splitter. In this chapter, the theory behind the work, simulations 

using the finite-difference time-domain (FDTD) technique and the use of 

different materials for the coupling procedure are presented. Finally, we 

conclude in chapter 5 with future steps and the potential for the work 

discussed. 

 



M.A.Sc. Thesis––M.H. El Sherif         Chapter 2           McMaster University––ECE 

 9 

Chapter 2 

 

SURFACE PLASMON 

POLARITIONS 

 

2.1 Introduction 

 In this chapter, we will talk about the theory and characteristics behind 

plasmonics. Furthermore, some of the various applications of plasmonics are 

highlighted in this chapter. Moreover, several structures and devices used in 

different applications are discussed. 

 Section 2.2 will give a detailed discussion regarding the theory behind 

SPPs. Section 2.3 talks about the use of SPPs in waveguiding and coupling. 

Section 2.4 explores the use of plasmonics in photovoltaics. Section 2.5 

demonstrates the use of plasmonics in optical nano-sensors. Finally, section 

2.6 concludes the chapter. 

2.2 Surface Plasmonics the ultimate solution 

Sub-wavelength optical devices have been proposed to bridge the gap 

between the electronic and optical dimensions. A category of devices that are 



M.A.Sc. Thesis––M.H. El Sherif         Chapter 2         McMaster University––ECE 

 

10 
 

miniaturized below the diffraction limit are surface plasmon polariton (SPP) 

devices [1], [3]-[8], [13]. Plasmonic chips compose of optical inputs and 

outputs that are connected to the conventional silicon photonic devices via 

plasmonic couplers. In order to realize these devices, either one or both the 

phase constants xk and yk need to be imaginary [13], implying Re[ ] 0cε < . 

Metals, with frequencies up to the ultraviolet, are the ideal candidates for 

obtaining a core dielectric index Re[ ] 0cε < . Thus breaking the limit proposed 

on the lateral mode size. This aids in the realization of waveguides and 

cavities with effective mode areas below the diffraction limit. However, small 

mode size means substantial infringement of the electromagnetic wave into 

the metal, leading to higher attenuations [13].   

SPPs are electromagnetic waves that transpire at a metal/dielectric 

interface, and are bounded to the metallic surface [1], [3]-[8]. They utilize the 

unique optical characteristics of nano-scale metallic structures to carry both 

electronic and optical signals. The idea of plasmonic circuits helps us combine 

the benefits of photonics and electronics on the same nano-scale chip. They 

are proposed for optical interconnects to replace the copper interconnects. 

Active SPP structures are proposed to overcome the inherent losses in the 

plasmonic circuit. The fabrication and integration for these plasmonic devices 

are compatible with the most advanced CMOS technology. This leads to the 
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new era of integrated optical and electronic devices with spectacular 

characteristics. The routing and data transfer are done using optical 

interconnects without affecting the functionality of the electronic circuit [3]-

[8]. 

The interaction of light with nano-metallic structures drove photonics 

into a new branch named plasmonics. Plasmonics are paving the way to the 

realization of sub-wavelength photonic setups for guiding and localizing 

electromagnetic energy for a variety of applications. This includes imaging 

[8], [13], nano-sensors [15], coupling [8], [13], and even photovoltaic devices 

for solar cells [16]. The advances in nano-fabrication and design backed the 

progression of plasmonics. Plasmonics carry the same capacity as the 

conventional dielectric photonics, and have the miniaturization feature as 

electronics. This circuit would first convert light into SPP waves, which 

propagates, processed by logic elements, and then converted to light again. 

SPPs have been known for decades, but it was when scientists realized that 

SPPs in metallic nano-structures are localized and guided beyond the 

diffraction limit that gave plasmonics their undeniable importance. The light 

waves are coupled to the conduction electrons near the surface of the metal, 

where the electrons collectively oscillate in resonance with the light wave 

giving rise to SPPs [1], [3]-[8], [13] (Fig. 2.1).  
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Figure 2.1 a) Electric and Magnetic fields orientations for SPPs b) 

Exponential decay of SPPs in the respective media. 

To acquire the ability to localize and channel light in sub-wavelength 

metallic structures, it is important to take into consideration the different 

permittivities of the metal and surrounding dielectric media. The presence of 



M.A.Sc. Thesis––M.H. El Sherif         Chapter 2         McMaster University––ECE 

 

13 
 

metals having a negative permittivity, in a dielectric medium with a positive 

permittivity is a simple way in bypassing the diffraction limit, and localizing 

the electromagnetic wave to the nano-scale regions [1], [7]-[8], [13]. The 

continuity of the displacement field in the normal direction requires bound 

electromagnetic surface waves (Fig. 2.1). For metals, the situation where the 

permittivity is negative is achieved for frequencies below the bulk plasmon 

frequency pω [17].  

The optical properties of metals are determined by the conduction 

electrons that move freely within the bulk of material, and interband 

excitations that occur if the energy of the photons exceeds the band gap energy 

of the respective metal. The existence of an electric field displaces an electron 

by x. The displacement is accompanied with a dipole moment µ given by

exµ = , where e is the charge of the electron. The collective effect of all 

individual dipole moments of all the free electrons, results in a macroscopic 

polarization per unit volume P nµ= −  [17], where n is the number of electrons 

per unit volume. The electric displacement D is linked to the electric field E 

and macroscopic polarization P by (2.1) and (2.2) respectively [17].  
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 0D Eε ε=
. (2.1) 

 0( , ) ( , ) ( , )D x t E x t P x tε= +
. (2.2) 

 Considering the motion equation for free-electron gas in (2.3), the 

effects of the free electrons are determined when subjected to an external 

electric field. 

 

2

02

i tx x
m m eE e

t t

ωγ −∂ ∂
+ =

∂ ∂ . (2.3) 

Where m is the effective mass of the free electrons, and E0 and ω are the 

amplitude and the frequency of the applied electric field, respectively. The 

equation of motion contains no restoring force since free electrons are 

considered. The damping term is proportional to the collision frequency

F
v lγ = , where vF is the Fermi velocity and l is the electrons mean free path 

[17]. The electrons mean free path is the average distance travelled by a 

moving particle between successive impacts. The collision frequency 

corresponds to 100 THz at room temperature. 

 A solution of the motion equation describing the oscillations of the 

electrons is given by (2.4). The complex amplitude x0 contains any phase 

shifts between the external field and the response through (2.5). 
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 0
( ) i tx t x e ω−=

. (2.4) 

 
2

( ) ( )
( )

e
x t t

m iω γω
= Ε

+ . (2.5) 

The displaced electrons contribute to the macroscopic polarization P=-nex, 

and P becomes (2.6). By substituting (2.6) in (2.2), we get another equation 

relating the electric flux D with E. Using (2.7) and (2.1) the simple Drude 

model calculating the complex permittivity is obtained in (2.8).  

 

2

2( )

ne

m iω γω
Ρ = − Ε

+ . (2.6) 
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0 2
(1 )

ω
ε

ω γω
= − Ε

+

p
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i . (2.7) 

 

2

2
( ) 1

ω
ε ω

ω γω
= −

+

p

i . (2.8) 

 Here, 
2

0ω ε=
p

ne m  is the volume plasma frequency. According to 

the simple Drude model, the free electrons oscillate 180
o
 out of phase relative 

to the driving electric field for frequencies approaching the characteristic 

collision frequency of the metal, γ. This is the basic physics behind this strong 

frequency dependence of the optical response. As a consequence, most metals 

possess a negative dielectric constant at optical frequencies.  
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 However, the Drude model needs to be improved to account for the 

bound electrons in the visible and ultraviolet spectrums. Thus an offset ε∞  
is 

added to account for the effects of higher interband transitions [17].  

 Metals such as Al, Cu, Au and Ag, have their plasma frequencies, ωp, 

on the order of 2*10
16

 Hz. The plasma frequency is above light and telecom 

frequencies. For frequencies ω < ωp, the metals retain their metallic character. 

For large frequencies close to ωp, the product ωτ >>1, where τ = 1/γ is the 

relaxation time. This leads to negligible damping. Here, ε(ω) is mainly real, 

and ε(ω) = 1 – ωp
2
/ω

 2
 can be taken as the dielectric function of the un-damped 

free electron plasma [17].  

 Excitations of SPPs occur at the characteristic surface plasmon 

frequency 1
spp p d

ω ω ε= + , where d
ε  is the dielectric constant of the 

adjacent dielectric material [17]. The depolarizing effect causes the group 

velocity to be close to 0. 
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Figure 2.2 Dispersion relation for SPPs on a single interface for a lossless 

metal. 

Figure 2.2 shows the dispersion relation of SPPs at a single 

metal/dielectric interface, where the dielectric constant for lossless metals is 

determined by the Drude model ( 2 21m pε ω ω= − ), and the dielectric materials 

are air and silica. There are two consequences of the interaction between the 

surface charges, and the electromagnetic field that make up the SPPs. Firstly, 

this interaction leads to a higher momentum of the SPPs as compared to that 
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of light at the same frequency. The SPP dispersion relation is given in (2.9) 

[8], for the frequency dependent SPP wave vector spp
k . 

 
0

d m

spp

m d

k k
ε ε

ε ε
=

+
. (2.9) 

m
ε  is the dielectric constant of the metal, d

ε is the dielectric constant of the 

dielectric material, and 0k is the free space wave vector. The SPP excitation is 

on the right of the air and silica lines due to their bound character. This 

mismatch must be fixed to generate SPPs. Techniques for bridging the 

momentum mismatch have been proposed, and the main three are prism 

coupling, scattering from a sub-wavelength hole, and periodic gratings in the 

metal’s surface [8], [17]. At low frequencies the SPP dispersion is close to the 

air and silica lines, and the waves follow a grazing incidence light field. For 

high wave vectors, the frequency approaches the surface plasmon frequency

1
spp p d

ω ω ε= + , and spp
k →∞ . Moreover, for single interface, no SPP 

modes exist for TE polarization [17]. 
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Figure 2.3 Dispersion relation for SPPs on a single interface for a lossy 

metal. 

Figure 2.3 displays the dispersion characteristics of SPPs using the 

complex dielectric permittivity of the silver metal obtained from [18]. This 

resembles the dispersion of real metals that possess free electrons. Here, SPPs 

approach a finite wave vector at spp
ω , putting a lower bound on the wavelength 

( 2 Re[ ]
spp spp

kλ π= ) and mode confinement of the SPP (since the fields in the 

dielectric decay as: 2 2,  ( )zk z

z d spp
e where k c kε ω
−

= − , z is the perpendicular 

direction to the interface). From both curves we notice that SPPs demonstrate 
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large field confinements close to spp
ω . However, the field confinement is 

accompanied by higher losses leading to smaller propagation lengths.   

The second effect of the interaction of the surface charges with the 

electromagnetic field is an exponentially decaying field perpendicular to the 

surface [8]. SPPs decay exponentially in both media, where the decay is 

determined by the skin depth and is usually 20-30 nm [1], [8], [13]. This 

displays the ability of SPPs to prevent power from dissipating away from the 

surface. When SPPs propagate, their power gradually attenuates owing to the 

resistive losses, absorption in the metal, and coupling from radiation [1], [8]. 

The most commonly used metals for guiding SPPs are silver and gold because 

they exhibit the lowest losses in the visible spectrum [8]. It was due to this 

absorption in the metal that SPPs were not considered practical for guiding 

and propagating. Now, plasmonics are being considered as a major component 

in integrated circuits. 

The guiding of SPPs is a vital topic of research. Plasmonic waveguides 

are an essential component for realizing plasmonic chips, as well as coupling 

to photonic or even electronic devices. A variety of techniques for guiding 

SPPs have been proposed, however, metal-insulator-metal (MIM) and 

insulator-metal-insulator (IMI) waveguides are extensively researched [17], 

[19]. IMI, as the name implies, is formed by placing a thin metallic film (< 50 
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nm) between two dielectric materials of the same or different refractive 

indices. This resembles a combination of two dielectric/metal interfaces, 

where the exponentially decaying field, inside the metal, from one interface 

couples to the other. This results in the guiding of two leaky waves [13], [19]. 

The IMI guiding scheme offers long propagation lengths of multi-centimeters. 

IMI structures include metal films or stripes, which are used to guide long-

range SPPs (LRSPP). The propagation distance is in tens of microns or even 

millimeters. However, decreasing the thickness of the strip or its width, results 

in worsened localization of the mode [7], and a shortened propagation length 

[3], respectively. On the other hand, short-range SPPs (SRSPPs) have higher 

localization but shorter propagation distances, and are better suited for 

integrated circuits [7]. In [20] a coupling technique, with 80% coupling 

efficiency, between plasmonic and photonic nano-wires has been proposed. 

Furthermore, this configuration was used to realize a Mach-Zehnder 

interferometer, a polarization splitter, and micro-ring cavities. Even though the 

confinement is subwavelength, the propagation length is very small. 

Moreover, in IMI structures, the mode confinement is not always sub-

wavelength due to the wave’s weak normal confinement. The field has a long 

decay length in the surrounding dielectric, and it is difficult to integrate on a 

chip due to radiation and coupling from other devices [13], [19]. The 

dispersion relation for the IMI structure is given by (2.10) [17]. 
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2 1
1

1 2

1 2
1

2 1

tanh( )

tanh( )

k
k a

k

k
k a

k

ε

ε

ε

ε

= −

= −

. (2.10) 

Where 
2 2 2

0i ik kβ ε= −
 
is the wave-vector in the respective medium, i

ε is the 

permittivity in the respective medium (i = 1, 2). Figure 2.4 shows the leaky 

and bound modes in the IMI configuration. Figure 2.5 illustrates the odd (Ex(z) 

is odd, Hy(z) and Ez(z) are even functions) and even (Ex(z) is even, Hy(z) and 

Ez(z) are odd functions) parity vector equations for the dispersion relations in 

an IMI structure. The metal slab thickness is 50 nm and 100 nm. As the metal 

film thickness is decreased, the confinement of the odd modes to the metal 

decreases [17]. This results in an increased SPP propagation length because 

the mode changes to a plane wave supported by the dielectric medium. 

However, the even modes’ confinement increases with decreasing the 

thickness of the metal, leading to small propagation lengths. 
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Figure 2.4 Leaky and bound modes for IMI structures. 

 

Figure 2.5 Dispersion relation for IMI structures. 
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The second configuration that allows subwavelength confinement and 

integration is the MIM geometry. Figure 2.7 displays the dispersion curve for 

the MIM geometry. As the gap is reduced, the propagation constant increases, 

implying a more confined mode. Although this structure has short propagation 

lengths compared to IMI, it has strong mode confinement, easily integrated in 

photonic chips, and is not affected by radiation or cross talk [17], [19]. The 

dispersion relation for MIM structures is given by the first equation in (2.10), 

as this resembles the odd parity vector equation. Figures 2.6-2.7 show the 

mode present in the MIM structure, as well as the wave vector for this 

structure with air as the dielectric slot. It is seen that MIM obtain large wave 

vectors by adjusting the dielectric core width, and thus reducing the 

penetration in the metal. This demonstrates that MIM structures can sustain 

localization effects even in the infrared. 

 
 

Figure 2.6 Mode in MIM structures 
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Figure 2.7 Dispersion relation for MIM structures 
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waveguides has its advantages and disadvantages depending on the 

application. The problems range from difficulties in fabrication, higher 

dissipation losses, poor localization, sensitivity to structural deficiencies, and 

integration with current technology [1], [3]-[8]. 

2.3 Surface Plasmons in waveguiding and 

coupling 

The orthogonal coupling technique using plasmonic slot waveguides 

(PSW) [24], which is a 3-D variation of the MIM where a subwavelength slot 

is placed between two metals in the horizontal direction and dielectric in the 

vertical directions, demonstrated a coupling efficiency of ~70%. PSWs allow 

only one mode to propagate (TM), while completely reflecting the other mode 

(TE) [25].This method uses the idea of wave vector matching to improve the 

guiding. By matching the dielectric wave vector from the silicon waveguide to 

that of the PSW, the wave is coupled efficiently from the silicon to the 

plasmonic waveguide. The coupling procedure is demonstrated experimentally 

and showed promising results. Figure 2.8 shows the proposed structure.  
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Figure 2.8 Proposed orthogonal coupling structure. 

Another coupling technique is demonstrated in [23], which uses a 

hybrid plasmonic waveguide that is composed of a metal-insulator-Si-

insulator-metal configuration. This scheme uses tapers to smoothly convert the 

field from the dielectric waveguide into the SPP waveguide. The technique 

demonstrated a coupling efficiency of > 90% at 1.55 µm, and is CMOS 

compatible due to its use of copper or aluminum in its structure. Here, the 

field travels in the insulator due to its continuity when it is normal to the 

metal/insulator and insulator/Si interfaces. The introduction of the insulator 

layer in the slot of the waveguide reduces the propagation loss. Moreover, this 
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device guides the light efficiently at sharp bends. The structure was fabricated 

and tested and showed strong correlation with the simulation results. Figure 

2.9 displays the configuration of the device. 

 

Figure 2.9 Proposed Hybrid coupler 

In [26], an ultra-compact coupler and splitter is proposed. The device 

has a coupling efficiency of 88%, and 45% coupling efficiency for a 1 x 2 

splitter. Here, an air-gap coupler (AGC) is used and its design optimized to 
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obtain the best results. Misalignment analysis between the AGC and the 

silicon waveguide or MIM has been studied. The optimum configuration is by 

having the Si waveguide edges aligned with those of the AGC, and the MIM 

has to be placed at the center of the Si waveguide. Furthermore, the splitting 

functionality of this technique is studied, and its dependence on the AGC’s 

width, length, and alignment examined. This coupling method is potentially 

used as a Mach-Zehnder interferometer or a directional coupler. The 

coupler/splitter device is illustrated in Fig. 2.10. 

 

Figure 2.10 Proposed Ultra-compact coupler 

A silicon based plasmonic waveguide interfaced to the silicon 

photonics platform is presented in [27]. This device works at 

telecommunication wavelengths and illustrates the potential of silicon 
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photonics and silicon plasmonic integration. The structure consists of a SOI 

waveguide capped by a 50 nm thick gold layer. To fabricate the desired 

waveguide, two layers of electron beam lithography (EBL) were used. The 

first EBL defines the SOI waveguide couplers, while the second EBL defines 

the plasmonic features. The propagation distance and coupling efficiency were 

found to be 2 µm and 38%, respectively, at 1.55 µm. Moreover, the device 

demonstrated broadband characteristics, and its ability to be merged in CMOS 

circuitry. 

2.4 Plasmonics in Photovoltaics 

SPPs are not just interesting for waveguiding, integrated circuits, nano-

focusing, or sensors; they are also of great interest in the design of 

photovoltaic devices. The study of photovoltaics is the conversion of sunlight 

to energy, and promises to allow the generation of electrical power on a large 

scale. Currently, photovoltaics are based on the silicon crystalline wafer, 

which consumes most of the cost of solar cell production. Silicon is an ideal 

photovoltaic material with a lot of necessary characteristics. Thin film solar 

cells have gained a lot of interest because of their lower fabrication costs [16]. 

However, a drawback is the low absorbance of near band-gap light as the 

thickness of the material is reduced. For increased absorbance, the thickness of 
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the cell has to increase and this leads to higher costs. Furthermore, the 

conventional light trapping technique using a pyramidal surface texture causes 

the size of the geometry to increase. The large surface area increases minority 

carrier combination in the surface and junction regions. By proper design of 

surface plasmon nano-structures, light is concentrated and guided into the 

semiconductor layers, and thus increasing absorption. Solar cell design and 

material formation or selections are affected by optical absorption thickness 

versus carrier collection length. Plasmonics, on the other hand, overcame this 

limitation by using metallic nano-particles, or grooved metallic films, and thus 

simplifies the use of Si thin-films. 

When a nano-particle is placed close to an interface between two 

dielectrics, light scatters into the dielectric with the larger permittivity [28]. 

The scattered light gains an angular spread in the dielectric that increases the 

effective optical length. Moreover, light scattered at an angle beyond the 

reflection angle is trapped in the cell. The size and shape of the nano-particles 

are important for the coupling efficiency [16]. Smaller particles, with their 

effective dipole moment closer to the semiconductor layer, couple a larger 

portion of the incident light into the semiconductor. Metal nano-particles are 

tuned to resonate at different frequencies by surrounding them with different 

dielectric materials [29], [30]. However, in nano-particles, ohmic losses 

increase with volume, while scattering increases with the square of the 
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volume. It is also important to consider coupling between particles, ohmic 

damping, and coupling to waveguide modes. 

Moreover, taking advantage of the strong local field enhancement of 

the nano-particles is another way for the resonant plasmon excitation on thin 

film solar cells. The nano-particles act as an effective antenna, storing the 

incident light as energy in a localized SP mode. This type of storage is useful 

for materials where the carrier diffusion lengths are small and where 

photocarriers are generated close to the collection junction [31], [32]. 

Another technique for trapping the light is by the confinement of the 

evanescent fields generated from the conversion of light to SPPs at the metal 

and semiconductor interface. At the resonant frequency (350 – 750 nm) these 

fields are confined near the interface at a dimension smaller than the 

wavelength. Light is absorbed along the parallel direction of the solar cell, and 

this technique is easily implemented in solar cells because metal is a standard 

element used in such devices. As is the case there is a tradeoff between 

propagation length and optical confinement. Furthermore, to have efficient 

light trapping, absorption in the semiconductor should be stronger than in the 

metal [16]. To match the momentum between the incident light and the SPP 

mode a metal ridge is used [8], [17], [33]. Furthermore, light trapping using 

this technique is insensitive to the angle of incidence [33]. At the present time, 

there is a lot of research on using metal back reflectors in solar cells for light 
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trapping, and it is vital to carefully design the cell to account for scattering and 

localization [34], [35]. Moreover, plasmonic light trapping improves the 

electrical features of the solar cell [36], and improves the efficiency of the cell 

in a logarithmic fashion. 

2.5 Surface Plasmons in Optical Nano-Sensors 

In the previous sections, SPPs were used for guiding and light 

trapping, and showed different properties for different dielectrics and metals 

used. Thus it is evident that SPPs are sensitive to the refractive index changes 

around the metallic surface, which attracted a lot of attention from researchers 

for its prospective use in optical sensing applications. For sensors using 

plasmonics, two types of plasmon modes are usually used due to their 

sensitivity to refractive index changes when the target compound binds to the 

surface. These modes are propagating surface plasmon resonances (PSPRs) 

[37] and localized surface plasmon resonances (LSPRs) [38]. PSPRs are 

evanescent electromagnetic waves confined by the metal/dielectric planar 

interfaces, and efforts for signal enhancement by increasing the binding 

surface and appropriate surface configuring have been employed [37]. LSPRs 

are electromagnetic waves confined on the metallic nano-structures, and 

comprise the advantages of PSPRs, as well as its sensing abilities are tuned by 
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changing the shape, size, and structure of the nano-particles [38]. Thus LSPRs 

are the center of major research in order to improve sensors [15]. Most of the 

work done with LSPRs is based on the combination of different signals from 

different particles of different sizes. 

SPPs have an exponentially decaying field away from the 

dielectric/metal interface. Changes in the refractive index above the interface, 

shifts the plasmon resonance condition, which is detected as changes in 

intensity, wavelength, or angle shifts. This is the sensing principle used in 

sensing applications. SPR spectroscopy is used for the real time classification 

of molecular interactions on liquid/solid interfaces [39]. It comprises of the 

excitation of SPPs on silver or gold films using lateral-polarized waves, and 

reflectivity is measured as a function of the incident angle. Changes on the 

surface result in SPR angle shifts because SPR is very sensitive to the 

dielectric constant directly neighboring the metal film. SPR spectroscopy uses 

planar thin metallic films, and is similar to devices utilizing PSPR modes. 

PSPRs have been exploited to detect molecules in different fields, and its 

sensitivity is enhanced by carefully designing the sensing layer [39]-[41]. 

LSPRs, on the other hand, are confined waves that are excited on 

metallic periodic nano-holes [42] or arrays [43]. The magnitude and spectral 

position of LSPRs are dependent on the geometry of the arrays, their 

composition, and local dielectric environment, making it easier to optimize the 
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nano-sensor by designing a geometry responsible for the local refractive index 

changes [15]. Spectral shifts are monitored in real time with high sensitivity 

by simply summing the absorption and scattering of the nano-structure [15]. In 

addition, LSPR allows the improved sensitivity of changes in the surrounding 

environment. They are used to detect non-resonant [44] and resonant 

molecules [45]. LSPRs are combined with other techniques, like surface-

enhanced Raman scattering (SERS), to develop enhanced molecular 

identification platforms [15]. However, although LSPR periodic arrays are 

more sensitive than PSPR methods, challenges in fabrication and group 

averaging effects remain.  

Using the LSPR technique with single nano-particles (S-LSPR), 

develops a very sensitive optical sensing platform. S-LSPR sensors have many 

properties like, large optical cross section, non photobleaching, high water 

solubility, and are easily observed by using dark filed microscopy [15]. For 

example, a single gold nano-particle in solutions shows a sharp symmetric 

resonance peak that distinguishes them from a group of gold particles, which 

have a broader, non-symmetric spectrum [15]. When using S-LSPRs the 

system has a high spectral resolution as compared with PSPR or LSPR 

systems. Moreover, they are sensitive to thermal-induced fluctuations of the 

sample than group (ensemble) mode sensors. However, they suffer from 

giving molecular specific information.  
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A technique, based on S-LSPR modes, that improves selectivity and 

sensitivity is plasmon resonance energy transfer (PRET). When nano-

particles’ resonance spectrum matches that of the molecules bounded on the 

nano-particle, PRET is observed by wavelength quenching or dips in the 

spectrum. PRET based methods allow for high selectivity as well as spectral 

sensitivity, since it occurs for binding specific molecules [15]. Another 

method, based on S-LSPRs, to monitor biomolecular distances or trajectories 

between nano-particles is plasmon coupling or the plasmon ruler [46]. This 

method studies the kinetics of DNA samples. When the DNA particles interact 

with metallic nano-particles, the scattering from the metallic nano-particles 

changes the color [15]. This change in color is caused by the formation of 

nano-particle pairs, which lead to a spectral shift in the wavelength. 

Measurements using this method are beneficial because long distances of up to 

70 nm are measured for long periods of time. This method was recently 

employed to in vivo (living cells) works, and trajectories of living cells were 

monitored for two hours [47]. 

2.6 Conclusion 

In this chapter we discussed the origins of SPPs, the theory behind 

their operation, and their unique features. We also talked about their 
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characteristics for single and multilayer interfaces. Then, the discussions about 

different plasmonic waveguides and their uses were presented. Moreover, 

some light was shed on the uses of plasmonics in photovoltaics and nano-

sensors, and the various works done in these areas.   
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Chapter 3 

 

Nano-Focusing and Nano-Plasmonic 

Structures 

 

3.1 Introduction 

In the previous chapters, an introduction to plasmonics and why they 

are leading the way in modern day research was given. It is due to plasmonics’ 

unique characteristics that make them potential candidates for various 

applications. In this chapter, we will discuss the use of plasmonics in realizing 

optical lenses. Plasmonic lenses use the unique features offered by SPPs to 

realize sub-wavelength resolution, focusing, and beam shaping. 

In section 3.2, the use of plasmonics in optical lenses and achieving 

nano-focusing is investigated. Furthermore, various methods for achieving 

improved focusing are highlighted. Section 3.3 will introduce a novel method 

for optimizing slit array structures. This method efficiently optimizes slit array 

structures using the parameters of a simple parabolic profile equation. The 
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approach and the conducted tests are all given in the section. Finally, section 

3.4 that concludes this chapter will be presented. 

3.2 Plasmonic lenses and Nano-focusing 

As discussed earlier, optical devices are limited by the diffraction 

limit. This diffraction limit also places a constraint on the achieved resolution 

of optical lenses. To improve the resolution, one can focus the evanescent 

fields in the near-field region. When the permittivity and permeability of a 

material are both equal to -1, a perfect lens is realized [48]. However, due to 

dispersion and absorption in materials it is hard to satisfy this condition [49]. 

Plasmonic lenses, on the other hand, provide higher resolution beyond the 

diffraction limit for focusing, imaging, and beam shaping. They also possess 

extraordinary enhanced transmission characteristics [8], [49]. Superlenses [50] 

and hyperlenses [51] have been proposed, that show enhancement in the 

evanescent waves as they pass through silver films. They provide sub-

diffraction-limited images of objects. The superlensing effect is achieved 

when the structure is excited with a transverse magnetic (TM) wave. 

Additionally, the dielectric constant of the metal,εm , and the dielectric 

material, εd , have to be equal ( ε ε≈m d ). Superlenses do not possess working 

distances. Their decay length is short, have no amplification, have one-
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dimensional (1-D) imaging, and their fabrication is complex. However, 

hyperlenses can magnify the image and project it into the far field. The object 

is usually inscribed inside the inner surface of the cylindrical lens [49], and the 

object is magnified in the radial direction of the multilayered structure. 

Hyperlenses also suffer from no working distance, and complexity of 

fabrication. These lenses are difficult to consider for practical applications, but 

nevertheless they opened the way for plasmonic lenses. 

Creating grooves or slits in a metallic layer allows the formation of a 

light beam with a width comparable to that of the wavelength of light. Sub-

wavelength holes played a major role in nano-plasmonics after the discovery 

of extraordinary transmission (EOT) [8]. It displayed large peaks in the 

transmission spectra at wavelengths larger than the aperture size. A 

breakthrough came when the propagation through rectangular holes could be 

modeled accurately with two coupled Surface Plasmon Polaritons (SPPs) on 

each side of the hole, known as metal/insulator/metal waveguide mode [8]. 

This has the possibility of a high efficiency of SPP excitation. 

 1-D sub-wavelength metallic structures have been proposed for the 

focusing of light [52]-[54]. These structures are based on either depth tuning 

or width tuning to achieve the required focusing. Moreover, the number, and 

periods of grooves are used to alter the diffracted beams to produce sub-

wavelength resolution and nano-meter accuracy. In depth tuning, the depth of 
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each groove or slit is designed to achieve the needed focusing. The width of 

each groove is usually smaller than half the wavelength of the incident wave 

designed for high diffraction efficiency [55]. There are three depth tuning 

configurations, which include concave, convex, and flat groove depth [49], 

[52] (see Fig. 3.1). When a TM polarized wave is incident on the slits, SPPs 

are excited and propagate along the metallic surface where they are diffracted 

to the far field by the grooves. The diffracted signals from each groove 

interfere constructively, leading to the focusing effect on the beam axis. The 

focusing takes place when the phase difference between the light exiting the 

slit and the grooves is multiples of 2π [52]. It has been shown in [52] that the 

phase at the exit of each groove increases with the increase in depth, leading to 

an increase in phase retardation without the need to increase the number of 

grooves.  For depth tuning, the best groove configuration for focusing is the 

concave structure.  
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Figure 3.1 Different width tuning configurations 

 The second method for sub-wavelength focusing is width tuning of the 

grooves or slits. Various methods have been proposed to manipulate light by 

modulating the light phase of arrayed slits by altering the slit widths while 

keeping the depth constant [53], [54]. The electromagnetic energy in the nano-

metric waveguides are guided as SPPs. The waves in these waveguides 

provide phase retardation with varying phase propagation constants for 

different widths. The phase modulation achieved by varying slit widths is 



M.A.Sc. Thesis––M.H. El Sherif         Chapter 3         McMaster University––ECE 

 

43 
 

apparent from the dispersion relation between the effective refractive index 

and the slit width given in given by [53]:  
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. (3.1)   

βi is the propagation constant of the ith slit, k0 is the free space propagation 

constant, εm and εd are the permittivity of the metal and dielectric, respectively. 

Each nano-slit is independently controlled to produce its phase, leading to 

flexibility in the design of these structures [49], [53]. Fig. 3.2 demonstrates the 

change in the real and imaginary parts of the wave vector when changing slit 

widths. This method is implemented in beam shaping, data storage, integrated 

optics, and near-field imaging. In [53], a metallic film is designed with a 

number of nano-slits having different widths. The light impinging the structure 

from one side is modulated and converges to a point on the other side. The 

focused beam is observed 0.6 µm away from the structure with full wave at 

half maximum (FWHM) of 270 nm. This demonstrated the sub-wavelength 

focusing of the structure and by careful design of the slit widths, further focal 

points with sub-wavelength beam widths are achieved. 
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Figure 3.2 Real and Imaginary part of the wave vector with changing slit 

widths 

 Another design using the width tuning method is proposed in [54]. The 

work presented here, demonstrates how fabricated lens’ behavior differs from 

that in simulations and theory. A gold metallic opaque film is used in this 

experiment. The spacing between the slits is larger than the skin depth to 

avoid coupling between the slits. A single-pass phase delay of βid, where d is 

the metal film thickness and βi is calculated from (3.1), is introduced. Light 

travels slower in narrower lists, due to a large part of the mode residing in the 

metal. As a result, when we have slit widths increasing from the center of the 
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array to the edges, a parabolic (curved) wave front is obtained. The focal 

length and beam width obtained experimentally from the designed structure 

are 5.3 µm and 0.88 µm, respectively. The experimental results are in good 

agreement with the simulation results. However, they are inconsistent with the 

theory. The focusing behavior is controlled by changing the lens size. The lens 

size is a major reason for the inconsistency between the simulations and the 

theory. Moreover, the phase delay is altered due to oscillations in the slits. 

Furthermore, the transmission of each slit varies depending on the slit width. 

Yet, all of these deviations are accounted for in simulations, but not in the 

simple theory. This results in shorter focal lengths obtained in simulations and 

experiments as compared to the theory. From [54], it is pointed out that the slit 

spacing has a minimal effect on the structure, and that lenses with short slits 

cannot achieve far focal points.  

 2-D plasmonic lenses have also been proposed by shining the incident 

light on planar circular gratings [49], [56], [57]. The measurements illustrate 

that the circular lens achieves ten times the intensity of a single ring for the in-

plane components. In [56] the proposed lens produces long depth of focus 

(DOF) and focal length in the range from λ to 8λ, making auto-focusing easier 

at a working distance for optical systems. Additionally, as the thickness of the 

used metal is changed, the peak transmission shifts. This helps in realizing a 

free feedback control system for auto-focusing. Here, the probe scanning is 
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made with a constant working distance from the probe to the sample surface. 

This is done provided that the flatness variation of the sample substrate is 

within the DOF. Another circular plasmonic lens is proposed in [57]. It 

displays tight focusing of the SPP waves, with a spot size of 0.38λ, when 

excited with a radially polarized light. The experiments demonstrated the role 

polarization plays in focusing, where linear polarization generates SPPs from 

regions where the incident polarization is TM polarized with respect to the slit. 

Moreover, linear polarization cannot produce a sharp focus. These lenses are 

used in applications such as optical memories or for sensing [49], [56], [57]. 

3.3 Efficient optimization of Nano-Plasmonic 

Slit Arrays 

SPPs decay exponentially in both metal and dielectric media, where 

the decay is determined by the skin depth [1], [8]. This offers the ability to 

localize and channel light in sub-wavelength metallic structures. SPPs suffer, 

however, from losses due to absorption in the metal and unwanted radiation 

[1]. Metallic plasmonic structures have been recently proposed for sub-

wavelength operations at optical frequencies [54]. Optimized designs for a 

desirable functionality are mandatory. However, little work has been dedicated 

to the optimization of these devices. Optimizing nano-plasmonic structures 
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has always been a challenge. Accurate numerical approaches must be utilized 

in order to properly model all the device characteristics and parameters. In the 

optical range, the electrical size of structures is fairly large which requires 

intensive simulation time. Furthermore, as the optimization parameters 

increase so does the simulation time and the difficulty in optimization.  

In [58], a Genetic Algorithm (GA) is proposed for the optimization of 

metallic slit arrays. A large number of time-consuming initial simulations are 

needed. Moreover, the population parameter is essential for the accuracy of 

the results. A similar approach is reported in [59] where a Particle Swarm 

Optimization (PSO) algorithm was used. Moreover, the complexity of the 

technique used increases with increasing slits.  

Here, we propose a novel approach for the efficient design 

optimization of plasmonic slit array structures. Using a semi-analytic model, 

we reduce the optimization problem from one with many parameters to a 

simpler one with only two parameters. One parameter controls the required 

phase profile of the array, which has a parabolic behavior. The other 

parameter controls the phase offset in order to vary the maximum slit width at 

the edges of the array from 100-210 nm. A mapping is established between the 

physical parameters and the optimal phase profile. The width of each slit is 

determined by its optimal phase at the slit’s position in the array. Derivative-

Free Optimization (DFO) is utilized in optimizing the structure. A multi-
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objective formulation enables us to optimize, simultaneously, the focal length 

and the full wave at half maximum (FWHM) (beam width). Time-domain 

transmission line modeling (TLM) [60] is utilized in modeling the slit array 

structure.  Our results are verified through Lumerical’s commercial simulator 

FDTD Solutions [61]. In the next section, the slit array under consideration 

and the proposed technique are discussed. Then, we discuss the results 

obtained with this method, for different slit arrays, to show its operation. 

3.3.1 Nano-scale Slit Array and Formulations.  

A simple plasmonic structure has been recently proposed to achieve 

non-ordinarry effects [54]. An array of metalic slits are organized with an 

optimized shape (slit width) and periodicity. The structure considered in this 

work is shown in Fig. 3.3. It has the ability to focus light over a given 

frequency band by varying the slit widths [54]. Lens effect has been reported 

for such a struture [54], where the light is focused at sub-wavelength 

dimensions. The focused light is thus utilized for accurate optical microscopy 

and CMOS image sensors [58].  For ease of fabrication, the structure’s metal 

thickness is taken as h = 400.0 nm [54]. The dielectric constant of SiO2 is 

2.13. The metal used is gold with a dielectric constant of −11.04 + 0.78i at a 

wavelength of 637.0 nm [54]. The widths of the slits are chosen to achieve a 

parabolic phase profile [53], [54], where the phase shift of the light at each slit 
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depends on the thickness of the metal and velocity of propagation inside the 

slit as discussed before.  

 

Figure 3.3 The structure of the planar slit array. 
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Figure 3.4 The phase profile for different values of the phase parameters

c
φ and

ref
φ  . 
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T
 

that produces the furthest focal length (FL) and minimum beam width (BW). 
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reduced. For example, in an array of 13 slits, there are only 7 optimization 

variables. Our target is to maximize the focal length while maintaining a 
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Where α is a positive scaling factor. Notice that maximizing a number is 

equivalent to minimizing its negative. The parameter δ is the minimum slit 

width that is achieved by existing fabrication technology. 

Equation (3.2) attempts to solve directly for the unknown slit widths. 

The constraint on the beam width is included within the objective function. A 

logarithmic barrier function [62] is used to ensure that the constraint on the 

beam width is satisfied. When the beam width is greater than 1.1 µm, the 

objective would return an exponentially increasing value to avoid the solver 

from stopping at a complex value. The number of optimizable parameters in 

(3.2) is large depending on the number of slits. Due to the curse of 

dimensionality, (3.2) may also be trapped into a local minimum that does not 

meet the design constraints. The number of required time-intensive 

simulations also increases by increasing the number of optimizable 

parameters.  

In our approach, we aim at directly designing the phase profile of the 

structure. This drastically reduces the number of optimization parameters to 

the coefficients of a simple profile equation. This profile should be parabolic 

to achieve the focusing effect [53]. The phase constant 
cφ  represents the light 
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phase at the center of the slit array. It controls the minimum slit width. The 

offset reference 
refφ alters the phase at the edges of the array to control the 

maximum slit width. The required phase of each slit is found from the 

parabolic profile. Fig. 3.4 shows the phase profile for different values of the 

parameters 
cφ and

refφ . 

An alternative formulation of the optimization problem is thus 

proposed as: 

 

,
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The constraints on 
cφ and 

refφ are employed to have a maximum and 

minimum slit widths of 210.0 nm and 30.0 nm, respectively. For every value 

of the phase offset
 

refφ added to the phase constant 
cφ , the phase of the ith slit 

(Pi) is found using the parabolic phase curves (See Fig. 3.4). The width of the 

ith slit (wi) is then found using the formula [53]: 
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Where h is the metal thickness, which is assumed to be the same for all slits. βi 

is the propagation constant of the ith slit. k0 is the free space propagation 

constant, εm is the permittivity of the metal, and εd is assumed to be one for the 

dielectric material being air. The phase of the light transmitted through the 

film is given by [53]:     

 0 1 2 β θ= + ∆ + ∆ + −i i
hP P P P . (3.5)   

P0 is the initial phase at the entrance; ∆P1 and ∆P2 are the accompanied phase 

changes at the entrance and exit interfaces, respectively. βih is the phase 

retardation of the SPP waves in the slit, and θ  is the term from the multiple 

reflections occurring in the slit. The term βih is the most dominant term in 

calculating the phase Pi from (3.5), and thus its use in (3.4). In the TLM 

simulation, we use a mesh cell of ∆x = ∆z = 20.0 nm. The simulation time of 

this structure is 45 minutes on a 2.26 GHz PC with Intel Core i5-430M 

processor. 

3.3.2 Results  

Our TLM-based in-house simulator is implemented in Matlab [63].  

We carry out a number of experiments for 13, 15, 17, and 19 slit arrays. The 

Matlab function pattern-search is used to solve the optimization problem 

(3.3). The pattern-search algorithm does not require any sensitivity 
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information (derivatives). Our approach produces slit widths in tens of 

nanometers to avoid small slit changes. We simulated the array, consisting of 

13 slits, for a various number of the parameters 
cφ  and 

refφ  to identify the 

region that produces the optimal point. From this region we find the efficiency 

of our approach. Figure 3.5 shows that the optimal point for a beam width 

below 1.1 µm is produced when 
cφ  and 

refφ  is 0.5 and -0.18 respectively. 

Thus it is expected that our approach is to produce optimal values around this 

region.  

For all the slit arrays, the initial values for the parameter 
cφ  and 

refφ  

are 0.1 and 0.1, respectively. These starting parameters are chosen to produce 

an unfocused beam to test the efficiency of this approach. Table 1 displays the 

initial beam width, number of iterations, function evaluations, optimal beam 

width, and the optimal focal length at a beam width under 1.1 µm. As 

expected, our approach produces an optimal point with 
cφ  and 

refφ  being 

0.475 and -0.119 respectively. Figure 3.6 illustrates the achieved increase in 

focal length when increasing the number of slits, while keeping the beam 

width below 1.1 µm.  
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Figure 3.5 The function value plot of a 13 slit array, for different phase 

parameters. 
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Table 3.1 The starting parameters and the optimal results for 

different number of slits in the slit array 

 

# of 

slits 

Initial 

beam 

width  

# of 

iterations 

# of 

function 

evaluation

s 

Optima

l Beam 

width 

Optima

l Focal 

length 

cφ  

Optim

al 

refφ
 

Optim

al 

13 
1.32 

µm 
27 90 

1.08 

µm 

7.80 

µm 
0.475 -0.119 

15 
1.52 

µm 
27 93 

1.04 

µm 

8.48 

µm 
0.725 -0.134 

17 
1.66 

µm 
36 102 

1.06 

µm 

9.32 

µm 
1.011 -0.122 

19 
3.74 

µm 
33 103 

1.08 

µm 

10.14 

µm 
1.582 0.139 
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Figure 3.6 The achieved Focal length for different slit widths. (Red) the 

plot for 13 slits, (Blue) plot for 15 slits, (Green) plot for 17 slits, and (Black) 

plot for 19 slits 
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Figure 3.7 The intensity plot for the 19-slit case having a focal point at 

7.68 µm with a beam width of 0.78 µm. 

We also applied our approach to achieve the furthest focal length with 

a beam width below 0.8 µm for the 19 slit array case. We performed the same 

procedure and chose the initial values for the parameter φ c
 and φ ref

 to be 0.1 

and 0.1, respectively.  These initial values give a focal length of 13.6 µm and a 

beam width of 3.74 µm, which is an unfocused beam. After 33 iterations we 

reached an optimal design of φ c
 = 2.94 and φ ref

= -0.116. The widths at this 

optimal design are given by w = [0.1900, 0.0800, 0.0600, 0.0500, 0.0400, 

0.0400, 0.0300, 0.0300, 0.0300, 0.0300, 0.0300, 0.0300, 0.0300, 0.0400, 

0.0400, 0.0500, 0.0600, 0.0800, 0.1900]
T 

µm. The focal length and beam 
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width at this design are 7.68 µm and 0.78 µm, respectively, as seen in Fig. 3.7. 

Our optimal design is better than the one conveyed in [54] where a focal 

length of 5.3 µm and a beam width of 0.88 µm are obtained. The beam width 

obtained in our design is compared to that in [54] and the results are shown in 

Fig. 3.8. 

 

Figure 3.8 Beam width comparison between the proposed design and the 

design obtained in [54]. (Red-line) is the beam width obtained in [54]. (Circle-

blue) beam width from our design. 

   

-1.5 -1 -0.5 0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

X in µm  

In
te

n
si

ty

 

 

Beam Width from Results

Beam Width from [54]



M.A.Sc. Thesis––M.H. El Sherif         Chapter 3         McMaster University––ECE 

 

60 
 

 

Figure 3.9 The change in phase for ±5 nm change in the optimal slit 

widths. 

We carry out a tolerance study on the achieved design to check the 

robustness of the design against variations in the slit widths. We calculated the 

phase of the slits for a change of ± 5 nm in the slit width. Figure 3.9 shows 

that for large slit widths the phase does not have large variations. As the slit 

widths get smaller, the phase variations start to increase. Thus, much care 

should be given to the smaller slits when fabricating such structures.  

To verify our results, the optimal 19-slit structure is modeled using 

Lumerical’s FDTD Solutions [61]. We used the same meshing used in the 
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TLM simulation. The results obtained, shown in Fig. 3.10, show that the focal 

length is 7.63 µm and the beam width is 0.776 µm. The results have a 

reasonable agreement with our TLM-based results. The minor difference may 

be attributed to the difference between the two numerical approaches and the 

accuracy of each technique. 

 

Figure 3.10 The intensity plot for 19 slit case obtained using Lumerical’s 

FDTD Solutions (Matlab plot). 

3.4 Conclusion 

In conclusion, we gave an introduction to plasmonic lenses and nano-

focusing. The beam focusing effect is illustrated, and the various methods for 
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achieving lens effect are demonstrated. Moreover, various applications for the 

use of plasmonic slit arrays, grooves, and holes are demonstrated. Finally, a 

novel technique for the optimization of plasmonic slit arrays using a simple 

parabolic phase profile was exemplified. This technique produced slit widths 

by obtaining the optimal phase profile that produced the targeted criteria. 
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Chapter 4 

 

Excitation of Multilevel Plasmonic 

Nano-Circuits Using Single Silicon 

Nano-wire 

 

4.1 Introduction 

In this chapter, an overview on 3-D chips and polarization splitters is 

demonstrated. The need to realize 3-D chips and its importance to the 

enhancement of performance and efficiency is highlighted. Moreover, a novel 

multilevel coupling technique is proposed to aid in the realization of 3-D 

plasmonic chips. 

We start by giving an introduction to 3-D chips and polarization 

splitters in Section 4.2. Then a review of the background for the proposed 

devices is given in Section 4.3. The proposed structures are presented in 

Section 4.4. The results obtained using the FDTD method are shown in 

Section 4.5. Finally, the conclusions are discussed in Section 4.6.   
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4.2 3-D Chips and Polarization Splitters 

In nano-scale, electronic interconnects which provide connectivity to 

and from fast transistors, suffers from increased delays and limited scalability. 

The overall speed of the system is thus limited [1], [64] due to radiation from 

the wires, cross-talk between the wires, and increase in effective resistance 

[2]. To overcome these issues, scaled down optical interconnects that provide 

1000 times the data rate, longer transmission distances for data, and no power 

consumption per bit have been proposed [5]. However, their scalability is 

limited by the diffraction limit, and the large mode mismatch between optics 

and electronics. SPPs offer the crucial answer to these problems. SPPs enjoy 

the advantages of both technologies such as the scalability of electronics and 

the data capacity of optics, while not suffering from any of their drawbacks.  
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Figure 4.1 A 3-D plasmonic chip. 

The interfaces between electronic and optical components are 

challenging for high density of integrated devices. An all optical signal 

processing can be exploited to realize a complete optical computation and 

communication system. The number of optical components placed on a chip is 

limited by cross talk between the closely placed components [65], [66]. In-

plane chips are restricted by the size and the number of components that can 

be placed. Moreover, it is difficult to perform simultaneous operations on the 

same planar chip. An approach to solve this issue is stacking the optical chips 

in order to have multiple levels as shown in Fig. 4.1. By stacking multiple 
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circuits, highly dense photonic optical circuits with faster processing and 

wider functionality can be realized. Different operations can be performed 

simultaneously without the dependence on the other levels. This is achieved if 

the input energy can be split between the levels. That is each layer is 

specialized in its own role. Moreover, this reduces the wiring distance between 

components, thus reducing delays [5], and increasing the overall system 

efficiency. Due to their compatibility with microelectronic fabrication 

processes, silicon photonics can help us foresee monolithic integration with 

the chip multiprocessor and on-chip memory in the 3-D stacks [5]. 

Several approaches for realizing 3-D optical chips have been proposed 

[65]-[68]. These devices include optical multiplexers, multimode 

interferometer, splitters, switches and waveguides [65]-[72]. However, the 

devices are designed using the conventional silicon on insulator (SOI) 

waveguides. This makes them limited in both band and size and subject to 

cross talk. Similarly, these devices are very sensitive to wavelength alterations 

and fabrication [66]. A promising alternative is to exploit plasmonic circuits to 

provide high density integration with minimal cross talk. However, little work 

has been done in realizing 3-D chips using plasmonics. The device presented 

in [73] uses long-range surface plasmon polaritons (LRSPP). This device is 

long and its operation is limited by its length. In addition, so far 3-D 

plasmonic chips are limited to the inherent polarization dependence of the 
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surface plasmon polariton waves. Signal manipulation utilizes only one 

polarization of the input field. The other polarization does not couple to the 

SPP structures. This is considered a serious draw back that hinders using 

quadrature functionalities.  

Recently few on-chip plasmonic polarization splitters [74]-[77] and 

polarizers [78], [79] are proposed for quantum electrodynamics [80], and for 

logic gates [81]. This dramatically reduces the size of an optical chip. 

However, all of the proposed structures are in-plane, and the splitting is only 

done at one layer. Besides, special care is needed when designing and 

manufacturing these splitters due to the fine tapering and positioning. The 

splitting ratio is dimension-dependent which makes it very sensitive to the 

fabrication process.  

In the following sections, we propose a novel structure for realizing 

multilevel plasmonic chips based on the plasmonic slot waveguide (PSW) 

configuration demonstrated in [24]. This structure, in addition, acts as a 

surface plasmon polarization beam splitter. The main functionality of this 

device is to allow both polarizations of the input fields to be manipulated 

using plasmonic structures by routing each one to a different level. A 

conventional silicon nano-waveguide is employed as the input waveguide. By 

controlling the light polarization at nano-scale, on-chip communication will be 

much faster. In addition, optical digital gating functionality can be developed. 
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Moreover, this will introduce a quadrature space that provides multifold of the 

current capacity. The proposed device helps in realizing 3-D plasmonic chips 

that are compact and with high integration and density. Two variations of the 

suggested structure are investigated.  In the first one, the two plasmonic 

waveguides are orthogonal.  In the second one, one of the plasmonic 

waveguides is rotated to allow light propagation in a parallel horizontal plane. 

These devices are wideband and ultra-compact with realizable dimensions. 

The Finite difference time domain (FDTD) technique is utilized to verify the 

operation of the two devices. The polarization splitting capability of these 

structures can be utilized in linear optics, multiplexers, logic gates [75], [76], 

or optical interconnect applications.  

4.3 Background for Orthogonal Coupling 

The proposed multilevel devices are based on orthogonal coupling 

between silicon waveguides and PSWs. Utilizing the polarization-dependent 

nature of the plasmonic slot we can separate the two different polarizations. 

Orthogonal orientation between the silicon and plasmonic waveguides not 

only allows for polarization splitting but has been proven to provide efficient 

coupling [24]. This allows for simultaneous efficient coupling to different 

layers of a 3-D plasmonic chip and polarization splitting. 
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For the plasmonic slot waveguide shown in Fig. 4.2, distinct modes are 

allowed to propagate [25]. These modes are determined through a numerical 

solution of reduced Maxwell’s equations in the magnetic field [25]. Figure 4.3 

shows the fundamental TE mode that propagates in the PSW [78]. When the 

slot is perpendicular to the x-axis (as shown in Fig. 4.3), the fundamental 

mode having a dominant Ex and Hy fields propagates. When the slot is 

perpendicular to the y-axis, the dominant mode has Ey and Hx components. 

Throughout this paper, we refer to the modes having a dominant Ex and Hy 

fields as x-polarized (quasi-TE mode), and modes having a dominant Ey and 

Hx as y-polarized (quasi-TM mode).  

The PSW demonstrated here is made up of silver with a silicon dioxide 

substrate [82], using the model presented in Lumerical [61]. The cell size is ∆x 

= ∆y = 2.0 nm and ∆z = 5.0 nm since the mode of interest is perpendicular to 

the z-direction. The width and height of the PSW are 340.0 µm and 400.0 µm, 

respectively. Figure 4.3 demonstrates the mode profile for the x-polarized 

mode, which propagates along the z-direction. It is obtained using Lumerical’s 

mode solver [61]. The mode solver solution is normalized with respect to the 

maximum field intensity.  

Several approaches for coupling energy into plasmonic waveguides 

have been suggested. The direct coupling is done by connecting the dielectric 

waveguide to the plasmonic slot waveguide. Figure 4.4 illustrates the 
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transmission properties using direct coupling. This figure is created using the 

same computational information mentioned above, with a detector placed 

around the slot, 300.0 nm away from the interface. The excitation in the Si 

waveguide is done by injecting it with a Gaussian-modulated sinusoidal that 

spans the wavelengths 1.1 µm – 2.5 µm. In Fig. 4.4, the x-polarized mode, 

from the input silicon waveguide, is allowed to propagate in the plasmonic 

waveguide while the y-polarized mode is completely reflected. The mismatch 

between the silicon waveguide and the PSW reduces the coupling efficiency 

as evident from Fig. 4.4.     

It is difficult to separate both the x- and y-polarized modes 

simultaneously. To separate both the polarizations, s-bends or branches [77] 

are required. This introduces losses and fabrication complexities. The 

mismatch between the silicon waveguide and the PSW reduces the coupling 

efficiency (see Fig. 4.4). The transmission of such a structure suffers from 

oscillatory responses, when coupled to and from silicon waveguides [24]. This 

introduces distortions and reduces the band for efficient operation.  

The enhanced performance of the right angle coupling between the 

dielectric waveguide and the PSW was validated in [24]. This right angle 

coupling provides higher polarization selectivity with minimal coupling losses 

and enhanced bandwidth. It also provides a wideband modal matching and 

thus a better coupling efficiency. The modal compatibility between plasmonic 
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and dielectric waveguides is better illustrated through the analysis of the 

propagation constant (k) [24].  

 

Figure 4.2 A plasmonic slot waveguide with air as the dielectric present in 

the slot. 
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Figure 4.3 Cross sectional view of the PSW demonstrating (a) Ex  present 

in a plasmonic slot waveguide and (b) Ez present. The slot width is 50.0 nm. 

 

Figure 4.4 Transmission plot for the direct coupling method for a slot 

width = 50.0 nm. 
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4.4 The Proposed Structures for Polarization-

Controlled Surface Multilevel Beam 

Splitter/coupler 

Two 3-D polarization-controlled beam splitters are investigated in this 

work. For the first structure, the light guided by the dielectric waveguide is 

split using two orthogonal plasmonic slot waveguides. The second structure 

exploits a rotated plasmonic slot waveguide to couple the signal to a parallel 

horizontal plane on a different layer. In this section more details are given 

about the performance of the two devices. 
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Figure 4.5 The proposed orthogonal polarization splitter configuration;(a) 

3D view and (b) side view. 

4.4.1 The Orthogonal Polarization Splitter 

We first propose a novel multilevel polarization splitter from a silicon 

waveguide to PSWs. The proposed structure exploits the orthogonal coupler 

presented in [24]. This coupler is polarization dependent and allows one 

polarization only (x-polarized wave) to couple to the PSW. However, slight 

modification demonstrates that this coupler can couple both polarizations but 

at different planes. The proposed coupler is shown in Fig. 4.5. The input 

waveguide is a silicon nano-wire with dimensions of 340.0 x 400.0 nm 

fabricated using SOI wafer. The dimensions of the PSW with a 50.0 nm slot 
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are one order of magnitude less than that of the dielectric waveguide. The 

advantage that PSWs supports only one polarization is exploited in order to 

setup the device. The principal of operation of this device is to split the two 

polarizations existing on the dielectric waveguide with each polarization 

coupling to only one of the two orthogonal PSW waveguides. Both 

polarizations can be processed at the same time. One polarization is guided 

horizontally while the other polarization is guided vertically. Each signal is 

then guided to its respective circuit using sharp bends with maximum 

efficiency [83]. Each polarization is processed and manipulated in its 

respective layer. The x-polarized (quasi-TE) mode is responsible for the 

operation of the horizontal or in-plane layer, while the y-polarized (quasi-TM) 

is responsible for exciting the stacked layers. This allows for quadrature 

modulation as well.      

To illustrate the application of this device, we conduct a dispersion 

analysis on the proposed 3-D configuration using [17]. The dispersion relation 

is for semi-infinite structures, and this is taken care of in the simulations by 

terminating the structure with a perfectly matched layer (PML). The 

dispersion relationship is given by: 



M.A.Sc. Thesis––M.H. El Sherif         Chapter 4        McMaster University––ECE 

 

76 
 

 

2 1
1

1 2

2 2

1 1

2 2

2 2

tanh
k

k a
k

k k

k k

ε

ε

β ε

β ε

= −

= −

= −
. (4.1)  

In (4.1) k1, 2 are the wave-vectors in the dielectric and metal, respectively, and 

1 2, 
ε are the dielectric constants of the dielectric and metal, respectively. β is the 

effective wave-vector and a is half of the slot size. Figure 4.6 shows that the 

dielectric propagation constants, kx and ky, have a better coordination with the 

PSW propagation constant, kspp, than with kz. These propagation constants are 

obtained using the equations in chapter 2. This is in agreement with the 2-D 

analysis given in [24].   
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Figure 4.6 A wave-vector plot for the proposed 3D orthogonal 

polarization splitter. The kx and ky inside the dielectric waveguide are more 

closely matched to kspp than kz. 
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Figure 4.7 The structure of the rotated polarization splitter that couples 

each polarization to a different layer 

4.4.2 The Rotated Splitter for Multilevel Coupling  

We present a variation of the structure presented in 4.4.1 to rotate the 

vertically coupled beam for in-plane light processing. To achieve this goal a 

polarization rotator is exploited at the top of the polarization splitter. This 

structure uses a triangular shaped metal in the vertical direction to introduce a 

discontinuity to the wave. The slope of the triangle forces the wave 

propagating upwards to move along a path perpendicular to its original 

propagation. The complete structure is shown in Fig. 4.7, where the edge of 
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the triangle is placed 100 nm to the side of the silicon waveguide. This will 

help in the realization of stacked layer chips. This structure acts like a T- 

junction at multiple levels and only one polarization is coupled at each of the 

output ports 1 and 2.  

As shown in Fig. 4.7, this device works by selecting the input 

polarization. If the input polarization at the silicon waveguide is x-polarized, 

the light couples to port 2. On the other hand, if the input polarization is y-

polarized, the light is coupled to port 1. Thus the light beam can be routed at 

different horizontal planes by choosing the corresponding polarization. This 

device, for the first time, allows simultaneous manipulation of the two 

polarizations using PSWs. The main applications of this device include 

quadrature modulation where each polarization is modulated at a different 

level. The final beam is combined again using the same device. This device 

demonstrates more compact and efficient use of the PSW-based applications. 

It can, similarly, be exploited as a selective router that controls the signal route 

at different layers as shown in Fig. 4.1. 
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Figure 4.8 The two excitation source modes. 

polarization (b). 

4.5 Modeling and 

The FDTD technique is used to simulate the coupling from the Si 

waveguide to the two orthogonal PSWs. The commercial software, Lumerical 

FDTD solutions [61], is utilized to simulate and analyze the two suggested 

structures. The metals used for the PSW are silver and aluminum 

dielectric materials used for the dielectric input waveguide and substrate are 

silicon and silicon dioxide, respectively 

of measured data is used in dispersive FDTD 

are given by the model used in 

medium used are air. For meshing the plasmonic section of the structure, a 

square cell of ∆x = ∆y= ∆

is utilized to terminate the computational domain. Detectors are placed at the 

cross section of each PSW at a distance of 200.0 nm away from the splitting 
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section of each PSW at a distance of 200.0 nm away from the splitting 
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junction. These detectors probe the electric fields, magnetic fields, and 

transmission efficiencies in each arm. The normalized transmission is 

calculated by determining the power flux through the detector plane, 

integrating it over the cross section, and normalizing it with respect to the 

source power. The answer is then converted into dB using (4.2). The 

absorption in the metal, which is given in (4.3), is measured as well: 

 Transmission(dB) 10 log( )T= . (4.2)  

 
1 2Absorption(dB) 10 log(1 )T T R= − − − . (4.3) 

Where T is the normalized transmission obtained. T1, T2 and R are the 

normalized transmissions in ports 1, 2, and the reflection, respectively. The 

reflection from the junction is calculated in the same way. The excitation in 

the Si waveguide is done by injecting it with a Gaussian-modulated sinusoidal 

that spans the wavelengths 1.0 µm – 2.5 µm. Each of the two dominant modes 

(x-polarized and y-polarized) is excited separately using the mode solver in 

[61]. The sources are excited at a distance of 1.5 µm from the splitting 

junction. The excited x-polarization and y-polarization modes in the dielectric 

waveguide are shown in Fig. 4.8.  
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Figure 4.9 Electric fields intensity plots in port 1 when excited with a y-

polarized wave at 1.55 µm. 

 

Figure 4.10 Electric fields intensity plots in port 2 when excited with an x-

polarized wave at 1.55 µm. 
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In this section, we discuss the results obtained for both the orthogonal 

polarization splitter (Fig. 4.5), and the rotated polarization splitter (Fig. 4.7). 

For the PSW oriented in the y-direction (Fig. 4.5), the dominant fields are Ey 

and Ez. The mode profiles in this case are shown in Fig. 4.9. While for the 

PSW oriented in the x-direction, Ex and Ez are the dominant fields, with a 

modal profile rotated to be in the x–direction as shown in Fig. 4.10. For the y-

polarized wave, the resulting fields propagate in port 1 with very little 

transmission to port 2. Figure 4.9 shows the most dominant field in port 1 to 

be the Ez field. However, it can be seen that the Ey field intensity has moderate 

power while propagating along the metal surface. The remaining fields present 

are very small compared to the dominant ones. Figure 4.10 shows that the 

reverse of the y-polarization case occurs at port 2 when the structure is excited 

using an x-polarized wave at 1.55 µm. the slight differences in the field plots 

is due to the uneven dimensions of the PSWs  

The y- and x-polarized waves are received at port 1 and port 2, 

respectively. As expected, when the Si waveguide is excited with a y-polarized 

mode (discontinuity along y-axis), the wave propagates along the PSW 

oriented in the y-direction (port 1). The transmission is calculated at 1.55 µm 

in both PSWs. It is found that the y-oriented waveguide has -3.7 dB power 

transmission, while the PSW oriented in the x-direction has approximately -

17.2 dB. This is illustrated in Fig. 4.11. The same procedure is carried out 
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while exciting the Si waveguide with an x-polarized mode (discontinuity along 

x-axis). A power transmission of -3.87 dB in the x-oriented PSW (port 2) is 

achieved. A transmission of approximately -15.5 dB is obtained in the y-

oriented PSW. The slight difference in the transmission efficiency is attributed 

to the non-equal dimensions of the Si waveguide. The results are demonstrated 

in Fig. 4.12. The extinction ratios for both ports are shown in Fig. 4.13. The 

extinction ratio is the power in one port compared to the other port for the two 

different polarizations and is given by: 

 

Extinction Ratio(dB) 10log( )int

sub

T

T
=

. (4.4) 

Tint  is the transmission in the port of interest, while Tsub is the transmission in 

the subsidiary port. Figs. 4.11 and 4.12 reveal that the absorption increases 

beyond a wavelength of 1.6 µm. The best band for operating this structure is 

between 1.4 µm and 1.6 µm.  In this band the device enjoys maximum 

transmission as well as lower reflection and absorption as compared to other 

frequencies. This demonstrates the broadband feature of this structure. 
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Figure 4.11 The transmission efficiency for the orthogonal polarization 

splitter when excited with a y-polarized mode; (Diamond-Green) is the 

transmission along port 1, (Circle-Blue) is the transmission efficiency along 

port 2, (Dotted-Red) is the absorption in the metal, and (Cross-Black) is the 

reflection from the junction.  
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Figure 4.12 The transmission efficiency for the orthogonal polarization 

splitter when excited with an x-polarized mode; (Diamond-Green) is the 

transmission along port 1, (Circle-Blue) is the transmission efficiency along 

port 2, (Dotted-Red) is the absorption in the metal, and (Cross-Black) is the 

reflection from the junction. 
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Figure 4.13 The extinction ratio for the orthogonal polarization splitter 

calculated for port 1 (Dotted-Red) and for port 2 (Star-Blue). 

We repeat the same analysis for the rotated polarization splitter shown 

in Fig. 4.7. Figure 4.14 shows the transmission when the dielectric waveguide 

is excited with a y-polarized mode. Here, the transmission in port 1 is -4.7 dB, 

while that in port 2 is -21.1 dB. This shows that around 75.46% of the wave 

propagating in the vertical PSW (port 1 in Fig. 4.5) can be channeled 

horizontally to port 1 (Fig 4.7). Figure 4.15 shows a transmission of -4.3 dB to 

port 2 and -21.7 dB to port 1 when the structure is excited with an x-polarized 
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wave. This shows the excellent splitting and polarization rotation functionality 

of the device. The extinction ratios for both ports are displayed in Fig. 4.16. 

The functionality of the device, when using aluminum [82] instead of silver, is 

also presented. The results for the y-polarized excitation, x-polarized 

excitation, and extinction ratio when using aluminum are displayed in Figs. 

4.14-4.16 respectively. The figures show that the transmission power using 

aluminum is around 1 dB less than its counterpart. Furthermore, the extinction 

ratio for each port using aluminum is closely related to that of the silver. This 

demonstrates that the structure is more compatible with traditional CMOS 

technology based on using silicon and aluminum. 
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Figure 4.14 The transmission efficiency for the rotated polarization splitter 

when excited with a y-polarized mode; (Diamond-Green) is the transmission 

along port 1 for silver, (Circle-Blue) is the transmission efficiency along Port 

2 for silver, (X-Red) is the transmission efficiency along Port 2 for silver, (X-

Red) is the transmission along port 1 for aluminum, and (Star-Black) is the 

transmission along port 2 for aluminum. 
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Figure 4.15 The transmission efficiency for the rotated polarization splitter 

when excited with a x-polarized mode; (Diamond-Green) is the transmission 

along port 1for silver, (Circle-Blue) is the transmission efficiency along port 2 

for silver, (X-Red) is the transmission along port 1 for aluminum, and (Star-

Black) is the transmission along port 2 for aluminum. 

1 1.5 2 2.5
-35

-30

-25

-20

-15

-10

-5

0

Wavelength (µm)

T
ra

n
sm

is
si

o
n

 (
d

B
)

 

 

Transmission at Port 2 (Ag)

Transmission at Port 1 (Ag)

Transmission at Port 2 (Al)

Transmission at Port 1 (Al)



M.A.Sc. Thesis––M.H. El Sherif         Chapter 4        McMaster University––ECE 

 

91 
 

 

Figure 4.16 The extinction ratio for the rotated polarization splitter 

calculated for port 1 (dotted-red) and for port 2 (Star-blue) using silver 

material. (Cross-Green) and (Diamond-Black) are the extinction ratios for 

ports 1 and 2, respectively, estimated using aluminum. 

4.6 Conclusion 

We presented two novel SPP polarization splitters utilizing the 

orthogonal junction coupling technique. The first structure exploits orthogonal 

plasmonic slot waveguides while the second one exploits rotated plasmonic 

waveguides. For the orthogonal splitter, the transmission is more than -3.8 dB 

in port 1, when excited with a y-polarized polarization wave, and less than -14 
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dB in port 2. Moreover, the transmission results are exchanged when using an 

x-polarized wave. Similar results are also obtained for the rotated polarization 

splitter.  The rotated splitter is able to guide the vertically propagating wave in 

a parallel horizontal plane. This provides horizontal propagation on different 

layers of a 3-D plasmonic circuit. These structures were simulated using 3-D 

FDTD utilizing both silver and aluminum. Our proposed devices may find 

various applications in integrated circuits that include logic gates, data 

multiplexing, filtering, and quadrature applications. Furthermore, they may aid 

in the realization of 3-D plasmonic chips for more compact and efficient 

processing. 
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Chapter 5 

5.1 Conclusion 

In conclusion, the limitations of electronics and the dielectric photonic 

components are illustrated. Then, we started of this thesis by an introduction 

to plasmonics and its unique characteristics, as well as the recent advances in 

this field. We mentioned a few designs that have the potential to play the 

interconnect role in ICs. Devices such as hybrid waveguides, PSWs, slit 

arrays, MIM and IMI couplers have been revealed and their configurations 

and applications discussed. The use of plasmonics is diverging to vast 

applications like sensing, focusing, imaging, solar cells, waveguiding, beam 

shaping and many more. The guiding of electromagnetic waves on a 

metal/dielectric interface proved to be a possible solution to various issues 

facing today’s state of the art technology. 

 We then went on to portray an efficient technique for design 

optimization of plasmonic slit arrays. Through direct design of the phase 

profile, we reduce the number of optimizable parameters to only two. This 

vastly improved the optimization efficiency, and reduced its complexity. The 

technique accuracy is governed by the accuracy of the simulation and does not 
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involve any approximations. After obtaining the optimal phase profile, a 

mapping is used to recover the actual physical parameters of the slit widths. 

We employ a multi-objective formulation to simultaneously optimize the focal 

length and the beam width resulting from the slit array. Our approach is 

effectively illustrated through a number of examples. Still, if the metal 

thickness was considered as an optimization parameter, it will increase the 

complexity due to the phase being affected by the metal thickness. 

Furthermore, considering different materials for the slit (instead of air), can 

lead to different characteristics regarding focusing and sensitivity. Moreover, 

more effective optimization techniques for plasmonic structures should be 

investigated. This will produce structures with high efficiency, taking into 

consideration the limitations of technology.   

 Furthermore, we presented two novel SPP polarization splitters 

utilizing the orthogonal junction coupling technique. This technique utilizes 

the wave vector match between the Si nano-wire and the PSWs. This coupling 

technique eliminates the need for tapering. The first structure proposed, 

exploits orthogonal plasmonic slot waveguides while the second one exploits 

rotated plasmonic waveguides, for horizontal manipulation. The first structure 

causes the incident beam to be split into two polarizations. One polarization is 

guided horizontally, while the other polarization is guided vertically. The 

device produces high transmissions with good splitting. The latter structure 
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helps in rotating the vertically guided wave to a horizontal plane. The rotated 

wave is used for optical processing on different parallel layers, and thus 

realizing 3-D plasmonic chips. 3-D plasmonic chips increase the efficiency 

and the simultaneous processing of components on a circuit. The proposed 

structures possess wideband coupling and natural phase-matched Si nano-wire 

and plasmonic sections. These structures were simulated using 3-D FDTD 

utilizing both silver and aluminum. Our proposed devices may find various 

applications in integrated circuits that include logic gates, data multiplexing, 

filtering, and quadrature applications. The remaining challenge is to fabricate 

these devices with minimum fabrication deficiencies. Also, proposing 

different polarization rotators for the vertical PSW is essential to abet in 

realizing multi-layered plasmonic chips. 

 It is not a shock to see plasmonics dominate the technology industry in 

the years to come. With major advances happening in the field, SPPs are 

spreading like wild fire. Proper optimization of plasmonic devices is a must to 

realize more efficient systems. Moreover, developments in the fabrication 

techniques and recipes are needed to aid in better realization and 

reproducibility of these devices. More research into plasmonic 3-D circuits is 

required as this will vastly improve the efficiency and the processing 

capability of the systems. 
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