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Abstract 

Guiding light at the nanoscale shows significant importance for the next generation on-chip 

information technology, as it could enable dramatic miniaturization of integrated photonic 

circuits (IPCs). Conventional dielectric photonic devices cannot be used to realize highly 

IPCs due to the diffraction limit. A promising solution to this challenge is to explore surface 

plasmon polaritons (SPPs) based waveguides, which can guide light beyond the diffraction 

limit. Therefore, a deeper understanding of SPPs based waveguides is developed in this thesis, 

as a basis for the design of novel plasmonic devices which are essential for building IPCs. 

 

However inherent ohmic loss in plasmonic waveguide is very large and the loss will be 

further increased by reducing the size of IPCs, which limited their applications. Thus the 

critical challenge for SPPs waveguide is how to increase the propagation length, in the 

meanwhile maintain a tight mode confinement. Thus several novel plasmonic waveguides are 

developed to address the challenge of improving the propagation length while maintaining 

very tight mode confinement. 

 

SPPs are exceptionally sensitive to the dielectric properties near the metal surface because of 

their highly localized fields at the metal surface, offering substantial potential for effective 

sensing applications. Therefore the application for plasmonic sensing is also explored in the 

thesis. Several new plasmonic biosensors are designed to achieve a high sensitivity and 

simultaneous measurements of multiple parameters.
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Chapter 1: Introduction 
 

1.1 Background 

In an era of nanotechnology and ultrafast information processing, the Olympic motto ‘faster, 

higher, stronger’ might be phrased ‘faster, smaller, stronger’. ----- Mark Stockman [1]. 

The insatiable appetite for progressively faster information transport and processing 

capabilities has driven enormous progress in the photonics industry over the last two decades, 

resulting in a continuous development of photonic components that are faster, smaller (i.e. 

chip-scale) and stronger (i.e. more reliable) [2], to use the metaphor of the Olympic motto 

above. Smaller photonic components enable thousands of logic elements to be integrated into 

compact and lightweight processors, known as highly integrated photonic circuits (IPCs).  

However, due to the diffraction limit, higher levels of miniaturization are very difficult to 

achieve for current photonic devices (i.e. the smallest device features are limited in size to 

about half a wavelength of light) [3]. One of the potential solutions to overcome the diffraction 

limit is to utilize so-called ‘surface plasmon polaritons’ (SPPs). At a metal-dielectric interface, 

SPPs originate from the strong coupling between electromagnetic waves and free electrons on 

the metal surface which propagate along the interface between the metal and dielectric, with a 

field strength that has a maximum intensity at the interface and which exponentially decays in 

both directions perpendicular to the interface [4]. Unlike dielectric waveguides, plasmonic 

waveguides are not restricted in size by the diffraction limit due to the subwavelength mode 

confinement of the SPPs mode, thus offering the potential to guide and manipulate light at a 

subwavelength scale. SPPs thus have the potential to be a key technology to underpin next 

generation high-density chip-scale photonic devices [5]. Subwavelength mode confinement 
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can also significantly enhance light-matter interactions which in turn offers fundamentally new 

solutions for biosensing [6], data storage [7] and spectroscopy [8].    

However, currently plasmonic waveguides suffer the serious disadvantage of a very large 

propagation loss particularly when the mode confinement is at a subwavelength scale [9]. This 

fundamental limitation is inherent for all SPPs modes: stronger SPPs confinement pushes the 

field closer to the metal, which results in a larger metal power dissipation and thereby a shorter 

propagation length. Therefore a significant challenge is to design and develop novel plasmonic 

waveguide structures which allow for the realization of tight mode confinement whilst still 

offering a relatively low propagation loss.  

SPPs are exceptionally sensitive to the dielectric properties near the metal surface because of 

their highly localized fields at the metal surface. This feature offers substantial potential for 

effective sensing applications. For example, a functionalized surface plasmon sensor reported 

in [10], utilized particular protein antibodies which were immobilized on the metal surface, so 

that the sensor was capable of monitoring a particular protein concentration and its binding 

behaviour when biological samples containing this particular protein antigen are introduced 

into the sensor. However current SPPs sensors have the disadvantage of relatively low 

sensitivity and also limitations in terms of the simultaneous measurement of multiple 

parameters [11]. High sensitivity combined with multi-parameter sensing to create platforms 

such as “lab-on-a-chip” or “lab-on-a-fiber” is seen by many as very desirable targets for sensor 

systems [12]. Therefore improving plasmon sensor’s sensitivity and also realizing 

simultaneous multiple parameter measurements, while it is challenging task, is a very 

worthwhile endeavour. 
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1.2 Objectives and Contributions  

This thesis focuses on investigations of novel plasmonic waveguide devices and plasmonic 

sensors. The objectives of this research are three-fold: to develop a deeper understanding of 

SPPs based waveguides as a basis for the design of novel plasmonic devices which are 

essential for building highly integrated systems; to develop novel plasmonic waveguides to 

address the challenge of improving the propagation length while maintaining very tight mode 

confinement and finally to design new plasmonic biosensors to achieve high sensitivity and 

simultaneous measurements of multiple parameters. The following contributions are reported 

in this thesis. 

a) A number of novel plasmonic waveguide devices for integrated photonic circuits are 

proposed and investigated numerically and experimentally, including an optical filter, a 

polarization beam splitter and a TE-pass polarizer. For example, the proposed TE-pass 

polarizer has been fabricated and experimentally demonstrated confirming the validity of 

the simulation results. 

b) Several novel plasmonic waveguide designs are proposed with longer propagation lengths 

( 4000 µm vs.  100 µm for a traditional SPPs waveguide) and tight mode confinement 

(mode area  /10000 vs.  /500 for a traditional SPPs waveguide). These specifications 

are better than those previously reported in the literature. For example, the proposed long 

range wedge-to-wedge hybrid SPPs (LRWWHSPPs) waveguide design offers a deep 

subwavelength mode confinement (mode area ranges from /10604 to /972) and a 

relatively long propagation length (ranges from 1680 m to 4724 m).   

c) Two plasmonic based sensing structures are proposed and analyzed in detail. The proposed 

sensors are more sensitive than previously reported plasmonic sensors. More importantly, 
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the proposed subwavelength plasmonic grating based sensor is capable of simultaneous 

measurements of both the refractive index and the thickness of the analyte layer, and thus 

offers the potential for multiple parameter measurement in sensing applications. 

1.3 Thesis organization 

The thesis is organized as follows. Chapter 2 presents an overview of the theoretical 

fundamentals of SPPs, along with their two technologically important applications in light 

guiding and sensing. For light guiding, the dispersion relations for plasmonic modes supported 

by four popular waveguides: a metal-insulator-metal (MIM) waveguide, an 

insulator-metal-insulator (IMI) waveguide, a dielectric loaded SPPs (DLSPPs) waveguide and 

a hybrid SPPs (HSPPs) waveguide, are discussed and deduced from Maxwell’s equations. 

Furthermore an introduction to plasmonic based sensing and its applications are presented. 

Finally, the two different numerical methods used in this thesis are briefly introduced, 

specifically the Finite-Difference Time-Domain (FDTD) method and the Finite Element 

Method (FEM).  

Chapter 3 presents a detailed treatment of the theory of an SPPs mode supported by an MIM 

waveguide (SPPs_MIM) and a long range SPPs (LRSPPs) mode supported by an IMI 

waveguide. Based on the MIM and IMI configurations, designs for an ultra-compact MIM 

waveguide based Fabry-Perot filter and a compact IMI waveguide based polarization beam 

splitter are proposed and analyzed with the aim of developing basic building blocks for IPCs.  

Chapter 4 presents a theoretical investigation of a long-range DLSPPs (LRDLSPPs) 

waveguide with the objective of improving its guiding performance in the context of the 

well-known tradeoff between the mode confinement and propagation length: that is to achieve 

a higher degree of mode confinement for the same propagation length or a longer propagation 
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length for the same mode confinement, compared to existing LRDLSPPs waveguides. This 

chapter also presents a novel low cost microfiber loaded SPPs (MFLSPPs) based TE-pass 

polarizer both in simulation and experiment. The fabrication, operating principle and 

measurements for the TE-pass polarizer are discussed in this chapter. 

Chapter 5 further addresses the challenge of achieving both a long propagation length and 

tight mode confinement for a plasmonic waveguide. In doing so, two novel modified long 

range hybrid SPPs (LRHSPPs) waveguides are analyzed, respectively named a long range 

nanowedge HSPPs (LRWHSPPs) waveguide and long range wedge-to-wedge HSPPs 

(LRWWHSPPs) waveguide. A detailed optimization of the structural parameters and 

corresponding physical explanations is discussed in this chapter. Particularly for the 

LRWWHSPPs waveguide is shown that such a waveguide could achieve a better tradeoff 

compared to the most recently published structures.  

Chapter 6 presents the studies of two novel SPPs based sensors. One structure is based on a 

multimode fiber coated with a metal grating structure, offering a higher sensitivity compared 

to a conventional multimode fiber sensor coated with uniform metal layer. Another structure 

is based on a reflection metal grating, demonstrating a capability for simultaneous 

measurement of refractive index and the thickness of the analyte layer.  

Finally the conclusions arising from the research and a number of future research directions 

are presented in Chapter 7.  
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Chapter 2: Theoretical background and 

applications of Plasmonics 
 

2.1 Introduction 

Surface plasmon polaritons (SPPs) are electromagnetic waves coupled to collective electron 

oscillations and propagating along the interface between metal and dielectric media, 

exponentially decaying into both neighboring media. This chapter is devoted to illustrating 

the basic background to SPPs. As a starting point, section 2.2 firstly describes wave 

propagation using Maxwell’s equations. Then the dispersion relation of SPPs at a single 

metal-dielectric interface is deduced, again from Maxwell’s equations, in section 2.3. 

According to the dispersion relation, it is very difficult to excite SPPs where the excitation is 

normal to a flat metal-dielectric interface because of the wavevector mismatch between the 

injected light and SPPs. The main excitation methods for SPPs are discussed in section 2.3. 

Then two technologically important applications of SPPs in light guiding and sensing are 

discussed in section 2.4 and section 2.5, respectively, in each case supported by a brief review 

of research developments as presented in the literature. The chapter is concluded with a brief 

introduction to two numerical methods used in this thesis: the Finite-Difference 

Time-Domain (FDTD) method and Finite Element Method (FEM).    

2.2 Maxwell’s equations and wave propagation 

Before investigating the physical properties of SPPs, the starting point is Maxwell’s equations 

in the following form [1]: 

∇ ∙ 𝐃 = a

∇ ∙ 𝐁 = b
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∇  𝐄 =  −
∂

∂t
𝐁c

∇  𝐇 =  𝐣 +
𝛛

𝛛𝐭
𝐃d

where E, H, D and B represent the electric field, the magnetic field, the dielectric 

displacement and the magnetic flux density, respectively,is the free charge density and 𝐣 is 

the free current density. In optics it is usually assumed that the free charge and current are 

absent, i.e.  = 0 and 𝐣 = 0.  

In this thesis, only linear, isotropic and nonmagnetic media are considered, hence the 

relations between (E, D) and (H, B) can be defined as [1]: 

𝐃 = 0 𝐄a

𝐁 = 0 𝐇b

where 0 (≈ 8.854  10
-12

 F/m) and 0 (≈ 1.257  10
-6 

H/m) are the permittivity and 

permeability of free space, respectively,  and  (=1, for a nonmagnetic medium) respectively 

represent the relative permittivity (or dielectric constant) and relative permeability of the 

medium.  

Assuming a time-harmonic dependence for the electromagnetic (EM) field i.e. e−𝑖𝜔𝑡, then  

∂

∂t
= −𝑖𝜔

where i is the imaginary unit, and  is the angular frequency. Then eq. (2.1c) and eq. (2.1d) 

can be expanded in Cartesian coordinates as follows:  
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{
 
 
 
 
 
 

 
 
 
 
 
 
𝜕𝐸𝑧
𝜕𝑦

−
𝜕𝐸𝑦

𝜕𝑧
= 𝑖𝜔𝜇0𝐻𝑥                     (2.4a)

𝜕𝐸𝑥
𝜕𝑧

−
𝜕𝐸𝑧
𝜕𝑥

= 𝑖𝜔𝜇0𝐻𝑦                     (2.4b)

𝜕𝐸𝑦

𝜕𝑥
−
𝜕𝐸𝑥
𝜕𝑦

= 𝑖𝜔𝜇0𝐻𝑧                     (2.4c)

𝜕𝐻𝑧
𝜕𝑦

−
𝜕𝐻𝑦

𝜕𝑧
= −𝑖𝜔𝜀0𝜀𝐸𝑥                (2.4d)

𝜕𝐻𝑥
𝜕𝑧

−
𝜕𝐻𝑧
𝜕𝑥

= −𝑖𝜔𝜀0𝜀𝐸𝑦                 (2.4e)

𝜕𝐻𝑦

𝜕𝑥
−
𝜕𝐻𝑥
𝜕𝑦

= −𝑖𝜔𝜀0𝜀𝐸𝑧                 (2.4f)

 

2.3 SPPs at a single metal-dielectric interface 

As shown in Fig. 2.1, the simplest geometry sustaining SPPs is a single, flat interface 

between a metal (z < 0, with a complex dielectric constant 1, in which the real part is 

negative) and a dielectric (z > 0, with a positive dielectric constant 2). Specifically, assuming 

that the SPPs wave propagates along the x-direction with a wavevector  , then 
∂

∂x
= 𝑖𝛽, and 

that the structure is purely 2-dimensional, that is there is no spatial variation along the 

y-direction, then  
∂

∂y
= 0 and so eq. (2.4) can be simplified as follows: 

{
 
 
 
 
 

 
 
 
 
 
𝜕𝐸𝑦

𝜕𝑧
= −𝑖𝜔𝜇0𝐻𝑥                                (2.5a)

𝜕𝐸𝑥
𝜕𝑧

− 𝑖𝛽𝐸𝑧 = 𝑖𝜔𝜇0𝐻𝑦                     (2.5b)

𝑖𝛽𝐸𝑦 = 𝑖𝜔𝜇0𝐻𝑧                                 (2.5c)

𝜕𝐻𝑦

𝜕𝑧
= 𝑖𝜔𝜀0𝜀𝐸𝑥                                  (2.5d)

𝜕𝐻𝑥
𝜕𝑧

− 𝑖𝛽𝐻𝑧 = −𝑖𝜔𝜀0𝜀𝐸𝑦                (2.5e)

𝑖𝛽𝐻𝑦 = −𝑖𝜔𝜀0𝜀𝐸𝑧                              (2.5f)
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Fig 2.1. Schematic view of SPPs propagating along a single metal-dielectric interface in two dimensions. 

It can be easily shown that the eq. (2.5) can be divided into two independent sets: (I) the 

transverse magnetic (TM) modes with only the field components Ex, Ez and Hy being nonzero; 

and (II) the transverse electric (TE) modes, where only the field components Hx, Hz and Ey 

are nonzero. 

2.3.1 TM mode 

For the TM mode, eq. (2.5) is reduced to: 

                      
𝜕𝐸𝑥

𝜕𝑧
𝑖𝛽𝐸𝑧 = 𝑖𝜔𝜇0𝐻𝑦a

𝐸𝑥 = −
𝑖

𝜔𝜀0𝜀

𝜕𝐻𝑦

𝜕𝑧
b

𝐸𝑧 = −
𝛽

𝜔𝜀0𝜀
𝐻𝑦c

The field components can be easily found from the solutions of eq. (2.6) and expressed as [2]: 

for z < 0 

                     𝐻𝑦(𝑧) = 𝐴1𝑒
𝑖𝛽𝑥𝑒𝑘1𝑧a

𝐸𝑥(𝑧) = −
𝑖𝐴1𝑘1

𝜔𝜀0𝜀1
𝑒𝑖𝛽𝑥𝑒𝑘1𝑧b

𝐸𝑧(𝑧) = −
𝐴1𝛽

𝜔𝜀0𝜀1
𝑒𝑖𝛽𝑥𝑒𝑘1𝑧c
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for z > 0 

𝐻𝑦(𝑧) = 𝐴2𝑒
𝑖𝛽𝑥𝑒−𝑘2𝑧a

𝐸𝑥(𝑧) =
𝑖𝐴2𝑘2

𝜔𝜀0𝜀2
𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧b

𝐸𝑧(𝑧) = −
𝐴2𝛽

𝜔𝜀0𝜀2
𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧c

in which  

𝑘𝑖
2 = 𝛽2 − 𝑘0

2𝜀𝑖     (𝑖 = 1, 2)      (2.9) 

The continuity of Hy and Ex at the boundary z = 0 results in 

𝐴1 = 𝐴2 and  𝑘1𝜀2 = −𝑘2𝜀1      (2.10) 

Since the SPPs field is confined to the interface and evanescently decays in the z-direction, 

therefore the conditions Re [k1] > 0 and Re [k2] > 0 (for the convention of the signs in the 

exponents in eq. (2.7c, 2.8c)), demand that Re [𝜀1] < 0 if 𝜀2> 0. As it is known that for most 

metals and dielectrics this condition is satisfied in the visible and infrared wavelength range 

[3], the conclusion is that SPPs can exist for the TM polarization.    

Combining eq. (2.9) and eq. (2.10), then the dispersion relation of SPPs at a single 

metal-dielectric interface is given by 

𝛽 = 𝑘0√
𝜀1𝜀2

𝜀1+𝜀2
         (2.11) 

where k0 = /c is the free-space wavevector and c is the speed of light in a vacuum. Eq. 2.11 

will be discussed later but before that the possibility of SPPs for a TE polarization will be 

considered. 
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2.3.2 TE mode  

For the TE mode, eq. (2.5) is reduced to: 

𝜕𝐻𝑥

𝜕𝑧
𝑖𝛽𝐻𝑧 = −𝑖𝜔𝜀0𝜀𝐸𝑦a

𝜕𝐸𝑦

𝜕𝑧
= −𝑖𝜔𝜇0𝐻𝑥b

𝑖𝛽𝐸𝑦 = 𝑖𝜔𝜇0𝐻𝑧c

The field components can be written as [2]: 

for z < 0 

𝐸𝑦(𝑧) = 𝐴3𝑒
𝑖𝛽𝑥𝑒𝑘1𝑧a

𝐻𝑥(𝑧) =
𝑖𝐴3𝑘1

𝜔𝜇0
𝑒𝑖𝛽𝑥𝑒𝑘1𝑧b

𝐻𝑧(𝑧) =
𝐴3𝛽

𝜔𝜇0
𝑒𝑖𝛽𝑥𝑒𝑘1𝑧c

for z > 0 

𝐸𝑦(𝑧) = 𝐴4𝑒
𝑖𝛽𝑥𝑒−𝑘2𝑧a

𝐻𝑥(𝑧) = −
𝑖𝐴4𝑘2

𝜔𝜇0
𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧b

𝐻𝑧(𝑧) =
𝐴4𝛽

𝜔𝜇0
𝑒𝑖𝛽𝑥𝑒−𝑘2𝑧c

The continuity of Ey and Hx at the boundary z = 0 results in 

𝐴3 = 𝐴4 and  𝑘1 = −𝑘2      (2.15) 

One can see that eq. (2.15) does not satisfy the condition of Re [k1] > 0 and Re [k2] > 0 

derived in the previous section. It can be concluded then that no SPPs can exist for the TE 

polarization.  
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2.3.3 Dispersion relation of SPPs   

Now let us examine the properties of SPPs by considering the dispersion relation expressed 

by eq. (2.11). Fig 2.2 depicts plots of eq. (2.11) for SPPs at a single air-silver interface. The 

complex frequency-dependent permittivity of silver 2() is characterized by the Drude 

model [4]:      

𝜀2 (𝜔) = 𝜀∞ −
𝜔𝑝
2

𝜔(𝜔+𝑖𝛾)
       (2.16) 

where 𝜀∞= 3.7, 𝜔𝑝=1.38×10
16

 Hz and 𝛾 = 2.73×10
13

 Hz. From Fig. 2.2 it can be observed 

that the SPPs plot lies on the right side of the plot of the light in air which means that for a 

given frequency the wavevector of SPPs is always larger than that of the light in free space, 

i.e.  > k0, thus the light cannot directly transform into SPPs due to this wavevector mismatch. 

Such a wavevector mismatch must be dealt with by way of the excitation method chosen if 

light is to be used to generate SPPs. This will be discussed in next section 2.3.4.  

 

Fig. 2.2. Dispersion curves for SPPs at a single air-silver interface (the red solid line). The silver dispersion 

is described by the Drude model.   
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2.3.4 SPPs Excitation methods  

As seen from Fig. 2.2, the generation of SPPs is restricted by the wavevector mismatch. 

Therefore special excitation techniques are required to deal with this wavevector mismatch, 

for example, prism coupling [5], grating coupling [6], near field excitation [7], and highly 

focused laser beam excitation [8]. In this section the two most popular techniques, prism 

coupling and grating coupling are presented. 

2.3.4.1 Prism coupling---Kretschmann and Otto configurations 

The excitation of SPPs using a prism is based on evanescent wave coupling mechanism. Fig. 

2.3 shows two common geometries for prism coupling: (a) Kretschmann and (b) Otto 

configurations.  

 

Fig. 2.3. Prism coupling to excite SPPs using the attenuated total internal reflection in the (a) Kretschmann 

and (b) Otto configurations. 

For the Kretschmann configuration, as shown in Fig. 2.3 (a), a thin metal film is coated on 

the top of a glass prism with a dielectric constant of . SPPs at the metal-prism interface 

cannot be excited by the light beam with a wavevector k due to the wavevector mismatch 

between k and _Down i.e. _Down > k ≥ kx = k sin. Similarly the SPPs at the metal-air 

interface cannot be directly excited by the light beam with a wavevector k0 due to the fact that 
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_Up > k0 ≥ k0x = k0 sin. However it is easy to see that since kx (=k0x√𝜀) > k0x, it is possible 

to achieve kx > k0 and then realize the phase match kx = _Up, indicating that it is possible to 

excite SPPs at the metal-air interface by a beam incident from the prism on to the metal at the 

metal-prism interface. Reflection takes place at the prism-metal interface and so-called 

Attenuated Total Reflection (ATR) [5] takes place when the incident angle  is larger than the 

critical angle. However for ATR there exists an evanescent field which extends outside the 

prism [5]. Therefore if the thickness of the metal film is smaller than the decay length of the 

evanescent field, the evanescent field will penetrate through the metal film to excite the SPPs 

at the metal-air interface once the corresponding wavevectors are matched. 

Another typical geometry is the Otto configuration (Fig. 2.3 (b)), in which the glass prism is 

separated from the metal film by a thin air gap. Similarly the SPPs at the metal-air interface 

cannot be directly excited due to the wavevector mismatch i.e.  > k0 ≥ k0x = k0 sin. 

However, if ATR takes place at the prism-air interface, the induced evanescent field (with a 

wavevector of kx = k0x√𝜀 > k0x) can be coupled to the SPPs (with a wavevector of   > k0x = 

k0 sin) at the metal-air interface via the wavevector matching i.e. kx = . It should be noted 

that in this case the width of the air gap should be smaller than the decay length of the 

evanescent field. Since the control of the air gap between the prism and metal film is difficult, 

the result is that the Otto configuration is not widely used in practice. 

2.3.4.2 Grating coupling 

The wavevector mismatch between SPPs and incident light can also be dealt with by using a 

metal grating. As an example, Fig. 2.4 depicts a one-dimensional metal grating with a period 

of T, where the surrounding dielectric is assumed as air. When the light is illuminated on the 

metal grating at an incident angle , the light will be diffracted by the grating. The 
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wavevector of the diffracted light will be superimposed on the incident light, and wavevector 

matching takes place if the condition [6]  

 = 𝑘0𝑠𝑖𝑛𝜃 ±
2𝑚𝜋

𝑇
     (2.17) 

is fulfilled, where m is an integer (m = 1, 2, 3….) indicating the order of diffraction, and k0 is 

the wavevector in the air. The incident light can be coupled to an SPPs mode when 2m/T is 

equal to the wavevector mismatch. In addition, it should be noted that the reverse process can 

also take place: SPPs propagating at a metal-dielectric interface can be coupled to free space 

light and thus radiated by the grating [9].      

 

Fig. 2.4. Incident light to SPPs wavevector matching of using a metal grating. 

2.4 SPPs waveguiding 

Having described the basics of SPPs in section 2.3, in this section we continue to discuss the 

propagation properties of SPPs.  

Two critical parameters that determine mode characteristics are the propagation length Lp and 

the normalized mode area A (i.e. a larger value of A corresponds to a lower degree mode 

confinement) and are defined as [10] 
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𝐿𝑝 = 𝜆 [4𝜋Im(𝑛eff)]⁄               (2.18) 

𝐴 =
𝐴𝑚

𝐴0
=

∬ 𝑊(𝑥,𝑦)d𝑥d𝑦
∞
−∞

max [𝑊(𝑥,𝑦)]
×

1

𝐴0
                (2.19) 

where  is the operating wavelength, Im(neff) is the imaginary part of the mode effective refractive 

index neff, Am is the mode area, A0 =  /4 is the diffraction limited mode area, and the energy 

density W (x, y) is defined as    

𝑊(𝑥, 𝑦) =  
1

2
 Re {

𝑑[𝜔𝜀(𝑥,𝑦)]

𝑑𝜔
} |𝐸(𝑥, 𝑦)|2 + 

1

2
𝜇0|𝐻(𝑥, 𝑦)|

2    (2.20) 

where E (x, y) and H (x,y) are the electric and magnetic fields, respectively.  

Research on plasmonic waveguides dates back to the 1970s to 1980s [11-12]. In these early 

works, it was found that the SPPs waveguides can be used to localize guided modes beyond 

the diffraction limit. Later in 1997, J. Takahara et al firstly demonstrated the possibility of 

subdiffraction guiding of SPPs modes in a cylindrical metal nanowire or nanohole 

configuration [13]. However the subdiffraction guiding of SPPs (i.e. the subwavelength mode 

confinement) was achieved at the cost of a short propagation length [14]. Therefore from 

early 2000s, research interests started to focus on compromising the tradeoff between the 

mode confinement and propagation length. In early 2000s, two important plasmonic 

heterostructures were investigated, the insulator-metal-insulator (IMI) waveguide [15] and 

the metal-insulator-metal (MIM) [16] waveguide. The IMI waveguide can guide SPPs over 

distances of several centimeters, but the associated EM fields are weakly confined. While the 

MIM waveguide exhibits a subwavelength mode confinement, it has a large attenuation loss, 

leading to a propagation length that is only in the order of a micrometer or lower. In the years 

that followed various types of SPPs waveguides were proposed to mitigate this tradeoff, 

which included a metal wedge waveguide [17], a metal V-groove waveguide [18], and a 

dielectric loaded SPPs (DLSPPs) waveguide [19, 20]. It was found that the metal wedge and 
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V-groove waveguides can realize a subwavelength confinement and an acceptable 

propagation length up to tens of micrometers. While the DLSPPs waveguide possesses an 

increased propagation length (up to hundreds of micrometers) it does have a relatively larger 

mode area. The tradeoff remained challenging until 2008 when there was a proposal for a 

novel hybrid SPPs (HSPPs) waveguide by R. F. Oulton [10], which could simultaneously 

offer a subwavelength mode confinement and an extended propagation length up to hundreds 

of micrometers. This breakthrough research opened the way recently to a new range of SPPs 

based applications, such as a nanolaser [21, 22] and a nanotweezer [23].  

In the sub-sections that follow, MIM, IMI, DLSPPs and HSPPs waveguide types will be 

discussed in more detail, due to their unique properties, such as the extremely strong mode 

confinement, the extremely long propagation length, compatibility with industrial 

photolithography techniques, and a significantly improved tradeoff, respectively.    

2.4.1 Metal-Insulator-Metal waveguide  

In this section, the properties of a metal-insulator-metal (MIM) waveguide are discussed. The 

MIM waveguide consists of a thin dielectric layer sandwiched between two metal claddings, 

as shown in Fig. 2.5 (a).  

 

Fig. 2.5. Schematic views of (a) an MIM configuration and (b) a single metal-dielectric interface. The red 

lines denote Re(Ez), while the green lines represent Re(Hy). 
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As each metal-dielectric interface can sustain SPPs (Fig. 2.5 (b)), thus when the middle 

(dielectric) layer is thin enough, the interaction between the SPPs at the two metal surfaces 

gives rise to two coupled modes: a symmetric mode (SM) and an anti-symmetric mode 

(ASM), as depicted in Fig. 2.5 (a) [24]. 

In order to investigate the properties of the coupled modes for the MIM waveguide, it is 

assumed that SPPs propagate along the x-direction and there is no spatial variation along the 

y-direction. Similarly to the method described in section 2.3.1, the magnetic field (Hy) 

distributions are [2]: 

𝐻𝑦(𝑧) = 𝐴𝑒
𝑖𝑥𝑒−𝑘2(𝑧−𝑑)z > da

𝐻𝑦(𝑧) = 𝐵𝑒
𝑖𝑥𝑒𝑘2(𝑧+𝑑)z < -db

𝐻𝑦(𝑧) = 𝐶𝑒
𝑖𝑥𝑒𝑘1(𝑧−𝑑) + 𝐷𝑒𝑖𝑥𝑒−𝑘1(𝑧+𝑑)-d < z < dc

and Ex (z) and Ez (z) are given by 

𝐸𝑥 = −
𝑖

𝜔𝜀0𝜀𝑖

𝜕𝐻𝑦

𝜕𝑧
a

𝐸𝑧 = −


𝜔𝜀0𝜀𝑖
𝐻𝑦b

in which  

𝑘𝑖
2 = 𝛽2 − 𝑘0

2𝜀𝑖     (𝑖 = 1, 2)       (2.23) 

According to the boundary conditions i.e. the continuity of Hy and Ex at the boundary z = d 

and z = - d, the dispersion relations for the coupled modes can be expressed as [2]: 

SM:      tanh 𝑘1𝑑 = −
𝑘2𝜀1

𝑘1𝜀2
    (2.24a) 

ASM:     tanh𝑘1𝑑 = −
𝑘1𝜀2

𝑘2𝜀1
     (2.24b)             
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For the fundamental ASM it is known that there is a cutoff thickness for the central dielectric 

layer which is equal to 
𝜋𝑐

√𝜀1𝜔
 [25], while the fundamental SM does not exhibit the cutoff 

thickness for the central dielectric layer. In other words, the field of an SM can be confined 

into a central dielectric region with an arbitrarily small thickness, indicating it can provide a 

very high level of confinement (A ~ 2
/500 was demonstrated in [20-21], which is far beyond 

the diffraction limit). However, this very strong mode confinement is achieved at the cost of a 

very short propagation length, typically in the order of a few micrometers (Lp ~ 10 m [26]).  

2.4.2 Insulator-Metal-Insulator waveguide  

In addition to the MIM waveguide, there is another three-layer heterostructure: a thin metal 

layer sandwiched between two dielectric claddings, called the insulator-metal-insulator (IMI) 

waveguide, as shown in Fig. 2.6 (a). Similarly to the MIM waveguide, when the middle layer 

is thin enough, the interaction between the SPPs at the two metal surfaces gives rise to the 

coupled modes: SM and ASM. 

 

Fig. 2.6. Schematic views of (a) an IMI configuration and (b) a single metal-dielectric interface. The red 

lines denote Re(Ez), while the green lines represent Re(Hy). 

The dispersion relations of the coupled modes for the IMI waveguide can be deduced in the 

same way as for the MIM waveguide and expressed by eq. (2.24). From the dispersion 
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relations, it is noted that the central metal layer has no cutoff thickness for both SM and ASM 

[15]. As the thickness of the central layer decreases, the confinement of the ASM close to the 

metal surface increases, giving rise to a reduction in the propagation length. While the SM 

exhibits the opposite behavior – the confinement of the SM decreases, the field spreads 

deeply into the dielectric medium, this implies a drastically increased propagation length. 

Therefore the SM for the IMI configuration is also referred to as the long range SPPs 

(LRSPPs) mode, which has attracted significant interest from researchers. The propagation 

length for the LRSPPs mode can be up to a few centimeters (Lp ~ 20mm [15]), but this 

extended propagation length is accompanied by a very poor mode confinement (the mode 

area is comparable to that of the optical fiber mode [15]).  

2.4.2 Dielectric loaded SPPs (DLSPPs) waveguide 

A DLSPPs waveguide is one of the most popular plasmonic waveguides investigated in 

recent years. Fig. 2.7 shows a schematic view of the DLSPPs planar waveguide. Compared to 

a single planar dielectric-metal waveguide, a higher permittivity dielectric_1 layer is 

introduced in the DLSPPs waveguide, i.e. 2 > 3, with a thickness d.  

 

Fig. 2.7. Geometry of the 2D-DLSPPs waveguide with no permittivity variation along the y-direction. 
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To investigate the properties of the DLSPPs waveguide, it is assumed that SPPs propagate 

along the x-direction and there is no spatial variation along the y-direction. Then the magnetic 

field Hy can be expressed as follows [18]: 

𝐻𝑦(𝑧) = 𝐴𝑒
𝑘1𝑧𝑒𝑖𝑥, z < 0     (2.25a) 

𝐻𝑦(𝑧) = 𝐵𝑒
𝑖𝑥𝑒𝑘2(𝑧−𝑑) + 𝐶𝑒𝑖𝑥𝑒−𝑘2𝑧, 0 < z < d     (2.25b) 

𝐻𝑦(𝑧) = 𝐷𝑒
𝑖𝑥𝑒𝑘3(𝑧−𝑑), z > d   (2.25c) 

and Ex (z) and Ez (z) are given by eq. (2.22a) and eq. (2.22b), respectively, in which  

𝑘𝑖
2 = 𝛽2 − 𝑘0

2𝜀𝑖     (𝑖 = 1, 2,3)          (2.26) 

By applying the boundary conditions, i.e. the continuity of Hy and Ex at the boundary z = 0 

and z = d, the dispersion relation of the DLSPPs mode can be expressed as [18]: 

𝑡𝑎𝑛𝜅𝑑 =
𝜀1𝜅(𝜀2𝜃+𝜀3𝛾)

𝜀2𝜀3𝜅2−𝜀1
2𝛾𝜃

  (2.27) 

where 

𝛾 = √𝛽2 − 𝑘0
2𝜀2       (2.28) 

𝜃 = √𝛽2 − 𝑘0
2𝜀3       (2.29) 

𝜅 = √𝑘0
2𝜀1 − 𝛽2        (2.30) 

For the DLSPPs waveguide with a very thick dielectric_1 layer, it can be speculated that the 

DLSPPs mode is actually the SPPs mode propagating along the single dielectric_1-metal 

interface. As d decreases, the field of the DLSPPs mode will be progressively squeezed inside 
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the dielectric_1 region, indicating an enhanced mode confinement compared to that for the 

case of a very thick dielectric_1 layer. However a further decrease in d gives rise to a rapid 

increase in the field outside the dielectric_1, corresponding to a weaker mode confinement. 

This implies that there is an optimal value of d, at which the DLSPPs mode achieves the 

strongest mode confinement. It has been demonstrated that a DLSPPs waveguide can provide 

a modest mode confinement (A ~ 0.16) [19] as well as a relatively long propagation length 

(Lp ~ 100m) [19].  

2.4.3 Hybrid SPPs (HSPPs) waveguide 

The schematic diagram of a typical HSPPs waveguide is shown in Fig. 2.8. Compared to a 

DLSPPs waveguide, a lower permittivity dielectric_2 (3, with a thickness of d) is 

sandwiched between the metal substrate and the higher permittivity dielectric_1 (2, with a 

thickness of h).  

 

Fig. 2.8. Geometry of the HSPPs waveguide with no permittivity variation along the y-direction. 

To investigate the properties of the HSPPs waveguide, it is assumed that SPPs propagate 

along the x-direction and there is no spatial variation along the y-direction. Then the magnetic 

field Hy can be expressed as follows [27]: 
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𝐻𝑦(𝑧) = 𝐴𝑒
𝑘1𝑧𝑒𝑖𝑥, z < 0     (2.31a) 

𝐻𝑦(𝑧) = 𝐵𝑒
𝑖𝑥𝑒𝑘2(𝑧−𝑑) + 𝐶𝑒𝑖𝑥𝑒−𝑘2𝑧, 0 < z < d     (2.31b) 

𝐻𝑦(𝑧) = 𝐷𝑒
𝑖𝑥𝑒𝑘3(𝑧−𝑑−ℎ) + 𝐸𝑒𝑖𝑥𝑒−𝑘3(𝑧−𝑑), d < z < (d+h)     (2.31c) 

𝐻𝑦(𝑧) = 𝐹𝑒
𝑖𝑥𝑒𝑘2(𝑧−𝑑−ℎ), z > (d+h)   (2.31d) 

and Ex (z) and Ez (z) are given by eq. (2.22a) and eq. (2.22b), respectively, in which  

𝑘𝑖
2 = 𝛽2 − 𝑘0

2𝜀𝑖     (𝑖 = 1, 2,3)          (2.32) 

By applying the boundary conditions i.e. the continuity of Hy and Ex at the boundary z = 0, z 

= d, and z = (d+h), the dispersion relation of the HSPPs mode can be expressed as [27]: 

𝑘1

𝜀1
𝑚11 +

𝑘2

𝜀2
𝑚22 −𝑚21 −

𝑘1𝑘2

𝜀1𝜀2
𝑚12 = 0   (2.33) 

where m11, m12, m21 and m22 are given by 

[
𝑚11  𝑚12

𝑚21  𝑚22
] = [

cos(𝑘2𝑑)          −
𝜀2

𝑘2
sin(𝑘2𝑑)

𝑘2

𝜀2
sin(𝑘2𝑑)         cos(𝑘2𝑑)

] × [
cos(𝑘3ℎ)         −

𝜀3

𝑘3
sin(𝑘3ℎ)

𝑘3

𝜀3
sin(𝑘3ℎ)         cos(𝑘3ℎ)

]   (2.34) 

Eq. (2.33) can offer accurate solutions for the HSPPs mode; however, the physical 

explanation of the HSPPs mode from eq. (2.33) is not straightforward. The physical 

explanation can be provided by so-called coupled mode theory [20]. In this theory, it is 

believed that HSPPs mode is generated due to the coupling between the photonic waveguide 

mode (supported by the dielectric_1 layer) and the SPPs mode (excited at the single 

dielectric_2-metal interface). In other words, the dielectric_1 surrounded by the dielectric_2 

can support a dielectric waveguide mode, and the dielectric_2-metal interface can support a 

SPPs mode. When the two modes with similar effective refractive indices are brought close 
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to each other, the dielectric waveguide mode will couple with the SPPs mode and form a 

HSPPs mode. Recently the HSPPs waveguide has attracted significant interest because it 

possesses a confinement capability beyond the diffraction limit (A ~ /400 [20]) while 

retaining a relatively long propagation length (Lp ~ 150m [20]).  

Overall then, as discussed in the sub-sections above, a variety of SPPs waveguide types have 

been developed. Each has own strength and weakness, and still retains the fundamental 

tradeoff between the mode confinement and propagation length. The choice of SPPs guiding 

scheme should be selected by the requirements of specific applications. 

2.5 SPPs sensing 

In the last section 2.4 the potential applications of SPPs for waveguiding have been discussed. 

SPPs are highly confined to a metal surface, indicating they are very sensitive to a 

surrounding refractive index change near the metal surface. This property can be utilized to 

implement highly sensitive sensors. In this section sensing based on SPPs is discussed, 

starting with a brief review of SPPs sensing research developments over recent years.  

SPPs based sensing was first performed experimentally by C. Nylander et al. in 1983 [28]. In 

that work the sensor is based on the Kretschmann configuration (Fig. 2.3 (a)). Later prism 

coupled SPPs for label-free
1
 and real-time biosensing applications in medical diagnosis [29], 

life science diagnostics [30], and food industry detection [31] were proposed over the period 

up to early 2000s. However, these sensors inherently have the disadvantages of a bulky size, 

which means they are not suitable for miniaturization and integration. Nanoplasmonic 

biosensors did not flourish until recent dramatic progress in micro- and nano-fabrication 

techniques [32] occurred, starting in 2004. Various metal nanostructures such as 

                                                 
1
 Label free bio-sensing is a form of sensing that does not require the use of a molecular label (e.g. a 

fluorophore chemically attached to an analyte) as a means to aid in the detection of a target analyte. 
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subwavelength gratings [33], nanohole arrays [34], and nanoparticles [35] have been applied 

in plasmonic sensing. Compared to prism coupled plasmonic biosensors, nanoplasmonic 

biosensors offer the potential to construct highly integrated on-chip sensing platforms, for 

example the nanoplasmonic biosensor that reported recently in [36].    

Fig. 2.9 (a) shows a typical configuration for a SPPs biosensor, which is based on the 

Kretschmann configuration, operating via either angular interrogation (the incident 

wavelength is fixed while the incident angle is scanned) [37] or wavelength interrogation (the 

incident angle is fixed while the incident wavelength is scanned) [38]. The TM-polarized 

light source provides a light beam to excite SPPs, and the reflected light is detected and 

analyzed by a demodulator.  

 

Fig. 2.9. (a) Typical setup for a SPPs based biosensor. (b) Reflected spectra of the biosensor, in which, the 

black line represents the spectrum before the analyte is attached to the receptor, while the red line is the 

spectrum after the analyte is attached.  

As shown in Fig. 2.9 (a), the binding receptors are immobilized on the metal surface, and the 

biological analytes solution is allowed to flow through the flow cell which is in contact with 

the metal surface. When the analytes are captured by the receptors, the refractive index in 

proximity to the metal surface will change, causing a change in the effective refractive index 



 

27 

 

of the SPPs mode, which in turn will change the position of the reflection dip as shown in Fig. 

2.9 (b). This binding event can be detected by measuring the dip spectrum shift or reflection 

intensity variation. 

In general, two parameters are introduced to evaluate a biosensor’s performance: the 

sensitivity (S) and quality factor (Q) of the dip. As an example the use of wavelength 

interrogation is considered here to illustrate the definition of S and Q.  

The sensitivity largely depends on the plasmonic structure, thus an appropriate design for the 

structure results in a high value of S, which can be related to the observed shift of in the 

resonance wavelength (R) per refractive index unit (RIU): 

𝑆 =
𝛿𝜆𝑅

𝛿𝑛
       (2.35) 

where n is the refractive index variation of the sensing sample.  

Another parameter is the quality factor (Q factor), which is determined by the 3 dB 

bandwidth of the resonance dip (∆). As the Q factor also depends on the resonant 

wavelength (R), the Q factor is defined by the ratio of the resonant wavelength and 3dB 

bandwidth: 

𝑄 =
𝜆𝑅

∆𝜆
     (2.36) 

High Q values are desirable because in the presence of inevitable detector noise, a sharper dip 

(higher Q) will allow for the measurement of smaller spectral shifts with increased accuracy.   

In later chapters of this thesis, sensing using SPPs will be considered in more detail.  
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2.6 Modeling techniques 

Although the basics for SPPs are well established, SPPs based structures in reality are 

complex. As a result it is frequently not possible to achieve analytical solutions that 

characterize the operation of a device; therefore the numerical modeling becomes an essential 

tool to analyze and gain insights into the operation of such structures. Many numerical 

methods have been developed, such as Finite-Difference Time-Domain (FDTD) [39], Finite 

Element Method (FEM) [40], Method of Moment (MoM) [41], Beam propagation method  

(BPM) [42] etc. Due to the known limitations in accuracy achievable using MoM and BPM 

[41-42], when modeling discrete structures such as gratings with sharp structural transitions, 

in this thesis the numerical models have been primarily based on FDTD and FEM.  

2.6.1 Finite-Difference Time-Domain Method 

The FDTD method was firstly developed by Kane Yee in 1996 [39] to solve electromagnetic 

problems. It can be explained based on the Yee cell, as shown in Fig. 2.10, which is in the 

shape of a cubic cell in a Cartesian system. 

 

Fig. 2.10. Distribution of electric and magnetic field components in a Yee cell [39]. 
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During the simulation, the whole space of interest will be divided into multiple Yee cells, and 

each cell is neighbored to 6 other similar cells. Based on the Yee cell, a central difference 

approximation can be used to discretize Maxwell’s equations ((2.1c) and (2.1d)) both in 

space (△x, △y and△z) and time (△t) [39]. As an example, consider the point (i, j, k) in space 

and t in time, electric filed Ex takes the following form 

𝐸𝑥|𝑖,𝑗,𝑘
𝑡+1/2

=
∆𝑡

𝜀𝑖,𝑗,𝑘
[
𝐻𝑧|𝑖,𝑗+1/2,𝑘

𝑡 −𝐻𝑧|𝑖,𝑗−1/2,𝑘
𝑡

∆𝑦
−
𝐻𝑦|𝑖,𝑗,𝑘+1/2

𝑡
−𝐻𝑦|𝑖,𝑗,𝑘−1/2

𝑡

∆𝑧
] + 𝐸𝑥|𝑖,𝑗,𝑘

𝑡−1/2
    (2.37) 

The same method is then applied to the equations for other field components. Using these 

discretized equations, the field distribution in the entire calculation space can be determined 

for every point in time.  

To avoid divergence in the simulation, the space and time intervals must satisfy the following 

so called "courant condition" [39] 

∆𝑡√(
1

∆𝑥
)
2

+ (
1

∆𝑦
)
2

+ (
1

∆𝑧
)
2

≤
1

𝑐
     (2.38) 

2.6.2 Finite Element Method  

Another commonly used numerical method is FEM, which is fundamentally different from 

FDTD [40]. Instead of finding the solution that satisfies Maxwell’s equations in FDTD, the 

simulation domain in FEM is partitioned into a number of subdomains called elements, the 

solution in each element is approximated as the basis function [40], and the final result can be 

obtained by summarizing the results from each elements.   

As an example here take a two-dimensional Poisson problem with the function u (x, y) to 

introduce the principles of FEM. The function u (x, y) satisfies that  



 

30 

 

{
−∇2𝑢(𝑥, 𝑦) = 𝑓(𝑥, 𝑦)         in Ω

𝑢(𝑥, 𝑦) = 0                            in 𝜕Ω
       (2.39) 

where Ω is the simulation domain, and 𝜕Ω is the boundary of Ω. By introducing a function v 

(x, y) which satisfies the boundary condition, we then have integral equation as follows: 

∫ −(∇2𝑢 − 𝑓)𝑣𝑑𝑠 = ∫ ∇𝑢 ∙
ΩΩ

∇𝑣𝑑𝑠 + ∫ 𝑓𝑣𝑑𝑠
Ω

− ∮ ∇𝑢 ∙ 𝑣𝑑𝑠
𝜕Ω

= 0     (2.40) 

As v= 0 at 𝜕Ω, then eq. (2.40) can be deduced to 

∫ 𝑓𝑣𝑑𝑠
Ω

= −∫ ∇𝑢 ∙ ∇𝑣𝑑𝑠
Ω

= −∅(𝑢, 𝑣)        (2.41) 

which is the weak form of eq. (2.39). 

In addition, the function u (x, y) can be expressed in the discretized form 

𝑢(𝑥, 𝑦) = ∑ 𝑢𝑖(𝑥, 𝑦)𝑣𝑖(𝑥, 𝑦)
𝑛
𝑖=1     (2.42) 

where n is the total number of the elements. Then eq. (2.41) becomes 

-∑ 𝑢𝑖∅(𝑣𝑖,𝑣𝑗) =
𝑛
𝑖=1 ∫ 𝑓𝑣𝑗𝑑𝑠Ω

,       𝑗 = 1,2, … , 𝑛       (2.43) 

which can be expressed in a matrix form by 

−𝐊𝑢⃗ = 𝑓               (2.44) 

where 𝑢⃗ = (𝑢1, 𝑢2,… , 𝑢𝑛)
𝑇, 𝑓 = (𝑓1, 𝑓2, … ,  𝑓𝑛)

𝑇and K = [Ki,j] with Ki,j = ∅(𝑣𝑖,𝑣𝑗). 

Compared to FDTD, one of the main merits of FEM is that there are no restrictions on the 

shape of the elements, which can have arbitrary shapes such as triangles, tetrahedral, and 

polygons. Due to the better element flexibility to match the geometry, FEM outperforms 

FDTD for the analysis of complex structures [40]. 
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2.7 Summary 

This chapter has discussed the theoretical background and applications of SPPs. Section 2.2 

has described Maxwell’s equations and wave propagation; Section 2.3 has presented the 

dispersion relation and excitation methods for SPPs. In sections 2.4 and 2.5, plasmonic 

applications have been discussed, such as waveguiding and sensing. Finally the numerical 

modeling methods (FDTD and FEM) used in this work have been presented in section 2.6.  
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Chapter 3: MIM/IMI plasmonic 

heterostructure based waveguide 

devices 
 

3.1 Introduction 

In Chapter 2 it was shown that the SPPs mode supported by an MIM configuration 

(SPPs_MIM) could provide mode confinement in the order of a subwavelength. In general, 

this enhanced confinement is achieved primarily by decreasing the SPPs spatial extent into 

the dielectric, thereby increasing the portion of SPPs power being absorbed by the metal. 

Therefore the propagation length for SPPs_MIM is relatively short, in the order of a few 

micrometers. On the other hand, in Chapter 2 another sandwiched heterostructure was also 

introduced, the IMI configuration, which supports the well-known LRSPPs mode. The 

LRSPPs mode has a relatively long propagation length, but it is not as useful for the purpose 

of subwavelength mode confinement.  

This chapter presents a more detailed treatment of the theory of SPPs_MIM and LRSPPs 

modes. Based on this, two novel MIM and IMI based waveguide structures are considered 

along with their applications as an optical filter and polarization beam splitter (PBS).  

3.2 Plasmonic MIM waveguide filters with nanocavity resonators 

Optical filters have attracted tremendous interest in optical communication systems. With the 

exponential growth of information technology, highly integrated optical filters are required to 

address the twin challenges of miniaturization and high bit rate data communications. 

Traditional optical filters are based on dielectric only waveguides, which have dimensions 

comparable to the optical wavelength due to the inevitable diffraction limit. The resultant 
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large device sizes limit their applications in photonic integrated circuits. However, a MIM 

based structure is capable of overcoming such a diffraction limit and thus provides a potential 

solution. Recently several MIM based band pass or band stop filters have been proposed, 

such as Bragg reflectors [1], disk resonator filters [2], and multi-disk-shaped nanocavity 

filters [3]. Most of these structures provide a satisfactory performance, but they suffer from 

relatively large size and high transmission loss. 

To overcome these disadvantages, a novel design for a compact optical filter based on strip 

nanocavity resonators embedded within a MIM waveguide is proposed. A schematic diagram 

of the filter is shown in Fig. 3.1. All the parameters of the structure are depicted in the figure. 

For the proposed filter, the refractive index of the insulator is assumed to be 1.45, and the 

frequency-dependent complex permittivity of gold m is characterized by the Drude model. 

A TM-polarized light source is assumed to illuminate the structure, in a direction normal to 

the MIM waveguide.  

 

Fig. 3.1. Schematic structure of a cavity filter based on an MIM waveguide with one nanocavity resonator.  

A two dimensional FDTD method is utilized with a perfect matched layer (PML) absorbing 

boundary condition. Based on this model, a combination of FORTRAN programming code 

and MATLAB is employed to investigate the transmission spectra of the proposed structure. 

This software combination is used as it allows the device simulation to run very efficiently 

and quickly in FORTRAN but with the data extraction and visualization strengths of 
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MATLAB. Two time monitors are located at A and B in Fig. 3.1 to detect the incident power 

and transmitted power, respectively, and a fast Fourier transformation (FFT) is used to obtain 

their frequency domain version. The spatial step sizes of the FDTD cell in the x- and 

z-directions are set as x=z= 1 nm and the time step is chosen to be t=x/2c. 

3.2.1 Design of a single-dip filter 

Firstly, an MIM waveguide with only one nanocavity, as shown in Fig. 3.1, is investigated to 

realize the function of a single dip filter. In the simulation, the structural parameters of the 

nanocavity are set as w=100 nm, a=500 nm and b=50 nm. The nanocavity is positioned 1000 

nm from both the input and output waveguide ports. The calculated transmission spectrum of 

the filter is shown in Fig. 3.2 (a). From Fig. 3.2 (a) one can see that a strong resonance 

appears at a wavelength around 877.2 nm with a high transmission dip, which is a typical 

characteristic of a notch filter. The quality factor (Q) of the SPPs nanocavity can be 

approximately calculated as a ratio between the central wavelength and the full width at half 

maximum at the resonance wavelength, so in this case the Q value is equal to 24.4. The 

quality factor is modest due to the fast decay of the power coupled from the nanocavity to the 

MIM waveguide, as well as the intrinsic absorption in the metal nanocavity. To further verify 

the above result, the normalized electromagnetic two dimensional (2D) field Hy patterns of 

the structure at wavelengths of 1100 nm and 877.2 nm are investigated in the whole FDTD 

space and summarized in Fig. 3.2 (b) and (c), respectively. From Fig. 3.2 (b) we can see that 

if the incident wavelength is far from the resonant wavelength, the light is mainly guided 

through the MIM waveguide and is weakly affected by the presence of the nanocavity. 

However, when the incident wavelength is equal to the resonant wavelength of 877.2 nm as 

shown in Fig. 3.2 (c), the light is trapped by the nanocavity and hence cannot be transmitted 
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to the output port. The results are consistent with the nature of the transmission spectrum 

shown in Fig. 3.2 (a). 

 

 

Fig. 3.2. (a) Transmission spectrum of the proposed structure with one nanocavity. Contour profiles of the 

average field Hy at different wavelengths of (b) nm and cnm. 

As is clearly shown in Fig. 3.2 (c), the nanocavity functions as a rectangular cavity resonator, 

with standing waves formed and trapped in the nanocavity under the resonance conditions 

which cause the near zero transmission to the output of the MIM waveguide. In order to 

better understand the physical mechanisms behind the operation of the wavelength filter 

based on the proposed structure, the characteristics of SPPs propagating in the structure are 

examined. When SPPs propagating along the MIM waveguide reach the nanocavity, they will 

be coupled into the nanocavity and converted into the forward and backward standing waves 

due to the multiple reflections at the air-metal interface. The phase delay of one round-trip in 

the nanocavity Δcan be defined as [4]: Δneffa/del where neff is the real part of the 

effective refractive index of the waveguide mode in the nanocavity and del is the total phase 
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shift of SPPs in reflection at the air-metal interface, which can be neglected when b/ is very 

small [5]. The stable standing waves will only be formed inside the nanocavity for phase 

delay values corresponding to odd integer multiples of which can be expressed as: 

Δm-1. Here m is the positive integer which corresponds to the number of the antinodes 

of the standing wave in the nanocavity. In this way we can obtain the destructive resonance 

wavelength as: 

neffam-1               

 

Here we consider only the symmetric fundamental TM waveguide mode since the width b of 

the insulator waveguide in the nanocavity is much smaller than the incident wavelength, 

whose dispersion relation in the 2D-MIM waveguide is given by [4]  

      𝜀𝑑𝑘𝑚 + 𝜀𝑚𝑘𝑑 coth(−2𝑖𝑏𝑘𝑑 2⁄ ) = 0          

𝑘𝑑 = 𝑘0√𝜀𝑑 − 𝑛𝑒𝑓𝑓
2  and 𝑘𝑚 = 𝑘0√𝜀𝑚 − 𝑛𝑒𝑓𝑓

2     

where d and m represent the dielectric constants of the insulator and metal, respectively, and 

k0=2is the free space wavevector. Fig. 3.3 (a-b) shows the contour plots of the 

real/imaginary part of the effective refractive indices (Real(neff)/Imag(neff)) vs. the wavelength 

and width b. From Fig. 3.3 (a), it is found that at a particular wavelength, as b increases the 

Real(neff) decreases. However there is no significant influence on Real(neff) from wavelength 

at a particular width b, which is similar to the results found for structures in the terahertz 

regime [6]. This could possibly be due to the fact that when nm, the penetration depth 

of SPPs in the metal [7] is only slightly influenced by the wavelength. Fig. 3.3 (b) shows that 

at all wavelengths ranging from 500 nm to 1800 nm, as b increases, the Imag(neff) decreases 

and hence transmission loss within the metal decreases. By solving Eqs. (3.1) to (3.3) directly, 

the destructive resonance wavelength is calculated to be 868.9 nm, which is close to the value 
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of 877.2 nm obtained by the FDTD algorithms. The small deviation can be partly attributed 

to neglecting the total phase shift of SPPs in reflection at the air-metal interfacedel. 

 

Fig. 3.3. Surface plot of the (a) real and (b) imaginary parts of effective refractive indices versus the width 

of the nanocavity at different wavelengths.  

Based on the theoretical results above, it is obvious that the length a and width b of the 

nanocavity have a significant influence on the spectral response of the structure. Fig. 3.4 (a) 

and (b) show the resonance wavelength as a function of nanocavity length a and width b, 

respectively.  

  

Fig. 3.4. (a) Transmission spectra of the proposed structure with single nanocavity versus nanocavity 

lengths of a at a fixed nanocavity width of b = 50 nm. (b) Transmission spectra of the proposed structure 

with single nanocavity versus nanocavity widths of b at a fixed nanocavity length of a = 500 nm. 
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From Fig. 3.4 (a), it is clear that the wavelength dip exhibits a red-shift with an increase in 

the nanocavity length. This is because as the nanocavity length a increases, the destructive 

resonance wavelength must be increased to satisfy the phase matching condition according to 

the Eq. (3.1). Also as shown in Fig. 3.4 (b), the destructive resonance wavelength experiences 

a blue-shift with an increase in the magnitude b. As the width b increases, neff decreases (as 

shown in Fig. 3.3 (a)), so the destructive resonance wavelength will be reduced to satisfy the 

phase matching condition in accordance with Eq. (3.1). 

Fig. 3.5 illustrates the change of resonant wavelength with changes in the nanocavity length a 

and width b. As shown in Fig. 3.5, the resonant wavelength has a linear (a1.742) and a 

non-linear relationship with a and b, respectively. 

 

Fig. 3.5. Resonant wavelength versus the nanocavity length a (with fixed b=50 nm) and width b (with 

fixed a=500 nm). 

From the above it is clear that it is possible to design a filter based on the MIM waveguide 

with a nanocavity resonator, where the dip wavelength can be changed by altering the 

parameters of the nanocavity. 
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3.2.2 Design of a dual-dip filter 

In some situations there may be a need for filters with a two or more distinct dip wavelengths, 

where each individual dip wavelength can be separately determined. From the previous 

analysis it is clear that a simple combination in series of two single nanocavity based filters 

could meet this need but would require the space occupied by the two nanocavities. In order 

to maintain the benefit of very compact dimensions, a key question is how close together it is 

possible to place the two filters and their nanocavities.  

For this analysis a dual-dip waveguide filter utilizing a combination of two different 

nanocavities is used, for example nanocavity 1 and 2 shown in Fig. 3.6. The nanocavity 

separation is a new parameter r.  

 

Fig. 3.6. Schematic structure of a dual-coupled cavity filter based on an MIM waveguide. The distance 

between two nanocavities is denoted as r. 

For simplicity, the width of the two nanocavities b is fixed to be 50 nm, while the lengths of 

the two nanocavities a are different. Firstly, the effect of the relative position of the two 

nanocavities is investigated. The insets in Fig. 3.7 (b) and (c), show two possible 

arrangements of the nanocavities (located at different or same side of the waveguide) for 

realizing the dual-dip filter function. The lengths of the two nanocavities are a(1, 2) = (800, 

500) nm.  
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Fig. 3.7. (a) Transmission spectra of two types of a dual-dip filter. Insets: The schematic diagram of the 

structure with different arrangement of two nanocavities. The nanocavities are located at different sides of 

the waveguide (b) and at same side of the waveguide (c). (d) Transmission spectra of the structure with 

two nanocavities located at different sides of the waveguide with different interval r. (e) The contour 

profiles of the average field Hy at different fixed wavelengths for three structure types. 
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As shown in Fig. 3.7 (a), the transmission spectra for both arrangements are almost the same, 

which means that the relative positioning of the nanocavities along the waveguide has a 

negligible effect on the performance of the dual-dip SPPs filter. In addition, the influence of 

the interval parameter r on the transmission properties for the structure in Fig. 3.7 (b) was 

also analyzed and shown in Fig. 3.7 (d). From Fig. 3.7 (d) it is observed that the dip 

wavelengths are almost the same for different values of r varying from 0 to 300 nm. This 

result is significant as it suggests that it is possible to minimize the overall physical 

dimensions of the structure, but while still retaining the double dip response. The structure 

and the related normalized field distributions of Hy at different resonant wavelengths are 

shown in Fig. 3.7 (e). The stop-band wavelengths are 877.2 nm and 1029 nm, corresponding 

to those of the nanocavities 1 and 2, respectively. From the normalized field distributions we 

can see that the incident light at these wavelengths is effectively captured by the two 

nanocavities which forms the dual-dip filter, as well as the resonant modes excited in 

corresponding nanocavity. 

The analysis of dual-dip filter suggests that the individual dip wavelength can be separately 

determined by selecting the desired parameters of the nanocavities.    

3.3 Polarization beam splitter using an IMI waveguide 

A PBS is an essential building block for integrated photonic circuits (IPCs), especially for 

components operating with one single polarization [8]. In order to develop next generation IPCs, 

it is essential to make the PBSs ultra-compact. To date most PBSs were based either on the 

principle of mode coupling [9-10] or adiabatic mode evolution [11] which suffer from the 

disadvantage of needing relatively large dimensions, for example, a device based on mode 

evolution, requires a length of more than 100 m to achieve a sufficient extinction ratio [11]. 
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In order to reduce the size, a promising approach is to design the PBS waveguides with an 

inherent high birefringence to realize a compact PBS [12]. The techniques used include 

silicon-based interferometers [13], photonic crystals [14] and asymmetric waveguide couplers 

[15], respectively with a typical size length of 40 m, 20 m and 10 m. In comparison with 

these techniques, SPPs waveguides exhibit large birefringence and have been proposed for 

use as PBSs [16-17]. Recently a PBS with a compact size length (～ 2 m) offering better 

mode confinement has been studied, which utilizes the evanescent field coupling between a 

hybrid plasmonic waveguide and a silicon nanowire [18]. The disadvantage of such a PBS is 

that it has a relatively small extinction ratio: 14 dB and 13 dB for TE and TM polarizations at 

a wavelength of 1550 nm, respectively. More recently, an ultra-compact PBS was designed 

based on the excitation of the localized SPPs (LSPPs) in Ref. [19]. The structure has 

relatively high extinction ratio and low insertion loss, but suffers from a complex fabrication 

due to the need for a nanoscale silver cylinder array. 

To overcome these disadvantages, a novel PBS offering a high extinction ratio and low 

insertion loss is proposed here and investigated numerically by using FEM. The PBS is based 

on a three-core plasmonic directional coupler, which uses a LRSPPs based waveguide as the 

middle waveguide to achieve polarization selective coupling. 

3.3.1 Two dimensional model PBS 

Fig. 3.8 shows a schematic diagram of the proposed 2D-PBS based on a directional coupler 

which consists of two silicon waveguides (abbreviated as Si WG), each with a width of w and 

one plasmonic WG (PWG) which is composed of a thin metal film with a width of t 

sandwiched between two Si WGs with widths of e to support the LRSPPs mode. All these 

WGs are embedded in the SiO2 substrate where d is the distance between the Si WG and the 

PWG. All the structural symbols and coordinates are also depicted in Fig. 3.8.  
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Fig. 3.8. (a) Top view of the proposed 2D-PBS based on a directional coupler. (b) Cross section of the 

coupling region of the PBS. 

The coupling between the Si WG and PWG (namely the WG mode and LRSPPs mode) is 

polarization dependent. In other words, only the TM mode (an electric field perpendicular to 

the metal surface) can be coupled to LRSPPs mode while the TE mode cannot. Thus if the 

TM mode transmitted within the Si WG is fully coupled to the LRSPPs mode, this device can 

act as a PBS.  

According to coupled mode theory (CMT) [20], in order to excite mode coupling, an 

effective refractive index matching condition (ERIMC) between these modes must be 

satisfied. To investigate the mode coupling for the proposed polarization beam splitter, a 

two-dimensional (2D) Finite Element Method (2D-FEM) is utilized. 

Firstly, the effective refractive indices for the individual PWG and Si WG as functions of e 

and w are calculated and shown in Fig. 3.9. In these simulations the width of the metal film 

was assumed to be t = 20 nm; the wavelength was set as  = 1550 nm and the metal used is 

silver, with the appropriate dielectric constants of silver selected from Ref. [21].  

w

d

e

e
t

(b) Cross section view of coupling region 
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As shown in Fig. 3.9 (a), for an individual PWG, only two TM polarized modes are supported: 

LRSPPs and SRSPPs modes. Here the propagation length is calculated as Lp = /[4Im(neff)], 

where Im(neff) is the imaginary part of the complex effective refractive index neff [22]. As 

shown in the inset of Fig. 3.9 (a), due to the high propagation loss of the SRSPPs mode, the 

propagation length of the SRSPPs mode is very short i.e. less than 3 m, which is not 

sufficient for implementation of devices that require an inherently longer propagation length 

to function. For this reason only the LRSPPs mode was considered in this section. In addition, 

for an individual Si WG, both TM and TE modes will be supported as shown in Fig. 3.9 (b) 

where the cutoff widths for TE1 and TM1 polarized modes are 260.8 nm and 271.2 nm, 

respectively. In the following investigation, we fixed the Si WG width w to be 250 nm in 

order to support the fundamental mode only. Furthermore, Fig. 3.9 (a) and (b) indicate that 

for the case where e = 108 nm and w = 250 nm, the ERIMC is satisfied for the LRSPPs and 

the fundamental Si WG mode (TM0).   

   

Fig. 3.9. (a) Real parts of effective refractive indices of supported modes for PWG as a function of e. The inset shows 

the associated propagation lengths. (b) Real parts of effective refractive indices of supported modes for Si WG as a 

function of w. 
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Given the ERIMC is satisfied, if the PWG and Si WG were placed in parallel and close to each other 

as shown in Fig. 3.8 (b), then coupling between LRSPPs and TM0 WG takes place. However there is 

no power transfer between LRSPPs and TE0 WG modes due to the fact that TE polarized light cannot 

excite SPPs modes. Based on CMT, there are two eigenmodes at the coupling region, an even mode 

and an odd eigenmode, as shown in Fig. 3.10. In this simulation, e = 108 nm, w = 250 nm as expected, 

and the value of d is chosen to be = 200 nm, which it will be shown later is an optimal value. Given 

the complex propagation constants S = e + ie’ and a = o + io’ for even and odd modes, 

respectively, the coupling length LC can be calculated as [20]: 

𝐿C = 
𝜋

𝛽e−𝛽o
= 

𝜆

2(𝑛effe−𝑛effo)
          

where neffe and neffo are the real parts of the effective refractive indices for even and odd 

eigenmodes, respectively. For example, the calculated LC for this case is LC = 4.1 µm (neffe = 

2.365, and neffo = 2.176). 

w d e e

 

Fig. 3.10. Ex field distributions of two eigenmodes supported by the coupled waveguides (a) even mode, and (b) odd 

mode. In this simulation, e = 108 nm, w = 250 nm, t = 20 nm, = 1550 nm, and d = 200 nm. 

Based on the above analysis, simulations were carried out with the proposed structure. Fig. 3.11 (a) 

shows the power output at ports 2 and 3 for different values of L in the structure as shown in Fig. 3.8. 

In this calculation, the parameters are d = 200 nm, w = 250 nm, and e = 108 nm. As expected for the 

TE polarized mode, nearly all the light power from port 1 is transmitted to port 2 and the light 
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coupling loss to port 3 is higher than 20 dB, while for TM polarized light, the transmitted powers for 

ports 2 and 3 do not change monotonically with the length of the coupling region because of the 

energy coupling between Si WGs and PWG. Due to this coupling, the transmitted powers to ports 3 

and 2 reach their maximum/minimum values at some specific length L. For example, on the 

assumption that d = 200 nm, then at a coupling length of L = 4.1 m (as noted by black dashed line), 

all of the TM polarized light will be coupled from port 1 to port 3. Fig. 3.11 (b) shows the associated 

light power intensity distributions for the proposed polarization splitter when TM and TE polarized 

light is injected into port 1 at a wavelength of 1550 nm. 

 

Fig. 3.11. (a) Plot showing the energy transfer between Si WGs and PWG as a function of L. The input port is Port 1. 

(b) Light power distribution in the designed PBS for TM and TE inputs at a wavelength of 1550 nm. 

It is noted that for the TE polarized light in Fig. 3.11 (a), as the coupling length increases, the 

power variation from port 1 to port 2 is very small, but the power from port 1 to port 3 

increases significantly. This could be possibly explained as follows: for TE polarization mode, 

there is very weak TE WG mode coupling from Port 1 to Port 3. As coupling length increases 

from 0 to 10 m, there is significant increase (more than 10 dB) of power coupled from Port 

1 to Port 3. However the absolute power coupled from Port 1 to Port 3 is very low, which 
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reflected the fact that there is almost no change for the power transmission from Port 1 to 

Port 2. 

To characterize the performance of a PBS, three key factors need to be considered: 

bandwidth, insertion loss (IL), and extinction ratio (ER). Fig. 3.12 shows the spectral 

responses of the associated IL and ER for our proposed PBS. In the simulation the parameters 

are set as follows: d = 200 nm, w = 250 nm, L = 4.1 µm and e = 108 nm. It can be seen from 

Fig. 3.12 that in the C-band ranging from 1530 nm to 1565 nm, the PBS exhibits low ILs 

(lower than 0.5 dB) and high ERs (higher than 14 dB) for both TE and TM polarizations. At a 

wavelength of 1550 nm, the simulated ERs are 20.17 dB and 19.83 dB for TE and TM 

polarized light, respectively, and the corresponding ILs are as low as 0.17 dB and 0.25 dB, 

respectively. 

 

Fig. 3.12. Plot showing ERs and ILs as a function of wavelength for both TE and TM cases. 

The effects of L on the IL and ER were also investigated as shown in Fig. 3.13 (a). In this simulation 

the parameters are d =200 nm, w = 250 nm,  = 1550 nm and e = 108 nm. From Fig. 3.13 (a) it is 

easy to see that for TE polarized light, the associated IL and ER are affected only slightly by the 

variations in L; however for TM polarized light, as expected, the coupling length L has a significant 

influence on the ER and IL, and the maximum/minimum values are achieved for ER/IL at the lengths 
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of L = n * LC, (where n = 1, 3, 5…). Fig. 3.13 (b) shows the effects of d on the IL and ER. In this 

simulation the parameters are L = 4.1 m, w = 250 nm,  = 1550 nm and e = 108 nm. Fig. 3.13 (b) 

shows that for TM polarized light, a maximum ER value of 19.83 dB and a minimum IL value of 

0.25 dB are obtained for d = 200 nm, confirming the validity of the earlier use of this value of d. For 

TE polarized light, ER changes significantly when d < 300 nm and it saturates around 25 dB when d > 

400 nm.  

      

Fig. 3.13. Plot showing ERs and ILs as a function of the coupling length L (a) and separation distance d (b) for both 

TE and TM cases. 

3.3.2 Three dimensional model PBS 

The use of a 2D model has the advantage of being fast but clearly the depth of the structure is 

not accounted for. In this section a three dimensional (3D) analysis is used to determine if 

there are limitations on the 2D model that might make the increased computing time required 

for 3D models acceptable.  

Therefore a 3D PBS is investigated to compare the results acquired with the 2D model above. 

The schematic diagram of the 3D model is shown in Fig. 3.14 (a). In the simulation, the 

values of d, w, t and e parameters were assumed to be the same as those used in the 2D model, 
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that is: d =200 nm, w = 250 nm, t = 20 nm and e = 108 nm. Fig. 3.14 (b) shows the effective 

refractive indices for the individual PWG and Si WG modes as functions of waveguide 

thickness h and g at  = 1550 nm. As shown in Fig. 3.14 (b), the real parts of the effective 

refractive indices of LRSPPs and Si WG modes match well at the crossing points when g = h, 

where the ERIMC is satisfied. 
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Fig. 3.14. (a) Cross section of the coupling region of the 3D PBS. (b) Real parts of effective indices of supported 

modes for individual PWG and Si WG. 

Fig. 3.15 (a) shows the dependence of height parameters (g = h) on the ER and IL with  = 1550 nm. 

It is noted that the coupling length will be changed as the height parameters vary. The relationship 

between the height parameters and the coupling length is shown in the inset (2) of Fig. 3.15 (a). As 

height g and h change, the IL and ER for TM polarization change insignificantly, whereas the 

variation for TE polarization is more obvious.  

In addition, Fig. 3.15 (b) depicts the broadband spectral response of the IL and ER with L = 3.15 µm, 

g = 500 nm and h = 500 nm. The estimated extinction ratios for the TE and TM polarizations are 

21.45 and 21.19 dB respectively with the corresponding ILs of 0.06 dB and 0.29 dB at  = 1550 nm. 

For the whole C-band wavelength range, 3D model PBS exhibits low ILs (lower than 0.5 dB) and 

high ERs (higher than 16 dB) for both TE and TM polarizations. 
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Fig. 3.15. Plot showing ERs and ILs as functions of height (a) h and (b) g for both TE and TM cases. (c) Plot showing 

ERs and ILs as a function of wavelength for both TE and TM cases for 3D model PBS. 

From the above it is clear that the results obtained for 2D model PBS here are comparable with those 

for a 3D model PBS, but the 2D model has the significant advantage that the simulation times are 

several times shorter. 

3.4 Summary 

In this chapter, novel designs of MIM and IMI waveguide based filter and polarization beam 

splitter have been presented. 

Based on the subwavelength confinement of the SPPs_MIM mode, a detailed study of an 

ultra-compact Fabry-Perot filter based on the MIM waveguide with nanocavity resonators is 

provided. The nanocavity can capture a surface plasmon wave (SPW) propagating within the 

insulator waveguide at a fixed resonance wavelength and thus acts as a plasmonic resonator. 

It is demonstrated that the transmission spectra were influenced by the characteristics of the 

nanocavity. The resonance wavelengths show a linear shift with the slope of 1.742 nm/m 

with respect to the nanocavity length and a nonlinear shift with respect to the nanocavity 

width. The design of a dual-dip filter shows that the location of the two nanocavities, (i.e. 
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same or different side of the waveguide) as well as the interval between the nanocavities has 

only a marginal effect on the filter wavelengths.  

In addition, a compact PBS based on a Si WG-PWG coupler is proposed and numerically 

investigated. The coupling between the WG mode and LRSPPs mode is polarization 

dependent. Calculations based on FEM showed that with proper structural parameters the 

proposed PBS can achieve an insertion loss of lower than 0.5 dB and an extinction ratio of 

higher than 14 dB across the entire C-band for both TE and TM polarizations. For example at 

a wavelength of 1550 nm, high extinction ratios of 20.17 dB and 19.83 dB, for TE and TM 

polarizations are demonstrated, respectively, and further improvement of the extinction ratios 

is possible by optimizing other parameters. The insertion losses of this PBS are as low as 0.17 

dB and 0.25 dB.  
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Chapter 4: Dielectric loaded plasmonic 

waveguide devices 
 

4.1 Introduction 

In addition to MIM and IMI waveguides considered in Chapter 3, there is another type of 

SPPs based waveguide, namely a dielectric-loaded SPPs (DLSPPs) waveguide [1-3], which 

typically consists of a dielectric ridge waveguide placed on a metal surface. Compared to 

traditional MIM and IMI waveguides, a DLSPPs waveguide offers a better compromise in the 

tradeoff between the propagation length and mode confinement. Inspired by the principle of 

the LRSPPs mode, researchers have proposed a new class of DLSPPs waveguides, called a 

long-range DLSPPs (LRDLSPPs) waveguide [4-5], which involves basically designing the 

DLSPPs waveguide to be a symmetrical structure. The LRDLSPPs mode features a 

propagation length over several hundreds of micrometers, which is significantly longer than 

that achieved by the DLSPPs mode i.e. several tens of micrometers. However the mode 

confinement achieved is still weak and therefore there is scope for further improvement of the 

LRDLSPPs structure.  

However to fabricate such a DLSPPs waveguide, advanced and costly nanofabrication 

techniques are required, such as photolithography, focused ion beam (FIB), electron-beam 

lithography (EBL), and/or reactive ion etching (RIE). But an alternative method is to use a 

low cost microfiber as a substitute for the dielectric waveguide in the DLSPPS structure. As a 

potential candidate for miniaturizing of optical components, microfiber is attracting an 

increasing interest due to its relatively simple fabrication and unique properties such as a 

strong evanescent field [6]. 
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In this chapter, two distinct research topics are considered: 1) a theoretical investigation of a 

LRDLSPPs waveguide with the aim to improve its performance in terms of mode 

confinement and propagation length and 2) a proposal and investigation of a novel low cost 

microfiber loaded SPPs (MFLSPPs) structure combined with its experimental verification.     

Regarding the first research topic, a novel LRDLSPPs waveguide offering lower loss but with 

a higher degree of mode confinement is proposed and investigated. Compared to the existing 

LRDLSPPs waveguide, the waveguide proposed here integrates an altered metallic structure 

with LRDLSPPs which gives a longer propagation length for the same mode confinement or 

a tighter mode confinement for the same propagation length.  

For the second topic, by combining the advantages of SPPs and microfiber, a novel 

MFLSPPs based TE-pass polarizer is proposed and investigated both theoretically and 

experimentally. The proposed TE-pass polarizer is based on an optical microfiber placed on 

the top of a silver substrate. The simulation results show that the loss in the fundamental TE 

mode is relatively low while the fundamental TM mode suffers from a large metal dissipation 

loss due to the excitation of the microfiber-loaded surface plasmonic mode. 

4.2 LRDLSPPs waveguide with a better tradeoff between mode 

confinement and propagation length 

Due to its long propagation length, the LRDLSPPs waveguide has been studied intensively, 

for example, a LRDLSPPs based waveguide-ring resonator (WRR) has been proposed and 

investigated. The calculation results revealed that the Q factor of the LRDLSPPs based WRR 

is as high as 1380, which is one order of magnitude greater than that of the DLSPPs based 

WRR [7]. Recently V. S. Volkov et. al. have experimentally demonstrated a low-loss 

(estimated propagation length of up to ～500 m) and well-confined (mode width ～1 m) 
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LRDSLSPPs mode using a scanning near-field optical microscope (SNOM) [8]. Quite 

recently a novel LRDLSPPs waveguide consisting of a low refractive index rectangle 

dielectric waveguide where a thin layer of a metal film embedded in the centre of the 

rectangular waveguide has been proposed and theoretically analyzed [9], demonstrating a 

long propagation length (∼756 μm) but at the expense of weak mode confinement. 

To offer lower propagation loss but with a higher degree of mode confinement, a novel 

LRDLSPPs waveguide is proposed and investigated here. The waveguide utilizes the 

configuration of conventional LRDLSPPs but with an enhanced metallic geometry. Fig. 4.1 

(a) illustrates a conventional LRDLSPPs waveguide with a uniform metal film (with a 

thickness of h) symmetrically embedded inside a dielectric waveguide with a thickness H and 

a width G surrounded by air, while Fig. 4.1 (b) shows a cross-sectional view of the proposed 

LRDLSPPs waveguide, which consists of a patterned thin metal film (with a thickness d and 

a width g in the central region, and a thickness h at both sides) Clearly when d = h, the two 

structure have identical geometries. For such a symmetrical configuration, the index 

matching condition is satisfied so that a LRDLSPPs mode is supported.  

 

Fig. 4.1. Schematic views of (a) the conventional LRDLSPPs waveguide and (b) the proposed LRDLSPPs 

waveguide. 
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In the sub-sections that follow, a comparison is undertaken between a conventional 

LRDLSPPs structure and that with an enhanced metallic waveguide geometry. For this 

comparison it is an assumed that the dielectric material for both structures is chosen to be 

Si3N4 which has a refractive index of nr = 2.0, and that gold is used as the metal with a 

refractive index of nm = 0.55+11.5i at the optical communication wavelength of 0 = 1550 nm. 

In the numerical simulations, a FEM is adopted to analyze the characteristics of the 

LRDLSPPs mode. 

4.2.1 Influence of the waveguide geometry of the metal film on mode properties 

It is useful at the outset to provide a rationale for why an enhanced waveguide geometry 

might be useful. A starting point is to consider the relationship between the LRDLSPPs mode 

and the gold film thickness h for a conventional LRDLSPP plasmonic waveguide, where the 

value of h is uniform. Fig. 4.2 shows the calculated Lp and A versus gold thickness.  

 

Fig. 4.2. The propagation length and normalized mode area versus h. In this case, H = 400 nm and G = 600 nm. 

As shown in Fig. 4.2, both the propagation length Lp and normalized mode area A of the 

LRDLSPPs mode increases as the thickness of the metal film decreases. As expected, since a 

larger normalized mode area corresponds to a lower degree of mode confinement, there is a 
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trade-off between the mode confinement and propagation length. Thus increasing the metal 

film thickness can result in a better field confinement, but will introduce higher transmission 

loss. Conversely a decrease in the metal film thickness can enhance the propagation length, 

but will degrade the mode confinement. To mitigate this tradeoff it is worth considering if a 

patterned metal film thickness geometry could improve the tradeoff where the waveguide 

thickness is no longer uniform but now has two values, d and h as shown in Fig. 4.1 (a). 

In our simulation two sets of fixed parameters are used for the proposed structure:  

Set (I): H = 400 nm, G = 600 nm, h = 4 nm, g = 300 nm  

Set (II): H = 400 nm, G = 600 nm, h = 10 nm, g = 300 nm  

The dimensions are used to satisfy the requirements of photonic devices needing both tight 

mode field confinement and long propagation length [7]. Fig. 4.3 shows simulated results of 

the dependence of Lp and A of the LRDLSPPs mode on the geometric parameter d. The 

results for the conventional structure (d = h) are also provided in Fig. 4.3 for comparison. 

From Fig. 4.3 it can be seen that compared to a conventional structure, for a fixed 

propagation length of Lp, the proposed structure has a smaller value of A (and hence better 

mode confinement) when d > h (purple curve in Fig. 4.3). However for the simulation with a 

larger value of h (h = 10 nm, red curve in Fig. 4.3), it is found that the improvement in the 

proposed structure’s mode confinement is lower as h increases, and in fact beyond a value of 

Lp = 1246 m, the proposed structure has a higher value of A (and hence worse mode 

confinement). Alternatively for the same value of A, the value of Lp is higher for the proposed 

structure as long as d > h. For example, for A = 0.36, the value of Lp is 828 m (purple curve 

in Fig. 4.3) for the proposed structure, which is far longer than that of 295 m for the 

conventional structure. However, for the simulation with a larger value of h (red curve as 
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shown in Fig. 4.3), it is found that the merit of the proposed structure is reduced as h 

increases i.e. for h = 10 nm, at A = 0.36, the value of Lp is only marginally higher than that 

for the conventional structure. Also it can be seen that beyond the value of A = 0.5918, the 

proposed structure actually has a lower value of propagation length Lp. 

 

Fig. 4.3. The normalized mode area A as a function of the propagation length Lp for the conventional and proposed 

LRDLSPPs structure (with a fixed value of g). 

In addition, the influence of the dimension g on the proposed structure (Lp and A) was 

investigated and simulation results are shown in Fig. 4.4. In this simulation, two sets of 

parameters were again selected: 

Set (I): H = 400 nm, G = 600 nm, h = 4 nm, d = 20 nm  

Set (II): H = 400 nm, G = 600 nm, h = 10 nm, d = 20 nm  

The corresponding results for the conventional structure are also provided in Fig. 4.4 for 

comparison. As shown in Fig. 4.4, the performance of the proposed structure is highly 

dependent on the value of g. The tightest mode confinements can be achieved at g = 300 nm 
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for both selected values of h. As shown in Fig. 4.4, a lower value of h has better performance 

than that with higher value of h. For example, for the same value of A = 0.36, the structure 

with h = 4 nm, g = 100 nm and d = 20 nm has a propagation length of Lp = 1753 m 

compared to a value of Lp = 689 m for the structure with h = 10 nm, g = 100 nm and d = 20 

nm. It should be noted that both proposed structures have substantially longer propagation 

lengths than that of 295 m achieved by the conventional structure. 

 

Fig. 4.4. The normalized mode area A versus the propagation length Lp for the conventional and proposed structure, 

(with a fixed value of d). 

Based on the results shown in Fig. 4.3 and Fig. 4.4, it can be concluded that the proposed 

LRDLSPPs waveguide offers flexibility in the design of SPPs that can achieve both a longer 

propagation length and tighter mode confinement simply by appropriately selecting the 

parameters g, h and d. 

4.2.2 Crosstalk between adjacent waveguides 

To illustrate further the benefits of the proposed structure it is useful to consider the 

implications for crosstalk between waveguides, in situations where several adjacent 
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waveguides are integrated together in close proximity. The explosive demand for the increase 

in data communication capacity has stimulated the rapid development of optical 

communication systems. One of the challenges for next generation optical communication 

systems is the development of ultra-compact photonic devices and sub-systems. Crosstalk 

between the adjacent waveguides (related to the coupling length) is one of the key factors that 

restricts the density of photonic devices. It is hence important to investigate the influence of 

crosstalk on the proposed structure. 

Fig. 4.5 (a) shows the calculated coupling length Lc as a function of separation distance D for 

two parallel waveguides for different configurations: two horizontally parallel waveguides 

and two vertically parallel waveguides. For comparison purposes, the coupling lengths for the 

conventional structures with d = h = 10 nm are also provided in Fig. 4.5 (a). As shown in the 

insets in Fig. 4.5, the parameters in the simulation are set as H = 400 nm, G = 600 nm, h = 10 

nm, d = 20 nm and g = 300 nm). The coupling length is given by Lc =  / (sa), where s 

and a are the propagation constants of the symmetric and anti-symmetric modes of the two 

adjacent waveguides, respectively. In effect the coupling length represents the propagation 

length at which a total transfer of energy from one waveguide to an adjacent waveguide will 

have taken place. A long coupling length will result in a low level of crosstalk, which allows 

for tighter integration. Fig. 4.5 (b) and (c) show the amplitude distributions of Ey for 

symmetric and anti-symmetric modes with D = 200 nm between two horizontally parallel 

waveguides, and the corresponding results for two vertically parallel waveguides are shown 

in Fig. 4.5 (d) and (e), respectively. 

From Fig. 4.5 (a), it can be seen that for both the conventional structure and the proposed 

structure, the coupling lengths increase significantly for both cases as D increases. However, 

for the case of vertically parallel waveguides, the coupling length of the proposed structure is 
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longer than that of conventional structure, which illustrates that the crosstalk of the proposed 

structure is lower than that of conventional structure, in other words, high-density 

independent function photonic elements are more easily integrated in the case of the proposed 

structure, at least where waveguides are stacked vertically. 

 

 

Fig. 4.5. (a) The coupling lengths versus the separation between the two horizontally and vertically parallel 

waveguides. Amplitudes of Ey for the symmetric mode (b) and the anti-symmetric mode (c) with D = 200 nm 

between two horizontally parallel waveguides. Amplitudes of Ey for the symmetric mode (d) and the anti-symmetric 

mode (e) with D = 200 nm between two vertically parallel waveguide. 

For the case of horizontally parallel waveguides, the proposed structure has similar coupling 

lengths compared to that of the conventional structure. The implication is that the proposed 

structure will only allow for lower crosstalk in cases where vertical integration is used. In fact 

for the horizontally parallel waveguide case the coupling length is significantly lower than 

that of DLSPPs waveguide reported in [10], which is typically 10 m. 
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4.3 MFLSPPs based TE-pass polarizers 

Control of the polarization state of light is of great interest for many photonic circuit 

applications, especially for systems operating with one single polarization [11]. One way to 

address this issue is to split light into two orthogonal polarizations utilizing a polarization 

beam splitter (PBS) [12-13]. While the solution involving a PBS is satisfactory it comes at a 

price in increased system complexity. Another approach is to use a polarizer to transit the 

wanted polarization state and extinguish the undesired polarization state by reflection, 

redirection or absorption [14]. Basically since only the TM polarized light can be coupled to 

the high-loss SPPs mode while the TE polarized light cannot, this makes SPPs ideal for 

constructing highly compact polarizers. Based on this principle of polarization-dependent 

excitation, Y. Wakabayashi proposed a TM-pass/TE-stop polarizer consisting of a silver film 

sandwiched between dielectric gratings and demonstrated an extinction ratio of more than 

17 dB over a wavelength range of 1500 nm to 1750 nm [15]. More recently, X. Sun 

experimentally illustrated a hybrid plasmonic TE-pass polarizer with an extinction ratio that 

varies from 23 dB to 28 dB in the 1520 nm-1580 nm wavelength range, utilizing the 

high-loss characteristic of the SPPs mode to extinguish the TM mode [16]. Although these 

plasmonic polarizers show a relatively high extinction ratio for the desired polarization state, 

they suffer from the disadvantage of complex fabrication processes. 

To overcome this disadvantage in this thesis, a microfiber with relatively simple fabrication 

process is utilized in the DLSPPs configuration. Fig. 4.6 (a-b) shows the schematic diagram 

of the proposed polarizer, which consists of a microfiber with a diameter of D directly placed on a 

silver layer (Ag) coated on a glass substrate with a width of L. All the structure symbols and accepted 

coordinate system are depicted in Fig. 4.6 (a-b). The mode properties and transmission of the 

proposed polarizer are numerically investigated by utilizing the FEM. In the numerical simulations, 
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the wavelength dependent permittivities of SiO2 and Ag are those defined in [17] and [18], 

respectively.  

 

Fig. 4.6. (a) 3-Dimentional view and (b) cross section view of the proposed polarizer. The diameter of the 

microfiber is D, and the length of the polarizer is L. 

4.3.1 Simulation and design of MFLSPPs based TE-pass polarizers  

It is necessary prior to an experimental investigation to carry out simulations of the proposed 

structures in order to underpin the design process. Fig. 4.7 (a) shows the simulated wavelength 

dependence of the propagation length of the structure for the TM and TE modes with the microfiber 

diameters D of 3, 4 and 5 µm. This range of microfiber diameters is chosen on the basis that while 

fibers with diameters less than 3 µm potentially offer a better extinction ratio, fibers with diameters 

less than 3 µm are difficult to handle mechanically. On the other hand while large fiber diameters are 

easier to deal with mechanically, the extinction ratios will not be as good. Here the propagation length 

is calculated as Lp =  / [4Im(neff)], where Im(neff) is the imaginary part of the complex effective 

refractive index neff. As shown in Fig. 4.7 (a), over the wavelength range from 1500 nm to 1600 nm, 

the propagation length of the TE mode is much longer than that of the TM mode, or in other words, 

the TM mode has much higher transmission loss compared to TE mode. For example, when D = 3 

m and = 1550 nm, the propagation length of the TE mode (Lp(TE) = 63.6 mm) is 20.5 times longer 

than that of TM mode (Lp(TM) = 3.1 mm). When D = 5 m and = 1550 nm, the propagation length 

difference between TE and TM modes becomes even larger (28.4 times longer for Lp(TE) = 252.6 mm 

compared to Lp(TM) = 8.9 mm). Based on these results, the proposed structure can be implemented as a 
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broadband TE-pass polarizer with a flat response from 1500 to 1600 nm, by properly selecting the 

structure dimensions.    

To explore this loss mechanism, the normalized electric energy distributions at  = 1550 nm 

corresponding to the points of b (D = 3 m for TM mode), c (D = 3 m for TE mode), d (D = 

5 m for TM mode) and e (D = 5 m for TE mode) in Fig. 4.7 (a) are respectively plotted in 

Figs. 4.7 (b), 4.7 (c), 4.7 (d) and 4.7 (e). From Fig. 4.7 (b-e), it is clear that the TE mode is 

confined inside the microfiber, resulting in a relatively low propagation loss. On the other 

hand, the TM mode is coupled to the well-known DLSPPs mode [19] with a portion of 

electric field confined to the Ag surface, resulting in a relatively high propagation loss due to 

the large metallic dissipation. Furthermore, from Fig. 4.7 (a) it is also found that the 

propagation length decreases as the diameter D decreases.  

 

      

Fig. 4.7. (a) Wavelength dependence of the propagation length for the microfiber with different diameter D 

for the TM and TE modes. Normalized electric energy distributions at the wavelength of 1550 nm: (b) D = 

3 m for TM mode, (c) D = 3 m for TE mode, (d) D = 5 m for TM mode and (e) D = 5 m for TE 

mode. 
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The propagation length behavior could be explained by considering the percentage of 

evanescent field with respect to the whole field (P) which is defined as 

P = 1 − ∬𝑊 (𝑟 )dSmicrofiber /∬𝑊 (𝑟 )dSwhole      (4.1) 

where the electromagnetic energy density 𝑊 (𝑟 ) is calculated as [20] 

𝑊 (𝑟 ) =  
1

2
 Re {

𝑑[𝜔𝜀(𝑟 )]

𝑑𝜔
} |𝐸(𝑟 )|2 +

1

2
𝜇0|𝐻(𝑟 )|

2      (4.2) 

where 𝜔 is the angular frequency of the incident light, 𝜀(𝑟 ) is the dielectric permittivity,  

𝜇0 is the vacuum magnetic permeability, |𝐸(𝑟 )|2 and |𝐻(𝑟 )|2 are the intensities of the 

electric and magnetic fields, respectively.  

Fig. 4.8 shows the dependence of P on the diameter D at  = 1550 nm. As shown in Fig. 4.8, 

for smaller diameters D, the evanescent field of the microfiber is stronger relative to the total 

field energy; hence a larger portion of power will be in contact with the metal resulting in a 

larger metal dissipation loss and hence shorter propagation length. 

 

Fig. 4.8. The percentage of level of evanescent field with respect to the level of the whole field versus the 

diameter D at a wavelength of 1550 nm. 

The transmission of the proposed polarizer with D = 4 m and L = 3 mm was also calculated 

as shown in Fig. 4.9 (a). For this simulation, the approximate RAM requirement for the 
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computer is larger than 500 GB due to the large ratio R between the length L of the silver 

substrate and simulated wavelength. Hence it was proposed to use “transfer” method as 

follows: the device was divided into 30 sections with the length of each section set at 100 m. 

The simulation required RAM for each section was reduced to around 60 GB. The first 

section was calculated, and then its output boundary mode was exported as the incident 

boundary mode for the second section and so on. The remaining sections can be processed in 

the similar manner. To verify the correctness of the “transfer” method, a short section 100 m 

long of the device was divided into 10 sections and the results were calculated and compared 

with calculations from simulating the 100 m short section as a whole. It was found that both 

methods have the same results indicating that the “transfer” computational method is correct.  

    

Fig. 4.9. (a) Normalized transmission spectra for TM and TE modes. (b) Plot showing ILTE, ILTM and ER 

(inset) against microfiber diameter D at the wavelength of 1550 nm. 

From Fig. 4.9 (a) it is found that over the considered wavelength range, the TE mode could 

transit through the polarizer with a relatively low loss (insertion loss ILTE < 1.6 dB) while the 

transmission for TM mode is suppressed (ILTM > 22 dB), thus a polarization extinction ratio 

(ER) greater than 20 dB over the whole wavelength range from 1500 nm to 1600 nm is 

achieved. Fig. 4.9 (b) shows ILTE, ILTM and ER (inset) for various microfiber diameters D at 

1550 nm. As expected from Fig. 4.9, ILTE, ILTM and ER decreases as D increases. The larger 

extinction ratio is achieved at smaller D, but at the cost of the increased insertion loss. 
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4.3.2 Experimental verification of MFLSPPs based TE-pass polarizers 

To verify the theoretical analysis above, experiments were carried out for a TE-pass polarizer 

with microfiber dimensions of [D, L] = [4 m, 3 mm]. The overall structure is a tapered fiber 

on a substrate (i.e. an Ag coated glass slide), where the length of the tapered fiber is slightly 

longer than that of the substrate. 

Fig. 4.10 shows the microfiber fabrication setup. The standard single mode fiber (SMF) 

SMF-28 was clamped on two linear motorized motion stages, and its middle section was 

heated by a ceramic micro-heater (CMH-7019, NTT-AT) to a temperature of up to 1300℃ to 

soften the fiber for tapering. A customized LabVIEW program was used to precisely control 

the movement of the motion stages to control the diameter and length of the tapered 

microfiber.  

 

Fig. 4.10. Optical microfiber fabrication setup. 

 

Initially to form the substrate a silver film with an approximate thickness of 50 nm was 

deposited onto a glass slide with an approximate length of 2.5 mm using a sputter coater 

(Q150R, Quorum), where the thickness of the Ag film was controlled by setting the 

deposition rate and time. 

Then a tapered microfiber (i.e. with a uniform waist of 4 µm) was carefully cleaved so that it 

had a length slightly longer than that of the substrate, in effect there was approximately 3 mm 
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of overhang at each end of the substrate. A tapered fiber probe was temporarily used to 

position the microfiber on the substrate with the aid of two 800X microscopes for 

visualisation. 

The spectral response of the TE-pass polarizer was then measured using a non-contact 

end-fiber coupling scheme [21]. Fig. 4.11 (a) and (b) show the measurement setup and a 

microscope image of the sample (the diameter of the microfiber is 4 m). An end-fiber 

coupling scheme was used as shown in Fig 4.11 (c).  

 

Fig. 4.11. (a) Experiment setup for measurement of transmission. (b) Microscope image of the fabricated 

microfiber placed on top of an Ag substrate. (c) Microscope image of the end-fiber coupling scheme. 

Fig. 4.12 schematically shows the experiment setup. Light from a broadband laser was 

injected into a polarization controller (PC) (PC-FFB, Thorlabs) through a single mode fiber 

(SMF), and then coupled to a tapered polarization maintaining lensed fiber (TPMLF) (TPMJ, 

OZ Optics) with which had a specified focal spot diameter of 6µm. The TPMLF was then 

aligned to launch light to the fabricated microfiber polarizer sample. Similarly, the output 

light from the device was coupled into another “receiving” TPMLF, with the same 

specification as the launch TPMLF, the output of which was connected to an optical spectrum 

analyzer (OSA) (86142B, Agilent). 
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Fig. 4.12. Schematic diagram of the experiment setup. SMF = single mode fiber, PC = polarization 

controller, TPMLF = tapered polarization maintaining lensed fiber, OSA = optical spectrum analyzer.  

Before the Ag substrate plus microfiber taper section structure was characterized, a low 

refractive index material coated substrate was used temporarily as a substitute for the Ag 

coated substrate, using the same microfiber to be used later with the Ag coated substrate. 

With this low RI substrate, a reference was established where no SPPs could exist. In the 

experiment, the low refractive index coated substrate was made by spin coating a polymer 

material (PC-363L, Luvantix) which has a low refractive index (~ 1.36 at wavelength 1550 

nm) on to a glass slide.  

Fig. 4.13 (a) shows the normalized measured spectra of the fabricated TE-pass polarizer. It 

can be seen that the loss of TM mode is much higher than that of the TE mode i.e. a large 

extinction ratio (> 20 dB) was achieved, as expected from the calculation results discussed 

above. By comparing results shown in Fig. 4.13 (a) and Fig. 4.9 (a), it can be found that they 

agree well. However the measured transmission loss is a few dB higher than the calculated 

results, which might be due to: 1) the scattering loss induced by roughness of the silver 

surface; 2) microfiber fabrication error: for example, fabrication of a microfiber with a 

diameter less than 4 m could result in a larger insertion loss; 3) non-ideal microfiber’s 

placement as shown in the inset of Fig. 4.13 (a) resulting in the actual length of the polarizer 

being longer than 3 mm.  
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Fig. 4.13. (a) Measured transmission spectra for TM and TE modes with dimensions of D and L. (b) Polar 

image of the measured transmission for different polarization angles measured at 1550 nm for D = 4 m 

and L = 3 mm. 

Fig. 4.13 (b) exhibits the measured transmission dependence versus polarization angle for the 

polarizer with D = 4 m and L = 3 mm. Here 0
o
 polarization is defined as the TE mode (i.e. 

with an electric field parallel to the metal surface). The highest transmission is observed for 

0
o
 polarization (TE mode), and the transmission decreases gradually as the polarization angle 

increases. This experimental result confirms that the structure can operate successfully as a 

TE-pass polarizer. 

4.4 Summary 

In this chapter the design of a novel LRDLSPPs based waveguide structure offering a better 

trade-off between the propagation length and mode confinement, compared to the 

conventional LRDLSPPs configuration has been presented. The proposed structure can 

significantly improve the propagation length for the same mode confinement capacity, or can 

realize a much tighter field confinement for the same propagation length. The structure offers 

flexible solutions for the development of compact hybrid plasmonic devices by the 

appropriate selection of structural parameters. 
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Furthermore based on the polarization selectivity of the loss characteristics of the SPPs mode, 

this chapter also demonstrated a novel plasmonic TE-pass polarizer which consists of an 

optical microfiber placed on a glass substrate coated with a silver layer. For this structure, the 

TM mode in the microfiber is coupled to the surface plasmon mode with a portion of energy 

located on the metal surface resulting in a large propagation loss. However the TE mode will 

not couple to the surface plasmon mode and thus most of the energy will be confined in the 

microfiber resulting in a relatively low loss. Both the numerical simulation and experimental 

results have shown that the extinction ratio of a 3 mm-long polarizer is greater than 20 dB 

over the wavelength range from 1500 nm to 1600 nm.  
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Chapter 5: Hybrid plasmonic 

waveguide devices 
 

5.1 Introduction 

Due to the potential for guiding light beyond the diffraction limit, SPPs are attractive 

candidates for applications in highly integrated photonic circuits (IPCs). However, high loss 

is inherent in the metal optics and it further increases when the mode sizes are downscaled 

into the subwavelength level. Therefore the critical challenge in practical SPPs based IPC 

implementations is how to increase the propagation length while achieving a tight mode 

confinement with at least subwavelength scale, or in other words, effectively balance the 

tradeoff between the propagation length and mode confinement.  

Discussions in the previous chapters have shown that compared to traditional plasmonic 

waveguides, such as the MIM and IMI configurations, the DLSPPs waveguide could offer a 

better tradeoff, but the level of its mode confinement is still low with the mode area around 

0.162
 [1].   

In order to further achieve an optimum tradeoff, in this chapter, two novel hybrid SPPs 

(HSPPs) waveguides are proposed and investigated: a long range nanowedge HSPPs 

(LRWHSPPs) waveguide and a long range wedge-to-wedge HSPPs (LRWWHSPPs) 

waveguide.  

5.2 A LRWHSPPs waveguide for low loss propagation with a 

deep-subwavelength mode confinement  

It is a challenge to develop novel plasmonic waveguides which can simultaneously offer both 
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subwavelength mode confinement and long propagation length. To address this challenge, R. 

F. Oulton et. al. firstly proposed a novel HSPPs waveguide, as shown in Figs. 5.1 (a-b), 

which was published in Nature in 2008 [2].  

 

Fig. 5.1. (a) Schematic view of the HSPPs waveguide reported in Ref. 2 which consists of a GaAs cylinder 

nanowire separated from a silver substrate by a nanoscale SiO2 gap. (b) Electromagnetic energy density 

distribution. (c) A plot of normalized mode area versus normalized propagation length enables a 

comparison of various plasmonic waveguides [2].  

As shown in Figs. 5.1 (a), an HSPPs waveguide typically consists of a low refractive index 

(LRI) dielectric nanoscale gap which separates the metal layer and the high refractive index 

(HRI) dielectric waveguide. By optimizing the SPPs waveguide structural parameters, a low 

loss HSPPs mode (propagation length ranges from 40m to150 m) can be excited due to 

the interference between the dielectric waveguide mode and SPPs mode, and the HSPPs 

modes will propagate within the LRI dielectric gap with a tight mode confinement (the mode 

area ranges from /400 to /40). Because of its superior capacity for guiding light, many 

HSPPs based devices such as plasmonic nanolasers [3-5], nanotweezers [6-7], ring resonators 

[8], polarization beam splitters [9] and directional couplers [10] have been proposed and 

demonstrated. 

(a)

(b)

(c)
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Although this HSPPs waveguide could offer a subwavelength mode confinement (the mode 

area ranges from /400 to /40), it still suffers the disadvantage of a short propagation 

length which typically ranges from 40m to 150 m. 

To further mitigate this tradeoff, researchers have proposed the modification of the structure 

of the HSPPs waveguide so it becomes symmetrical [11] (as shown in Fig. 5.2 (a)), referred 

to as a long range HSPPs (LRHSPPs) waveguide, or to combine the HSPPs waveguide with 

the traditional plasmonic configurations, such as a metal V-groove [12-13] (VGHSPPs, as 

shown in Fig. 5.2 (b)) and a metal wedge [14-15] (WHSPPs, as shown in Fig. 5.2 (c)). For 

example, a novel LRHSPPs waveguide consisting of two dielectric nanowires symmetrically 

placed on each side of a thin metal film has been demonstrated [11], and it was shown that 

for the same level of mode confinement, the propagation length for the LRHSPPs waveguide 

is one order of magnitude larger than that of the HSPPs waveguide described above. In 

addition, a WHSPPs structure utilizing a triangular metal wedge as the substrate has been 

proposed and investigated. The results illustrate that for the same propagation length, the 

WHSPPs waveguide shows a much stronger mode confinement compared to the HSPPs 

waveguide [15] above. 

 

Fig. 5.2. Modified HSPPs based waveguides reported in (a) Ref. 11, (b) Ref. 12 and (c) Ref. 15 with 

corresponding electromagnetic energy density distributions.  
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Compared to the HSPPs waveguide, the LRHSPPs waveguide achieves an extended 

propagation length at the cost of relatively weaker mode confinement, while the WHSPPs 

waveguide realizes stronger mode confinement accompanied by a shorter propagation length. 

In order to simultaneously achieve both a longer propagation length and a higher level of 

mode confinement, a novel SPPs waveguide structure involving the combination of the 

LRHSPPs and WHSPPs waveguides is proposed and investigated in this chapter, referred to 

as the LRWHSPPs waveguide, as show in Fig. 5.3. The LRWHSPPs waveguide consists of a 

thin silver (Ag) film with two identical nanowedges embedded in a low permittivity silica (SiO2) 

cladding. The two high permittivity silicon (Si) nanowires are placed symmetrically near the upper 

and lower Ag nanowedges with a small gap g. The diameter of the Si nanowire is H and the thickness 

of the Ag film is d. The Ag wedge has a height of h, and the wedge tip has an angle of .  

 

Fig. 5.3. Schematic view of the proposed LRWHSPPs waveguide. 

The characteristics of the LRWHSPPs mode, the propagation length Lp (as seen from eq. 

(2.34) in Chapter 2) and the normalized mode area A (as seen from eq. (2.35) in Chapter 2), 

are investigated at the wavelength  = 1550 nm by means of an FEM. The corresponding 

permittivities of Si, SiO2 and Ag used are 12.25, 2.25 and -129+3.3i [16], respectively. 
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5.2.1 Influence of structural parameters on LRWHSPPs mode characteristics 

The influence of the tip angle and the gap g on the mode properties of the waveguide is firstly 

investigated. Fig. 5.4 (a) and (b) shows the dependence of the normalized mode area and the 

propagation length, respectively, on the tip angle  with the gap g. In this simulation, the parameters 

used are d = 10 nm, H = 200 nm and h = 5 nm. As shown in Figs. 5.4 (a-b), with an increase in the tip 

angle , the normalized mode area A increases monotonically, while the propagation length Lp is 

shown to increase at first and then decrease, exhibiting maximum values at certain tip angles (i.e. 

around 100°.  

The propagation length could be further increased by increasing the gap distance between the Ag 

nanowedge and upper (lower) waveguides, but at the expense of weaker mode confinement. To 

examine this in detail the normalized electromagnetic (EM) energy density distributions related to 

points c (g = 2 nm,  = 100°), d (g = 10 nm,  = 100°), e (g = 2 nm,  = 160°) and f (g = 2 nm,  = 20°) 

in Fig. 5.4 (b) are plotted in Fig. 5.4 (c), (d), (e) and (f), respectively. From Figs. 5.4 (c-f) it is clear that 

the light is tightly confined around the Ag nanowedge tip regions. From Figs. 5.4 (c, d) it can be seen 

that for the same Ag nanowedge tip angle, an increase in the gap distance will lower the mode 

confinement. Figs. 5.4 (c, e) show that for the same gap distance, there is an optimum Ag nanowedge 

tip angle of 100 degrees which results in a maximum propagation length. If the Ag nanowedge tip 

angle is larger than 100 degrees, a greater proportion of the electric field spreads laterally along the 

metal wedge, leading to a significantly increased mode area, resulting in a larger portion of power 

distributed in the metal region giving rise to a larger metallic dissipation, and thus a shorter 

propagation length. For a small Ag nanowedge tip angle (less than 100 degrees), the wedge-like mode 

will dominate the mode distribution and will result in relatively high loss [17], as shown in Fig. 5.4 (f) 

where the mode is highly localized around the Ag nanowedge tip. This will also result in a shorter 

propagation length. In order to explain the propagation length behavior more clearly, the ratio of the 
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power distribution in the metal region compared to the total power of the waveguide ROPmetal (with g 

= 5 nm) is investigated and shown in Fig. 5.4 (b). As shown in Fig. 5.4 (b) (purple curve), for a tip 

angle such as 100 degrees, a relatively small portion of the power is distributed in the metal region 

(hence smaller loss) resulting in a longer propagation length compared to that for other Ag 

nanowedge tip angles.           

    

 

Fig. 5.4. Dependences of the LRWHSPPs mode properties of the proposed structure at the wavelength of 1550 nm. (a) 

The normalized mode area A; (b) the propagation length Lp and the ratio of power inside the metal region ROPmetal. 

EM density patterns for (c) [g = 2 nm,  = 100°], (d) [g = 10 nm,  = 100°], (e) [g = 2 nm,  = 160°] and (f) [g = 2 nm, 

 = 20°]. 
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The LRWHSPPs mode properties are also dependent on the cladding layer material. It is important to 

investigate this because such a dependency offers the possibility of enabling thermo- or electro-optic 

control of a device or the use of such a device for sensing applications. Fig. 5.5 shows the simulated 

propagation length Lp and normalized mode area A versus the refractive index (RI) of the cladding 

layer material. In this simulation, the waveguide parameters are defined as follows: d = 10 nm, H = 

200 nm, h = 5 nm, g = 5 nm and  = 100°. From Fig. 5.5 it is noted that as the RI of the cladding 

material increases from 1 to 2.5, the normalized mode area A increases from 0.0015 to 0.006, while 

the propagation length Lp decreases from 3008 m to 1339 m. The result indicates that a lower RI 

for the cladding material not only extends the propagation length but also results in an improvement 

of mode confinement. 

 

Fig. 5.5. The LRWHSPPs mode properties as a function of the RI of the cladding layer material. 

The results discussed above suggest that the LRWHSPPs waveguide could offer a very useful 

capability for low loss (propagation length ranges from 1200 m to 3500 m) and 

deep-subwavelength (mode area ranges from to) light guiding with the 

appropriate structural parameters.  
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5.2.2 LRWHSPPs performance comparison with existing HSPPs waveguides 

To quantitatively demonstrate the advantages of the LRWHSPPs waveguide, Fig. 5.6 (a) 

shows a comparison of the proposed LRWHSPPs waveguide with the HSPPs waveguide 

studied in [2], the LRHSPPs waveguide investigated in [11], the WHSPPs waveguide 

reported in [15], the recently reported bow-tie hybrid SPPs (BTHSPPs) waveguide in [18], 

and a symmetric version of BTHSPPs (SBTHSPPs). The symmetric version of BTHSPPs is 

based on a variation of the work published in [18], which considered only an asymmetric 

waveguide. 

Cross-section views of the LRWHSPPs, LRHSPPs, WHSPPs, BTHSPPs, SBTHSPPs and 

HSPPs waveguides are depicted in Fig. 5.6 (b). The counterpart parameters used in the 

simulations are: for the LRWHSPPs waveguide,  =  = 100°, d = 10 nm, h = 5 nm and H = 

200 nm; for the LRHSPPs waveguide, d = 10 nm, and H = 200 nm [11]; for the WHSPPs 

waveguide, H = 200 nm, h = 5 nm and  = 130° [15]; for the BTHSPPs and SBTHSPPs 

waveguides, h = 20 nm, H = 40 nm, d = 10 nm, W = L = 200 nm,  =  = 60° [18]; for the 

HSPPs waveguide, H = 200 nm [2].   

From Fig. 5.6 (a) it is clearly seen that the LRWHSPPs waveguide has better performance compared 

to previously reported LRHSPPs, WHSPPs, BTHSPPs, SBTHSPPs and HSPPs waveguides [2, 11, 

15, 18]. In particular, by comparison to the HSPPs waveguide reported in Ref. 2, the mode 

confinement and the propagation length of the LRWHSPPs waveguide demonstrates at least a 5-fold 

and 60-fold enhancement respectively. Compared to the WHSPPs reported in Ref. 15, the 

LRWHSPPs waveguide has relatively worse mode confinement (twice the mode area for the same 

gap g), but has 40 times longer propagation length. In addition, the propagation lengths for both 

LRWHSPPs and LRHSPPs waveguides (reported in Ref. 11) are almost the same, but the normalized 

mode area of the LRWHSPPs waveguide is one order of magnitude smaller than that of LRHSPPs 
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waveguide, indicating that the LRWHSPPs waveguide has a much better mode confinement. Finally, 

compared to the BTHSPPs (SBTHSPPs) waveguide in [18], the rectangular slot between the Si 

waveguide and Ag substrate is eliminated for the LRWHSPPs waveguide, which effectively provides 

a smaller mode area and longer propagation length (a smaller portion of energy contacts with Ag). 

The mode confinement and propagation length of the LRWHSPPs waveguide respectively 

demonstrates at least a 3-fold (6-fold) and 30-fold (1.5-fold) enhancement compared to that of the 

BTHSPPs (SBTHSPPs) waveguide.  

  

Fig. 5.6. (a) Plot of the normalized mode area versus the propagation length for the LRWHSPPs, 

LRHSPPs, WHSPPs, BTHSPPs, SBTHSPPs and HSPPs waveguides with different structure parameters. 

(b) Cross-section views of the LRWHSPPs, LRHSPPs, WHSPPs, BTHSPPs, SBTHSPPs and HSPPs 

waveguides. 

5.2.3 Proposed fabrication 

Any future device requires fabrication, and fabrication tolerance plays a major part in 

preparing for fabrication. Thus in this section, the likely practical fabrication process is 

discussed with the objective of considering the fabrication tolerance required.  
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5.2.3.1 Fabrication process 

It is useful to consider the fabrication steps that would be needed for the preparation of actual 

devices, with the objective of using the model developed to examine the tolerance of the 

design to fabrication errors. The likely fabrication steps for the LRWHSPPs waveguide are 

shown schematically in Fig. 5.7.  

 

Fig. 5.7. Schematic diagram of the proposed sequence of the fabrication. 

The process involves: (1) Fabrication of a three-layer structure, i.e. PMMA and silver layers 

successively coated on a silica substrate; (2) The nanowedge could then be formed by the focused ion 

beam (FIB) technique [19]; (3) The Si nanowire could be produced by the “vapor-liquid-solid” 

method and covered by a silica cladding [20]; (4) The PMMA layer could be dissolved in acetone 

leaving the exposed silver film [21]; (5-6) Repeating the steps (2) and (3) would complete the 

proposed structure. 

5.2.3.2 Fabrication tolerances 

During fabrication, it is a challenge to achieve precise alignment between the nanowire and 

nanowedge. Therefore it is important to investigate the influence of the misalignment 
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between the nanowedges and waveguides as a result of fabrication errors on the mode 

properties of the structure. Fig. 5.8 (a) depicts two possible fabrication misalignment cases 

labelled (1) and (2) with misalignment distances S. The details are:  

Case 1: both nanowedges are aligned with each other but are off-center relative to the 

nanowires. 

Case 2: the nanowires are not aligned with each other and also not aligned to the 

nanowedges.  

The results of this study are presented in Fig. 5.8 (b). The waveguide parameters used in the 

simulations are given as follows: d = 10 nm, H = 200 nm, h = 5 nm, g = 5 nm and  = 100°. 

From Fig. 5.8 (b) it can be seen that both the propagation length and the normalized mode 

area increase as the misalignment distance S increases. This could possibly be due to the fact 

that the misalignment alters the longitudinal mode confinement, i.e. the mode area will be 

increased, or in other words, more mode energy will spread out of the gap region, which 

leads to a smaller portion of the mode energy concentrating around the metal wedge, thereby 

increasing the propagation length. But these increases are modest, for example if the value of 

S varies within 10 nm, the propagation length and the normalized mode area experience less 

than a 2% and 7% variation, respectively. The corresponding normalized electromagnetic 

energy density distributions are also shown in the insets of Fig. 5.8 (b). It is observed that the 

modifications to the mode profile are negligible. The results indicate that the proposed 

LRWHSPPs waveguide has a good tolerance to fabrication errors involving misalignment. 
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Fig. 5.8. (a) Schematic views of two types of misalignment cases considered. (b) The influence of the alignment 

perturbation on the LRWHSPPs mode properties. Insets: the normalized EM density distributions. 

There are other fabrication constraints, for example in practice it is very difficult to fabricate an ideal 

sharp tip nanowedge, therefore in reality the fabricated nanowedge has a marginally round tip (as 

shown in the inset of Fig. 5.9). It is important therefore to investigate the influence of the radius of 

curvature of the nanowedge tip on its mode properties and the simulation results are shown in Figure 

5.9. The waveguide parameters used in the simulation are given as follows: d = 10 nm, H = 200 nm, h 

= 5 nm, g = 5 nm and  = 100°. The calculations shown in Fig 5.9 reveal that the normalized mode 

area increases by 11% when the tip curvature increases from 0 nm to 30 nm, while the propagation 

length decreases by 2% compared to that for an ideally sharp tip. 

S

S

S

S

(a) Misalignment

Case 1 Case 2
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Fig. 5.9. LRWHSPPs mode properties versus the curvature radius of the nanowedge rounded tip. 

The results discussed above demonstrate that the proposed LRWHSPPs waveguide not only 

possesses a remarkable guiding performance (it is capable of confining light in a 

deep-subwavelength region ranging from λ
2
/4000 to λ

2
/400 with a long propagation length 

ranging from 1200 to 3500 m), but also show an acceptable tolerance to fabrication errors 

and other constraints.  

5.3 A LRWWHSPPs waveguide with low loss propagation and 

ultra-deep-subwavelength mode confinement  

Considering the fact that for a wedge dielectric waveguide, the light energy is strongly 

localized near the apex of the wedge due to the tip field enhancement [22], it is expected that 

improvements in enhanced mode confinement can be achieved if the nanowires in the 

LRWHSPPs waveguide are replaced by nanowedges. Therefore based on the LRWHSPPs 

waveguide, a novel LRWWHSPPs waveguide is proposed and shown in Fig. 5.10. Compared 

to the LRWHSPPs waveguide, two identical Si wedge waveguides are introduced for the 

LRWWHSPPs waveguide. The Si wedge has a height of H, and the wedge tip has an angle of 
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Considering the practical fabrication constraints, the wedge tip of both Ag nanowedge and Si 

wedge are assumed to have a curvature radius of r = 10 nm.  

  

Fig. 5.10. Schematic view of the LRWWHSPPs waveguide.  

 

5.3.1 Influence of structural parameters on LRWWHSPPs mode characteristics 

Before studying the influence of the structural parameters on the LRWWHSPPs mode 

properties, it is useful to define the so-called mode character (MC) defined as follows [2]: 

𝑀𝐶 =
𝑛eff−𝑛eff:LRSPPs

(𝑛eff−𝑛eff:LRSPPs)+(𝑛eff−𝑛eff:SiWG)
     (5.1) 

where neff, neff:SiWG and neff:LRSPPs are the effective refractive indices of the LRWWHSPPs 

mode, Si waveguide (SiWG) mode and LRSPPs mode (supported by the structures without 

the Si waveguides), respectively. The MC parameter can be used to evaluate the mode 

hybridization character, or in other words, the degree to which the LRWWHSPPs mode is 

SiWG-like (i.e. neff:SiWG > neff:LRSPPs i.e. MC > 0.5) or LRSPPs-like (i.e. neff:LRSPPs > neff:SiWG 

i.e. MC < 0.5). 

Fig. 5.11 (a) and (b) respectively show the dependence of the propagation length Lp and the 

normalized mode area A on the Si wedge height H (which determines the value of neff:SiWG) 

with the gap g. The parameters used in this simulation are d = 10 nm, h = 5 nm and  = 100°, 
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which are the optimized values presented for the above LRWHSPPs waveguide. In addition 

is set to be100°. As shown in Fig. 5.11 (a) and (b), both Lp and A decrease with an increase 

in H at first but then increase, which illustrates that there is a minimum value for both Lp and 

A at certain H values (i.e. around 200 nm). For smaller Si wedges (H < 200 nm), the hybrid 

mode is dominated by the LRSPPs mode (MC < 0.5, shown in Fig. 5.11 (c)). Hence, the 

LRWWHSPPs mode, which is the LRSPPs-like mode (the related normalized energy density 

distributions are shown in Figs. 5.11 (d, e)), realizes a longer propagation length but at a cost 

of a weaker mode confinement due to the nature of LRSPPs mode. When the size of the Si 

wedges increases to a certain level (that is for H > 200 nm), the LRWWHSPPs mode behaves 

as a low loss SiWG mode (MC > 0.5), or in other words, most of the mode energy tends to be 

confined inside the Si dielectric wedge cores (Figs. 5.11 (h, i)) resulting in a larger mode area 

and relatively low propagation loss. At the minimum value of Lp or A (H ～ 200 nm) it is 

found that MC = 0.5 (Fig. 5.11 (c)) indicates neff:SiWG = neff:LRSPPs. In this case neither the 

SiWG nor LRSPPs mode dominate – resulting in a novel hybrid plasmonic mode that 

features the characteristics of both the SiWG and LRSPPs modes (Figs. 5.11 (f)). More 

interestingly, as the gap decreases to a few nanometers, a large portion of the mode energy 

becomes strongly confined within the SiO2 gap region only (Fig. 5.11 (g)). For example, 

when H = 200 nm and g varies from 2 nm to 25 nm, both a deep-subwavelength mode 

confinement (ranging from /10604 to /972) and a long propagation length (ranging from 

1680 m to 4724 m) can be achieved. It is clear that the LRWWHSPPs waveguide offers a 

better tradeoff compared to the LRWHSPPs waveguide discussed above.  
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Fig. 5.11. (a) The propagation length Lp, (b) the normalized mode area A and (c) the mode character MC 

versus the height of Si wedge H with different gap g. (d-i) Normalized EM density distributions: (d) [H, g] 

= [100, 25] nm, (e) [H, g] = [100, 2] nm, (f) [H, g] = [200, 25] nm, (g) [H, g] = [200, 2] nm, (h) [H, g] = 

[400, 25] nm, and (i) [H, g] = [400, 2] nm. 

The LRWWHSPPs mode characteristics are also dependent on the Si and Ag wedge tip 

angles of and . Fig. 5.12 (a) and (b) respectively show the simulation results for the 

propagation length Lp and the normalized mode area A vs. different values of and . The 

parameters used in this simulation are r = 10 nm, d = 10 nm, H = 200 nm, g = 5 nm and h = 5 

nm. From Figs. 5.12 (a-b) it is known that as increasesthe propagation length decreases 

monotonically, while the normalized mode area is shown to decrease firstly and then increase, 

exhibiting a minimum value at around  100° for all the considered values. This could 

possibly be due to the fact that the varied Si wedge tip angle  gives rise to a different value 

of neff:SiWG, which will finally determine the character of the hybrid mode. 
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Fig. 5.12. (a) The propagation length Lp and (b) the normalized mode area A versus the Si wedge tip angle 

with different Ag nanowedge tip angle . Inset in (a): the propagation length Lp versus the Ag 

nanowedge tip angle  with fixed at 100 deg. Inset in (b): the normalized mode area A versus the Ag 

nanowedge tip angle  with fixed at 100 deg 

The calculated mode hybridization character is also shown in Fig. 5.13. From Fig. 5.13 it is 

easy to see that when is smaller than 100°, the LRWWHSPPs mode is dominated by the 

LRSPPs mode corresponding to a long propagation length as well as the large mode area. 

When is larger than 100°, the SiWG-like mode will dominate the mode hybridization and 

will result in relatively larger mode area.  
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Fig. 5.13. The mode character MC versus the Si wedge tip angle with different Ag nanowedge tip angle 

. 

However from Fig. 5.12 (a) it can be found that as increases beyond 100°, the propagation 

length of the SiWG-like mode still decreases, which is different from the result shown in Fig. 

5.11 (a) (as increasing H from 200 nm). To better understand this physical mechanism, the 

normalized energy density distributions of the proposed LRWWHSPPs waveguide with 

different feature sizes are investigated and summarized in Fig. 5.14 (a). From Fig. 5.14 (a) it 

is easy to see that with the same value of  and larger value of H (i.e. H = 400 nm), the 

energy is better confined inside the dielectric Si wedge core, hence the propagation loss will 

accordingly decrease as shown in Fig. 5.11 (a). However with the same value of H and larger 

value of (i.e.  = 160°), more energy spreads out of the dielectric Si wedge core, and hence 

a larger portion of power will be in contact with the metal resulting in a larger metal 

dissipation loss, thus the propagation length will accordingly become shorter as shown in Fig. 

5.12 (a). Moreover, through the further observation in Figs. 5.12 (a-b), for all the considered 

, it is found that the normalized mode area monotonically increases as increases, while the 

propagation length demonstrates a non-monotonic dependence on , indicating maximum 

values at certain tip angles (i.e., around  100°, as shown in the inset of Fig. 5.12 (a) for 
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100°). The normalized EM energy density distributions of the LRWWHSPPs waveguide 

with different value of are shown in Fig. 5.14 (b). The influence of the Ag wedge tip angle 

on the LRWWHSPPs mode properties and the energy density distributions are similar as 

that for the LRWHSPPs waveguide studied above, which contains detailed interpretations.  

 

 

Fig. 5.14. (a) Normalized EM energy density distributions corresponding to different characteristic 

parameters. (b) Normalized EM energy density distributions for different  

Additional parameters which need to be considered for the waveguide are the thickness of the 

Ag film (d) and Ag nanowedge (h). Figs. 5.15 (a-b) show the dependence of the mode 

properties on d and h. In this simulation, the parameters are r = 10 nm, H = 200 nm, g = 5 nm, 

 100° and 100°. From Fig. 5.15 (a) it can be observed that the propagation length 

decreases as d increases, which is similar to that of the well-known LRSPPs mode [23]. In 

addition, as h increases, the size of the Ag nanowedge increases resulting in an increased 

power dissipation in the metal region, and hence a shorter propagation length [17]. From Fig. 
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5.15 (b) it can be seen that the normalized mode area slightly decreases as d increases, and 

the normalized mode area for h = 0 is distinctly larger than that for h = 5 nm and h = 10 nm, 

indicating that the waveguide with the Ag nanowedges offers a better mode confinement 

capability. In these calculations, the gap distance g is fixed, indicating that the longitudinal 

confinement (along the y direction) will only be slightly affected, and hence the improved 

mode confinement must originate from the strengthened lateral confinement (along the x 

direction).  

 
 

 
 

Fig. 5.15. (a) The propagation length Lp and (b) the normalized mode area A versus the Ag film thickness d 

with different Ag nanowedge height h. (c) Normalized electromagnetic energy density plots along the x 

direction with a fixed d and different h. 

Fig. 5.15 (c) depicts the normalized EM energy density plots of LRWWHSPPs waveguide 

along the dashed line shown in the inset of Fig. 5.15 (c). Clearly the field is strongly confined 
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within an ultra-deep-subwavelength area when h ≠ 0, and the mode profile difference for 

the Ag nanowedge with h = 5 nm and h = 10 nm is negligible. For example, the lateral mode 

width (W, which is defined as the full width where the energy density decays to 1/e of its 

peak value) of LRWWHSPPs waveguide for h = 5 nm is extremely as small as W = 3.35 nm, 

which is approximately 19 times smaller than that of W = 64 nm for h = 0.   

The results discussed above reveal that the superior guiding capacity of the LRWWHSPPs 

waveguide could be realized by optimizing the structure parameters. 

5.3.2 Performance comparison of the with LRWWHSPPs waveguide with a 

LRWHSPPs waveguide 

In section 5.2 it was demonstrated that the LRWHSPPs waveguide outperforms several 

conventional HSPPs waveguide types in Refs. [2, 11, 15, 18]. Hence it is valid to draw a 

comparison between the LRWWHSPPs and LRWHSPPs waveguides to determine if the 

LRWWHSPPs waveguide is superior in performance. Fig. 5.16 shows the comparison of the 

LRWWHSPPs waveguide with the LRWHSPPs waveguide. The corresponding parameters 

used in the simulations are:  =  = 100°, d = 10 nm, h = 5 nm and H = 200 nm.  

From Fig. 5.16 it is clear that the LRWWHSPPs waveguide has a better performance than the 

LRWHSPPs waveguide, or in other words, compared to LRWHSPPs waveguide, for the 

same propagation length, the LRWWHSPPs waveguide has better mode confinement; and for 

the same mode confinement, the LRWWHSPPs waveguide has longer propagation length. 

For example, for the same propagation length Lp = 1680 m, the mode confinement for the 

LRWWHSPPs waveguide shows at least a nine fold improvement compared to that of the 

LRWHSPPs waveguide (Am = /10604 for the LRWWHSPPs waveguide and Am = /1152 

for the LRWHSPPs waveguide). For the same mode confinement Am = /2353, the 



 

100 

 

propagation length of the LRWWHSPPs waveguide (Lp = 2902m) is 2.4 times longer than 

that of the LRWHSPPs waveguide (Lp = 1196 m). 

 
Fig. 5.16. Plot of the normalized mode area versus the propagation length for the LRWWHSPPs and 

LRWHSPPs waveguides. 

From Fig. 5.16 it is clear that the LRWWHSPPs waveguide has a better performance than the 

LRWHSPPs waveguide, or in other words, compared to LRWHSPPs waveguide, for the 

same propagation length, the LRWWHSPPs waveguide has better mode confinement; and for 

the same mode confinement, the LRWWHSPPs waveguide has a longer propagation length. 

For example, for the same propagation length Lp = 1680 m, the mode confinement for the 

LRWWHSPPs waveguide shows at least a nine fold improvement compared to that of the 

LRWHSPPs waveguide (Am = /10604 for the LRWWHSPPs waveguide and Am = /1152 

for the LRWHSPPs waveguide). For the same mode confinement Am = /2353, the 

propagation length of the LRWWHSPPs waveguide (Lp = 2902m) is 2.4 times longer than 

that of the LRWHSPPs waveguide (Lp = 1196 m). 

Furthermore Fig. 5.17 shows the calculated coupling length Lc as a function of the 

center-to-center separation distance D for the LRWWHSPPs and LRWHSPPs waveguides. 

The coupling length is used to evaluate the crosstalk between the adjacent waveguides, which 
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is a critical parameter and ultimately limits the integration density of photonics devices. The 

crosstalk is dependent on the level of the field confinement, in other words, assuming the 

coupling condition is satisfied for two closely placed waveguides, strong field confinement 

(for an individual waveguide) will give rise to a long coupling length which is consistent with 

low crosstalk. In this simulation the comparison parameters are set as d = 10 nm, h = 5 nm,  

=  = 100° and H = 200 nm. As an example, the insets of Fig. 5.17 show the normalized 

energy density distributions for symmetric and antisymmetric modes with D = 600 nm and g 

= 5 nm for the LRWWHSPPs waveguide. 

 

Fig. 5.17. The calculated coupling length versus the separation between the two plasmonic waveguides. Insets: the 

normalized electromagnetic density distributions for the symmetric mode and the antisymmetric mode for the 

LRWWHSPPs waveguide with D = 600 nm and g = 5 nm. 

From Fig. 5.17 it is clear that the coupling length of the LRWWHSPPs waveguide is higher than that 

of the LRWHSPPs waveguide, this difference becomes more pronounced as D increases. For 

example, when D = 1000 nm and g = 5 nm, the coupling length of the LRWWHSPPs waveguide is 

133 m which is nearly two times that of the LRWHSPPs waveguide, which has an equivalent 

coupling length of 59.4 m with the same values of D and g. For a larger value of D = 2000 nm and g 

= 5 nm, the coupling length of the LRWWHSPPs waveguide is 45588 m which is nearly seven 
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times that of the LRWHSPPs waveguide with an equivalent coupling length of 6250 m, for the 

same values of D and g. This result indicates that with the same coupling length, the LRWWHSPPs 

waveguide offers a significant reduction in crosstalk compared to the LRWHSPPs waveguide, which 

is a clear benefit for highly integrated photonics devices. 

5.3.3 Discussion of the proposed fabrication steps and tolerances 

As outlined in section 5.2.3, the fabrication process and error-tolerance of the LRWWHSPPs 

waveguides are discussed in this section.  

5.3.3.1 Fabrication process 

Fig. 5.18 schematically shows the suggested fabrication steps: (1) PMMA and Ag layers are 

successively deposited on a silica substrate; (2) a FIB technique can be used to form the Ag 

nanowedge [19]; (3) Silica and photoresist are coated on the wedge-patterned Ag surface, 

starting with the silica layer; (4-5) the V-groove is formed by FIB technique and then coated 

with silicon; (6) Lift-off (as a lift-off media, dimethyl sulfoxide is assumed to be used to strip 

photoresist) and FIB techniques are used to remove the upper spare silicon layer [24]; (7) A 

half-structure could be realized by coating silica and dissolving the PMMA in acetone [21]; 

(8) Finally, the structure can be fabricated through repeating steps (2-7) as required. 
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Fig. 5.18. Schematic diagram of the suggested fabrication steps for the LRWWHSPPs waveguide. 

 

5.3.3.2 Fabrication error-tolerance 

In practice, it is very difficult to realize an ideal fabrication process. It is important therefore 

to analyze the fabrication tolerances, including the misalignment between the Ag nanowedges 

(with the misalignment distance of S) and SiWGs as shown in Fig. 5.19 (a), and the uneven 

SiWG surface (the unevenness is described for the purpose of illustration by a sine function 

with the peak value of G) as depicted in Fig. 5.19 (b). 

Two possible fabrication misalignments case labeled (1) and (2) with misalignment distances 

S are considered. The details are:  

Case 1: both SiWGs tips are aligned to each other but deviate by a distance S relative to 

the tip of the Ag nanowedges. 

Case 2: the SiWGs tips are not aligned to each other and are not aligned to the tips of the 

Ag nanowedges.  
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Fig. 5.19. Schematic views of (a) two types of misalignment and (b) uneven surface described by sine 

function. 

Fig. 5. 20 (a) and (b) respectively depict the influence of the misalignment of SiWG and an 

uneven SiWG surface on the mode properties of the waveguide, where the insets are the 

corresponding normalized energy distributions. In both simulations, the waveguide 

parameters are given as follows: d = 10 nm, h = 5 nm, g = 5 nm,  =  = 100° and H = 

200nm. As shown in Fig. 5. 20 (a), as S varies from 0 to 10 nm, the propagation length and 

normalized mode area experience variations of only 1% and 7% respectively. Fig. 5. 20 (b) 

shows that as the magnitude of the unevenness G increases to 5 nm, the propagation length 

and normalized mode area of the waveguide only experience variations of less than 0.1% and 

0.6% respectively. The simulation results confirm that the proposed LRWWHSPPs 
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waveguide possess very good fabrication tolerance to both Ag nanowedge misalignment and 

unevenness on the SiWG surface. 

 

 
Fig. 5.20. The influence of (a) the alignment perturbation and (b) the uneven SWW surface on the mode 

properties. Insets: the normalized EM energy density distributions. 

5.4 Summary 

This chapter has addressed the challenge of achieving both a long propagation length and 

tight mode confinement for a plasmonic waveguide. In doing so two novel plasmonic 

waveguides based on hybrid SPPs (HSPPs) are proposed and analyzed: 1) One waveguide 
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consists of two dielectric nanowires placed on both sides of a nanowedge patterned metal 

film named LRWHSPPs waveguide; and 2) another waveguide consists of two dielectric 

wedge waveguides placed on each side of a nanowedge patterned metal film named 

LRWWHSPPs waveguide.  

By optimizing the SPPs waveguide structure parameters, subwavelength confinement and 

relatively long propagation length could be simultaneously achieved. For example, the 

LRWHSPPs waveguide can confine light at a subwavelength scale (ranging from 

to) with a long propagation length (ranging from 1200 m to 3500 m), which 

is superior to other hybrid plasmonic waveguides previously reported in [2], [11], [15] and 

[18]. Moreover, further investigations have shown that the LRWWHSPPs waveguide 

outperforms the LRWHSPPs waveguide, indicating the LRWWHSPPs waveguide would 

achieve the best tradeoff compared to the recently published structures (to the best of my 

knowledge). For the LRWWHSPPs waveguide, the light can be confined to approximate 

three-thousandth of the diffraction spot size (ranging from /10604 to /972) without 

sacrificing the propagation length (ranging from 1680 m to 4724 m). The optimized results 

for the LRWWHSPPs waveguide demonstrate a 9-fold enhancement in mode confinement 

for the same propagation length or a 2.4-fold extended propagation length for the same mode 

confinement compared to the LRWHSPPs waveguide.  
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Chapter 6: Plasmonic sensor 
 

6.1 Introduction 

In Chapters from three to five, the SPPs waveguiding mechanism has been investigated and 

its potential applications in highly integrated photonic circuits were described. Another 

unique feature of SPPs is that their ultra-tight mode confinement makes them highly sensitive 

to minor changes in the surrounding local area, thus offering a substantial potential for 

effective biosensing.  

It is well known that the characteristics of SPPs are highly dependent on the dielectric 

environment in the vicinity of the contact with the metal, which enables the extensive use of 

SPPs for real time detection of the presence of biochemical analytes [1-2]. Furthermore, the 

strong confinement of SPPs offers the potential to construct high-density micrometer-sized 

arrays of independent sensing elements [3].    

In this chapter the principle of SPPs based biosensors is investigated and two novel SPPs 

based biosensors are designed and analyzed: 1) a metal grating structure embedded in a 

multimode fiber, which offers high sensitivity compared to a conventional multimode fiber 

sensor coated with uniform metal layer, and 2) a reflection metal grating used for 

simultaneous detection of refractive index and thickness of the analyte layer. 

6.2 A multimode fiber biosensor coated with a subwavelength metal grating 

layer 

Traditional SPPs biosensors are based on the so-called Kretschmann configuration, where a 

thin metal film is deposited on the surface of a coupling prism [4]. For such prism-based 
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SPPs sensors, Homola [5] provides a comprehensive overview of developments in the past 20 

years and numerous designs for novel SPPs biosensors. For example, various structures based 

on the Kretschmann configuration have been proposed and explored to sharpen the SPPs dip 

curve and enhance the sensing resolution, mainly via designing a multilayer stack on the 

hypotenuse face of the prism, including an Au-Ag bimetallic film [6], 

insulator-metal-insulator layers [7], and waveguide coupled SPPs (WCSPPs) [8]. 

Unfortunately a prism-based SPPs configuration suffers from a number of disadvantages, 

such as bulky size, complex operation and a lack of potential for remote sensing.  

An alternative fiber based sensing configuration allows for a compact sensing element and 

sample volume, the capacity for remote sensing and the potential for disposable miniaturized 

sensing devices, which has attracted significant research interest worldwide [9-12]. In the 

past decade, various fiber based SPPs biosensors have been proposed and demonstrated, 

including the use of either single mode fibers [13] or multimode fibers [14].  

Recently, several fiber based SPPs biosensors have been presented such as a multimode fiber 

coated with bimetallic layers (silver and gold, with gold as the outer layer), and a hetero-core 

fiber with Au/Ta2O5/Pd multi-layers, which were both studied theoretically based on the 

attenuated total reflection (ATR) method and multi-layer model [15-17]. Among these studies, 

the effects of the parameters and characteristics of the optical fiber and metal layer on the 

sensor sensitivity have been investigated in detail. For example, recently the relationships 

between the resonance wavelength and the thickness of the metal layer and sensing layer 

were investigated in [18]. 

To further enhance the sensitivity, here a novel multimode fiber based biosensor embedded 

with a subwavelength metal grating layer is proposed and investigated. As shown in Fig. 6.1 

(a), the structure is assumed to be surrounded by the sensing sample with a refractive index 
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(RI) of ns, and where the diameter of the multimode core is denoted as D. Fig. 6.1 (b) depicts 

the subwavelength metal grating layer, with a grating period P, a thickness h, a width of 

metal d, and a total length L. All the structural parameters are shown in Fig. 6.1.  

 

Fig. 6.1. Schematic diagram for (a) Fiber-based SPR biosensor with a sub-wavelength metal grating layer. 

(b) Illustration of the subwavelength metal grating layer.  

6.2.1 Theoretical underpinning 

Before studying the proposed structure, it is useful to initially consider the ATR method with 

a Kretschmann configuration (as shown in Fig. 6.2), as this forms the basis of the theoretical 

model for the fiber SPPs based sensor. For the Kretschmann configuration, if the resonance 

condition is satisfied, that is the wave-vector of the incident light matches that of the SPPs, 

then the output spectrum demonstrates a reflection dip located at the resonance wavelength. 

As illustrated in ref. [5], the resonance wavelength is highly sensitive to the RI variations in 

the sensing sample, i.e. the resonance wavelength (R) shifts by R when the RI of the 

sensing sample alters by n. The change n may be caused by the deposition or binding of 

certain molecules on the metal surface.  
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Fig. 6.2. Schematic view of a prism-based SPPs sensor utilizing the Kretschmann configuration. 

As shown in Fig. 6.2, the structure typically comprises a three-layer configuration: a coupling 

prism with a high RI, a thin metal layer and a sensing sample layer. To calculate the 

reflectivity of the TM-polarized incident light through the Kretschmann configuration, a 

multilayer (N-layer) model (also called as transfer-matrix method) is used [19], as shown in 

Fig. 6.3. The layers are assumed to be stacked along the z-axis. Each layer is defined by a 

thickness hm, permeability m, dielectric constant m and RI nm, where m=2, 3,…, N-1. All the 

layers are assumed to be uniform, isotropic, and non-magnetic. 

 

Fig. 6.3. Representation of a multilayer (N-layer) model.  

The relationship of the tangential components of the electric field 𝐸// between the first 

boundary Z1 and the final boundary ZN-1 is expressed as: 

[𝐸1
//
] = 𝑀[𝐸𝑁−1

//
]         (6.1) 
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where M is the characteristic matrix and is given by: 

𝑀 = ∏ 𝑀𝑚 = [
𝑀11 𝑀12
𝑀21 𝑀22

]N−1
m=2         (6.2) 

  Mm = [
cosβm

-isinβm

qm

-iqmsinβm cosβm

]         (6.3) 

where 

βm =
2πhm

λ
√εm-(n1 sin θ)2, qm =

√εm-(n1 sinθ)2

εm
      (6.4) 

Then the reflectivity for the N-layer stacked structure illuminated by a TM-polarized light is 

given as [19]: 

RTM = |
(M11+M12qN)q1-(M21+M22qN)

(M11+M12qN)q1+(M21+M22qN)
|
2

      (6.5) 

Consider the fiber based SPPs sensor as shown previously in Fig. 6.1. For this structure, the 

prism is replaced by the fiber core. Similarly a three-layer configuration (fiber 

core/subwavelength metal grating layer/sensing sample layer) are considered in this analysis. 

Particularly for the subwavelength metal grating layer, based on the quasi-static limits (i.e. 

the grating-period-to-wavelength ratio P/→0), its optical properties are equivalent to a 

uniaxial homogeneous layer whose effective permittivity can be calculated by the effective 

medium theory (EMT) [20]. The effective permittivity eff can be written as eff=D 

+MD)d/P where D and M are the permittivities of the dielectric and metal, respectively. 

The frequency-dependent complex relative permittivity of the metal (gold in this case) is 

characterized by the Drude model. 
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When the light is launched into one end of the multimode fiber, the proportion of the beam 

crossing within the numerical aperture of the fiber is guided due to total internal reflection 

(TIR). Assuming the wavevector matching condition is satisfied, SPPs propagating along the 

metal-sample interface (named surface plasmon wave (SPW)) will be excited by the 

evanescent wave due to TIR, thus resulting in a SPPs dip in the corresponding transmission 

spectrum. The resonance condition can be expressed by the following equation [20]:  

kSPPs =𝑘𝑖𝑛𝑠𝑖𝑛𝜃 ±
2𝑚𝜋

𝑃
= kin√

εcoεeff

εco+εeff
+ 2kin

εeffεs

εeff
2 -εs

2

εco-√εcoεeff+εs(εco-εeff)

εco+√εcoεeff+εs(εco-εeff)

exp (2ikinh
εeff

√εeff+εs
)    

(6.6) 

where m is an integer indicating the order of diffraction, co is the permittivity of the fiber 

core, and s is the permittivity of the sensing sample. The normalized transmitted power 

detected at the other end of the multimode fiber can then be written as [21]: 

PT =
∫ RTM

K (nco
2 sinθcosθ) (1-nco

2 cos2θ)
2

⁄ dθ
π 2⁄

θcr

∫ (nco
2 sinθcosθ) (1-nco

2 cos2θ)
2

⁄ dθ
π 2⁄

θcr

       (6.7) 

where is the incident angle of the ray normal to the core-metal interface, nco (nco= 1.457) 

and ncl (ncl= 1.4395) are the RIs of the fiber core and cladding, respectively. K and cr are the 

number of light reflections in the sensing region and the critical angle of reflection, which can 

be calculated using the following equations [21]: 

 K =
L

Dtanθ
, θcr = sin

-1(ncl nco⁄ )      (6.8) 

where L and D are the length of the grating length and the fiber core diameter, respectively.  
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6.2.2 Sensing performance evaluation 

Sensitivity is a critical parameter to evaluate the performance of a sensor. Therefore the 

sensitivity of the proposed sensor is firstly investigated based on the analytical model shown 

above. Fig. 6.4 (a) firstly depicts the normalized transmission spectra for different values of 

the refractive index of ns. In the simulation, the structural parameters are set to be L = 20 mm, 

D = 400 um, d = 10 nm, P = 20 nm, h = 30 nm and εD = ncl
2 . These parameters are chosen 

based on the optimization procedures discussed in the sub-section which follows this one. 

From Fig. 6.4 (a) one can see that as ns increases, the SPPs dip shifts toward a longer 

wavelength, which shows that RI changes for the sample surrounding the metal grating film 

can be monitored by measuring the shift of the resonance wavelength. It can be estimated 

from Fig. 6.4 (a) that the proposed fiber based SPPs sensor has an estimated sensitivity of 

13000 nm/RIU in the RI range from 1.395 to 1.40 and 3892 nm/RIU in the RI range from 

1.333 to 1.353. For RI range of 1.395-1.40, the sensitivity is far higher than that of previously 

reported fiber based SPPs sensor of 7500 nm/RIU achieved in [14], and the sensitivity in RI 

range of 1.333-1.353 is comparable with that of 4262 nm/RIU achieved in [19].  

Further investigations were carried out comparing the effect of a metal grating layer (i.e. d = 

10 nm) with respect to a uniform metal layer (i.e. d =P = 20 nm) and the result is shown in 

Fig. 6.4 (b). This figure shows that as the RI of the sample increases the central resonance 

wavelengths for both sensors increase monotonically. However it is easy to see that the fiber 

based SPPs sensor with a subwavelength metal grating layer shows a higher sensitivity (as 

indicated by the higher slope) compared to that with a uniform metal layer. The sensitivities 

are calculated for both sensors at three different points across the refractive index range and 

are shown in a histogram in the inset to Fig. 6.4 (b).  
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Fig. 6.4. (a) Numerical simulation of the normalized transmission versus wavelength for different 

refractive indices of the sensing sample. (b) Calculated central wavelength vs. the sensing sample 

refractive index and the sensitivity (inset). 

6.2.3 Influence of geometric parameters on sensing performance  

In order to better understand the transmission properties of the proposed fiber based SPPs 

sensor, the spectral response of the structure with various geometric parameters is studied.  

According to the resonance condition in Eq. (6.6), it can be shown that the resonance 

wavelength of the sensor is related to the grating period of P and the grating thickness of h. 

Fig. 6.5 (a) depicts the normalized transmission spectra of the structure at different values of 

P. In this simulation, the structural parameters are L = 20 mm, D = 400 um, h = 30 nm, ns = 

1.36, d = 10 nm and εD = ncl
2 . From Fig. 6.5 (a) one can see that the spectral response is 

dependent on the metal grating period. The central resonance wavelength increases as P 

increases. This is reasonable based on Eq. (6.6). Fig. 6.5 (b) shows the corresponding 

variations in the sensitivity S as well as the Q value vs. P. It can be seen that as the value of P 

increases, S increases while Q decreases. A physical insight into this is that as P increases, 

with a fixed width d for the metal in the grating, then the fiber cladding material begins to 

dominate the effective permittivity eff and thus the real part of eff decreases, resulting in an 
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enhanced evanescent field outside of the fiber core. This is turn strengthens the coupling of 

evanescent field with SPPs and thus an increased sensitivity.   

   

Fig. 6.5. (a) Variation of the normalized transmission with wavelength for the different metal grating 

period P values. (b) Variation of the sensitivity S and Q at ns=1.36 vs. the metal grating period P. 

Fig. 6.6 (a) shows the normalized transmission spectra at different values of the metal grating 

thickness h. In this simulation the structural parameters are L = 20 mm, D = 400 m, d = 10 

nm, P = 20 nm,  εD = ncl
2  and ns = 1.36. The effect of the metal grating thickness on the 

spectral response can be clearly seen. The central resonance wavelength as well as the 

transmission value of the dip increases as h increases. This is reasonable due to the fact that 

thicker metal grating layer, smaller the interaction between the SPPs mode and fiber mode. 

Smaller interaction causes less absorption of light around the resonance wavelength, and 

hence the SPPs curve narrows and shifts upwards. The narrowing of the SPPs curve results in 

an increased Q value, as shown in Fig. 6.6 (b). Since this up-shift does not change the 

resonance wavelength appreciably, the sensitivity S does not change by a significant amount 

(Fig. 6.6 (b)). 
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Fig. 6.6. (a) Variation of the normalized transmission with wavelength for the different metal grating layer 

thickness h. (b) Variation of the sensitivity S and Q at ns = 1.36 vs. the metal grating layer thickness h. 

Fig. 6.7 depicts the corresponding variations in the sensitivity S as well as Q for different 

values of the grating length L and the fiber core diameter D. For the results shown in Fig. 6.7 

(a), the structural parameters are h = 30 nm, D = 400 m, d = 10 nm, P = 20 nm, εD = ncl
2   

and ns = 1.36, while the structural parameters for the simulation in Fig. 6.7 (b) are h = 30 nm, 

L = 20 mm, d = 10 nm, P = 20 nm, εD = ncl
2  and ns = 1.36. From Fig. 7, it can be seen that 

the values of both S and Q decrease as L increases, while S and Q values increase as D 

increases. These results could be understood as follows: as L increases, the number of 

reflections in the sensing region increases resulting in higher metal dissipation loss, and 

hence broadening of the SPPs spectral dip, in turn decreasing the Q value. As D increases, the 

number of reflections decreases (i.e. there is less metal dissipation loss) and hence sharpening 

of the SPPs spectral dip thereby increasing the Q value. However this broadening-sharpening 

effect has a moderate influence on the resonance wavelength, therefore the change of the 

sensitivity S is not that significant.  
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Fig. 6.7. Variations of the sensitivity S and Q at ns = 1.36 vs. the grating length L (a) and the fiber core 

diameter D (b). 

Based on the results shown above, we find that the quality factor Q of the SPPs dip is 

affected by the characteristic structural parameters, i.e. the fiber core diameter D, the grating 

length L, the metal grating period P and the metal grating layer thickness h. However, it can 

be observed that the influence of the structural parameters of h, D and L on the sensitivity S is 

moderate. For example, for a change in h from 30 nm to 54 nm the sensitivity S changes by 

circa 6%, whereas the metal grating period P has a relatively larger effect with a 35.8% 

variation in the sensitivity S as P varies from 20 nm to 50 nm, as evident in Fig. 6.5 (b). 

6.3 Subwavelength plasmonic grating based sensor for simultaneous 

measurement of both thickness and refractive index 

It is known that a prism based SPPs sensor needs precise incident beam angle control and is 

too bulky for integration. As an alternative, a SPPs sensor based on a subwavelength metal 

grating (MG) has sparked a lot of research interest [22-23] due to its unique characteristics: (I) 

a compact volume which makes it suitable for integration into microfluidic components [3], 

and (II) SPPs can be excited by an illumination at normal incidence, thereby removing any 

stringent light coupling requirements. Because of these specific advantages, recently various 
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SPPs based RI sensors utilizing the subwavelength MGs have been proposed and investigated, 

including a transmission MG (TMG) [24-26] and a reflection MG (RMG) [27-29]. 

Development of these structures has led to an increase in the RI detecting sensitivity, but for 

the case of thin layers of analytes the performance of such structures is rather limited [29]. 

For example, when assembling deoxyribonucleic acid (DNA) layer-by-layer on the surface of 

a subwavelength MG, the variations of physicochemical property of the layers i.e. the 

thickness (which is assumed to be smaller than the decay length of SPPs) and the RI (caused 

due to the bio-reaction) are simultaneously taking place [30]. Both variations will perturb the 

properties of SPPs. Put another way, it is difficult to distinguish between the variations 

induced by the changes in the layer thickness from those induced by the RI variations.  

To address this challenge, a novel RMG based sensor, which is capable of simultaneously 

measuring RI and the thickness of the analyte layer, is proposed and analyzed here. The 

schematic diagram of the investigated structure is shown in Fig. 6.8. 

 

Fig. 6.8. Schematic diagram of the plasmonic grating used as a biosensor illustrating the structural 

parameters and coordinates. The analyte layer is denoted as the dielectric layer with a thickness of d and RI 

of nd. 

Fig. 6.8 shows a one-dimensional subwavelength RMG (with the grating period T, the slit 

width f and height h) coated with a dielectric layer (i.e. analyte, with a thickness d and 
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refractive index nd) surrounded by air. For this structure, it is assumed that a TM-polarized 

source with illuminates the grating with a normal incidence. For the purpose of the simulation, 

we assume the slit is filled with a dielectric material with a RI (n = 1.33) close to that of the 

sensing analyte. 

6.3.1 Reflection of by the RMG 

Before studying the sensing performance of the RMG, it is worthwhile to consider its 

reflection characteristics. Fig. 6.9 (a) shows the simulated reflection spectra for the structure 

depicted in Fig. 6.8. The structural parameters in the simulation are as follows: nd = 1.33, T = 

600 nm, f = 50 nm, h = 300 nm and d = 600 nm. As shown in Fig. 6.9 (a) there are basically 

two reflection dips in the wavelength range from 700 nm to 1000 nm, positioned at 773.2 nm 

and 930 nm, respectively. The width of the reflection dip at 930 nm is much larger than that at 

773.2 nm. The Q value for the dip at 930 nm is 33.1, which is less than half of the Q value of 

72.8 for the dip at 773.2 nm.  

It is useful to visualize the field distributions within the structure for different wavelengths 

and resonance types. Figs. 6.9 (b-c) show the corresponding normalized electromagnetic 

2D-field patterns. Fig. 6.9 (b) indicates that the reflection dip at 930 nm is excited by the 

cavity resonance mode (CRM) since the fields are strongly concentrated in the slits with 

standing wave patterns, and only a small portion of the field leaks outside. However Fig. 6.9 

(c) shows that the reflection dip at 773.2 nm is excited by the hybrid plasmonic-cavity mode 

(HPCM) i.e. the mode is of hybrid nature with contribution from both SPPs and CRM.  
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Fig. 6.9. (a) Reflection spectrum of the investigated structure at normal incidence. Two reflection dips 

occur at 930 nm and 773.2 nm in the investigated wavelength range. The normalized electromagnetic field 

distributions of radiation at a wavelength of (b) 930 nm and (c) 773.2 nm at normal incidence. 

6.3.2 Individual measurements of RI and thickness 

As shown in Figs. 6.9 (b-c), compared to the CRM, the field distribution of the HPCM offers 

a larger overlap with the analyte, indicating the HPCM is more likely to be affected by the RI 

and thickness variations of the analyte. For example, Fig. 6.10 (a) shows a contour plot of the 

normalized reflected intensity as a function of both wavelength and the value of nd as nd 

varies from 1.33 to 1.38. The red-coloured region indicates a total reflection and the dark blue 

regions represent reflection dips arising from the excitation of HPCM or CRM. The 

geometric parameters are T = 600 nm, f = 50 nm, h = 300 nm and d = 600 nm. It is clear that 

the shift in the reflection dip related to HPCM is more sensitive to nd than that of another dip 

produced by the CRM, given the differences in slope evident in the contour plots. The 

reflection dip related to the CRM experiences a linear red shift with a sensitivity (△/△n) of 

240 nm/RIU (refractive index unit). However the dip associated with the HPCM experiences 

a red shift with a significantly higher sensitivity of 448 nm/RIU. This is due to the fact that 

the field of CRM is more strongly concentrated within the cavity which is relatively far from 
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the analyte layer compared to that of HPCM and hence the influence of the analyte layer on 

HPCM is more significant than that on CRM.  

In addition, the influence of the thickness of the analyte layer on the spectral response was 

also investigated and shown in Fig. 6. 10 (b). The parameters used in the simulation are T = 

600 nm, f = 50 nm, h = 300 nm and nd = 1.35. As expected, as the thickness d varies, the 

reflection dip related to the CRM remains substantially unchanged, while the dip related to 

the HPCM experiences a significant linear red-shift with a sensitivity (△/△d) of 75 nm/um. 

(a) (b)

n
d

 

Fig. 6.10. (a) Contour plot of the normalized reflection versus both the wavelength and the refractive index 

of nd for the investigated structure. (b) Contour plot of the normalized reflection versus both the 

wavelength and the thickness of the analyte layer d for the investigated structure.  

 

6.3.3 Simultaneous measurement of RI and thickness 

From the above discussions, it is known that the central wavelength of the dip related to 

HPCM depends on both the thickness and refractive index, but the wavelength shift related to 

CRM is thickness independent but sensitive to the refractive index change. This opens up a 

useful possibility that of being able to distinguish and measure both the thickness and RI 

simultaneously. As an example, in our simulation, the relationship between HPCM-induced 
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wavelength shift (∆𝜆𝐻𝑃𝐶𝑀) and CRM-induced spectral response variation (∆𝜆𝐶𝑅𝑀) can be 

expressed as: 

{
∆λHPCM = 448

nm

RIU
*∆nd + 75

nm

um
*∆d

∆λCRM = 240
nm

RIU
*∆nd

   (6.9) 

where ∆𝑑 and ∆nd are the thickness and RI variations of the analyte layer, respectively. 

Since the wavelength variations of the two spectral dips can be measured independently, by 

solving Eq. (6.9) using measured values, both the thickness and RI can be determined 

independently. 

6.4 Summary 

In this chapter a novel multimode fiber based SPPs biosensor with a subwavelength metal 

grating layer based on a multilayer model has been proposed and investigated. The proposed 

biosensor has an estimated sensitivity of 3892 nm/RIU in the RI range from 1.333-1.353, 

which is comparable with that previously achieved (4262 nm/RIU (RI: 1.355-1.365) in [19]) 

and an estimated sensitivity of 13000 nm/RIU in the RI range from 1.395 to 1.40, which is 

significantly higher than that previously achieved (7500 nm/RIU (RI: 1.395-1.40) in [14]). 

The effects of the grating length, the fiber core diameter and the metal grating layer thickness 

on the sensitivity S are not significant, while the grating period has a relatively strong 

influence on the sensitivity S. Furthermore the quality factor Q of the SPR dip is only lightly 

dependent on the grating length, the fiber core diameter, the metal grating layer thickness and 

the grating period. 

In addition, a novel hybrid plasmonic biosensor based on a subwavelength RMG has been 

proposed and theoretically analyzed. Our investigations show that the wavelength dip related 

to HPCM has a higher Q value of 72.8 compared to the second dip due to CRM with Q value 
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of 33.1. The sensitivity of the dip related to HPCM from variations in the refractive index of 

the analyte layer is approximately twice than that of the dip related to CRM. The sensitivity 

of HPCM to the analyte layer thickness means that HPCM can be used to detect the thickness 

of a coating layer (i.e. an organic analyte) with a sensitivity of 75 nm/um. Finally by 

measuring the spectral response shifts of both HPCM and CRM dips, it is possible to use the 

proposed technique to detect both the RI and the thickness of specific biochemical targets or 

analytes simultaneously. 
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Chapter 7: Conclusions and future 

research work 

This chapter presents the conclusions from across the thesis, and also discusses possible future 

research work as an extension of this PhD thesis.  

7.1 Conclusions from the research 

The primary focus of this thesis has been to improve the understanding, modeling, design and 

analysis of nanoplasmonic devices and their applications.  

Based on the material presented in previous chapters, the key contributions of this thesis can be 

divided into seven areas: 1) the design and analysis of a metal-insulator-metal (MIM) 

plasmonic waveguide based Fabry-Perot (FP) cavity-coupled filter; 2) the design of an 

insulator-metal-insulator (IMI) plasmonic waveguide based polarization beam splitter (PBS); 

3) the investigation and fabrication of a microfiber loaded SPPs (MFLSPPs) based TE-pass 

polarizer; 4) the design of a long-range dielectric loaded SPPs (LRDLSPPs) based waveguide 

offering a better tradeoff between the propagation length and mode confinement; 5) the 

development of two ultra-tight mode confinement hybrid SPPs (HSPPs) waveguides with an 

optimized tradeoff: a long range nanowedge HSPPs (LRWHSPPs) waveguide and a long 

range wedge-to-wedge HSPPs (LRWWHSPPs) waveguide; 6) the analysis of a multimode 

fiber based SPPs biosensor coated with a subwavelength metal grating (MG) layer; 7) the 

design of a subwavelength reflection metal grating (RMG) based biosensor for simultaneous 

detection of the refractive index and thickness of the analyte layer.  

The major conclusions and insights gained for each of these areas is now discussed in detail.   
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1. Design of a metal-insulator-metal plasmonic Fabry-Perot cavity-coupled filter with 

nanocavity resonators 

In this thesis an ultra-compact FP cavity-coupled filter is numerically investigated utilizing 

the FDTD method and an analytical FP cavity model. The filter consists of a MIM waveguide 

with nanocavity resonators. The SPPs propagating within the insulator waveguide can be 

captured by the nanocavity under resonance conditions which in turn induces dips in the 

transmission spectrum. The key conclusions from the studies in this area can be drawn as 

follows: 

● The simulation results demonstrate that the transmission band for the filter can be 

modified by adjusting the geometrical characteristics of the nanocavity.  

● For a single-channel filter, the resonance wavelengths show a linear red shift with the 

slope of 1.742 nm/µm as a function of the nanocavity length and a nonlinear 

blue-shift with respect to the nanocavity width.  

● A dual-channel filter is designed, which shows that the location of the two 

nanocavities (for example, a nanocavity on either side of the waveguide or both 

nanocavities on the same side of the waveguide), as well as the distance between the 

nanocavities, has only a marginal effect on the spectral response of the filter. 

2. Analysis of a polarization beam splitter based on the IMI plasmonic waveguide 

In this thesis a novel compact PBS with low insertion loss and high extinction ratio is 

investigated in both two-dimensional (2D) and two-dimensional (3D) models using the FEM. 

The PBS is based on a three-core plasmonic directional coupler, which utilizes the 

polarization selective coupling principle between a long range SPPs (LRSPPs) waveguide 

and a conventional dielectric waveguide. From the studies, it can be concluded that: 
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● Both 2D model and 3D models have been constructed and simulation results show 

that 2D model has similar results compared to 3D model, but with a computing time 

several times shorter. 

● With appropriate structural parameters, the PBS can be realized with a low insertion 

loss of 0.17 dB and a high extinction ratio of 20.17 dB, at a wavelength of 1550 nm 

for TE polarizaiton. 

● The PBS can achieve a low insertion loss of 0.25 dB and a high extinction ratio of 

19.83 dB at a wavelength of 1550 nm for TM polarization. 

● The PBS can achieve an insertion loss lower than 0.5 dB and an extinction ratio of 

higher than 14 dB across the entire C-band for both TE and TM polarizations. 

3. Demonstration of a MFLSPPs based TE-pass polarizer 

A novel surface plasmon TE-pass polarizer, consisting of an optical microfiber placed on a 

silver coated glass substrate, is theoretically investigated (by means of the FEM) and 

experimentally demonstrated in this thesis. The microfiber was fabricated using the standard 

micro-heater brushing-tapering technique. From both the numerical simulation and 

experimental results, it can be concluded that: 

● The fundamental TM mode suffers from a large metal dissipation loss induced by the 

excited microfiber-loaded surface plasmon mode where a portion of the energy is 

located on the metal surface. 

● The loss for the fundamental TE mode is relatively low due to the fact that the TE 

mode will not couple to the surface plasmon mode and hence the largest portion of the 

energy is located within the microfiber. 
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● By the appropriate selection of structural parameters, the proposed structure can 

realize a low insertion loss (< 1.6 dB) for TE mode over the wavelength range from 

1500 to 1600 nm.  

● With appropriate structural parameters, the proposed structure can realize a relatively 

high insertion loss (> 22 dB) for TM mode over the wavelength range from 1500 to 

1600 nm. 

● A polarization extinction ratio greater than 20 dB over the whole wavelength range 

from 1500 nm to 1600 nm is achieved. 

4. A LRDLSPPs waveguide offering a better tradeoff between mode confinement and 

propagation length 

In this thesis, a novel LRDLSPPs waveguide offering lower loss but with a higher degree of 

mode confinement is proposed and investigated using the FEM. The waveguide utilizes the 

configuration of conventional LRDLSPPs but with an altered metallic geometry.  

With the appropriate selection of structural parameters, it can be concluded that: 

● For the same mode confinement, the proposed LRDLSPPs waveguide can 

significantly improve the propagation length by up to six times compared to the 

conventional LRDLSPPs waveguide. 

● For the same propagation length, the proposed LRDLSPPs waveguide can realize a 

2-fold tighter field confinement compared to a conventional LRDLSPPs waveguide. 

● The proposed LRDLSPPs waveguide offers a lower crosstalk compared to a 

conventional LRDLSPPs waveguide for the vertically parallel case. 



 

134 

 

● The proposed LRDLSPPs waveguide offers a similar crosstalk compared to the 

conventional LRDLSPPs waveguide for the horizontally parallel case. 

5. Design of a LRWHSPPs waveguide and a LRWWHSPPs waveguide achieving both a 

long propagation length and subwavelength mode confinement   

To further mitigate the tradeoff between the mode confinement and propagation length, two 

novel HSPPs waveguides are proposed and investigated in this thesis, identified as a 

LRWHSPPs waveguide and a LRWWHSPPs waveguide. The coupling between the dielectric 

waveguide and LRSPPs modes results in a novel hybrid plasmonic mode featuring both long 

propagation length and strong mode confinement. The conclusions from these studies are: 

● With the appropriate structural parameters, the LRWHSPPs waveguide could offer a 

very useful capability for low loss (propagation length ranges from 1200 m to 3500 

m) and deep-subwavelength (mode area ranges from to) light 

confinement. 

● If the refractive index (RI) for the cladding material is deliberately lowered for the 

LRWHSPPs waveguide, this not only extends the propagation length but also 

improves the mode confinement. 

● By comparison to the HSPPs waveguide reported in [1], the propagation length and 

the mode confinement of the LRWHSPPs waveguide demonstrates at least a 60-fold 

and a 5-fold enhancement respectively. 

● Compared to the WHSPPs proposed in [2], the LRWHSPPs waveguide has relatively 

worse mode confinement (roughly twice the mode area), but has 40 times longer 

propagation length. 
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● By comparison to the LRHSPPs waveguide reported in Ref. 3, the LRWHSPPs 

waveguide offers a similar propagation length, but has an order of magnitude higher 

level of mode confinement. 

● Compared to the BTHSPPs (SBTHSPPs) waveguide in Ref. 4, the LRWHSPPs 

waveguide demonstrates at least a 3-fold (6-fold) and 30-fold (1.5-fold) enhancement 

for the mode confinement and propagation length compared to those of the BTHSPPs 

(SBTHSPPs) waveguide respectively. 

● Compared to the LRWHSPPs waveguide, the LRWWHSPPs waveguide demonstrate 

sa 2.4-fold extended propagation length for the same mode confinement or a 9-fold 

enhancement in mode confinement for the same propagation length, indicating that 

the LRWWHSPPs waveguide would achieve the best tradeoff compared to the 

recently published structures. 

● Both the LRWHSPPs and LRWWHSPPs waveguides have an acceptable tolerance to 

fabrication errors, for example, the uneveness of dielectric waveguide surface and the 

misalignment between the Ag nanowedges and Si waveguides. 

6. Analysis of a multimode fiber biosensor coated with a subwavelength metal grating layer 

In this thesis, a novel multimode fiber based plasmonic biosensor is studied by means of the 

transfer-matrix method. Compared to the configuration of a conventional multimode fiber 

biosensor coated with uniform metal layer, the proposed biosensor utilizes an embedded 

subwavelength metal grating layer to replace the uniform metal layer. The conclusions from 

the studies are: 

● With the appropriate selection of structural parameters, the proposed biosensor has an 

estimated sensitivity of 3892 nm/RIU (refractive index unit) in the RI range from 
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1.333-1.353.  

● The proposed biosensor has an estimated sensitivity of 13000 nm/RIU in the RI range 

from 1.395 to 1.40. 

● It has been demonstrated that the fiber based SPPs biosensor with a subwavelength 

metal grating layer offers an at least a 3-fold enhanced sensitivity compared to the 

sensor with a uniform metal layer. 

● It has been demonstrated that the grating length, the fiber core diameter and the metal 

grating layer thickness all have a moderate effect on the sensitivity of the sensor. 

● It has been demonstrated that the grating period has a relatively strong influence on 

the sensitivity. 

● The quality factor of the SPR dip is weakly dependent on the grating length, the fiber 

core diameter, the metal grating layer thickness and the grating period. 

7. Design of a subwavelength plasmonic grating based sensor for simultaneous 

measurement of both thickness and the refractive index of the analyte layer 

A novel subwavelength RMG based sensor is reported and characterized by the FEM. 

Investigations on the mode properties of the cavity resonance mode (CRM) and hybrid 

plasmonic-cavity mode (HPCM) demonstrate that it is possible to determine both refractive 

index and thickness of the analyte layer simultaneously. The main conclusions from this 

study are: 

● The width of the reflection dip related to the HPCM is much narrower than that of the 

CRM: the Q value for the HPCM dip is 72.8, which is twice that compared with 33.1 

for the CRM dip.  
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● The field distribution of the HPCM offers a larger overlap with the surrounding 

analyte compared to the CRM, thus the HPCM is more likely to be affected by the 

analyte propertries, such as the RI and thickness. 

● For measurement of RI variation of the analyte △n: the sensor involving the CRM 

has an estimated sensitivity (△/△n) of 240 nm/RIU, while the sensitivity of that 

involving the HPCM is 448 nm/RIU.  

● For measurement of thickness variation of the analyte layer △d: the reflection dip 

caused by the CRM remains substantially unchanged, while the dip associate with the 

HPCM offers an estimated sensitivity (△/△d) of 75 nm/um. 

● The results obtained from the measurements of RI and thickness variations for the 

analyte layer confirm a useful possibility to distinguish and measure both the 

thickness and RI simultaneously. 

7.2 Future research 

For the future work, there are a number of research topics and directions that could extend 

further the research presented in this thesis. 

1. Implementation of the devices proposed in this thesis 

The most immediate extension of this work should be further experimental verification of the 

devices proposed and investigated in this thesis, building on the reported proof of concept 

experiment based on a microfiber loaded SPPs (MFLSPPs) TE-pass polarizer that has been 

carried out, showing a good agreement between simulation and experimental results.   
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2. Extend potential applications of the proposed LRWWHSPPs waveguide 

The emerging field of nanophotonics requires coherent light sources free from the limitations 

imposed by the diffraction limit, which in turn could be used to investigate rich physical 

phenomena at a nanometer scale [5]. On the other hand, due to the ever-increasing demands 

for trapping and manipulating biological and non-biological particles (such as cells, viruses 

and molecules), nanotweezers have been attracting more and more attentions [6]. 

The proposed LRWWHSPPs waveguide offers three distinct advantages: (1) its 

subwavelength mode confinement enables it to overcome the diffraction limit; (2) its low 

propagation loss generally could minimize the material gain required to reach the lasing 

threshold [5]; (3) its large gradient of the light field in the nanogap could give rise to an 

enhanced optical force [6]. Therefore, new kinds of LRWWHSPPs waveguide based devices 

can be explored, for example for applications in the areas of nanolasers and nanotweezers.   

3. Exploration of active plasmonic waveguides using gain medium as loss 

compensation   

Guiding light beyond the diffraction limit is a promising route for development of 

miniaturized integrated photonic circuits (IPCs). However, the propagation loss increases 

with the confinement factor, posing a fundamental problem in many potential applications. 

How to balance the tradeoff between the propagation loss and mode confinement is one of 

the critical considerations for SPPs waveguides. Although the proposed LRWWHSPPs 

waveguide in this thesis could potentially balance this tradeoff and can act as a guideline for 

further exploration of plasmonic waveguides, the propagation loss is still a limitation. Thus 

new strategies are needed to reduce this intrinsic loss still further. Recently researchers have 

explored the possibility of loss compensation using a gain medium [7-8]. For example, a 
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plasmonic mode power gain of 8.55 dB mm
-1

 has been achieved by incorporating optically 

pumped dye molecules as the gain medium [8]. Loss compensation for the 

deep-subwavelength confined SPPs could also be one of the future tasks.   
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