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Summary 

Recent technologies lean towards low cost, high speed, lightweight and 

compact devices. This is particularly true for nanoscale optoelectronic 

integrated circuits with applications in on-chip data communications. While 

scaling has been possible for most of the components necessary for 

optoelectronic integrated circuits, the achievement of a compact light source 

suitable for plasmonic applications remains challenging. Often such sources 

require small device footprints, high efficiency, low power inputs, ease of 

fabrication, high directionality and tunable operating wavelengths. This thesis 

is related to the construction of such a compact light source. 

 A compact tunable source of plasmon polaritons based on a protruded 

metal-insulator-metal (pMIM) structure has been proposed. The pMIM 

structure consists of a protruded segment and a metal-insulator-metal (MIM) 

waveguiding segment. The protruded tip forms a nanometre gap and allows a 

low voltage bias to generate a localised tunnelling current. This tunnelling 

current excites plasmon polaritons which can be coupled onto an MIM 

waveguiding segment which has a much larger gap than the tip gap. As such, 

the excited plasmon polaritons are able to propagate a long distance which is a 

key feature of this source, and is challenging to achieve. 

The protruded tip enhances the total amount of emitted power from the 

tunnelling current while the tip’s profile enhances the coupling efficiency of 

excited plasmon polaritons from the protruded segment to the MIM 

waveguiding segment. From a range of possible practical tip profiles with 

different contact areas and slope gradients, the concave tip profile is seen to 

exhibit the highest coupling efficiency. 
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By applying a voltage bias, the protruded tip will excite eigenwaves 

which can be coupled to the MIM waveguiding segment to form long 

propagating surface plasmon-polaritons (SPPs). Among all excited modes, the 

single and dual mode operation allows highly efficient excitation of long 

travelling SPPs with propagation length of up to 30 µm. In order to use such 

pMIM structures for on-chip applications, the metal substrate has to be 

relatively thin and undesired leakage radiation could arise. For an Au-SiO2-Au 

pMIM structure, the Au thickness should be larger than 100 nm. Working with 

experimental collaborators, the undesired leakage radiation can be used to 

detect excited propagating SPPs in practical pMIM structures.  

To achieve an ideal highly directional on-chip source, the protruded 

segment was manipulated to implement asymmetric directivity by harnessing 

excited surface eigenmodes on a metal nanostructure placed below the 

protruded tip, forming a double protruded metal-insulator-metal (p2MIM) 

structure. There exists a correlation between surface eigenmodes excited by 

tunnelling current with the circular dichroism (CD) signature of optically 

excited nanostructures. Using the plasmon hybridisation method as a tool, 

excited surface eigenmodes on basic and complex nanostructures can be 

predicted, allowing for the design of a nanostructure that can create a desired 

surface eigenmode profile which induces asymmetric directivity. 

The electrical excitation of SPPs using pMIM and p2MIM structures 

opens up the possibility of integrating plasmon sources onto nanoscale 

optoelectronic integrated circuits to facilitate on-chip data communications, 

and these structures have shown significant promise as a result of the work 

shown in this thesis. 
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𝑛𝑚𝑚𝑚𝑚𝑚𝑚: Refractive index of medium 
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𝜃𝑠𝑠𝑠𝑠: Angle along direction of scattered electrons away from normal 
p: Dipole moment 
𝜌: Electric charge density 
𝑝̅: Momentum 
𝑃�: Polarisation density 
P(ω): Power 
Ploss: Probability of energy loss  
𝑞; 𝑒: Charge of each electron 
𝑆𝑟𝑟: Time average poynting vector in radial direction for eigenfields with 
mode number n 
𝑆𝑟∅: Time average poynting vector in radial direction for excited eigenwaves 
𝜇0: Permeability of free space 
𝜇𝑟: Relative permeability of material 
𝜇: Permittivity of material 
𝑣𝑒𝑒𝑒: Effective propagation speed  
V: Voltage bias 
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γ: Interaction index 
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conduction electrons) 
𝜆𝑒𝑒𝑒: Effective wavelength  
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𝜆𝑆𝑆𝑆: Wavelength of excited SPPs 
𝑧: zepto (10−21) 

 



xviii 
 

List of Abbreviations 

Al: Aluminium 
Al2O3: Aluminium Oxide 
Ag: Silver 
ATR: Attenuated total reflection 
Au: Gold 
CCD: Charge coupled device 
CD: Circular dichroism 
CMOS: Complementary metal-oxide-semiconductor 
Cu: Copper 
DT: Direct tunnelling 
EELS: Electron energy loss spectroscopy 
EGaIn: Eutectic Gallium Indium 
EM: Electromagnetic  
EMCCD: Electron multiplying CCD 
Fc: Ferrocenyl 
FDTD: Finite-difference time-domain 
FEM: Finite element method 
F.T: Fourier transform 
FWHM: Full width half maximum 
HOMO: Highest occupied molecular orbital 
IM: Insulator-metal 
IMI: Insulator-metal-insulator 
LCP: Left handed circularly polarised 
LED: Light emitting diode 
LSP: Localised SPPs 
LSPR: Localised surface plasmon resonance 
LUMO: Lowest unoccupied molecular orbital 
MIM: Metal-insulator-metal 
Ni: Nickel 
NIR: Near infra-red 
OA: Optical adhesive 
OLED: Organic light emitting diode  
PDMS: Polydimethylsiloxane 
pMIM: Protruded metal-insulator-metal 
p2MIM: Double protruded metal-insulator-metal 
PML: Perfectly matched layer 
Pt: Platinum 
RCP: Right handed circularly polarised 
SAM: Self assembled monolayer 
SCn: S(CH2)n-1CH3 
Si3N4: Silicon Nitride 
SiO2: Silicon dioxide  
S-OPE-Fc: (4-((4-(ferrocenyl)phenyl)ethynyl)phenyl)methanethiol 
SPP: Surface plasmon polariton 
ST: Sequential tunnelling 
STM: Scanning tunnelling microscopy 
TE: Transverse electric 



xix 
 

TEM: Transmission electron microscope 
TM: Transverse magnetic 
TMM: Transfer matrix method 
TIR: Total internal reflection 
UV: Ultraviolet 
VIS: Visible 
 
 
 



1 
 

Chapter 1. Introduction 

 

1.1. Background  

 

Continuous downward scaling of semiconductor technologies has been 

prompted by an ever increasing demand for efficient electronic devices with 

smaller dimensions and reduced propagation delays, allowing for faster 

information transfer. Bottlenecks, however are presented by electrical 

interconnects in electrical circuits, thereby limiting operation to less than 10 

GHz [1.1, 1.2]. To resolve this limitation, prospects lie in the combination of 

electrical and optical devices, making use of optical devices to provide 

superior operational bandwidth [1.3, 1.4] and data transmission capabilities. 

Photons have very little interaction with their surrounding environment [1.5], 

which is the primary reason that bandwidth can be greater, along with the fact 

that commonly used frequencies are so high that modulation bandwidths can 

theoretically be much higher than the use of electrons in electronic circuits.  

So-called optoelectronic integrated circuits make use of the best of 

optics and electronics. In optoelectronic integrated circuits [1.6], electrical 

signals are converted into digital light signals for data transmission at the 

transmitting end of the data buses. At the receiving end of the data buses, the 

light containing digital information is converted back to electrical signals, 

thereby ramping up the speed and accuracy of information transfer. 

 Optical device dimensions, however, are limited by the law of 

diffraction, resulting in an incompatibility between nanometre scale 
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electronics and micrometre scale photonics elements. Such incompatibility 

paves the way for the emergence of plasmonics which merges the high 

bandwidth offered by photonics and the nanoscale integration offered by 

nanoelectronics [1.7], particularly in the area of integrated circuits. Plasmonics 

applications [1.8] in optoelectronic integrated circuits, in a broad sense, 

involve the ability to make use of plasmon polaritons which are collective 

charge oscillations formed by coupling the photon energy with the free 

electron gas. These plasmon polaritons capture and confine light in 

nanostructures which can then be coupled out using waveguiding structures as 

a medium of communication. One key attribute of the use of plasmon 

polaritons in interconnects is that they are able to surpass the speed limitation 

of electrical interconnects once translation between electrical and plasmonic 

signals is possible.  
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1.2. Motivation 

 

With the exception of a compact light source, downwards scaling has 

been possible for most optical components necessary for optoelectronic 

integrated circuits, including waveguides [1.9-1.12], modulators [1.13-1.15] 

and detectors [1.8, 1.16-1.18]. Optical components such as these photonics 

devices allow for faster information transfer and higher operation bandwidth 

but they are of sizes limited by the laws of diffraction. One way to scale these 

photonics devices is to make use of plasmon polaritons to bridge the 

difference in size between nanometer scale electronics and micrometer scale 

photonic elements.  While plasmon polaritons present a solution to downscale 

these optical devices, there is a challenge in scaling the optical source, which 

is the reason for the proposed electrically excited plasmon source. The design 

of this source is critical, and is the main body of work in this thesis. 

Plasmon sources [1.19, 1.20] make use of surface plasmon polaritons 

(SPPs). SPPs are actually true surface eigenmodes [1.21, 1.22] that occur at 

the interfaces of metals and dielectrics and they are able to confine light in 

subwavelength dimensions, thereby allowing plasmon sources to serve as 

compact light sources. 

While the excitation of surface plasmon polaritons by external light 

sources at metal interfaces has been widely studied and fairly well understood, 

the advantages of plasmon polaritons can only be truly exploited by 

integrating them on a single chip. Current methods of plasmon generation 

using optical means inherently limit the use of plasmon polaritons in 

optoelectronic integrated circuits.  
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In order to create a compact light source, plasmonics has to be 

integrated with existing electronics to create a device that is able to facilitate 

direct electrical excitation as a means to generate plasmon polaritons on-chip, 

as opposed to that requiring external excitation [1.23, 1.24]. Further, with 

lasers being the brightest sources of high frequency electromagnetic radiation, 

lasers built from plasmon sources could ultimately enable the exploration of 

nanometre-scale science and applications geared towards deep subwavelength 

optics for the development of high performance devices [1.25]. 

Electrically excited plasmon sources can be configured in the form of 

scanning tunnelling microscopy (STM) [1.26-1.30], transmission electron 

microscopy (TEM) [1.31-1.33], organic light emitting diodes (OLEDs) [1.34], 

semiconductor LEDs [1.9, 1.35-1.36], silicon nanocrystals [1.37], 

semiconductor nanowires [1.38, 1.39], semiconductor quantum cascaded laser 

[1.40] and quantum well hybrid structures [1.41, 1.42]. Of the state of the art 

electrically excited plasmon sources studied prior to this work, the simplest 

structure is the metal insulator metal (MIM) structure. The MIM structure 

however, has very thin insulating structures which are necessary to generate 

plasmon polaritons, but which impedes propagation length.  

Many other recent electrically excited plasmon source designs also 

face technical problems which include their inability to meet low power 

consumption and small size requirements, complexity of fabrication, 

inefficiency of plasmon polariton generation, low out coupling efficiency, 

uncontrollable directionality of the excited plasmon polaritons and too-short 

propagation lengths due to heavy damping. It is hence difficult to translate 

electrically excited plasmon sources to practical applications involving 
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optoelectronics integrated circuits. Low melting temperatures of materials 

such as OLEDs also serve as an impediment.  

 Optoelectronic integrated circuits are often compact with various 

components sharing the same power source, leading to low power 

requirements that serve as a limitation for plasmon polariton generation. 

Power and size limitations pose different challenges involving the redesign of 

existing structures which would allow electrical excitation and structures 

which have the potential to be scaled down.  

  In this thesis, the protruded MIM structure was proposed, which 

addresses many of these challenges, including low input power, generation 

and outcoupling efficiency, and controllability of the directionality of the 

excited plasmon polaritons. 
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1.3. Thesis outline 

 

The main objective to be achieved from this study is to design a 

compact, efficient and tunable on-chip plasmon source for data 

communications in nanoscale optoelectronic integrated circuits. To achieve 

this objective, Chapter 1 will review the background and motivation behind 

the need for such an on-chip plasmon source. To design such a plasmon 

source, a brief review of plasmons and plasmon polaritons is given in Chapter 

2, including surface and volume plasmon polaritons.  Recent advances and 

current state of the art in the design of plasmon sources are also discussed, 

either via optical or electrical excitations in the form of an electron beam or a 

tunnelling current. The relevance of electrical excitation as an avenue for on-

chip sources in optoelectronic integrated circuits is investigated as well. 

From the current state of the art, MIM structures align most closely 

with the requirement for an electrically excited an on-chip plasmon source but 

it limits propagation distances of plasmon polaritons due to the thinness of the 

insulator. In Chapter 3, a compact and tunable source of plasmon polaritons is 

proposed based on a protruded metal-insulator-metal (pMIM) structure which 

consists of a protruded tip segment and a metal-insulator-metal (MIM) 

waveguiding segment. Emitted power from the tunnelling current generated in 

the protruded tip segment excites plasmon polaritons. To enhance this emitted 

power, different rectangular, convex, triangular and concave tip profiles are 

investigated. To tune the resonant peaks of this emitted power, the gap 

thickness at the tip is also studied. Since excited plasmon polaritons have to be 
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coupled from the protruded tip segment to the MIM waveguiding segment, the 

coupling efficiency is investigated as well. 

In Chapter 4, the excited eigenwaves in the MIM waveguiding 

segment are studied. These eigenwaves are made up of different intrinsic 

eigenmodes. The various eigenmodes that can be supported are identified and 

classified into different operating regimes with various cut-off energies. Using 

a theoretical formulation to decompose the excited eigenwaves into the 

individual eigenmodes, long travelling plasmon polaritons can be identified 

and excited with high efficiencies. To adopt the proposed pMIM structure for 

use in on-chip applications, the metal thickness is investigated in Chapter 5. 

The limited thickness results in leakage radiation which is not desired since it 

reduces the plasmon polaritons’ propagation length. The leakage radiation 

detection method is described and various metal thicknesses are studied to 

investigate the minimum allowable metal thickness with negligible leakage 

radiation. While leakage radiation is not desired, it can be used as a means to 

detect excited plasmon polaritons for pMIM structures.  

A preliminary experimental study is conducted by experimental 

collaborators on the proposed pMIM design in Chapter 6. Practical materials 

are selected for the pMIM structure to aid the experimental fabrications. To 

detect excited plasmon polaritons from the pMIM structure, real and back 

focal plane images are examined. Using a proposed theoretical formalism, the 

leakage radiation spectra can be linked to the excitation of propagating SPPs.  

pMIM structures allow symmetric directivity of highly efficient 

plasmon polaritons and provide a basis for the design of an ideal plasmon 

source which is highly directional. This symmetric directivity can be improved 
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to obtain asymmetric directivity in chapter 7, where the protruded segment is 

manipulated by placing a metal nanostructure below the protruded tip to form 

a double protruded metal-insulator-metal (p2MIM) structure. The tunnelling 

current generated at the protruded tip excites surface eigenmodes on the metal 

nanostructure. The profile of these surface eigenmodes affects the dominant 

propagation direction of the excited plasmon polaritons in the MIM 

waveguiding segment. The profile of these surface eigenmodes excited by a 

tunnelling current can be correlated with the circular dichroism (CD) signature 

of nanostructures which are excited optically. This correlation allows the 

surface eigenmode profile on basic circular, triangular, square and rectangular 

nanostructures to be predicted using the plasmon hybridisation theory. This 

theory can be further extended to predict surface eigenmode profiles in 

complex nanostructures such as the gammadion nanostructure.  

The main finding from this work is that electrical excitation of SPPs 

using pMIM and p2MIM structures are indeed possible and can be used as a 

basis of design for a compact, efficient and tunable on-chip plasmon source 

for data communications in nanoscale optoelectronic integrated circuits. Apart 

from these findings, much work remains to be done to advance the field of on-

chip plasmon sources which is also discussed. 
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1.4. Original contributions 

 

The original contributions of the research are summarised as follows: 

1. Designed a protruded MIM (pMIM) structure to excite long propagating 

surface plasmon polaritons.  

By applying a low voltage bias, the protruded tip of the pMIM generates a 

tunnelling current which excites plasmon polaritons and couples them onto 

a metal-insulator-metal (MIM) waveguiding segment. These coupled 

plasmon polaritons propagate a longer distance of up to 30 µm due to the 

thick insulator layer in the MIM waveguiding segment as compared to the 

gap separation under the protruded tip . The protruded tip profile can be 

modified to enhance the emitted power from the tunnelling current. The 

concave tip mimics the ideal long and narrow tip profile most closely and 

enhances emitted power most. 

 

2. Proposed an efficient approach to excite long travelling plasmon 

polaritons by identifying the contribution of each excited eigenmode in 

the MIM waveguiding segment.  

The MIM waveguiding segment supports different eigenmodes with 

varying applied voltage bias. By identifying the contribution of each 

individual eigenmodes via decomposition of excited eigenwaves, the 

applied bias voltage can be controlled to excite long travelling surface 

plasmon polaritons with high efficiency, particularly in the single and dual 

mode operation regime. 
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3. Proposed guidelines for finite metal thicknesses of pMIM structures for 

on-chip applications and the use of leakage radiation to detect excited 

plasmon polaritons.  

Leakage radiation arises when the metal substrate thickness is reduced 

beyond a critical value. For on-chip applications, this leakage radiation is 

undesired. For a Au-SiO2-Au pMIM structure, leakage radiation remains 

negligible when the bottom Au substrate is larger than 150% of the skin 

depth of Au. Detected leakage radiation can be used to account for excited 

plasmon polaritons. 

 

4. Designed a double protruded metal-insulator-metal (p2MIM) structure to 

improve the directivity of excited plasmon polaritons. 

In pMIM, the protruded tip acts as a localised source which excites 

plasmon polaritons with symmetric directivity. By placing metal 

nanostructures below the protruded tip segment to form the p2MIM, 

excited surface eigenmode profile on these metal nanostructures could 

control the direction of the outwards propagating plasmon polaritons, 

thereby achieving asymmetric directivity. These surface eigenmode 

profiles can be predicted by using a correlation established between 

surface eigenmodes excited by the tunnelling current and the circular 

dichroism signature of the nanostructures. 
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Chapter 2. Excitation of plasmon polaritons 

 

2.1. Introduction 

 

To excite plasmon polaritons, one has to match the wavevector of the 

incident excitation source with the wavevector of the plasmon polaritons. 

Here, methods of plasmon polariton excitation are reviewed. These include 

optical excitations usually in the form of an external laser or TM polarised 

electromagnetic wave and electrical excitations in the form of electron beams. 

From the different methods detailed, electrical excitation has been identified to 

have the most potential in creating a source of excited plasmon polaritons that 

can take on the role of a compact light source in optoelectronic integrated 

circuits. The use of electrical excitation allows the on-chip plasmon source to 

draw current from the same power supply as that of the other components in 

the circuits. Since the plasmon source is to be integrated on-chip, the power 

requirements should be very low as well. The power supply voltage 

requirement for a typical electronic integrated circuit is around 1.8 volts to 3.3 

volts for 0.18 µm technology [2.1, 2.2]. 

It is however hard to realise such electrical excitation since low power 

requirements would mean that the device footprint has to be small. The use of 

electrical excitation also means that the choice of materials making up the 

plasmon polariton source must also be electrically conductive. One way to 

overcome these above mentioned challenges is to make use of simple 

structures made up of electrically conductive materials that exhibit plasmonic 
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properties. It would also be ideal if the material adopted for use exhibits 

compatibility with current complementary metal-oxide-semiconductor 

(CMOS) manufacturing processes. To further lower the device footprint, it 

may be possible to consider modifications to integrate existing components 

that can already meet the scaling requirements. 
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2.2. Plasmons and plasmon polaritons  

 

A plasma is a medium with an equal concentration of positive and 

negative charges [2.3]. At least one of its charge types is mobile. In this case, 

the negative charges are the conduction electrons while the positive charges 

are ion cores in the background. Such a description of a plasma can be 

adequately represented by good conductors with dominant conduction 

electrons such as metals [2.4]. Plasmons are collective oscillations of free 

electrons in metals at a particular eigenfrequency, 𝜔𝑝. In general, they are a 

quantum (collective unit) of charge density oscillation in a plasma. For a given 

quanta, plasmons have energy ℏ𝜔𝑝. Plasmons are analogous to sound waves 

since they are longitudinal oscillations of the free electron gas which creates 

regions of varying electron density. When plasmons are formed as a result of 

excited resonances from incident excitation sources, they are known as 

plasmon polaritons.  

 Plasmon polaritons can be excited either via optical or electrical means 

as would be covered in Secs. 2.4 and 2.5. Both optical and electrical means of 

excitation involve electromagnetic radiation since optical sources are actually 

electromagnetic waves while electrical sources such as electron beams or 

tunnelling electrons produce their own electromagnetic waves as they move. 

The excited plasmon polaritons may be localised or propagating, depending on 

the structure or configuration in which they are excited. Since optical 

excitations and excited electron beams from electrical excitations form 

electromagnetic waves, macroscopic Maxwell’s equations, the divergence 

relations and their corresponding boundary conditions have to be dealt with. 
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Maxwell’s equations can exist in either differential or integral form and can be 

represented in terms of vector and scalar potentials [2.5]. Since the focus for 

this work is in the optical regime at high frequencies, ferromagnetic materials 

are not considered since it is assumed that the materials under consideration do 

not induce magnetic induction; hence the magnetisation vector, 𝑀� = 0. The 

differential form Maxwell’s equations [2.5] can be represented as shown in 

Eqns. 2.1 and 2.2,  

 𝛻 × 𝐸� = −𝑑𝐵�

𝑑𝑑
  (2.1) 

 𝛻 × 𝐻� = 𝐽 ̅+ 𝑑𝐷�

𝑑𝑑
  (2.2) 

where 𝐸� and 𝐻� refer to the macroscopic electric and magnetic fields while 𝐷� 

and 𝐵�  refer to the electric displacement field and the magnetic flux density 

respectively. 𝐽 ̅ refers to the total electric current density. The divergence 

relations are represented in Eqns. 2.3 and 2.4 where 𝜌 represents the total 

charge density. 

 𝛻 ∙ 𝐷� = 𝜌  (2.3) 

  𝛻 ∙ 𝐵� = 0  (2.4) 

The electric charge and current densities are related by the charge 

conservation law which states that 

 (𝛻 ∙ 𝐽)̅ + 𝑑𝑑
𝑑𝑑

= 0  (2.5) 

In the absence of 𝑀� , the resultant constitutive relations can be derived 

as shown in Eqns. 2.6 and 2.7,  

 𝐷� = 𝜀0𝐸� + 𝑃� = 𝜀𝐸� = 𝜀0𝜀𝑟𝐸�  (2.6) 
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 𝐵� = 𝜇0𝐻� + 𝑀� = 𝜇𝐻� = 𝜇0𝜇𝑟𝐻� = 𝜇0𝐻�  (2.7) 

where 𝜀𝑟  and 𝜇𝑟 refer to the relative permittivity and relative permeability of 

the material, respectively. Assuming that the material is homogeneous and 

isotropic, it can be represented within the local response approximation at 

optical frequencies; the scalar complex relative permittivity can be used. The 

complex permittivity of metals can be derived using the Drude model where  

 𝜀𝑟(𝜔) = 1 − 𝜔𝑝
2

𝜔2+𝛾𝑔2
+ 𝑖𝑖𝑝

2𝛾𝑔
𝜔3+𝜔𝛾𝑔2

 (2.8) 

For a lossless metal, the damping constant 𝛾𝑔 tends to 0, leading to zero 

imaginary part of the permittivity. As a result, 

   𝜀𝑟(𝜔) = 1 − 𝜔𝑝
2

𝜔2  (2.9) 

The boundary conditions of Maxwell’s equations are needed and solved when 

homogeneous structures are considered so as to ensure continuity at interfaces. 

These boundary conditions are obtained as shown in Eqns. 2.10 to 2.13,  

 𝑛� × (𝐻2���� − 𝐻1����) = 𝐽𝑠  (2.10) 

 𝑛� × (𝐸2��� − 𝐸1���) = 0  (2.11) 

 𝑛� ∙ (𝐷2��� − 𝐷2���) = 𝜌𝑠  (2.12) 

 𝑛� ∙ (𝐵2��� − 𝐵1���) = 0  (2.13) 

where 𝑛� is the unit vector pointing from medium 1 to medium 2.  

 There are two types of plasmon polaritons [2.6], volume plasmon 

polaritons and surface plasmon polaritons [2.7]. Volume plasmon polaritons 

are the longitudinal electron oscillations about positive ion cores within the 

bulk of an electron gas/plasma. In general, they can be defined as the 



24 
 

fluctuations of free charge density inside the material which propagate as a 

longitudinally polarised charge density wave. Volume plasmon resonances 

occur at the plasma frequency of metals, 𝜔𝑝. The plasma frequency is 

primarily dependent on the electron density in accordance with the equation  

 𝜔𝑝2 = 𝑛𝑞2

𝜀0𝑚𝑒
  (2.14) 

where n refers to the density of conduction electrons, q is the charge of each 

electron, and 𝑚𝑒 is the mass of the electrons. Volume plasmons are 

longitudinal modes which cannot be excited by incident electromagnetic 

waves, but only by particle impact which affects the electron density. The 

dispersion relation for bulk plasmon polaritons is as shown in Eqn. 2.15. k 

refers to the wavevector in the medium. The dispersion relation is plotted as 

shown in Fig. 2.1. 

 𝜔2 = 𝜔𝑝2 + 𝑐2𝑘2  (2.15) 

 

Figure 2.1: Dispersion relations for excitation of plasmon polaritons at 
insulator-metal interface 
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 Surface plasmon polaritons (SPPs), on the other hand, are coherent 

electron oscillations that occur at the interface between two materials where 

the real part of the dielectric function changes its sign across the interface. In 

general, they can be defined as the fluctuations of free charge density inside 

the material which propagate along the interface of materials. Surface plasmon 

polariton waves are waves propagating at the planar interface between two 

half spaces. The charge motion in a surface plasmon polariton creates 

electromagnetic fields. Surface plasmon polaritons are the result of the 

coupled state between the excitation source and plasma oscillations at the 

interface between metal and dielectric. In response to an incident electric field, 

the electrons of the metal induce an opposing field determined by the 

dielectric function of the metal.  

 The surface plasmon energy is equal to the bulk plasmon energy 

divided by √2. This relation can be obtained from the surface plasmon 

dispersion relation at a single planar interface, 

 𝛽 = 𝑘𝑆𝑆𝑆 = 𝑘0�
𝜀1𝜀2

(𝜀2+𝜀1)  (2.16) 

The dispersion relation is further discussed in Sec. 2.3. The surface plasmon 

frequency is the asymptote of the dispersion relation. From Eqn. 2.16,  

 𝛽2 = 𝑘0
2 𝜀1𝜀2

(𝜀2+𝜀1)  (2.17) 

where 𝛽 diverges at the surface plasmon frequency when 𝜀2 = −𝜀1. Since 

modes are required to be bound to the interface, one interface must be a 

dielectric while the other, a metal. Assuming medium 1 is a dielectric and 
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medium 2 is a metal, this means 𝜀𝑚 = −𝜀𝑑. When this happens, the complex 

permittivity of metals can be derived using the Drude model shown in Eqn. 

2.8. For a lossless metal, 𝛾𝑔 tends to 0, leading to zero imaginery part of the 

permittivity. As a result, 

   𝜀𝑟(𝜔) = 𝜀𝑚 = 𝜀2 = 1 − 𝜔𝑝
2

𝜔2 . (2.18) 

Rearranging Eqn. 2.18,  

 𝜔2 = 𝜔𝑝
2

1−𝜀2
= 𝜔𝑝

2

1+𝜀𝑑
  (2.19) 

 𝜔 = 𝜔𝑝

�1+𝜀𝑑
  (2.20) 

 𝜔𝑆𝑆𝑆 = 𝜔𝑝

�1+𝜀𝑑
  (2.21) 

The largest value of 𝜔𝑆𝑆𝑆 occurs when 𝜀𝑑 is the smallest. This is only possible 

if the dielectric is air or vacuum where 𝜀𝑑 = 1. Hence,  

 𝜔𝑆𝑆𝑆 = 𝜔𝑝

√2
  (2.22) 

  For some specimens and under certain conditions, surface plasmon 

polaritons can have a high intensity. These conditions include situations where 

the surface dominates over the volume of the specimen. The smaller the 

wavelength of the surface plasmon polariton, the shorter the length it travels or 

propagates over the surface.  Surface waves can propagate along a metallic 

surface with a broad spectrum of eigenfrequencies from 𝜔 = 0 𝑡𝑡 𝜔 = 𝜔𝑝

√2
. 

 For SPPs, the fields on both sides of the insulator and metal interfaces 

are evanescent. Plasmon polaritons are being generated when the wavevector 

of the incident excitation source matches the wavevector of the plasmons. 

Eigenmodes of surface plasmon polaritons can be distinguished from volume 
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plasmon polaritons in that their effective mode index is greater than the mode 

index of the medium in which they are excited. Surface plasmon polaritons 

can be classified into localised and propagating surface plasmon polaritons. 

Localised SPPs are charge oscillations that are confined to a 

nanostructure. They are the non-propagating part of SPPs which can be 

excited in nanostructures or nanoparticles. The free electron cloud of the 

nanostructure/nanoparticle can be resonantly excited by electromagnetic (EM) 

fields due to the enhanced polarizability of the particle/structure at certain 

frequencies. These enhanced polarizabilities give rise to strongly enhanced 

near fields close to the metal surface which are also known as hot spots. 

 Propagating SPPs are charge oscillations that propagate relatively large 

distances. They can be classified into short (up to tens of microns) and long 

(tens of microns in visible (VIS) to hundreds of microns in near infra-red 

(NIR)) range/travelling waves. Long range propagating SPPs show very low 

confinement and small damping while short range propagating SPPs show 

very high confinement but strong damping. Propagating SPPs are normally 

utilised in waveguiding configurations particularly long and short range 

waveguides. Examples of long range propagating SPP waveguides are 

insulator-metal-insulator (IMI) waveguides [2.8, 2.9] in which the metal layer 

is thinner than the skin depth, resulting in very low confined modes with very 

long propagation distances [2.10]. The skin depth of electromagnetic waves in 

metal refers to the penetration distance by which the electric field falls to 1/e 

[2.11]. One example is the Kretcshmann configuration. Examples of short 

range propagating SPP waveguides are metal-insulator-metal (MIM) 

waveguides [2.12, 2.13] in which the metal thickness is much thicker than the 
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skin depth, resulting in highly confined modes with short propagation 

distances.  

 The properties of propagating SPPs depend strongly on the waveguide 

design and are determined by the dispersion relations and thickness of the 

materials involved. Propagation behaviour of propagating SPPs are 

characterised by the effective mode index, 𝑛𝑒𝑒𝑒, of the waveguide which 

defines the degree of confinement and the propagation wavevector of the SPP. 

As most dielectric materials show little or no damping, the propagation 

behaviour is mainly dominated by the properties of the metal layer. 
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2.3. Conditions for surface plasmon polaritons excitation 

 

Surface plasmon polaritons are confined at the boundary between two 

interfaces and can be excited optically by matching the wavevector of the 

incident electromagnetic radiation with the wavevector of the plasmons in 

both interfaces in accordance with the dispersion relation for surface 

plasmons. To arrive at this dispersion relation, equations are derived for both 

transverse electric (TE) and transverse magnetic (TM) waves. Using the 

convention where a wave propagates in the x direction along metal dielectric 

interface, the plane of incidence is the xz plane and structure is infinitely long 

in the y direction. The wave equation for TM modes is given as  

 𝜕2𝐻𝑦
𝜕𝑧2

+(𝑘02𝜀𝑟 − 𝛽2) 𝐻𝑦 = 0  (2.23) 

while the wave equation for TE modes is given as  

 𝜕2𝐸𝑦
𝜕𝑧2

+(𝑘02𝜀𝑟 − 𝛽2) 𝐸𝑦 = 0  (2.24) 

and can be generalised using the Helmholtz equations given namely as 

 𝛻2𝐸� +  𝑘2𝐸� = 0  (2.25) 

 𝛻2𝐻� +  𝑘2𝐻� = 0.  (2.26) 

From the obtained wave equations, the dispersion relation for surface plasmon 

polaritons can be derived as  

 𝛽 = 𝑘𝑆𝑆𝑆 = 𝑘0�
𝜀1𝜀2

(𝜀2+𝜀1).  (2.27) 

Rewriting,  

 𝜔 = 𝑐𝑘𝑆𝑆𝑆�
𝜀2+𝜀1
𝜀1𝜀2

.  (2.28) 
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𝜔(𝑘) is known as the dispersion relation. For a linear dispersion relation, we 

say that the medium is non dispersive. 

 𝑛𝑒𝑒𝑒 = 𝛽
𝑘0

= �
𝜀1𝜀2

(𝜀2+𝜀1) = 𝑛𝑒𝑒𝑒′ + 𝑖𝑛𝑒𝑒𝑒′′,  (2.29) 

where 𝑛𝑒𝑒𝑒is the effective mode index. 

 𝜆𝑒𝑒𝑒 𝑜𝑜 𝑆𝑆𝑆 = 𝜆𝑆𝑆𝑆
𝑛𝑒𝑒𝑒′

  (2.30) 

 𝑣𝑒𝑒𝑒 =  𝑐
𝑛𝑒𝑒𝑒′

  (2.31) 

 𝐿𝑒𝑒𝑒 = 1
𝑛𝑒𝑒𝑒′′

  (2.32) 

𝜆𝑆𝑆𝑆 refers to the wavelength of excited SPPs, 𝜆𝑒𝑒𝑒 refers to the 

effective wavelength, 𝑣𝑒𝑒𝑒 refers to the effective propagation speed and 𝐿𝑒𝑒𝑒 

refers to the effective propagation length which is the number of wavelengths 

to attenuate to 1/e. This means that only TM polarised waves can excite 

propagating surface plasmon polaritons in IM structures. This is because for a 

TM polarised wave, there is an electric field perpendicular to the surface. As 

𝐷𝑧 is continuous, 𝐸𝑧 changes, resulting in the accumulation of charge density 

at the interface. In a TE polarised wave, the electric field has no component 

perpendicular to the surface. Hence it is continuous and does not produce 

charge density accumulation at the surface. 

 While TM polarised waves can excite surface plasmons at IM 

interfaces, they can also excite surface plasmons in other geometries. Here, a 

multilayer metal-insulator-metal (MIM) structure with two interfaces is 

considered where the magnetic field is stronger at the interface and decays 

exponentially from the interface. The dispersion relation for surface plasmon 
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polaritons in an asymmetric MIM structure composed of different metals in 

medium 1 and 3 and an insulator in medium 2 can be calculated [2.14] and is 

given as 

 𝑡𝑡𝑡ℎ(𝛾2𝑎) = −𝑅2(𝑅1+𝑅3)
𝑅22+𝑅1𝑅3

 (2.33) 

where  

 𝛾 = 𝑖𝑖𝑧  (2.34)  

and  

 𝑅𝑗 = 𝛾𝑗
𝜀𝑗

 (𝑗 = 1,2 𝑜𝑜 3). (2.35) 

In the case of a symmetric MIM structure composed of similar metals, the 

dispersion relation for the symmetric multilayer (3 layer) structure is as 

follows: 

 𝑅1
𝑅2

= �
−𝑐𝑐𝑐ℎ �𝛾2

𝑎
2
�  𝑖𝑖 𝐻2����

+ = −𝐻2����
− 

−𝑡𝑡𝑡ℎ �𝛾2
𝑎
2
� 𝑖𝑖 𝐻2����

+ = 𝐻2����
−  (2.36) 

This constitutes two branches (symmetric and asymmetric) in symmetric 

structures. Similarly, only TM polarised waves can excite propagating surface 

plasmon polaritons in the MIM geometry. 

For multilayer interfaces with more than three interfaces, it may be 

more convenient to analyse modes and solve for the dispersion relation using 

the impedance transformation technique [2.10] or the transfer matrix method 

(TMM) [2.15]. These mode analysis techniques can also be applied to 

multilayer dielectric interfaces.   



32 
 

To perform the calculations for real materials, the materials’ 

permittivities are usually obtained via experiments and can be extrapolated 

accordingly as shown in Appendix A. 

The wavelength range of electromagnetic radiation that can be used to 

excite surface plasmon polaritons is also limited since the lower the 

wavelength, the higher the frequency of the incident radiation and the harder 

and less responsive the electrons are to the incident radiation. At higher 

frequencies, the metal becomes transparent and behaves as a dielectric. 

The surface plasmon resonance can only be observed if the width of 

the surface plasmon resonance profile is sufficiently narrow. The probability 

to observe a surface plasmon resonance increases with a decrease in 

frequency. Using the observable surface plasmon resonance width [2.16] as a 

benchmark, surface plasmon polaritons can only be observed below high 

frequencies of around 700 THz and above equivalent wavelengths of 400 nm. 

At lower frequencies and in the visible wavelength, only a few metals such as 

silver (Ag), gold (Au), aluminium (Al) and copper (Cu) are able to support a 

sharp plasmon resonance. At even lower frequencies or in the near infra-red 

wavelengths around 1200 nm, more metals such as nickel (Ni) and platinum 

(Pt) are able to support a sharp plasmon resonance. 

 The dispersion relation shown in Eqn. 2.28 holds only for a specific 

value of the permittivity of the metal medium 𝜀2(𝜔) at a specific frequency. 

An alternative expression [2.17] that is a continuous function of 𝜔 can be 

obtained by substituting Eqn. 2.9 in Eqn. 2.28 and expressing it as  

𝑦 = 1
2

+ 𝑥2 �1+𝜀1
2𝜀1

� − �1
4

+ 𝑥2 �2𝜀1−2
4𝜀1

�+ 𝑥4 �(𝜀1+1)2

4𝜀12
�  (2.37) 
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where 𝑦 = 𝜔2

𝜔𝑝2
, 𝑥 = 𝑘𝑆𝑆𝑆

𝑘𝑝
 and 𝑘𝑝 = 𝜔𝑝

𝑐
. 𝑦 and 𝑥 are the normalised angular 

frequency and the normalised wavevector, respectively. From this expression, 

the dispersion relation of excited volume plasmon polaritons in metal, surface 

plasmon polaritons at an air/metal and a glass/metal interface are plotted as 

shown in Fig. 2.1, together with the light line in free space (air) and in glass. 

The refractive index of air is taken to be 1 while that of glass is taken to be 

1.56. It can be seen that the dispersion relation of excited surface plasmon 

polaritons at the air/metal interface lies to the right of the light line in free 

space. These two lines do not intersect except at the origin. A similar 

phenomenon is seen for light incident at a glass/metal surface. The surface 

plasmon polaritons have a greater wavevector and momenta than that of light 

at any given frequency. This means that the surface plasmon polaritons are 

non-radiative and cannot be excited directly by an incident photon. Only when 

the dispersion relation coincides with the light line can the SPP mode be 

excited. This means that the momentum and energy are conserved. Light 

incident from the insulator at an IM interface cannot excite SPPs as the 

wavenumber of SPPs is higher than wavenumber of light in the insulator. For 

waves incident in air at an angle with respect to the surface normal, the in 

plane component, x along the interface is given by  

 𝑘𝑥 = 𝑘𝑖𝑖𝑖𝑠𝑠𝑠𝜃𝑖𝑖𝑖.  (2.38) 

If the wave is incident in glass which is a medium with a higher dielectric 

constant leading to a higher refractive index, 𝑛𝑚𝑚𝑚𝑚𝑚𝑚 than air,  

 𝑘𝑥 = 𝑘0𝑛𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝜃𝑖𝑖𝑖 = 𝑘0�𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝜃𝑖𝑖𝑖.  (2.39) 
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In this way, SPPs can be excited with wave vectors in between the free space 

light line and the dispersion relation in the glass medium as shown in Fig. 2.1. 
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2.4. Optical excitation of surface plasmon polaritons 

 

 In order to match the wavevector of the incident electromagnetic 

radiation with the wavevector of the plasmon polaritons, there have been 

attempts to make use of techniques such as attenuated total reflection (ATR) 

[2.18], or regular or irregular corrugations on surfaces on which plasmons are 

excited. ATR makes use of prism coupling and includes both the Otto [2.19] 

and Kretschmann [2.20] configuration while regular corrugations may refer to 

uniform gratings [2.21, 2.22] or nanostructured surfaces [2.23] and irregular 

corrugations may refer to engineered localised defects [2.24, 2.25] on surfaces. 

Irregular surface corrugations can be intentional or unintentional due to 

undesired effects in sample fabrication such as surface roughness and particle 

contamination. Either localised or propagating SPPs or a mixture of both can 

be excited depending on the profile of the nanostructure or the size of the 

planar surface on which the plasmons are excited.  

 For ATR, coupling is not based on direct coupling to plasmons at the 

insulator-metal interface but is based on total internal reflection (TIR) at the 

insulator-prism interface which results in the tunnelling of the evanescent 

fields that can couple to the propagating SPP modes at the metal-insulator 

interface. Since the wavenumber is directly proportional to the refractive 

index, a high refractive index material is used to increase the wavenumber of 

light. 

 In the Otto configuration shown in Fig. 2.2, there is a small gap 

between metal layer and prism. The evanescent field of the TIR wave tunnels 

through the air gap in order to excite a SPP mode at the air/metal interface. If 
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this phenomenon is observed, there is a minimum in the reflected signal at the 

angle/wavelength at which SPP excitation occurs. 

 

Figure 2.2: Otto configuration to excite plasmon polaritons 
 

 For the Krestchmann configuration shown in Fig. 2.3, evanescent 

waves from the thin metal layer are used to excite interface on the other side. 

A metal layer is deposited on top of a prism and a light beam is incident with 

an angle larger than the critical angle such that TIR occurs at the prism 

interface. Evanescent fields of TIR wave tunnel through the metal layer and 

excite propagating SPPs at the metal/air interface. 

 

Figure 2.3: Kretschmann configuration to excite plasmon polaritons 
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 With regular corrugations such as diffraction gratings shown in Fig. 

2.4, gratings provide light with additional momentum on the grating axis due 

to spatial periodicity. For a 1D lattice, additional momentum (written as a 

change in wavevector) is given as 

  ∆𝑘 = 𝑚 2𝜋
𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔

,  (2.40) 

where 𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the period of the grating and m is an integer.  

 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 2𝜋
𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔

  (2.41) 

where g is the magnitude of the reciprocal vector of the grating. The matching 

between the incident wave and the excited SPP can be achieved when the 

condition is fulfilled. 

 𝑘𝑆𝑆𝑆 = 𝑘𝑖𝑖𝑖𝑠𝑠𝑠𝜃𝑖𝑖𝑖 + ∆𝑘  (2.42) 

 

Figure 2.4: Regular corrugations in the form of diffraction gratings 
 

Irregular corrugations can also serve to provide a similar enhancement in 

momentum. 

Using regular corrugations provides advantages other than the 

excitation of plasmons. For instance, gratings on top of the metal surface, as in 

the case of V-shaped nanoantenna structure [2.21] connected at the ends at an 
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angle, allow the excited plasmons to be tuned to exhibit a directionality 

preference towards the side of the V-shaped nanoantenna structure. Also, 

regular corrugations in the form of nanostructured surfaces lead to enhanced 

transmission [2.26-2.29]. 

 Plasmons can also be generated between gaps of nanoparticles [2.30-

2.32], while taking into account the optical response of large coupled 

plasmonic systems including quantum effects as well as the permittivity of the 

gap medium. Laser excited plasmon sources have been demonstrated as well 

[2.33-2.36]. An example of a free electron laser excited plasmon source [2.37] 

is comprised of a nanohole in a periodically layered metal/dielectric structure 

where the potential is periodically modulated, leading to the 

excitation/scattering of surface plasmons on metal/dielectric interfaces within 

the structure. A singular surface plasmon beam can also be formed from the 

interference of two SPP waves [2.38]. Plasmon sources excited by TM 

polarised electromagnetic waves include that of a nanoslit structure together 

with a movable metal film [2.39]. 

While plasmons are usually generated on metal surfaces [2.40], they 

can also be generated on hybrid materials such as (Au/titanium dioxide 

(TiO2)) [2.41] or on materials which have a negative permittivity and a high 

carrier mobility [2.42]. Graphene is also one such possibility since it has a 

high carrier mobility at high temperatures [2.42].  

In an insulator-metal (IM) configuration where the metal layer is non-

uniform and in the form of metallic nanostructures/particles, localised surface 

plasmon polaritons can be excited. For metallic nanostructures/particles with 

dimensions that are much smaller than the wavelength of the incident 
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electromagnetic wave, 𝜆𝑖𝑖𝑖, the quasistatic approximation can be adopted 

which approximates a uniform electric field over the volume of the particle. 

Dipolar plasmon resonances can thus be excited. For the case where the 

nanostructure or nanoparticle has dimensions that are comparable to the 

wavelength of the incident light, the quasistatic approximation is no longer 

valid.  

Under the validity of the quasistatic approximation, two different 

polarisation states of the EM waves propagating along the two symmetry axes 

of the nanostructure/particle can be considered. For instance, it is only 

possible for a plane wave that propagates perpendicular to the plane of the 

nanodisc to excite a dipole resonance where the dipole moment is aligned with 

the polarisation vector of the incident wave. For the plane wave which 

propagates in the plane of the circular nanostructure with the polarisation in 

the plane of the nanostructure, a quadrupole mode is excited. This is as shown 

in Fig. 2.5. 

 

Figure 2.5: Exciting a (a) dipolar resonance mode. (b) quadrupolar resonance 
mode. 

 

The wavelength of a localised surface plasmon resonance (LSPR) 

[2.43] depends on interactions between neighbouring particles. The 

interactions can be classified into both near and far field coupling. Near field 
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coupling results from particles separated by distances smaller than the 

wavelength of the incident light while far field coupling results from particles 

separated by distances larger than the wavelength of the incident light. The 

extent of the wavelength spectra shift depend on the phase coherence between 

the local modes excited in a particle and the scattered fields due to modes in 

the neighbouring particles. 

In near field coupling, particles are considered as simple point dipoles. 

Coupling includes both longitudinal and transverse coupling. In transverse 

coupling as shown in Fig. 2.6(a), scattered fields of neighbouring particles 

enhance the local resonance and increase its energy while for longitudinal 

coupling as shown in Fig. 2.6(b), scattered fields of neighbouring particles 

oppose the local resonance and decrease its energy. Due to the decrease in 

energy, longitudinal coupling causes the plasmon resonance to red shift while 

transverse coupling causes the plasmon resonance to blue shift due to an 

increase in energy. 

 

 

Figure 2.6: (a) Transverse coupling. (b) Longitudinal coupling. 
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For far field coupling, both transverse and longitudinal coupling will 

show an oscillating behaviour. Apart from being affected by interactions 

between neighbouring particles, LSPRs are highly tunable and allow light to 

be confined to deep subwavelength dimensions. Other design parameters to 

tune the LSPR include nanoparticle size and shape, material properties of the 

nanoparticle and the surrounding medium. For instance, an increase in the 

dimension of the particle causes the plasmon resonance to show a red shift due 

to a decrease in energy. This decrease in energy is due to the same energy 

being distributed over a larger volume of particle, thereby resulting in a 

decrease in energy per unit volume. LSPRs can be tuned from the ultraviolet 

(UV) part of the spectrum to the NIR by adopting different types of  

nanoparticle shapes such as spheres [2.44], rods [2.45, 2.46], triangles [2.47, 

2.48] and cubes [2.49]. 
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2.5. Electrical excitation of plasmon polaritons 

 

Plasmon polaritons can be electrically excited by using either high 

energy electron beams generated from an electron gun in a transmission 

electron microscope (TEM) configuration or using low energy electron beams 

in the form of a tunnelling current. They can also be electrically excited using 

generated electron-hole pairs [2.50-2.55] via electrostatic interactions to form 

excitons [2.56]. 

In the TEM configuration, high energy electron beams are usually used 

in electron energy loss spectroscopy (EELS) which provides sub-nanometre 

spatial resolution. A sub-nanometre electron beam is focused on the structure 

of interest and the energy losses of the electrons to the structure are analysed. 

These energy losses are a result of the generation of excited plasmon 

polaritons when the electron beam is incident either normally [2.57, 2.58] or 

travelling parallel [2.59] to the structure of interest. The eigenfields from these 

excited plasmons can be calculated by making use of charge density and 

boundary conditions to solve for the SPP E and H fields travelling normally or 

parallel to the interface. 

For normal incidence of the high energy electron beam, the electrons 

transfer momentum, 

  𝑝̅ = ℏ𝑘�  (2.43) 

and energy 𝐸𝑙𝑙𝑙𝑙 to the electrons of the metal as shown in Fig. 2.7 when they 

penetrate the metal. 𝐸𝑙𝑙𝑙𝑙 refers to the energy lost by electrons during the 

penetration and can be represented by the formula 𝐸𝑙𝑙𝑙𝑙 = ℏ𝜔. Since the 

electrons are scattered at different angles, they deliver different momenta 
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ℏ𝑘𝑥 = ℏ𝑘𝑠𝑠𝑠𝑠  𝑠𝑠𝑠𝜃𝑠𝑠𝑠𝑠 and hence wavevectors, 𝑘�. 𝑘𝑥 refers to the wavevector 

along the x direction, 𝑘𝑠𝑠𝑠𝑠 refers to the wavevector along the direction of the 

scattered electrons and 𝜃𝑠𝑠𝑠𝑠 refers to the angle of the direction of scattered 

electrons away to normal. If 𝜃𝑠𝑠𝑠𝑠 is very small, ℏ𝑘𝑥 = ℏ𝑘𝑠𝑠𝑠𝑠  𝑠𝑠𝑠𝜃𝑠𝑠𝑠𝑠 ≈

ℏ𝑘𝑠𝑠𝑠𝑠  𝜃𝑠𝑠𝑠𝑠 ≈ ℏ𝑘𝑖𝑖𝑖 𝑤ℎ𝑒𝑒𝑒 𝑘𝑖𝑖𝑖 = 2𝜋
𝜆𝑖𝑖𝑖

. 𝑘𝑖𝑖𝑖 and 𝜆𝑖𝑖𝑖 refers to the 

wavevector and wavelength of incident penetrating electrons respectively. At 

an increasing angle 𝜃𝑠𝑠𝑠𝑠, the dispersion relation can be measured for a very 

large 𝑘𝑥 .  

 

Figure 2.7: Schematic of high energy electron beam excitation of plasmons. 
 

EELS studies have been applied to individual and multiple metal 

nanoparticles [2.60-2.62] such as rods and spheres [2.63], triangles [2.64] as 

well as nanostructures [2.65-2.67].  

There has been much research on the creation of electrical plasmon 

sources using STM [2.68-2.71, 2.72]. The STM configuration is very similar 

to the TEM configuration. The only important difference that exists is just in 

the energy of the electron beam. Similar to TEM, STM allows control over the 

site of excitation but it is difficult to translate to practical applications due to 

bulky structures and high cost. Theoretically, the STM configuration can be 

likened to a 2-layer insulator metal (IM) structure due to the small size of the 

tip as compared to the overall surface on which plasmons are generated. 
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Assuming that the total input power goes into excitation of confined 

eigenwaves and non-confined leaky waves, the efficiency of SPP excitation 

using STM is extremely low due to high leakage radiation losses.  

Low energy electron beams have also been used in metal-insulator-

metal (MIM) structures to generate plasmon sources, making use of a 

roughened dielectric [2.12, 2.73 and 2.74] or induced change in molecular 

dipole moments from charge transfer in molecular tunnel junctions [2.75-2.81] 

to create tunnelling currents that excite plasmon polaritons. The use of these 

rough dielectric or uniform molecular junctions makes it difficult to control 

the location and types of excited plasmon polaritons, with heavy damping 

impeding the propagation lengths of excited plasmons. For electrically excited 

MIM structures, the insulator layer is usually very thin, leading to very short 

SPP propagation lengths [2.82]. It is also very difficult to couple these excited 

plasmons out [2.81]. 
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2.6. Electrical excitation as an avenue for on-chip plasmon sources  

 

Electronic circuits make use of electricity as a source to power up 

individual components.  If optoelectronic integrated circuits are to be realised, 

they have to make use of a similar power source. Since the power source is to 

be utilised across many components in the circuit, each component would 

normally have low power requirements which must be respected.  Low power 

requirements indirectly infer small device footprints. With electrical 

excitation, a tunnelling current could be generated with a small voltage bias 

for a small gap separation between a cathode and an anode [2.83]. The gap 

separation can range from nanometres to sub-nanometre. Optical excitation, 

on the other hand, requires sources much larger than the excitation 

wavelength. This means that since electromagnetic radiation in the visible to 

near infra-red wavelength range is needed to excite plasmon polaritons, in 

terms of applications in integrated circuits, only electrical excitation can offer 

scaling demands to meet low power requirements and can ultimately lead to 

small device footprints. 

As such electrically excited plasmon polariton sources could provide 

an avenue to realise compact light sources [2.84, 2.85] and are essential to 

generate surface plasmon polaritons SPPs [2.86, 2.87].  

 While electrical excitation serves as the optimal means for excitation 

of plasmon polaritons, optical waveguiding techniques can also be adopted to 

couple out the excited plasmon polaritons. There are already many optical 

waveguide types that meet scaling requirements [2.12, 2.88-2.90]. These 

waveguides can be modified or redesigned to incorporate electrical excitation 
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so that they can serve both as a compact light source and as a waveguiding 

medium, reducing the need for an additional source component and 

maintaining a small device footprint. Such hybrid design concepts already 

exist (for other SPP applications) in the form of integrated laser diodes and 

waveguides [2.91, 2.92], integrated modulators and waveguides [2.93-2.95], 

and integrated waveguides and photodetectors [2.96, 2.97]. 
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2.7. Summary 

  

Comparing both optical and electrical means of plasmon excitation, 

electrical excitation is the most feasible to implement in an on-chip source 

since we can make use of electrical inputs on existing electronic circuits as a 

form of excitation to generate intermediary plasmons which can then be used 

as a form of communication in optoelectronic integrated circuits. The use of 

electrical excitation to generate a low energy electron beam in the form of a 

tunnelling current provides a similar excitation as that of high energy EELS, 

albeit having a large energy difference in the electron beam generated. In 

order for an electrically excited on-chip plasmon source to function efficiently, 

there are a few requirements to satisfy. First, the source needs to be able to 

generate long propagating surface plasmon polaritons with high efficiency. 

Second, it needs to be localised such that the location of excitation can be 

controlled. Third, the source needs to be small and compact since it has to be 

integrated on-chip. Lastly, the source needs to generate highly directional 

propagating surface plasmon polaritons. Once these design considerations can 

be fulfilled, an on-chip electrically excited plasmon source may indeed come 

to fruition.  
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Chapter 3. Electrically exciting long traveling 

propagating surface plasmon polaritons using pMIM 

structures. 

 

3.1. Introduction 

 

For electrical excitation of SPPs, electrodes which are good conductors 

are needed. In the simplest sense, in order to have electrical excitation, there is 

a need to have at least two electrodes in which one serves as an anode and the 

other serves as a cathode. An example of one such configuration is that of the 

MIM structure which sandwiches an insulator layer between two metal layers. 

The MIM structure allows electrical excitation since an electric field can be 

formed in the insulator layer.  

Much research on MIM structures have thus far been focused on 

creating [3.1-3.4] plasmon polaritons using thin insulator layers or facilitating 

the waveguiding [3.5-3.7] of excited plasmon polaritons using thick insulator 

layers. A thin insulator allows for the possibility of electrical excitation since 

the thinner the insulator layer, the smaller the bias necessary to generate a 

tunnelling current. Thin insulator layers, however also lead to short SPP 

propagation lengths. Thicker insulator layers can improve the SPP propagation 

length but this will in turn reduces the strength of electrical excitation for a 

fixed applied voltage.  

Since the requirements for exciting and transmitting excited plasmon 

polaritons for long propagating distances are at odds, there seems to be no way 
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to excite and transmit plasmon polaritons with the same MIM structure. 

Further, due to the uniform junction designs of typical MIM structures, it is 

difficult to control the location of excited plasmon polaritons. To control the 

location of excitation, non-uniform MIM structures in the form of STM 

excitation have been proposed which make use of localised tips. STM 

excitation enhances the SPPs’ propagation lengths but is a bulky configuration 

which is difficult to translate to practical applications. Since the STM 

configuration shows potential in exciting and propagating plasmon polaritons 

for long distances, there may indeed be a possibility that plasmon generation 

and plasmon waveguiding can coexist with a non-uniform MIM structure. One 

potential solution is to find a way to integrate both tips and thick insulator 

layers based on the MIM configuration. A realisation of such a possibility 

would mean that one can make use of the optimal waveguiding designs [3.8-

3.11] that are already available and tweak them to allow not just waveguiding 

but also excitation. This will reduce the need to design a plasmon source, and 

will further reduce the device footprint on the optoelectronic integrated circuit.  
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3.2. Proposed pMIM design  

 

A compact and highly efficient tunable and localised source of 

propagating surface plasmon-polaritons is proposed based on a protruded 

metal-insulator-metal (pMIM) structure as shown in Fig. 3.1.  

This structure is composed of (i) a protruded segment and (ii) an MIM 

waveguiding segment. The protruded segment of the pMIM makes use of the 

concept of tunnelling junctions to excite plasmon polaritons. These excited 

plasmon polaritons are then coupled into the thick insulator of the MIM 

waveguiding segment for long distance propagation. Different from the 

conventional MIM structure with thin uniform or roughened junctions for 

electrical excitations, the pMIM structure has a thick insulator layer in the 

waveguiding segment and a small gap between the protruded tip and the 

substrate to generate a tunnelling current with an applied external bias. The 

gap distance between top Au cathode and bottom Au anode ranges from sub-

nanometre to nanometres, and is the shortest at the site of the protrusion and 

provides a passage for the tunnelling current for the excitation of propagating 

eigenmodes. Combining the advantages of an equivalent STM [3.12]-[3.14]] 

and MIM [3.15]-[3.22] excitation, the pMIM structure allows controllability 

over the location of the source and facilitates electrical excitation due to the 

presence of a short tunnelling path. It also allows more efficient plasmon-

polariton generation as compared to a pure STM configuration due to 

minimized leakage. The presence of the protrusion also significantly enhances 

plasmon-polariton generation and allows smooth coupling onto the MIM 

waveguiding segment of the pMIM.  
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Figure 3.1: Protruded Au-SiO2-Au configuration with a tunnelling path for 
propagating plasmon source generation along the MIM waveguiding segment. The 
dashed line distinguishes the protruded segment and MIM waveguiding segment 

[3.23]. 
 

In the case of the pMIM structure, the addition of a metal layer on top 

of the IM structure significantly lowers the excitation of leaky waves [3.24], 

thereby minimizing leakage radiation losses [3.25]. In an ideal situation, all 

the input power can be converted into confined waveguide modes with no 

leaky wave generation. Furthermore, the excitation of a single long travelling 

eigenmode would mean that all input power would go into the excitation of 

that mode with optimal efficiency. A qualitative comparison between 

excitation with IM and pMIM structures is shown in Fig. 3.2. 

 



65 
 

 

Figure 3.2: Efficiency of eigenmode excitation in semi-infinite (a) STM 
configuration and (b) pMIM configuration. Arrows indicate direction of power flow. 

Leaky waves are almost negligible in pMIM structures [3.23].   
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3.3. Tunnelling current excited plasmon polaritons 

 

To model the tunnelling current, a spatially uniform tunnelling current 

density  J(̅ω) is used as the excitation. An increase in applied voltage bias 

causes an increase in tunnelling current density J(̅ω) for a constant tunnelling 

path of 1 nm.  J(̅ω) is dependent on the static tunnelling current density, J0 and 

voltage bias V in accordance to the relation 

 𝐽(̅𝜔) = 𝐽0 (1 −  ħ𝜔
𝑒𝑒

) (3.1) 

Due to the nature of the tunnelling current being formed via a short 

tunnelling pass of 1 nm, J0 is calculated self-consistently from a solution of the 

1D time independent Poisson and Schrodinger’s equations with the 

consideration of image potential, exchange correlation effects and space 

charge limited effects [3.26]. The calculated J0 has the profile shown in Fig. 

3.3.  

 

Figure 3.3: Calculated static current density profile as a function of applied 
bias [3.23]. 
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In this study, the 1D approximation is sufficient even though the 3D 

tips of different profiles are considered. This is because only a realistic case 

over the region where the current is excited is considered. This is the flat part 

of the tip. It is difficult to fabricate tips which possess similar sharpness along 

both dimensions. A 1D case would suffice for a proof of concept and would 

serve as a realistic benchmark for practical tips. For this thesis, the focus is on 

the proof of concept and the use of such design principles. 

The average power emitted by the tunnelling current, P(ω), can be 

measured at the site of the tunnelling current as shown in Fig. 3.4 and is 

computed as 

 𝑃(𝜔) = 1
2 ∫𝐸

�(𝜔) ⋅ 𝐽∗̅(𝜔) 𝑑𝑑𝑑𝑑, (3.2) 

where E�(ω) is the electric field, Vol is the volume of the tunnel current and 

dVol is the differential volume element of the tunnel current. To obtain the 

power P(ω), the calculated J0 is substituted into Eqns. 3.1 and inserted as an 

external current density in the Maxwell’s equation.  
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Figure 3.4: Power transferred from tunnelling current in pMIM into the 
excitation of SPPs as a function of energy for different applied biases in the single 

mode regime as would be discussed in section 4.2 [3.23].  
 

An increase in applied voltage bias enhances the amount of power at 

the site of the tunnelling current that goes into exciting the SPPs in pMIM as 

shown in Fig. 3.4. By increasing the applied voltage bias, the emission peak 

can also be shifted to higher energies. This allows mode 1 in the single mode 

regime to be excited more strongly at higher energies. For example, increasing 

the voltage bias from 0.5 to 0.7 volts shifts the peak emission from 0.2 eV to 

0.25 eV. More details on mode 1 in the single mode regime will be discussed 

in section 4.2. 

There are two main mechanisms which allows the tunnelling current to 

excite plasmon polaritons. These are elastic and inelastic tunnelling 

mechanisms as shown in Fig. 3.5 [3.27]-[3.29]. The elastic tunnelling 

mechanism is the dominant process. The electrons tunnel elastically across the 

tunnelling region and contribute to the tunnelling current. These elastic 

tunnelling electrons excite cavity plasmon polaritons and modify the dielectric 
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environment. This in turn determines the cavity plasmon resonance energy, 

ℏ𝜔0. For the inelastic tunnelling mechanism, the tunnelling electrons lose 

energy from 0 to the applied bias of 𝑒𝑉0. Upon losing energy in the form of 

light emission, the inelastic tunnelling electrons couple to the cavity plasmon 

state. 

 

Figure 3.5: Elastic and inelastic tunnelling mechanisms’ role in excitation of 
plasmon polaritons 
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3.4. Enhancement of emitted power from tunnelling current  

 

To show that the proposed pMIM structure can electrically excite the 

intrinsic eigenmodes of the MIM waveguiding segment efficiently, an MIM 

waveguiding segment consisting of a gold (Au) cathode, 500 nm thick silicon 

dioxide (SiO2) insulator and a Au anode is chosen. From theoretical 

calculations, this configuration is the most efficient amongst other practical 

material options that would include Eutectic Gallium Indium (EGaIn), Silver 

(Ag) and Aluminium (Al) for metals, as well as Air, Silicon Nitride (Si3N4) 

and Aluminium Oxide (Al2O3) for insulators. The criterion for the choice of 

material is to achieve the longest possible propagation lengths of excited 

plasmon-polaritons in the energy range (0.5-2.0 eV) of interest. 

The presence of tip enhances emitted power by tunnelling current 

source. To generate a strong emitted power by the tunnelling current source, a 

long, narrow and sharp tip is ideal 0 since it has the smallest cross sectional 

area at the site of tunnelling current generation and the steepest slope gradient 

but is not feasible in reality due to limitations in fabrication. Rectangular, 

convex, triangular and concave tips shown in Fig. 3.6 were investigated to 

represent the range of possible practical tip profiles with different cross 

sectional areas and slope gradients.  
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Figure 3.6: Practical rectangular, convex, triangular and concave tip profiles. 
Tip profile indicates only half of the cross-sectional view of the tip. 

  

In the case of the circular convex and concave tip profile, a quadratic 

equation is used as a shape contour representation whereby shape contour, y is 

represented by Eqn. 3.3 while variables a and b are solved at the intersection 

points where the contour meets the tip edges. x refers to the distance along the 

shape contour. 

 𝑦 = 𝑎𝑥2 + 𝑏𝑏  (3.3) 

The pMIM structure with the configuration shown in Fig. 3.1 is studied 

using finite element method (FEM) simulation. First, it is found that the 

pMIM structure is able to enhance the power transferred by tunnelling current 

to excite eigenwaves as compared to MIM structures. Second, the fact that the 

pMIM simulation agrees well with eigenmode analysis of the MIM 

waveguiding segment as will be discussed further in chapter 4 provides clear 

evidence of good coupling from the protruded segment to the MIM 

waveguiding segment of the pMIM. 

In the pMIM simulation, ideal uniform surfaces and interfaces over a 

domain size of 50 µm are assumed. Perfectly matched layer (PML) boundary 

conditions are used to absorb waves (both propagating and evanescent) with 
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near zero reflections. For the smallest wavelength studied, a mesh size of 10 

elements per wavelength is used to ensure accuracy. The Au cathode, SiO2 

insulator and Au anode are assigned thicknesses of 1 𝜇m, 500 nm and 1 𝜇m, 

respectively. The protrusion has a base radius of 250 nm and a tip radius of 1 

nm. It is placed 1 nm above the bottom Au anode. An external broadband 

inelastic tunnelling current between the protrusion and the bottom Au anode 

acts as the excitation source. While the tip allows a tunnelling current source 

to be generated, it also serves to enhance the emitted power from the 

tunnelling current. 

To obtain the power transferred from the tunnelling current, the 

material permittivity is extrapolated to very low energies (0.1 eV) using the 

Drude model as shown in Appendix A and a surface integration is performed 

on the resistive loss for a 2D axial symmetric model of the pMIM structure. 

Thereafter, the surface integrated resistive loss is converted to a volume 

integrated resistive loss for a better depiction of a 3D pMIM structure.The 

emitted power spectra allow all possible peaks generated from excited 

plasmon polaritons to be detected. The emitted power is enhanced at different 

energies for different shaped tips for a fixed tunnelling current as shown in 

Fig. 3.7.  
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Figure 3.7: Emitted power (aW) vs Energy (eV) for different tip profiles if 
tunnelling current is kept constant at 0.2 eV across different energies  

 

The tunnelling current at energy of 0.2 eV is used as a benchmark 

since the value of the tunnelling current varies at different energies due to the 

dispersive nature of the materials. This enhancement is due to the generation 

of plasmon polaritons in the form of eigenwaves at the insulator/metal 

interface. The emitted power is seen to be the strongest for the concave tip. 

The effect of applied bias on tunnelling current is taken into account in Fig. 

3.8.  
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Figure 3.8: Emitted power (fW) vs Energy (eV) for different tip profiles for 
respective tunnelling current densities across different energies  

 

The profile seen in Fig. 3.8 can be explained as follows. The tunnelling 

current density profile increases exponentially with applied bias for a 1nm gap 

as shown in Fig. 3.3. The power emitted by the tunnelling current is dependent 

on the tunnelling current density and hence increases exponentially with an 

applied bias as well. The applied bias has a direct correlation with the energy 

spectra from 0.2 eV to 3 eV since an applied bias is able to provide an 

excitation up till the energy at the applied bias. This accounts for the overall 

exponential profile of the emitted power by the tunnelling current across the 

energy spectra leading to the trend seen in Fig. 3.8. 

A fixed value of the tunnelling current used in Fig. 3.7 is to highlight 

the change in resonant energy peaks due to generated plasmon polaritons 

which would otherwise be hidden if interpreted from Fig. 3.8 directly.  Placing 

focus on the energy spectra for a fixed tunnelling current, it is possible to 

excite and tune resonant energy peaks with the different tip profiles. 
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Since the thickness of the insulator layer does not change and the top 

separation remains the same for the MIM waveguiding segment, it is 

postulated that the tip profile will not affect the propagation length of the 

excited plasmon polaritons. The tip profile will only affect the amount of 

power that goes into each excited eigenmode in the MIM waveguiding 

segment as would be discussed further in chapter 4. While not all the 

eigenwaves are excited by the same amount at a particular bias, eigenwaves at 

a specific resonant energy can be excited more strongly by adopting different 

tip profiles. Depending on the resonant energy of excited plasmon polaritons, 

the amount of enhancement can be determined. For instance, for a fixed 

tunnelling current to excite a single eigenwave at 0.6 eV or to excite 2 

eigenwaves of equal strength at different resonant energies, a concave tip 

should be adopted.  To explain the origin of the peaks shown in Fig. 3.7, the 

�𝐻𝜙� profile across the various interfaces is investigated as shown in Fig. 3.9. 

From the observed profile, peaks at 0.8 eV are seen to be due to the thickness 

of the insulator layer in the MIM waveguiding segment. Since all tip profiles 

have similar insulator thicknesses, the plasmon polaritons’ resonant energy at 

the top Au/SiO2 interface is the same.   

Peaks at 1.2 eV, 1.3 eV and 1.4 eV are due to excited plasmon 

polaritons along SiO2/bottom Au interface. These resonant energies are 

affected by the bottom tip profile. Since the bottom tip profile changes 

gradually from concave to triangular to convex, there is a shift in plasmon 

polariton resonant energies from 1.2 eV to 1.3 eV and 1.4 eV. The slope 

gradient of the tip is decreased abruptly from concave to a more gentle convex 

profile. A decrease in slope gradient is seen to result in a shift in SPP 
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resonance to higher energies due to a less localised collective resonance at the 

tip [3.13]. 

Peaks at 1.5 eV and 1.6 eV are due to plasmon polaritons excited at Au 

tip/SiO2 interface. As the slope gradient is similar for both triangular and 

concave tips, they both show two peaks at 1.5 eV. A convex tip provides a 

gentler profile than triangular and concave tips and hence shows a resonant 

energy at 1.6 eV. 

There’s a peak around 2.1 eV which exist for all tips. This is due to the 

plasmon polaritons excited at the general SiO2/bottom Au interface without 

the influence of the tip profile. Peak at 2.3 eV is due to plasmon polaritons 

excited at bottom Au tip/SiO2 interface for the rectangular profile. It is able to 

support plasmon polaritons that have short propagation lengths within the 

MIM region between the rectangular tip and the bottom Au substrate.  
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Figure 3.9: |Hϕ| (A/m) vs Energy (eV) for different tip profiles at (a) 
SiO2/bottom Au interface and (b) Top Au/SiO2 interface. 

 

To study the impact of the protruded tip on enhancement of the power 

emitted from the tunnelling current, the triangular protruded tip is used as a 

basis of comparison between MIM structures with an external excitation 

source. Figure 3.10 shows a comparison of the two cases. Compared to the 

MIM structures, the protrusion in pMIM structures allows for a huge 

enhancement in emission from the tunnelling junction. 
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Figure 3.10: Emission enhancement in excitation of pMIM over MIM 
structures. (a) Site (red highlighted region) in vicinity of tunnel current where average 
power emitted by tunnelling current in MIM and pMIM structures is measured. (b) 

Emission enhancement (simulated) in pMIM is around two to three orders larger than 
MIM structures [3.23]. 

 

To show emission enhancement of the pMIM as compared to the MIM 

structures, the ratio of P(ω) for the pMIM is divided by P(ω) for the MIM. 

The enhancement in emission in the pMIM over the MIM structures is shown 

in Fig. 3.10(b). This emission enhancement in the pMIM compared to the 

MIM structures is around two to three orders and is particularly significant for 

the low energy range of 0.5 to 2.0 eV.  
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3.5. Tuning resonant peaks of emitted power from tunnelling current by 

investigating tip’s gap 

 

In order to tune the resonant peaks of power emitted from the 

tunnelling current, the gap separation of the tip can be varied. The gap under 

the tip allows resonant peaks to be tuned similar to the way tuning a cavity in a 

laser will change the operating wavelength. If the tunnelling current density is 

kept similar across different gap sizes, an increase in gap is seen to shift the 

emitted power to higher energies due to a less localised collective resonance as 

shown in Appendix B. To show the shift in more detail, a tunnelling current 

density at 0.2 eV for a 1 nm gap is used as the reference, as shown in Fig. 

3.11. The peaks around 0.8 eV and 1.5 eV can be attributed to the thickness of 

the insulator layer and the Au tip/SiO2 interface. Although the gap distances 

change, the insulator thickness did not change while the Au tip/SiO2 interface 

remains the same as well. Hence there is no shift for the peaks around 0.8 eV 

and 1.5eV. Peaks from 1.1 to 1.3 eV are attributed to the SiO2/bottom Au 

interface. With a decreasing gap distance, there is shift to lower resonant 

energies since the resonant energies are affected by the tip profile. These 

affected resonant peaks are also reflected in the power that is coupled into the 

MIM waveguiding segment as shown in Fig. 3.12. Gap distance has a 

potential to be used as a tuning factor to adjust resonant wavelength peaks and 

control the amount of emitted power that is to be excited at the relevant 

wavelengths (energies) of interest.  For the rest of the studies in the thesis, a 

gap separation of 1 nm is used.  
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Figure 3.11: Power emitted by tunnelling current (aW) vs Energy (eV) for a 
pMIM triangular tip of different gap thicknesses if tunnelling current is kept constant 

at 0.2 eV for a 1 nm gap across different gap separations.  
 

 

Figure 3.12: Power coupled into pMIM waveguiding segment (aW) vs 
Energy (eV) for a pMIM triangular tip of different gap thicknesses if tunnelling 

current is kept constant at a 1 nm gap across different gap separations.  
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3.6. Investigation of coupling efficiency of excited plasmon polaritons 

from the protruded segment to the MIM waveguiding segment  

 

Apart from calculating the emitted power from the tunnelling current, 

there is a need to determine the efficiency of power transferred from the 

tunnelling current into the excitation of waveguide modes that can be coupled 

onto the waveguiding segment of the pMIM. The power that can be coupled 

into the waveguiding segment of the pMIM is calculated at the beginning of 

the MIM waveguiding segment and obtained for a constant tunnelling current 

at 0.2 eV for a 1 nm gap as shown in Fig. 3.13 and with the effects of applied 

bias on tunnelling current being taken into account in Fig. 3.14. Rectangular, 

convex, triangular and concave tip profiles were considered. When the applied 

bias is taken into account, the locations of the resonant peaks remain the same 

but the magnitude of the peaks is enhanced at higher energies. 

 

Figure 3.13: Power coupled into pMIM waveguiding segment (aW) vs 
Energy (eV) for different tip profiles if tunnelling current is kept constant at 0.2 eV 

across different energies.  
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Figure 3.14: Power coupled into pMIM waveguiding segment (aW) vs 

Energy (eV) for different tip profiles with respective tunnelling current densities 
across different energies.  

 

It can be seen that the amount of power coupled into the waveguiding 

segment is negligible for rectangular tip profiles and pure MIM structures as 

compared to triangular, concave and convex tip profiles. This could be due to 

the abrupt transition of the excited propagating SPPs from the tip’s gap to the 

insulator layer in the MIM waveguiding segment. Much of the power could 

have been directed into localised SPPs instead. From this power, the coupling 

efficiency of excited eigenwaves can be calculated by comparing the emitted 

power from the tunnelling current and the power that is coupled into pMIM 

waveguiding segment as shown in Fig. 3.15.  
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Figure 3.15: Coupling efficiency of power transferred from tunnelling current 
to excite eigenmodes in the waveguiding segment of pMIM structures.  
 

The convex, triangular and concave tips show much higher coupling 

efficiency when compared with the rectangular tip. Among these three high-

efficiency tips, the convex tip profile provides the best efficiency followed by 

the triangular and concave tip profile. Reasonable efficiencies of more than 

10% are obtained over energies between 0.2 and 2 eV, with the highest 

coupling and excitation efficiency falling within the single and dual mode 

regimes which will be discussed in chapter 4. 
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3.7. Summary 

 

In conclusion, a tunnelling current can be electrically induced in the 

proposed pMIM structure via a small applied voltage bias, locally exciting 

long traveling plasmon polaritons with high efficiency and no leakage 

radiation. The protruded tip enhances the total emitted power from the 

tunnelling current and the amount of power that can be coupled into the MIM 

waveguiding segment. The tip’s profile affects the resonant peaks excited in 

both the gap and the MIM waveguiding segment. A concave tip with the 

smallest cross sectional area and the steepest slope gradient enhances emitted 

power most. An increasing gap separation at the protruded segment allows 

resonant peaks of power emitted from tunnelling current to be tuned which in 

turn shifts these resonant peaks of power to higher energies in the MIM 

waveguiding segment. When the excited plasmon polaritons are coupled to the 

MIM waveguiding segment, they can be decomposed into intrinsic 

eigenmodes. However not every eigenmode is desired. In the next chapter, 

excited eigenwaves are decomposed to identify and excite specific desirable 

eigenmodes in the MIM waveguiding segment.  
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Chapter 4. Excited eigenwaves in MIM waveguiding 

segment of pMIM 

 

4.1. Introduction 

  

By applying a voltage bias, the tunnelling current in the protruded tip 

of the pMIM will excite plasmon polaritons in the form of eigenwaves which 

can be coupled to the MIM waveguiding segment; these can be decomposed 

mathematically into intrinsic eigenmodes. The identification of individual 

eigenmodes is important in order to identify the type and properties of the 

excited plasmon polaritons. Excited plasmon polaritons may be made up of 

surface or volume plasmon polaritons with different effective mode indices as 

well as different propagation lengths.  

Some eigenmodes could be excited more strongly than others, 

depending on the application. In the context of a plasmon source, one would 

require the excitation of surface eigenmodes with long propagation distances. 

The property of each excited eigenmode is intrinsic to the design parameters 

of the MIM waveguiding segment. With the proposed pMIM structure 

however, the properties of eigenmodes that can be excited in the MIM 

waveguiding segment remain the same but the presence of an electrical 

excitation allows control over the applied bias which makes it possible to 

ensure that the desired eigenmode is excited. To ensure the desired eigenmode 

can be excited with high efficiency, a decomposition of the eigenwaves that 

are coupled into the MIM waveguiding segment can be performed. A 
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decomposition technique has been proposed in this thesis to address this need, 

thereby allowing the efficiency of exciting desired eigenmodes to be gauged. 

Coupled with electrical control over the applied voltage bias in pMIM 

structures, desired eigenmodes with high efficiencies can be excited.     
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4.2. Intrinsic eigenmodes in MIM waveguiding segment 

 

Based on earlier studies, the energy range of 0.5 to 2 eV is found to be 

optimal for excited eigenwaves in the MIM waveguiding segment while taking 

into account coupling efficiencies from the protruded tip. Using the pMIM 

structure with a triangular tip as a benchmark, an eigenmode analysis [4.1] is 

performed for the energy range of 0.5 to 2.0 eV to extract mode indices and 

propagation lengths of excited plasmon-polaritons that can be supported 

within the Au-SiO2-Au MIM waveguiding segment. The excited eigenmodes 

comprise both volume and surface eigenmodes that can generally be 

distinguished with the effective mode index. The volume and surface 

eigenmodes feature propagating and evanescent fields in the insulator [4.2, 

4.3] having effective mode indices below and above the insulator refractive 

index in the MIM waveguiding segment, respectively. 

For the Au-SiO2-Au MIM waveguiding segment, three different 

excited eigenmodes can be identified [4.1, 4.4]. Since each of these modes has 

different eigenmode indices and is excited at different energies, three 

operating regimes can be identified; each regime shows either an independent 

mode or the start of the rise of additional modes. The cut-off energies of the 

three regimes can be identified by comparing the real and imaginary 

components of the calculated mode indices. The modes are considered when 

they have a significant eigenmode index beyond the cutoff regime. The plots 

of mode index and propagation length as function of energy as well as the 

associated regimes are shown in Figs. 4.1(a) and 4.1(b) respectively.  
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Figure 4.1: Eigenmode analysis of intrinsic modes supported by the Au-SiO2-
Au MIM waveguiding segment calculated in theory. (a) Mode index vs photon 
energy. (b) Propagation length vs photon energy. Dashed lines indicate cut-off 

energies of the three regimes. (c) Theoretical mode profile of modes 1, 2 and 3. Mode 
1 achieves the longest propagation length of 30 µm at 0.6 eV. Dashed lines indicate 

different material interfaces. (d) Image plots for real values of Hϕ captured between 0 
to 5µm away from the source at photon energies of 0.6 eV, 1.1 eV and 2.0 eV [4.5]. 

 

The three regimes of the MIM waveguiding segment indicate the 

possibility of exciting either single or multiple plasmon-polariton modes with 

respect to applied voltage bias. The applied bias affects the maximum energy 

of plasmon polaritons excited by the tunnelling current. For each of these 

different modes, we can identify their individual mode profiles as shown in 
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Fig. 4.1(c). Modes 1 and 3 are seen to be even while mode 2 is odd with a 

strong dip in the centre.  

For this pMIM structure, the tunnelling current excites transverse 

magnetic (TM) waves which have a magnetic field component Hϕ 

perpendicular to the plane of incidence and an electric field Er parallel to the 

plane of incidence in the direction of the propagating waves. The image plots 

for magnetic field Hϕ excited at the photon energies of 0.6, 1.1 and 2.0 eV for 

an Au-SiO2-Au configuration are illustrated in Fig. 4.1(d). With this pMIM 

design, it can be shown that different plasmon polariton modes can be 

electrically excited for different applied biases. The presence of multiple 

propagating modes allows waveguide mode manipulation for parallel data 

transmission and wider communication bandwidth [4.6], [4.7]. 

In the above discussions, an eigenmode analysis has been performed 

for the Au-SiO2-Au MIM waveguiding segment, giving the intrinsic 

eigenmodes. The values of mode index and propagation length were 

theoretically obtained from calculation of the complex wavenumber 𝑘𝑥 for 

eigenwaves propagating in the MIM waveguiding segment and compared with 

those derived in simulation by fitting spectra of the excited magnetic field as 

shown in Fig. 4.2. 
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Figure 4.2: Eigenmode analysis of intrinsic modes supported by Au-SiO2-Au 
MIM waveguiding segment of the pMIM calculated in theory and in simulation. (a)  

Mode index as a function of photon energy for first three modes. (b) Propagation 
length vs photon energy for first three low-order modes [4.5]. 
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The pMIM structure has a stronger emission than the MIM stucture 

and all the coupled power can be used to efficiently excite eigenmodes of the 

MIM waveguiding segment of the pMIM. To demonstrate the excitation 

efficiency, an energy value corresponding to each operation regime is selected 

as a reference. Hence, 0.6 eV, 1.1 eV and 2.0 eV are selected for energies 

lying within the boundaries of single, dual and multimode regimes 

respectively. Photon energy of 0.6 eV shows excitation of a single propagating 

SPP mode while energies of 1.1 eV and 2.0 eV show excitation of multiple 

eigenmodes as shown in Fig. 4.1(d). To obtain further insights into the types 

of excited modes, individual modes are extracted from the image plots of the 

real values of 𝐻𝜙 shown in Fig. 4.1(d). The real values of the 𝐻𝜙 field profile 

corresponding to image plots at 0.6 eV, 1.1 eV and 2.0 eV along the direction 

of the propagating waves are as shown in Figs. 4.3(a), (b) and (c), 

respectively. The 𝐻𝜙 field profile is calculated at the top interface between Au 

cathode and SiO2 insulator for distances up to 50 µm away from the tunnelling 

current source. 

To investigate excited fields in the pMIM structure, a Fourier analysis 

on the complex 𝐻𝜙 field profile is performed. To study the mode index of the 

waves excited by the source, a Fast Fourier Transform was performed for the 

complex magnetic field 𝐻𝜙(r) obtained from FEM simulation along the MIM 

waveguiding segment of the pMIM at different photon energies. To extract the 

complex mode index of the excited plasmon-polaritons, the Fourier images 

were fitted with the Fourier image of omnidirectionally propagating 

eigenwaves in the MIM waveguiding segment of pMIM with the complex 

wavenumber kx,  
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𝐻(𝑘𝑟 , 𝑧0) = 1
√2𝜋

∫ 𝐻(𝑟, 𝑧0)𝑒−𝑖𝑘𝑟𝑟𝑑𝑑∞
1

𝑅𝑅(𝑘𝑥)
=

1
√2𝜋

∫ 𝐻0(𝑧0)𝐻01(𝑘𝑥𝑟)∞
1

𝑅𝑅(𝑘𝑥)
𝑒−𝑖𝑘𝑟𝑟𝑑𝑑 ≈ − 1+𝑖

√2𝜋
 𝐻0(𝑧0)
�𝑘𝑥(𝑘𝑟−𝑘𝑥)

 (4.1) 

   For all the regimes, curve fitting demonstrated excellent agreement 

for both complex magnetic field 𝐻𝜙(r)  as shown in Fig. 4.4 and complex 

wavenumber kx as shown in Fig. 4.2, as well as confirmed the number of 

excited waves in all three regimes considered. 

The normalised absolute values of the Fourier transform (F.T) are 

plotted against mode index and shown in Figs. 4.3(d), (e) and (f) for energies 

of 0.6 eV, 1.1 eV and 2.0 eV respectively. An energy of 0.6 eV shows a single 

peak around mode index of 1.5 while an energy of 1.1 eV shows two peaks 

corresponding to the mode indices of 1.1 and 1.5. The peak at mode index 1.5 

is a result of mode 1 while the new peak at mode index 1.1 is a result of mode 

2. At an energy of 2.0 eV, only two peaks at mode indices 1.6 and 1 are seen. 

The peak seen at 1.6 can be attributed to both modes 1 and 2 having very 

similar mode indices at energy 2.0 eV as shown in Fig. 4.1(a) while the peak 

at mode index 1.0 is due to mode 3. The obtained spectra align closely with 

those of omnidirectionally excited eigenwaves calculated from theory. Also, 

this is in accordance with the study in Fig. 4.1(a) where it is observed that only 

one, two and three modes are excited strongly in single, dual and multi mode 

regimes, respectively. Similarly, the normalised Fourier images of real and 

imaginery values of the F.T of 𝐻𝜙 are in accordance with both theory and 

simulation as shown in Fig. 4.4. 
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Figure 4.3: Field plots of real(Hϕ) vs propagating distance at photon energies 
of (a) 0.6 eV, (b) 1.1 eV, (c) 2.0 eV; normalised absolute value of Fourier 

transformed (Hϕ) vs mode index for (d) 0.6 eV, (e) 1.1 eV, (f) 2.0 eV; |Hϕ| across 
vertical interface for (g) 0.6 eV, (h) 1.1 eV, (i) 2.0 eV. The simulated mode profile 
closely mirrors the theoretical mode profile, demonstrating the existence of excited 
eigenmodes in the different regimes and the obvious absence of leaky modes [4.5]. 

 

 

Figure 4.4: Normalised Fourier images of Re(Hϕ) as a function of mode 
index for photon energies of (a) 0.6 eV, (b) 1.1 eV, (c) 2 eV; normalised Fourier 

images of Im(Hϕ) vs mode index for (d) 0.6 eV, (e) 1.1 eV, (f) 2 eV [4.5]. 
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To further confirm that the theoretically calculated modes have been 

observed, 𝐻𝜙 mode profile across the vertical interfacesis was considered. For 

an accurate study, appropriate field monitors were placed at suitable distances 

away from the tunnelling current source. The propagation lengths of each 

excited mode were determined in order to know how far they propagated and 

the extent of their influence on the mode profile with propagation length. In 

accordance with Fig. 4.1(b), mode 1 has a propagation length of 30 µm at 0.6 

eV. At 1.1 eV, mode 1 and mode 2 have a propagation length of 20 µm and 8 

µm respectively. At 2.0 eV, mode 1 and mode 2 have similar propagation 

lengths of 2 µm while mode 3 has a propagation length of 1 µm. This means 

that modes 1 and 2 diminish when the energy increases while mode 3 only 

starts to show its influence at higher energies.  

Hence, in order to observe the individual contributions to the mode 

profile for real values of 𝐻𝜙, monitors were placed 5µm away from the source 

for energies 0.6 eV and 1.1 eV and monitors were placed 0.5 µm away from 

the source for energy 2.0 eV. Superposition was then performed for the 

theoretically calculated individual mode profiles shown in Fig. 4.1(c) for 

particular energies. The final mode profile for absolute values of 𝐻𝜙 

calculated in theory is shown together with simulated values in Figs. 4.3(g), 

4.3(h) and 4.3(i) for energies of 0.6 eV, 1.1 eV and 2.0 eV. Similarly, the 

mode profiles for real and imaginery values of 𝐻𝜙 are in accordance with both 

theory and simulation as shown in Fig. 4.5.  

To arrive at these mode profiles, a field analysis of the onmidirectional 

excited waves was performed. To analyze the excited waves in the MIM 

waveguiding segment of pMIM by a compact source, the complex magnetic 
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field 𝐻𝜙(𝑧) obtained from FEM simulations across the MIM waveguiding 

segment was investigated at different photon energies. Those field profiles 

were fitted with the corresponding distributions of magnetic field 𝐻𝑦(𝑧) taken 

from the eigenvalue analysis for several low-order modes. This fitting showed 

excellent agreement between the eigenvalue theory and FEM simulation 

shown in Fig. 4.5 and confirmed the excitation of one eigenwave in the single 

mode regime, two eigenwaves in the dual mode regime, and three eigenwaves 

in the multi mode regime.  

 

Figure 4.5: Real part of Hϕ across the MIM structure for photon energies of 
(a) 0.6 eV, (b) 1.1 eV, (c) 2 eV; imaginary part of Hϕ across vertical interface for (d) 

0.6 eV, (e) 1.1 eV, (f) 2 eV [4.5]. 
 

For both real and imaginery values of 𝐻𝜙, the simulated mode profile 

closely mirrors that of the theoretical mode profiles, further demonstrating the 

efficient excitation of the confined eigenwaves with absence of leakage 

radiation.  

From the information obtained thus far, long travelling waves of more 

than 10 µm can be electrically excited at relatively low voltage bias and hence 

low energies. Taking Au-SiO2(500 nm)-Au MIM waveguiding segment of the 
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pMIM as an example, the operation voltage bias for the single-mode regime is 

0.2 to 0.7 volts. These long travelling waves operating in the single mode 

regime are the focus of studies investigating propagating SPP excitations 

aimed at creating a low power compact on-chip propagating plasmon source. 
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4.3. Cut-off energies of different operating regimes 

 

Having demonstrated that an externally applied bias induced tunnelling 

current can be used to excite desired eigenmodes in different operating 

regimes of a pMIM structure,  design guidelines involving insulator thickness 

and permittivity are proposed to tune the cutoff energies of these regimes. The 

variation of cut-off energy with insulator thickness and insulator permittivity 

for the single and dual-mode regime is shown in Figs. 4.6(a) and 4.6(b) 

respectively. From the results obtained, it can be concluded that thinner 

insulators with lower permittivity values exhibit higher cut-off energies. This 

means that cut-off energies can be tuned to excite desired modes with the 

required voltage bias. Knowledge of cut-off energies signifies control over the 

number of modes excited [4.8]. 
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Figure 4.6: Cut-off energies of single and dual mode regimes as a function of 
(a) insulator thickness and (b) insulator permittivity. Thinner insulators with lower 
permittivity exhibit higher cut-off energies. This means that cut-off energies can be 

tuned to excite desired modes within a (low) required voltage bias [4.5]. 
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4.4. Theoretical formulation of decomposition of excited waves into 

intrinsic eigenmodes 

 

Since the energy spectra from 0.5 eV to 2 eV are of interest, power 

decomposition can be performed to determine the amount of power that goes 

into each eigenmode. To do so, a representation of the excited magnetic fields 

must first be obtained. The excited field representation is as shown in Eqn. 4.2 

and is only valid in the absence of radiation modes. This means that all power 

goes into the excitation of eigenmodes.  

 𝐻𝜙(𝑟, 𝑧) = ∑ 𝐴𝑛𝑛 𝐻𝑛(𝑟, 𝑧), 𝑟 ≥ 𝑟0 (4.2) 

𝐻𝜙 refers to the excited magnetic field while 𝐻𝑛 refers to the magnetic 

eigenfields with mode number n; r is the radial distance away from the 

tunnelling current source. For these eigenfields to hold, they must first be 

orthogonal. This means that eigenfields of mode number n and m have to 

satisfy the relationship given by 

 ∫ 𝐻𝑛(𝑟, 𝑧)𝐻𝑚(𝑟, 𝑧)∞
−∞ 𝑑𝑑 = 0,𝑛 ≠ 𝑚. (4.3) 

Once the eigenfields are proven to be orthogonal, the decomposition 

coefficients, 𝐴𝑛 can be derived for eigenfields of mode number n based on  

 𝐴𝑛 = ∫ 𝐻𝜙(𝑟0,𝑧)𝐻𝑛(𝑟0,𝑧)∞
−∞ 𝑑𝑑

∫ 𝐻𝑛2(𝑟0,𝑧)∞
−∞ 𝑑𝑑

. (4.4) 

Thereafter, we can obtain the integrated power flux 𝐼 based on Eqn. 4.5 

provided that Eqns. 4.6 and 4.7 are satisfied. 

 𝐼𝑛 = 2𝜋𝑟0|𝐴𝑛|2 ∫ 𝑆𝑟𝑟(𝑟0, 𝑧)∞
−∞ 𝑑𝑑 (4.5) 

 𝐼0 = 2𝜋𝑟0 ∫ 𝑆𝑟∅(𝑟0, 𝑧)∞
−∞ 𝑑𝑑  (4.6) 
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 𝐼0 = ∑ 𝐼𝑛𝑛 , (4.7) 

where 𝑆𝑟𝑟 and 𝑆𝑟∅ refer to the time average Poynting vector/power flow in the 

radial direction for eigenfields with mode number n and excited eigenwaves, 

respectively. The Poynting vector is the instantaneous power flow due to 

instantaneous electric and magnetic fields. 𝐼𝑛 and 𝐼0 refer to the integrated 

power flux for the eigenfields and excited electromagnetic fields respectively. 

𝑆𝑟 can be calculated based on Eqn. 4.8 where the factor 1
2
 is due to the 

averaging of the sinusoidal waveforms [4.9]. 

𝑆̅ =
1
2
𝑅𝑅{𝐸� × 𝐻�∗} 

Using cylindrical coordinates of 𝑟,∅, 𝑧, 

 𝑆̅ = 1
2
𝑅𝑅 �

𝑟̂(𝐸𝑧𝐻∅∗ − 𝐸∅𝐻𝑧∗) − 𝑧̂(𝐸𝑟𝐻∅∗ − 𝐸∅𝐻𝑟∗) +
∅�(𝐸𝑟𝐻𝑧∗ − 𝐸𝑧𝐻𝑟∗)

� 

 𝑆𝑟 = 1
2
𝑅𝑅(𝐸𝑧𝐻∅∗ − 𝐸∅𝐻𝑧∗) (4.8) 

where sign convention dictates either inwards or outwards power flow. 
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4.5. Identification and efficient excitation of long travelling SPPs  

 

The total power obtained numerically at the start of the interface of the 

waveguiding segment of the pMIM can be theoretically decomposed into 

individual constituents that go into the excitation of each eigenmode. Here we 

only consider the excitation of just three eigenmodes since they are the most 

dominant in the energy spectra of interest from 0.5 to 2 eV. These 

decomposed theoretical eigenmodes can be summed to obtain the total power 

which should agree very well with the total power obtained numerically. From 

the eigenmode analysis of the pMIM segment shown in Fig. 4.1, we can study 

the characteristics of each eigenmode. Mode 1 is essentially a surface mode 

across the energy spectrum of interest while mode 2 is essentially a volume 

mode up to 1.7 eV. From 1.7 eV to 2 eV, it behaves as a surface mode. Mode 

3 behaves as volume mode across the energy spectrum. Extracting both 

excited eigenfields and eigenmodes using numerical FEM simulations and 

theoretical calculations allows us to arrive at the following decomposition for 

the triangular, concave and convex tip profiles which are shown in Fig. 4.7 to 

Fig. 4.9. These three tips are studied for their high coupling efficiency. The 

total theoretical power is calculated from the sum of power into the individual 

eigenmodes while the total numerical power is the power that is coupled into 

the MIM waveguiding segment.   
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Figure 4.7: Eigenmode decomposition for pMIM with triangular tip profile 
 

For the triangular tip shown in Fig. 4.7, the power profile in the single 

mode regime from 0.5 to 0.7 eV is dominated by mode 1. While it is desired to 

have just a single surface wave, this power is low. In the dual modes regime 

from 0.7 to 1.5 eV, volume mode 2 dominates surface mode 1. Mode 1 is still 

excited but the majority of the power goes into the excitation of mode 2. In the 

multimode regime from 1.6 to 2 eV, mode 3 dominates the power contribution 

beyond 1.7 eV. Beyond 1.7 eV, surface waves in modes 1 and 2 are still 

excited but with much lower power contributions than in the single or the 

dual-mode regime. Although the surface waves in multimode regime have 

higher frequency and hence higher group velocity, they transmit information 

faster but they have a high attenuation as well. There is a small difference 

between the total power calculated numerically and that extracted 

theoretically. This could be due to the need to consider the contribution of 
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more eigenmodes which make up the eigenwaves. Considering more 

eigenmodes contribution would make the two values even more similar.  

 

Figure 4.8: Eigenmode decomposition for pMIM with concave tip profile 
 

For the concave tip referred to in Fig. 4.8, mode 1 dominates mode 2 

for 0.7 to 0.9 eV of the dual mode regime. This means that we can make use of 

surface waves of mode 1 below 0.9 eV in the dual mode regime. The power 

contribution into excitation of mode 1 in the dual mode regime for concave tip 

is even greater than the power contribution of mode 1 for the triangular tip. 

This is true below 1.3 eV in the dual mode regime. The contribution to surface 

waves for mode 2 is similar to mode 1 in the multimode regime.  
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Figure 4.9: Eigenmode decomposition for pMIM with convex tip profile 
 

For the convex tip profile shown in Fig. 4.9, power in the single mode 

regime is low compared to the dual and multimode regimes. Mode 2 

dominates much of the dual-mode regime and contributes to surface modes 

from 1.7 eV to 1.8 eV. In the multi-mode regime, mode 3 dominates from 1.8 

eV to 2 eV. To excite long travelling SPPs, it is best to operate in the single 

and dual-mode regime, with preference given to the single-mode regime. The 

concave tip profile allows for a dominant presence of mode 1 in both the 

single and dual-mode regimes which is desired for long propagation length.  
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4.6. Summary 

  

Plasmon polaritons are excited in the MIM waveguiding segment in 

the form of eigenwaves which are made up of intrinsic eigenmodes. By 

controlling the applied voltage bias, desired modes in the single, dual and 

multimode regimes can be excited. Single and dual mode operation allows 

highly efficient excitation of long travelling SPPs. Cut-off energies of 

eigenmodes in pMIM structures can also be tuned by varying insulator 

thickness and permittivity in the MIM waveguiding segment. By decomposing 

eigenwaves into intrinsic eigenmodes, the circular concave tip can be used to 

excite single mode SPPs with propagation length up to 30 µm. These excited 

eigenmodes can be efficiently excited with no leakage radiation due to the 

thick metal layers. For on-chip applications, a thinner metal thickness has to 

be considered, however the leakage radiation can be made small to not affect 

the efficiency of propagating SPPs. 
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Chapter 5. Leakage radiation in pMIM structures with 

finite metal thickness  

 

5.1. Introduction 

  

The pMIM structure is able to efficiently excite plasmon polaritons 

with no leakage radiation due to the infinitely thick metal layers which were 

considered in theory and simulation. In order to adopt pMIM structures for use 

in on-chip applications, the thickness of the metal layers has to be realistically 

considered. A thin metal layer reduces the device footprint when adopted for 

use on the optoelectronic integrated circuits. However, when the metal layers 

become thinner, undesired leakage radiation [5.1-5.3] could arise. Leakage 

radiation is actually emitted power from the excitation source that is lost due 

to emission into the surroundings. This serves to lower the efficiency of the 

excited plasmon polaritons and results in damping of the plasmon propagation 

lengths. 

A pMIM structure with finite substrate thickness and no detectable 

leakage radiation allows plasmon polaritons to be excited with high 

efficiencies and results in negligible power loss. While leakage radiation that 

comes with pMIM structures of finite substrate thickness is generally 

undesirable, it also serves a purpose in allowing detection of excited SPPs, as 

is commonly used in leakage radiation microscopy [5.1, 5.4-5.7]. However, 

apart from excited plasmon polaritons, leakage radiation has an additional 

component which is often neglected in the form of direct emission of the 
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excitation source. The direct emission is most prominent at energies located 

off resonances of excited plasmon polaritons and is particularly relevant in the 

pMIM structure due to the presence of the exciting tunnelling current. Apart 

from the direct emission of the excitation source, resonant peaks due to 

localised SPPs at the protruded tip as discussed in Ch. 3 may also be detected. 

Since most leakage radiation studies are concerned with resonant peaks due to 

propagating SPPs, the resonant peaks due to localised SPPs may be 

misinterpreted as propagating SPPs in the MIM waveguiding segment. 
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5.2. Detection of leakage radiation  

 

Leakage radiation is experimentally measured by using a spectrum 

collection system which consists of an inverted optical microscope equipped 

with a spectrometer and an electron multiplying charge coupled device CCD 

(EMCCD) [5.8]. The CCD converts detected photons into electron charges 

which are then measured. These detected photons are generated when the 

tunnelling electrons lose energy and couple onto plasmon states. In order to 

detect these photons, the finite Au substrate is deposited on top of an optical 

adhesive (OA)/glass substrate. The setup to detect leakage radiation is shown 

in Fig. 5.1 using the pMIM structure with a triangular tip as an example. 

Leakage radiation originates from the direct emission of excitation source and 

excited plasmon polaritons. Direct leakage radiation from excitation source 

should not be neglected. 

 

Figure 5.1: Schematic of leakage radiation from the pMIM structure 
 

By performing a parametric sweep of Au substrate thicknesses from 

5nm to 100nm, substantial (more than 10 % deviation in |𝐻∅| profile) leakage 

radiation can be observed for Au substrate thicknesses less than 70 nm, which 

is comparable to the skin depth [5.9] of Au at 1 THz [5.10]. For the 
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subsequent discussions, focus will be placed on specific Au substrate 

thicknesses of 5 nm and 50 nm which are smaller than skin depth and 

thicknesses of 100 nm, 250 nm and 500 nm which are larger than skin depth. 

Leakage radiation from both direct emission and excited plasmon 

polaritons is evident from both |𝐻∅| and |𝐹.𝑇(𝐻∅)| profile as thickness of Au 

substrate decreases as shown in Fig. 5.2 and Fig. 5.3, respectively. From Fig. 

5.2, the |𝐻∅| profile indicates the theoretical mode profile of mode 1 at 0.6 eV. 

This is similar in Fig. 5.3 where the peak seen at mode index 1.5 due to mode 

1 at 0.6 eV becomes less sharp for Au substrate thicknesses of 50 nm and 5 

nm.  

 

Figure 5.2: Evidence of leakage radiation as exhibited in |Hϕ| profile for 
varying substrate thickness for the mode at 0.6 eV. 
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Figure 5.3: Evidence of leakage radiation as exhibited in normalised absolute 
value of Fourier transformed (Hϕ) vs mode index varying substrate thickness for the 

mode at 0.6 eV. 
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5.3. Investigation of finite substrate thicknesses  

 

 Investigating the effects of substrate thickness on emitted power as 

shown in Fig. 5.4 and using the tunnelling current density at 0.2 eV for a 1 nm 

gap, the emitted power shows an additional resonant peak with thinner 

substrates at 2.3 eV once substrate thickness becomes less than skin depth. 

This additional peak is due to the enhanced emitted power as a result of the 

excitation of plasmon polaritons at the bottom Au/glass interface of pMIM on 

glass substrate since 2.3 eV corresponds to the SPP peak at the Au/glass 

interface. There is a sharp peak for the 5nm Au substrate because the Au 

substrate has decreased to less than the skin depth, leading to the enhanced 

emitted power. The resonant peaks at 0.8 eV and 1.3 eV are seen to exhibit a 

lower emitted power for a 5 nm Au substrate than the 50 nm Au substrate. 

This could be due to the substantial leakage radiation diminishing the total 

emitted power. 

 

Figure 5.4: Emitted Power (aW) vs Energy (eV) for pMIM structure with a 
triangular tip for varying substrate thickness if tunnelling current is kept constant at 

0.2 eV across different energies  



118 
 

To investigate the effects of substrate thickness on leakage radiation, 

leakage radiation integrated over the surface 250 nm below the Au substrate at 

the Au/OA interface for a pMIM structure with a triangular tip is extracted (in 

simulation). The distance of 250 nm is chosen to have a reasonable detection 

magnitude of the leakage radiation. The extracted leakage radiation as a 

function of Au substrate thickness is shown in Fig. 5.5. Since leakage 

radiation is made up of both direct emission and plasmon polaritons, there is a 

need to compare emitted power from tunnelling current, power coupled into 

MIM waveguiding segment and leakage radiation spectra. The presence of a 

finite Au substrate leads to a shift to higher energies for all detected resonant 

peaks due to leakage radiation affecting the efficiency of plasmon polariton 

excitation which results in a less collective and broader resonance. Excited 

plasmon polaritons along the top Au/SiO2 interface, SiO2/bottom Au interface, 

Au tip/SiO2 interface have all been detected but they are seen to shift from 0.8 

eV, 1.3 eV and 1.5 eV to higher energies at 1.2 eV, 1.6 eV and 1.8 eV, 

respectively for a 5 nm Au thickness. The thinner the Au substrates, the 

stronger the contribution from both direct emission and plasmon polaritons. 

When Au substrates become very thin at 5 nm, the contribution of propagating 

SPPs along the SiO2/bottom Au interface increases significantly while the 

localised SPPs along the Au tip/SiO2 interface becomes more dominant than 

that of the top Au/SiO2 interface. 
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Figure 5.5: Leakage radiation (fW) vs Energy (eV) for pMIM structure with 
a triangular tip for varying substrate thickness 

  

 To investigate how different tip profiles at different substrate 

thicknesses affect the leakage radiation spectra, the leakage radiation profile of 

different tips were studied for 5 nm, 50 nm, 100 nm and 250 nm Au substrate 

thicknesses as shown in Fig. 5.6, Fig. 5.7, Fig. 5.8 and Fig. 5.9 respectively. 

Triangular, concave and convex tip profiles are seen to provide more dominant 

contributions to leakage radiation than the rectangular tip profile or if there 

was no tip. 
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Figure 5.6: Leakage radiation for different tips for a 5 nm Au substrate 
thickness 

 

 For the three dominant convex, triangular, and concave tip profiles, the 

resonant peak along top Au/SiO2 interface shifts from 0.8 eV to 1.1 eV and 1.2 

eV for concave and triangular tips, respectively. The resonant peak for a 

convex tip diminishes due to the small radiation magnitude at the resonant 

energy. There are fewer shifts for all resonant peaks of the concave tip profile 

due to its shape which leads to a more localised resonance. Along the 

SiO2/bottom Au interface, the resonant peaks shift from 1.4 eV, 1.3 eV and 1.2 

eV to 1.6 eV, 1.6 eV and 1.5 eV for the convex, triangular, and concave tip 

profiles, respectively with the triangular tip exhibiting the strongest leakage 

radiation followed by the concave and convex tips. Along the Au tip/SiO2 

interface, the resonant peaks shift from 1.6 eV, 1.5 eV and 1.5 eV to 1.9 eV, 

1.8 eV and 1.8 eV for the convex, triangular, and concave tip profiles, 

respectively. 
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Figure 5.7: Leakage radiation for different tips for 50 nm Au substrate 

thickness. Leakage radiation for “Rect” and “No tip” profiles are negligible as 
compared to “Tri”, “Convex” and “Concave” tip profiles. 

 

As the Au thickness increases to 50 nm, the resonant peak along the 

top Au/SiO2 interface remains the same for all three tip profiles, albeit at a 

lower magnitude. Along the SiO2/bottom Au interface, the resonant peaks 

remain the same but the magnitude decreases for both the triangular and 

concave tips, but not the convex tip. This could be due to the convex tip 

profile having stronger resonances at higher energies. Upon normalisation 

with the tunnelling current density which shows exponential increase at large 

energies, the resonant peaks for the convex tip profile is much stronger than 

those of the triangular and concave tips. Such phenomena occur similarly 

along the Au tip/SiO2 interface for the resonant peak of the convex tip at 1.9 

eV. The resonant peak for the triangular tip diminishes while that of the 

concave tip remains approximately the same.  
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Figure 5.8: Leakage radiation for different tips of 100 nm Au substrate 
thickness. Leakage radiation for “Rect” and “No tip” profiles are negligible as 

compared to “Tri”, “Convex” and “Concave” tip profiles. 
 

At even larger substrate thicknesses of 100 nm, the resonant peak along the 

top Au/SiO2 interface diminishes, leaving just the resonant peaks along the 

SiO2/bottom Au interface and the Au tip/SiO2 interface. The resonant peaks 

along the SiO2/bottom Au interface are still visible but are very much reduced 

in magnitude. These resonant peaks along the SiO2/bottom Au interface 

become even smaller than that of the Au tip/SiO2 interface. This shows that at 

100 nm Au thickness, leakage radiation becomes very much reduced with the 

contribution of excited localised SPPs from direct emission slightly exceeding 

those of propagating SPPs.  
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Figure 5.9: Leakage radiation for different tips of 250 nm Au substrate 

thickness. Leakage radiation for “Rect” and “No tip” profiles are negligible as 
compared to “Tri”, “Convex” and “Concave” tip profiles. 

 

For a large Au substrate thickness of 250 nm, only resonant peaks 

along the Au tip/SiO2 interface can be detected and the leakage radiation 

readings are very small, meaning leakage radiation studies do not provide 

much information for large substrate thickness. 

With finite substrates of decreasing thickness, peaks shift to higher 

energies in the leakage radiation spectra than that of spectra for emitted power 

and coupled power into the MIM waveguiding segment. Leakage radiation is 

observed to exhibit a higher intensity as seen for thinner Au substrates less 

than skin depth, particularly thicknesses of 5 nm and 50 nm. This is due to the 

stronger contribution of leakage radiation from excited plasmon polaritons in 

the MIM waveguiding segment. When the metal thickness in the pMIM 

structure is larger than 100 nm or around 150% of the SPP skin depth, the 

leakage radiation becomes negligible. 
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For substrate thickness approximately equal to or larger than skin 

depth, the convex tip profile provides strongest detection of leakage radiation 

for excited plasmon polaritons along the Au tip/SiO2 interface. At substrate 

thicknesses larger than skin depth, the resonant peak along the top Au/SiO2 

interface diminishes.  

For substrate thickness smaller than skin depth, excited plasmon 

polaritons along SiO2/bottom Au interface show greater dominance than that 

of the Au tip/SiO2 interface. This means that finite Au substrate thicknesses 

smaller than skin depth have to be adopted in order detect plasmon polaritons 

that is largely excited in the MIM waveguiding segment rather than at the tip.  
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5.4: Summary 

 

Studies show that leakage radiation depends on the skin depth of SPPs 

in metal. When the bottom Au anode thickness in the pMIM structure is larger 

than 150% of the SPP skin depth of Au at 1THz, the leakage radiation 

becomes negligible. For an Au-SiO2-Au pMIM structure, the Au thickness 

should be larger than 100 nm.  Although the leakage radiation is undesired, it 

can be used to detect excited propagating SPPs in pMIM structures. When the 

bottom Au anode is thinner than the skin depth, the propagating SPPs that are 

largely excited in the MIM waveguiding segment can be detected rather than 

localised SPPs from the direct emission of the tunnelling current source. The 

use of a finite Au substrate thickness allows leakage radiation to be used as a 

means to detect excited propagating SPPs. A preliminary experiment is 

conducted to test such detection method in pMIM structures and is detailed in 

Ch. 6. 
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Chapter 6. Preliminary experimental measurement of 

plasmon polaritons generated from pMIM structures 

 

6.1. Introduction 

 

To test the feasibility of the proposed pMIM design and to gain 

insights on the excited plasmon polaritons by examining experimentally-

measured leakage radiation spectra, a partnership was established with 

collaborators to design, fabricate and measure excited plasmon polaritons from 

a practical pMIM structure that can be realised experimentally. Fabrication of 

very small gaps with a separation less than 1 nm between two electrodes has 

been difficult to realise without the use of molecular junctions [6.1, 6.2]. One 

such molecular junction which shows great potential is the self-assembled 

monolayer (SAM) which is exactly one molecule thick [6.3]. SAMs allows the 

tunnelling behaviour of the molecular junction to be controlled by tuning the 

chemistry of the molecule with an applied bias [6.3, 6.4]. The pMIM structure 

was fabricated with thin metal substrates so as to allow detection of excited 

SPPs via real and back focal plane images and extracted leakage radiation.  

There exist different relations between detected SPPs and leakage 

radiation. One relation between leakage radiation spectra and propagating SPP 

resonant peaks has been proposed in a Kretschmann configuration whereby 

propagating SPP resonant peaks are often interpreted by an observation of a 

strong minimum in the leakage radiation spectra which is a function of the 

angle of incidence [6.5-6.12]. However, there have been many challenges to 
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this interpretation which in turn suggests that reflectance minimums in leakage 

radiation experiments do not correspond to propagating SPP resonant peaks 

[6.13-6.18]. Apart from Kretschmann configuration, propagating SPP resonant 

peaks were also proposed to be derived from the back focal plane images of 

the leakage radiation spectra [6.3, 6.19]. To better address concerns of the role 

of elastic and inelastic tunnelling processes on detected propagating SPPs 

from leakage radiation spectra, a theoretical formalism has been proposed to 

provide a correlation between propagating SPPs and the leakage radiation 

spectra in pMIM structures. 
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6.2. Practical material selection for study 

   

Although materials such as Au and SiO2 are adopted for use as the 

metal cathode and the insulator medium in both theoretical and numerical 

studies of MIM waveguiding segment and pMIM structures, they are not 

always practical for fabrication experimentally. Instead of the SiO2 insulator 

which doubles as a tunnelling junction and a waveguiding medium, molecular 

tunnelling junctions in the form of self-assembled monolayers (SAMs) can be 

adopted as the tunnelling junction while polydimethylsiloxane (PDMS) 

insulator or air can be adopted for use as the waveguiding medium.  

SAMs have been recently shown to exhibit properties that can be used 

to control the frequency of a tunnelling charge transfer plasmon mode [6.4]. 

The polarisation and frequency of the generated plasmon polaritons can also 

be controlled by varying the applied bias [6.3].   

Due to the use of SAM as the molecular tunnelling junction, Eutectic 

Gallium Indium (EGaIn) is used in place of Au as the cathode. The use of 

EGaIn as a cathode is immensely useful as a contact for molecular junctions 

since it is a liquid metal with non-Newtonian behaviour. It flows when a shear 

stress is applied and behaves as a solid at rest. When EGaIn is brought into 

contact with SAM, it does not penetrate the SAM but instead deforms it, 

resulting in a well-defined junction. In air, EGaIn becomes passivated with a 

highly conductive 0.7 nm layer of native oxide, predominantly Ga2O3. 

Au remains the material of choice for the anode while OA/glass is used 

as the substrate layer so as to detect leakage radiation as an indication of 

excited plasmon polaritons. OA refers to the optical adhesive that is used to 
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glue the Au onto the glass substrate. The molecular SAM serves as the 

tunnelling barrier through which electrons tunnel and generates the tunnelling 

current. The tunnelling barrier height is determined by the electronic energy 

levels of the SAM molecule while the tunnelling barrier width is determined 

by the length of the SAM. Because SAM is used, the tunnelling gap is always 

exactly one molecule thick. 

 The tunnelling barriers created using SAM can form either 

symmetrical or asymmetrical tunnelling barriers. These tunnelling barriers 

generate the corresponding symmetric and asymmetric current versus voltage 

response curves. One such SAM with a symmetric tunnelling barrier is that of 

S(CH2)n-1CH3. To facilitate discussion, a simplified form of SCn will be used 

instead. n refers to the carbon number and can be assigned a value of 10, 12, 

16 and 18. It has large highest occupied molecular orbital (HOMO) – lowest 

unoccupied molecular orbital (LUMO) gaps of 8-9 eV. Considering EGaIn 

and Au electrodes, their Fermi levels fall approximately in the middle of the 

HOMO-LUMO gap of the SAM. Neither HOMO nor LUMO level of the 

SAM can participate in charge transport in the bias window of ±1.8 eV.  

Direct tunnelling (DT) dominates the charge transport for both bias directions 

as seen in the energy level diagram in Fig. 6.1.  

For the SAM with an asymmetric tunnelling barrier such as (4-((4-

(ferrocenyl)phenyl)ethynyl)phenyl)methanethiol (S-OPE-Fc), it has a HOMO 

level centered at -5 eV at the ferrocenyl unit (Fc) just below the Fermi levels 

of the electrodes. With positive bias, the HOMO level falls below the Fermi 

levels of both EGaIn and Au electrodes and cannot participate in charge 

transport. At negative bias, the HOMO energy level of Fc falls between the 
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Fermi levels of the electrodes and participates in charge transport via 

sequential tunnelling (ST). This means that electrons first tunnel from HOMO 

energy level to Au and then tunnel from EGaIn to HOMO level as shown in 

the energy level diagram in Fig. 6.2. LUMO is close in energy to the vacuum 

level and is not shown. The arrows correspond to the direction of the 

tunnelling electrons.  

 

Figure 6.1: Energy level diagram with symmetric tunnelling barrier SAM 
[6.3]. 
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Figure 6.2: Energy level diagram with asymmetric tunnelling barrier SAM 
[6.3]. 

 

Since the mechanism of charge transport is believed to be similar 

[6.20-6.22] to that of SAMs with symmetric tunnelling barriers, these SAMs 

of SCn were used for experimental studies. SAMs participates in charge 

transport and forms good molecular diodes as shown in Fig. 6.3. 

 

Figure 6.3: Tunnel junctions of SAM of SCn (left) and SAM of S-OPE-Fc 
(right) [6.3].  

 

The tunnelling direction along the SAM backbone is indicated by the blue 

arrow. Α is the tilt angle of the SAM while d is the tunnelling barrier width.  
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6.3. Experimental setup 

 

 Similar to the setup described in Sec. 5.2, the optical properties of the 

SAM based tunnel junctions can be characterised by using an inverted optical 

microscope equipped with a spectrometer and an EMCCD. The optical 

characteristics were measured at the back side of these junctions through the 

semi-transparent Au anode with a 100x oil objective with numerical aperture 

of 1.49 when the junctions were biased. A 2 min integration time is used to 

record the plasmon emission spectra for both real (image) plane and back focal 

plane. The optical paths for the real plane and back focal plane images are 

indicated by the red and blue dashed lines respectively. When real plane 

images are recorded, lenses L1 and L2 were used. When back focal plane 

images were recorded, an extra lens L3 is used together with L1 and L2. This 

can be shown in Fig. 6.4. The Au layers of 50 nm thickness were sufficiently 

thin to detect both localised SPP emission and SPP leakage radiation. The 

segment where the EGaIn is in contact with the SAMs can be classified as the 

protruded tip segment while the EGaIn-PDMS-SAM region can be classified 

as the MIM waveguiding segment. Instead of PDMS, an air gap can also be 

introduced. The protruded tip segment has a diameter of about 50 µm while 

the geometrical contact of the protruded tip segment is around 1000 µm2. This 

constitutes a practical pMIM structure with a protruded tip segment (EGaIn-

SAM-Au-OA) and a MIM waveguiding segment (EGaIn-PDMS-SAM-Au-

OA or EGaIn-Air-SAM-Au-OA). 
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Figure 6.4: Schematic of optical characterisation setup [6.3]. 
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6.4. Detection of excited plasmon polaritons using real and back focal 

plane images 

 

Real plane images were extracted with an SC12 SAM biased at -1.8 V. 

The negative bias is on the EGaIn and the Au electrode is grounded. The real 

plane images for Au film thicknesses of 50 nm and 15 nm were as shown in 

Fig. 6.5 (a) and (b). These images were then overlaid on top of an optical 

image taken from the microscope as shown in Fig. 6.5(c) and 6.5(d) 

respectively.   

 

Figure 6.5: Images of plasmon polaritons excited in pMIM structure in the 
real plane for (a) 50 nm Au and (b) 15 nm Au. Real plane and optical images overlay 

for (c) 50 nm Au and (d) 15 nm Au [6.3].  
 

 From the images shown in Fig. 6.5, two observations can be made. 

First, both localised (LSPs) and propagating SPPs were seen to be excited. The 

localised SPPs are mainly excited in the protruded tip segment while the 
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propagating SPPs were excited at the interface between the protruded tip 

segment and the MIM waveguiding segment along the EGaIn-PDMS-SAM or 

the EGaIn-Air-SAM interface. The plasmon emission in the protruded tip 

segment is spatially inhomogeneous because the effective electrical contact 

area is estimated to be 104 times smaller than the geometrical contact area 

[6.23,  6.24]. 

 The presence of the two types of localised and propagating SPPs can 

be further confirmed with the back focal plane images for Au film thicknesses 

of 50 nm and 15 nm were as shown in Fig. 6.6 (a) and (b). 

 

Figure 6.6: Images of plasmon polaritons excited in pMIM structure in the 
back focal plane for (a) 50 nm Au and (b) 15 nm Au [6.3]. 

 

The back focal plane image for the 50 nm Au pMIM structure shows 

two kinds of narrow arcs, confirming the excitation of the two types of SPP 

modes. SPP mode I can be attributed to propagating SPPs along SAM/Air 

interface while mode II is attributed to propagating SPPs along SAM/PDMS 

interface. For the thinner 15 nm Au pMIM structure, only localised SPPs are 

detected within the protruded tip segment as the propagating SPPs are damped 
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along the SAM-Air and SAM-PDMS interfaces. These modes are visible as 

discontinuous rings due to the non-uniform plasmon polariton excitation.  

To understand the plasmon modes observed in both the real and back 

focal plane, the dispersion relations of SPPs were solved using the transfer 

matrix method. In the calculation, the refractive indices of air, PDMS and OA 

are taken as 1.0, 1.4 and 1.56 respectively. SAM is considered as a 2 nm air 

gap. The permittivity of Au and EGaIn were used to calculate the dispersion 

relations. The permittivity of EGaIn was measured and deduced by 

ellipsometry at wavelengths between 300 nm and 800nm. The Drude model 

was used to deduce the permittivity values above 800 nm similar to Appendix 

A. For Gallium, ωp = 9.954 eV, γg = 1.796 eV. For Indium, ωp = 17.321 eV, γg 

=0.038 eV [6.25]. The Drude model for EGaIn was estimated as a linear 

combination of the Drude models of Gallium (75.5%) and Indium (24.5%). 

The dispersion relation of SPPs in the three regions of the pMIM is shown in 

Fig. 6.7.  

 

Figure 6.7: Dispersion relation of SPPs in the pMIM structure for 15 nm and 
50 nm Au thickness in regions (a-b) EGaIn-SAM-Au-OA, (c-d) Air-SAM-Au-OA 

and (e-f) PDMS-SAM-Au-OA [6.3]. 
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For all three regions, the SPP modes around mode index (kx/ko) ≈1.60 

are present for both thicknesses except that the SPP mode is more confined 

with the thicker gold film. This mode corresponds to the SPP at the Au/OA 

interface. Because the numerical aperture of the oil objective is 1.49, this SPP 

mode cannot be detected through leakage radiation. In the protruded tip 

segment (EGaIn-SAM-Au-OA region), only localized surface plasmons are 

possible to be observed. SPP modes in the Air-SAM-Au-OA and PDMS-

SAM-Au-OA regions of the MIM waveguiding segment depend on the 

thickness of the Au electrode. For the  50 nm gold film, besides the SPP mode 

at the Au-OA interface with mode index of 1.60, there are also SPP modes at 

the Au/SAM interface with mode index of 1.015 (λ = 850 nm) in Air-SAM-

Au-OA region and at the Au/SAM interface with mode index of 1.465 (λ = 

850 nm) in PDMS-SAM-Au-OA region. On the contrary, the propagating SPP 

modes are largely damped at similar interfaces for the 15 nm Au film. This 

phenomenon exists due to the collected spectra covering a larger area of the 

tip than the MIM waveguiding segment. In the previous numerical studies on 

pMIM structure in Ch.3, the waveguiding segment is assumed to be much 

larger than the protruded tip segment. These calculations confirm the 

experimental observations of the excitation of the two types of SPP modes.  
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6.5. Detection of excited plasmon polaritons using leakage radiation  

 

Applying leakage radiation studies as a means to detect SPPs, the 

cross-sectional area at the site of the tunnelling current generation in the 

protruded tip segment can be modelled by an MIM structure that makes use of 

self-assembled monolayers (SAM) as a molecular tunnelling junction is 

proposed as shown in Fig. 6.8.  

 

Figure 6.8: MIM structure to model cross-sectional area at the site of the 
tunnelling current generation in the protruded tip segment [6.3]. 

 

To show that leakage radiation can be used to detect excited 

propagating SPPs, there is a need to predict the leakage radiation spectra of 

excited propagating SPPs from FEM simulations, taking into account both 

elastic and inelastic electron tunnelling mechanisms which make up the 

excited tunnelling current. The obtained leakage radiation spectra are then 

compared with that observed experimentally. 

 In elastic tunnelling process, elastic tunnelling electrons excite 

plasmons, change the dielectric environment and determine the plasmon 

resonance. This elastic tunnelling profile as a function of photon energy can be 

obtained in two ways. The first way is to use a Gaussian shape profile as an 
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approximation once the plasmon resonance is known. The second way is to 

extract the excited eigenfield profile at the interface where plasmon polaritons 

are excited. 

In inelastic tunnelling process, tunnelling electrons lose energy and 

couple to plasmon states. The lost energy is converted into emitted light. The 

metric used here is the probability of energy loss, Ploss where 

 𝑃𝑙𝑙𝑙𝑙 = 1 − ħ𝜔
𝑒𝑒

  (6.1) 

where V is the applied bias and ħω is the photon energy. Physically this 

means that when a bias voltage is applied on the tunnel junction, electrons that 

inelastically tunnel through the barrier lose energy which can range from zero 

to the applied bias voltage and couple to the plasmonic modes of the tunnel 

junction. This lost energy decays as photon emission. 

The theoretical leakage radiation spectra can be predicted by 

considering a coupling of both elastic and inelastic tunnelling mechanisms. 

Using Fig. 6.8 as a benchmark of study, FEM numerical simulations were 

performed to obtain the field profile as a result of elastic tunnelling. For this 

MIM structure on a glass substrate, the EGaIn cathode, SAM, Au anode and 

OA/glass substrate are assigned a thickness of 1 µm, 0.5 µm, 50 nm, 2 nm and 

1 µm respectively. In the numerical model, PML boundary conditions are 

adopted. A localised tunnelling current J is modelled using a 1 nm radius 

cylinder within the 2 nm thick SAM layer. Au thickness of 50 nm was 

adopted. The excited plasmonic eigenfields were calculated by solving the 

Maxwell’s equations with the localised tunnelling current 𝐽 ̅ as the excitation 

source. The eigenfields of |H| at Au/OA interface is extracted a distance away 

from the source, around 750 nm. It shows the plasmon mode with a full width 
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half maximum (FWHM) of around 0.5 eV. The shape of this broadband 

response is independent of the distance from the excitation source. This serves 

as equivalent spectra from the elastic tunnelling mechanism as shown in Fig. 

6.9. To calculate the spectra from the inelastic tunnelling mechanism, Eqn. 6.1 

is made use of, with voltage bias ranging from 1.5 to 2.2 eV to derive the plot 

shown in Fig. 6.9 as well.  

 

Figure 6.9: Inelastic tunnelling probability at different biases and the 
plasmonic resonance of the structure in Fig. 6.8 [6.3]. 

. 

 From the two spectra obtained from both elastic and inelastic 

tunnelling mechanism, the theoretical leakage radiation spectra can be 

calculated by multiplying the spectra together. This allows the spectrum 

shown in Fig. 6.10 to be derived. 
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Figure 6.10: Theoretical leakage radiation spectra by considering both 
inelastic tunnelling probability and plasmonic resonance [6.3]. 

 

To see if the theoretical leakage radiation spectrum matches the values 

calculated experimentally, the response of the spectrum collection system 

which is shown in Fig. 6.11 needs to be taken into account. This spectrum 

collection system includes the transmission of the whole microscope system, 

the reflection of the mirror system in the spectrometer and the CCD quantum 

efficiency of the spectrometer as described in Sec. 6.3. 

 

Figure 6.11: Spectral response of spectral collection system [6.3].  
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By taking into account the response of the spectrum collection system 

which is shown in Fig. 6.11, the resultant spectrum can be derived as shown in 

Fig. 6.12. Comparing it with the leakage radiation spectra obtained 

experimentally as shown in Fig. 6.13, a very good correlation can be observed 

between the calculated spectra and the experimental spectra. This means that 

both elastic and inelastic tunnelling processes contribute to the excitation of 

plasmon polaritons. 

 

 

Figure 6.12: Calculated spectra by considering the inelastic tunnelling 
probability, the plasmonic resonance and the spectra response of the spectrum 

collection system [6.3]. 
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Figure 6.13: Experimental spectra at different biases [6.3].  
 

To further show that leakage radiation spectra can be used to provide 

insights behind detected excited plasmon polaritons, the magnitude of the total 

electric field is plotted at SPP resonance energy at 2.0 eV and energies off SPP 

resonance at 1.2 eV and 2.8 eV as shown in Fig. 6.14. The energies off SPP 

resonance are energies where direct emission from tunnelling current is 

expected to dominate. These simulation results are independent of applied bias 

and account for the resonant energy states for plasmon coupling and hence 

light emission. 
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Figure 6.14: Magnitude of total electric field at on/off SPP resonance. 
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6.6: Summary 

 

Working with experimental collaborators, a practical pMIM structure 

with a protruded tip segment (EGaIn-SAM-Au-OA) and a MIM waveguiding 

segment (EGaIn-PDMS-SAM-Au-OA or EGaIn-Air-SAM-Au-OA) with 15 

nm and 50 nm Au anode were fabricated and excited SPPs were measured. By 

taking into considerations both elastic and inelastic electron tunnelling 

mechanism which make up the excited tunnelling current, the observed 

leakage radiation spectra can also be attributed to the excited propagating 

SPPs in the structure. The model used for FEM simulations forms an 

important basis to implement design principles for the pMIM on-chip plasmon 

source studied in this thesis. 

While the pMIM structure can be made compact with negligible 

leakage radiation, the highly efficient plasmon polaritons are excited with 

symmetric directivity. Such symmetric directivity can be further manipulated 

to obtain asymmetric directivity in order to mimic an ideal on-chip source 

which is highly directional. 
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Chapter 7. Double protruded metal-insulator-metal 

(p2MIM) structure for asymmetric directivity of excited 

plasmon polaritons 

 

7.1. Introduction 

 

For an on-chip source to excite plasmon polaritons with high 

directionality, there is first a need for the symmetric directivity to be further 

manipulated to obtain asymmetric [7.1-7.3] directivity. This is particularly 

useful in pMIM structures where all the emitted power should nominally be 

directed in the desired direction. Directivity can be achieved by manipulating 

the substrate layer to introduce regular or irregular corrugations such as 

gratings [7.4, 7.5], similar to those mentioned in Ch. 2, which serve to obstruct 

and redirect the power flow. Much of these techniques require complex 

fabrication processes and are difficult to implement. There is a need for 

potential solutions that can circumvent such complex fabrication processes. 

The reduction of complex fabrication processes introduces fewer uncertainties 

and deviations in the design parameters of the pMIM structure. One potential 

solution is to make use of surface eigenmodes excited on nanostructures 

placed below the tip of pMIM structures. This surface eigenmode profile is 

generated by the excited tunnelling current and shows a correlation with the 

circular dichroism (CD) signature which include left handed circularly 

polarised (LCP) and right handed circularly polarised (RCP) components. 

Hence the CD signature can be used to predict the surface eigenmode profile 
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which can in turn be used to predict the directivity patterns as shown in section 

7.3. The localised SPPs on the surface of the nanostructures can be used to 

tune the directivity of propagating SPPs. The surface eigenmode profile of the 

localised SPPs can be controlled with a rotated nanostructure or by 

engineering smart nanostructures.  

The study of surface eigenmode profile on nanostructures placed in 

pMIM structures pose a huge challenge experimentally since there is no way 

to extract the surface eigenmode profile once the nanostructure is enclosed 

within the pMIM structure. Leakage radiation measurements require finite 

substrate thicknesses in order to extract a detectable signal and as a result, 

much focus will be on the resonant peaks of excited propagating SPPs in the 

pMIM’s waveguiding segment, not the localised SPPs on the surface of the 

nanostructure as discussed in Ch. 5. The surface eigenmode profile on the 

nanostructure cannot be extracted from the leakage radiation spectra either.  

The tunnelling current excitation of localised SPPs on nanostructures 

can be studied from numerical simulations. However the use of numerical 

simulations is limited to only simple nanostructures due to the large 

computational cost involved.  A theoretical approach is proposed to establish a 

correlation between the excited localised SPP eigenmodes and the circular 

dichroism signature on the nanostructures. As a proof of concept, this 

correlation is used as a basis to predict and validate the surface eigenmodes of 

basic and well-studied nanostructures such as the gammadion from section 7.4 

onwards. It allows the prediction of excited localised SPP eigenmodes without 

having to undertake huge numerical computations. Such studies can further be 

extended to design practical nanostructures or coupled basic nanostructures to 



154 
 

induce a desired surface eigenmode profile in order to generate directivity. 

The well-established gammadion chiral nanostructure is chosen to validate the 

accuracy of the model used in the rest of the thesis. This chapter serves as an 

important starting point for future work in the excitation of plasmon polaritons 

with high directivity. More work can be done to implement this concept, for 

instance by engineering more easily-fabricated nanostructures or designing 

basic coupled nanostructures to induce a desired surface eigenmode profile in 

order to generate highly directional plasmon polaritons. 
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7.2. Proposed p2MIM design and implementation 

 

A method of achieving asymmetric directivity of excited SPPs is to 

harness the field profile or hot spots of surface eigenmodes on a metal 

nanostructure placed below the protruded tip, forming a double protruded 

metal-insulator-metal (p2MIM) structure. This can be seen as shown in Fig. 

7.1. 

 

Figure 7.1: p2MIM as a method to redirect excited SPPs. Circular and 
triangular basic nanostructures are used as an example.  

 

 Depending on the nanostructure design adopted, different surface 

eigenmode profiles can be achieved due to the excited localised SPPs on the 

surface of the nanostructure. With the surface eigenmode profile, the excited 

localised SPPs can be used to control the direction of propagating SPPs in the 

waveguiding segment of the p2MIM. Propagating SPPs can then spread 

outwards in a particular direction with stronger output power.  
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7.3. Correlation between surface eigenmodes excited by tunnelling 

current with circular dichroism (CD) signature of nanostructures 

 

The p2MIM structure provides a very good avenue for directionality 

control since it makes use of a tunnelling current which excites localised SPPs, 

providing directionality predictions equivalent to the CD signature of excited 

localised SPPs from optical excitations [7.6-7.8]. In numerical simulations, the 

magnitude of the DC tunnelling current that is dependent on applied bias can 

be used as an input source. For numerical analysis, the current source is 

assumed to take into account current flow in both directions between the top 

and bottom electrodes. When the tunnelling current is incident from the top 

and interacts with the nanostructure, the current produces a magnetic field (H) 

in the clockwise direction, in accordance to the right hand rule. This is 

equivalent to having a right handed circularly polarised (RCP) light interacting 

with the nanostructure. In a similar fashion, if the current is incident from the 

bottom of the nanostructure, the H field is generated in the anticlockwise 

direction. This is equivalent to having a left handed circularly polarised (LCP) 

light interacting with the nanostructure. From the direction of the H field, the 

direction of the induced electric (E) field can be identified. This can be seen in 

Fig 7.2.    
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Figure 7.2: Current excitation equivalent to circularly polarised light. 
 

Numerical current simulations only take into account current density 

and hence considers excited tunnelling current passing into and out of plane of 

the nanostructure. Since this current should generate surface eigenmodes 

equivalent to circularly polarised light, the surface eigenmodes which are 

observed actually correspond to the CD signature for similar nanostructures. 

The CD signature of surface eigenmodes on basic nanostructures can be 

derived from the plasmon hybridisation theory.  
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7.4. Prediction of excited surface eigenmode profile for basic 

nanostructures using plasmon hybridisation theory 

 

Using light excitation as the governing mechanism, we derive the CD 

signature of excited eigenmodes in these basic nanostructures from the 

plasmon hybridisation theory. Plasmon hybridisation is a method which 

provides a simple and intuitive explanation behind how plasmons [7.9] 

supported by elementary metal nanoparticles or nanostructures interact with 

one another, forming different energy states and hence inducing different 

behaviour at the plasmon resonance frequencies [7.10].  

Plasmon interaction can be supported by elementary nanostructures, 

namely nanosphere, nanorice and nanostar [7.10-7.12]. The theoretical 

formalism [7.13, 7.14] was applied to the interaction between nanosphere and 

surface [7.15]. There were also studies on new plasmon modes creation when 

two nanoparticles are placed close together to form a nanoparticle pair [7.16, 

7.17]. Hybridisation studies allow the field distributions to be shown, allowing 

for the identification of different modes for a particular nanoparticle or 

nanostructure. Fundamental physics of local charge distribution can be applied 

to provide an intuitive picture on how hybridised plasmon modes arise. 

Considering an RCP light incident into a piece of paper (xy plane), 

there is a rotation in the polarisation of light from the Ey direction to the Ex 

direction as shown in Figure 7.3. Similarly for LCP light, the rotation of the 

polarised light is from the Ey direction to the negative Ex direction. For both 

LCP and RCP light polarisation, the dominant polarisation is along the x and y 

directions. Hence, by considering the two dominant polarisation of light on 
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nanostructures, we are able to determine the types of plasmon modes that can 

be excited on nanostructures. 

 

Figure 7.3: Rotation in light orientation for RCP and LCP, with light 
normally incident onto the xy-plane. Dotted lines indicate the field components in the 

xy-plane [7.18]. 
 

Basic planar nanostructures are nanostructures which act as building 

blocks from which all complex nanostructures can be built. Examples of basic 

planar nanostructures include that of circular, triangular, square and 

rectangular nanostructures. When basic planar nanostructures of 

subwavelength dimensions are considered, an electric dipole moment can be 

excited in the nanostructure with an incident light source of known 

polarisation. Different dipole moments will be induced depending on the 

polarisation of the excitation light source. Defining an electric dipole moment 

in the configuration shown in Fig. 7.4, the impact of induced dipole moments 

from -Ex, Ex, -Ey and Ey polarisation can be considered. 

 
Figure 7.4: Electric dipole moment and its corresponding charge distribution 

[7.18]. 
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Figures 7.5(a), 7.5(b), 7.5(c) and 7.5(d) each show a single planar 

rectangular nanostructure and its corresponding dipole moment induced with –

Ex, Ex, –Ey and Ey light polarisation respectively. Although there are four 

polarisation modes, only two hybridised modes are essentially excited because 

the structure is not chiral and does not possess a circular dichroism (CD) 

signature, meaning that its mirror image can be superimposed onto itself.  

 

Figure 7.5: Polarisation modes on single rectangular nanostructure for 
incident light polarised in directions (a) –Ex, (b) Ex, (c) –Ey and (d) Ey. 
 

The above observation is seen to be similar for circular, square and triangular 

nanostructures as shown in Fig. 7.6, Fig. 7.7 and Fig. 7.8 respectively. 
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Figure 7.6: Polarisation modes on single circular nanostructure for incident 
light polarised in directions (a) –Ex, (b) Ex, (c) –Ey and (d) Ey. 

 

 

Figure 7.7: Polarisation modes on single square nanostructure for incident 
light polarised in directions (a) –Ex, (b) Ex, (c) –Ey and (d) Ey. 
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Figure 7.8: Polarisation modes on single triangular nanostructure for incident 
light polarised in directions (a) –Ex, (b) Ex, (c) –Ey and (d) Ey. 

 

Considering the superposition of the electric dipole field profiles from both 

LCP and RCP light, the CD signature of the circular, square, triangular and 

vertical rectangular nanostructures can be derived as shown in Fig. 7.9 to Fig. 

7.12, respectively. 

 

Figure 7.9: CD signature of circular nanostructure 
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Figure 7.10: CD signature of square nanostructure 
 
 
 

 

Figure 7.11: CD signature of triangular nanostructure 
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Figure 7.12: CD signature of vertical rectangular nanostructure 
 

Since the four mentioned basic nanostructures do have a mirror image 

along the y axis that can be superimposed on their original images, it is 

expected that there will be no CD signature which is shown in accordance to 

the plasmon hybridisation theory applied in the proposed manner. According 

to the CD signature, all non-rotated basic nanostructures including the square, 

triangle, circle and rectangle should exhibit the same surface eigenmode 

profile and hence the same preference for SPP propagation. While there is no 

CD signature for these basic nanostructures, a CD signature can be induced 

via angular rotation, assuming that the incident light remains along the same 

plane, with the reference direction along the positive y direction. By inducing 

rotation in an anticlockwise manner from 0 degrees to 75 degrees, a CD 

signature can be induced for all basic nanostructures. An example for a 

triangular nanostructure is shown in Fig. 7.13.  
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Figure 7.13: Theoretically predicted surface eigenmode profiles from 
tunnelling current excited rotated triangular nanostructures of varying degrees. 

 

Further it has been found that the very means of rotation further 

induces a flip in CD signature from positive to negative or vice versa. At 15 

and 75 degrees rotation, LCP character is dominant, resulting in a positive CD 

signature. At 45 degrees rotation, RCP character is dominant, resulting in a 

negative CD signature.  

The equivalent Ez field distribution for an equivalent light excitation is 

obtained from simulation for the triangular nanostructure as shown in Fig. 

7.14 which provides good agreement with that predicted from theory. The 

triangular nanostructure structure shown in Fig. 7.14 has a width of 200 nm 

and a periodicity of 800 nm. It is 100 nm thick and suspended in air. Gold is 

used for the triangular nanostructure. The permittivity value of gold is 

obtained from the optical handbook [7.19]. The triangular nanostructure was 

simulated using the finite-difference time-domain (FDTD) method with 

Lorentz-Drude model to account for the damping of the metal. Perfectly 
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matched layer were applied to both vertical and horizontal axes of the domain. 

The simulation grid size is set to 4 nm in all directions to obtain accurate 

transmission, scattering and reflection spectra. The triangular nanostructure 

was rotated and its Ez field distribution extracted for varying rotation angles. 

Since the circular nanostructure has a similar geometry regardless of its angle 

of rotation, it does not exhibit any CD signature even if it’s rotated. 

 

Figure 7.14: Ez field distribution for rotated triangular nanostructure varying 
from 0 to 90 degrees. 

 

To validate the dominance of RCP or LCP in the CD signature, the CD 

spectra of the triangular nanostructure was extracted as observed from 

numerical simulations. The absorption spectra of the triangular nanostructure 

was obtained using left and right handed circular polarised light and the 

difference taken, giving the CD spectrum shown in Figure 7.15. CD is given 

as 

 𝐶𝐶 = 𝐴𝐿 − 𝐴𝑅  (7.1) 

where AL/AR refers to the absorption of LCP/RCP, respectively. 
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Figure 7.15: CD spectra of triangular nanostructure suspended in air. 
 

The CD spectra obtained from numerical simulations correlates with 

the postulated CD signature seen in Fig. 7.13. An interesting phenomenon that 

can be observed from the plasmon hybridisation studies of rotated structures is 

that although the 30 degrees-rotated triangular nanostructure is expected to 

exhibit a CD signature based on intuition, this is not the case as in accordance 

to theory.  

In order to obtain a distinct signature of surface eigenmodes for a 

tunnelling current excitation, there is a need to perform a rotation of these 

basic nanostructures. Using a triangular nanostructure that is rotated from 0 to 

75 degrees as a test of concept for future design considerations, the results 

from numerical simulations are as shown in Fig. 7.16. The simulation setup 

mirrors that of pMIM structures discussed in Ch. 3. 
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Figure 7.16: Numerically obtained surface eigenmode profiles of rotated 

triangular nanostructures from tunnelling current excitation. 
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7.5. Prediction of excited surface eigenmode profile for complex 

nanostructures using plasmon hybridisation theory 

 

The plasmon hybridisation theory can be further extended to 

investigate the surface eigenmodes of complex nanostructures. Complex 

planar nanostructures can usually be easily decomposed into basic building 

blocks. One such example is the gammadion which is made up of vertical and 

horizontal rectangular nanostructures. Since the fundamental building blocks 

of the gammadion can be easily identified, it serves as a good candidate for 

plasmon hybridisation studies, allowing structural decomposition for easy 

analysis. The methodology can be validated against other simulations or 

experimental results. Hybridisation studies allow the field distributions to be 

shown, allowing for the identification of different modes for a particular 

structure. Contrary to other studies on resonance modes [7.20], this study 

utilises the decomposition of a single planar gammadion nanostructure into 

smaller fundamental nanoparticle elements so as to analyse the field 

distribution. In the case of complex planar nanostructures, they can be 

decomposed into fundamental nanoparticle elements depending on the shape 

of these complex planar nanostructures. For instance, in the case of the left 

handed gammadion nanostructure, it can be decomposed into several nanowire 

structures as shown in Fig. 7.17. Similar concepts can be applied to the right 

handed gammadion nanostructure as well. 
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Figure 7.17: Dissection of Gammadion’s arm and arm’s bend [7.18]. 
 

The gammadion’s arm and arm’s bend are as labelled and it is planar 

where the arm and arm’s bend are interconnected. Treating each nanowire 

individually, different polarised modes can be induced in accordance to Fig. 

7.5 and Fig. 7.12 depending on the polarisation of the excitation light source. 

If vertical (y) direction is used as the reference direction for light 

polarisation, two hybridisation states can be attained through the superposition 

of the dipole moments in the Ey and Ex polarisation as well as Ey and -Ex 

polarisation, respectively. The derived charge distribution at each arm and 

arm’s bend of the gammadion are shown in Fig. 7.18(a), 7.18(b) and 7.18(c). 

This allows resultant dipole moments to be derived in Fig. 7.18(d) and Fig. 

7.18(e). Since the y direction is used as the reference direction for light 

polarisation, two other corresponding polarisation modes can be expected in 

Fig. 7.18(f) and Fig. 7.18(g). These two hybridised states (Figs. 7.18(d), 

7.18(e) and Figs. 7.18(f), 7.18(g)) are a result of opposite field polarity at the 

arms of the gammadion, derived as a result of charge cancellations due to 

superposition. 
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Figure 7.18: Electric dipole moment induced in a single gammadion 
nanostructure with (a) Ex (b) Ey and (c) -Ex light polarisation. (d) Hybridisation state 1 
with RCP. (e) Hybridisation state 1 with LCP. (f) Hybridisation state 2 with RCP. (g) 

Hybridisation state 2 with LCP [7.18]. 
 

If the horizontal (x) direction is used as the reference direction for light 

polarisation, hybridisation states shown in Figs. 7.19(a), 7.19(b), 7.19(c) and 

7.19(d) would be expected.  
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Figure 7.19: (a) Hybridisation state 3 with RCP. (b) Hybridisation state 3 
with LCP. (c) Hybridisation state 4 with RCP. (d) Hybridisation state 4 with LCP 

[7.18]. 
 

What this means is that 4 hybridisation states can essentially be excited 

because the structure is asymmetric. However only 2 hybridisation states can 

be excited at any one time based on the reference direction adopted. Further, 

the asymmetric gammadion nanostructure has a rotational symmetry which 

serves to enhance the chiral effect. To verify the theory, numerical simulations 

were performed on the left handed gammadion nanostructure shown in Fig. 

7.20. 
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Figure 7.20: Schematic layout of the left handed gammadion structure. 
Left/right circular polarised wave is incident in the z direction into the planar array 

[7.18]. 
 

As an individual unit, the planar gammadion nanostructure exhibits 

chiral handedness. The conductive and inductive coupling that results in the 

gammadion nanostructure forms the hybridised plasmon modes in the CD 

spectrum. The effects of different modes for sensing chiral molecules are 

discussed using field distribution, Bloch wave theory and charge distribution, 

thereby explaining the origin of the CD modes. A left handed gammadion 

structure shown in Fig. 7.20 was selected to apply the plasmon hybridisation 

method and study the origin of the CD modes. Such configuration facilitates 

fabrication and use in a liquid medium for biosensing applications. Similar 

concepts can be applied to the right handed gammadion structure as well. The 

incidence of RCP light on the left handed gammadion structure is first 

considered. Since CD is based on the difference in absorption between the 

LCP and RCP light, the differences between two linearly polarised waves that 

contribute to the circular rotation of the waves is considered. 

The gammadion structure shown in Fig. 7.20 has a width of 80 nm and 

a periodicity of 800 nm. It is 100 nm thick, placed on glass substrate and 
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surrounded by water. Gold is used for the gammadion because it does not 

oxidise, is chemically inert and biologically compatible. The permittivity 

values of glass, water, and gold are obtained from the optical handbook [7.19]. 

The gammadion was simulated using the finite-difference time-domain 

(FDTD) method with Lorentz-Drude model to account for the damping of the 

metal. Periodic boundary conditions are used to account for the gammadion 

array and apply perfectly matched layer to the vertical axis of the array. The 

simulation grid size is set to 4 nm in all directions to obtain accurate 

transmission, scattering and reflection spectra. The absorption spectra of the 

gammadion were obtained and the CD spectrum was derived as shown in 

Figure 7.21(a). Since the gammadion is a left handed structure, it is expected 

that more right handed circular polarised light is absorbed [7.21]. This is due 

to the electric field vector of the right handed circularly polarised light having 

stronger interactions with the induced electric dipole moments of the left 

handed gammadion structure. Hence, the CD of the gammadion array is 

negative at the visible light spectrum, as calculated from Eqn. 7.1.  
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Figure 7.21: (a) Modes obtained from gammadion structure. Mode m1 
correspond to Bloch mode while modes m2 and m3 are localised plasmonics modes. 

(b) Normalised E field distribution of the three modes [7.18]. 
 

From Fig. 7.21(a), there are three distinctive CD modes m1, m2 and 

m3 corresponding to valleys observed at wavelengths of 751 nm, 578 nm, and 

524 nm respectively. Mode m1 has the largest CD, while modes m2 and m3 

are close to each other and have smaller CD values. Fig. 7.21(b) shows the 

normalised Ez field distribution of the three modes. Mode m1 was observed to 

have the largest field distribution spread compared to modes m2 and m3. 

Mode m1 also shows stronger electric field intensity near the edges of the 

gammadion. The field distribution is used to investigate the origin of the CD 

modes. The large and intense field distribution in mode m1 is a result of the 

interaction between adjacent gammadion structures in a collective array. 

Secondly, mode m1 is located near the period. The mode arising from the 

period of the gammadion is given as  
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 𝜆𝑆𝑆𝑆 = 𝑛𝑆𝑆𝑆𝑎0
√2

 (7.2) 

where a0 is the period of the structure, nSPP and λSPP is the effective index and 

wavelength of the surface plasmon respectively. 

 

 

Figure 7.22: Blue shift (Bloch mode effect) in spectrum of mode m1 with a 
decrease in structure periodicity [7.18]. 

 

Figure 7.22 shows the CD spectra with different periods. It is observed 

that mode m1 blue shifted from 755 nm to 645 nm as the period is reduced 

from 800 nm to 700 nm. This demonstrates that mode m1 is dependent on the 

period of the gammadion array and is labelled as the plasmonics CD Bloch 

mode [7.22, Appendix C].  

Modes m2 and m3 are near each other and have similar CD. Their CD 

is smaller in amplitude because of the inductive and conductive coupling in 

each individual gammadion nanostructure [7.23]. In addition, the field 

distribution is localised onto a very small field spread on the 

gammadion/water interface. Modes m2 and m3 can be deduced to originate 

from localised surface modes with different polarity distribution. Plotting the 

dipolar field profile for mode m2 as shown in Fig. 7.23(a) and Fig. 7.23(b), 
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regions of maxima and minima field intensity are observed to be congregated 

around the edges, particularly at the regions whereby the adjacent arms are in 

close proximity to each other. Only fields that are oriented in the z direction 

are plotted in this figure. There is strong coupling between positive and 

negative poles, resulting in enhanced local electric field intensity. Similar 

features can be observed from mode m3 as well, with its field plots and 

corresponding schematic being shown in Figs. 7.23(c) and 7.23(d), 

respectively.  

 

Figure 7.23: E field profile (a) Mode m2 RCP hybridised state. (b) Mode m2 
LCP hybridised state. (c) Mode m3 RCP hybridised state. (d) Mode m3 LCP 

hybridised state [7.18]. 
 

The E field profile of the mode m2 hybridised state with RCP and LCP 

exhibits a polarity profile in the arms and arms’ bend that is inversely related 

to the m3 hybridised state with RCP and LCP. The pair of modes, m2 and m3 

is the result of the presence of a mixture of inductive and conductive coupling 

respectively, as termed in [7.17]. As discussed, hybridisation can be defined as 

the formation of different energy states as a result of interactions resulting 

from both inductive and conductive coupling [7.10]. The E field profile for 

modes m2 and m3 shown in Figs. 7.23(a) to 7.23(d) resembles the derived 
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electric dipole moments in Figs. 7.18(d) to 7.18(g). This strong agreement 

further augments the validity of applying plasmon hybridisation method on 

complex nanostructures. 

Considering the planar gammadion nanostructure, when the basic 

nanowire nanostructures are placed close together, there will be dipole 

interactions resulting in inductive and conductive coupling which in turn leads 

to the formation of different energy/hybridisation states. The interaction of the 

induced dipole moments between adjacent/neighbouring nanoparticle elements 

makes up the overall induced dipole moment for the entire nanostructure. 

Inductive coupling occurs as a result of the coupling of dipoles between the 

arms and their adjacent arms’ bends while conductive coupling refers to the 

coupling of the resultant dipoles in the structure. Within the gammadion, there 

exists not just coupling between purely two transverse or two longitudinal 

dipoles but also coupling between a transverse and longitudinal dipole. 

Extending the mathematical formulation for interaction energy between a 

longitudinal dipole and a point source [Appendix D.1], we can calculate the 

interaction energy between two purely transverse/longitudinal dipoles [7.11, 

Appendix D.2-D.5] which is given by 

 𝐻𝑖𝑖𝑖 = 𝛾 𝑝1𝑝2
4𝜋𝜀0𝑟3

, (7.3) 

where p1, 2 are dipole moments and r is the distance away from the interaction 

centre. Parameter γ is called the interaction index and can be assigned +1 or -

2, depending on whether it is a transverse or longitudinal coupling. Hint 

between a transverse and longitudinal dipole [Appendix D.5] is derived to be  

 𝐻𝑖𝑖𝑖 =
�32𝑑�𝑝1𝑝2
4𝜋𝜀0𝑟4

 (7.4) 
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γ has a value of 3d/2r. This means that Hint decreases to zero more rapidly for 

coupling between longitudinal and transverse dipoles than coupling between 

two purely transverse/longitudinal dipoles. Apart from the merging of the 

partial charges of the dipoles as r increases, the reason for the rapid decrease 

in Hint is due to the increased separation of the charges on the far ends of the 

longitudinal and transverse dipole.   

Hence, we can define modes m2 and m3 as hybridised modes. From 

the earlier derivation, the rapid decrease of Hint affects the strength of the CD 

signal for both modes m2 and m3. Earlier, Figs. 7.18(d) and 7.18(e) shows the 

sign distribution of the whole gammadion structure. The polarity of the field at 

the arm and arm’s bend of the gammadion determine the nature of the modes 

in the absorption spectrum. This subsequently affects the nature of the modes 

in the CD spectrum. Mode m2 lies at a higher resonance wavelength (578 nm) 

than mode m3 (524 nm). The different polarity profile for m2 and m3 

hybridised state with LCP and RCP explains why the CD modes m2 and m3 

are at different wavelength. 

Hence, by changing the gap distance between the arm and the adjacent 

arm’s bend of the gammadion, the CD of modes m2 and m3 will change. In 

Fig. 7.24(a), we observed that the CD magnitude of mode m2 and m3 

decreases as the gap increases from 70 to 90 nm. This is due to weaker 

inductive coupling between dipoles on the adjacent arms. In Fig. 7.24(b), the 

wavelength of mode m2 blue shifted and m3 red shifted. The weakened 

interaction between the dipoles causes the energy difference between the two 

hybridisation states to decrease, hence decreasing the wavelength difference 

between mode m2 and m3 simultaneously [Appendix E]. On the other hand, 
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decreasing the gap distance causes stronger inductive coupling. The stronger 

interaction results in larger energy difference between the two hybridisation 

states and causes a higher wavelength difference between mode m2 and m3. A 

larger CD difference is observed for m2 and m3. 

 

 

Figure 7.24: (a) CD plot for mode m2 and m3 with various gap widths. (b) 
Wavelength shift of mode m2 and m3 with various gap widths [7.18]. 

 

Since mode hybridisation occurs simply because of inductive and 

conductive coupling, this means that a single structure can support more than 
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one hybridisation mode. Also, from the field intensity plots, mode m2 is seen 

to give slightly stronger CD signal than mode m3. This in turn infers a 

stronger absorption for mode m2 than mode m3 and hence a stronger CD. 

Since mode m2 occurs at a higher wavelength than mode m3, this means that 

there is a higher probability of absorption at higher wavelength, cumulating in 

the stronger CD signal attained.  

In theory, the hybrid modes of m2 and m3 in the CD spectrum can be 

explained using the Born-Kuhn oscillation model for optical activity. The arm 

and arm’s bend of the gammadion can be approximated by two harmonic 

oscillators [7.24], which give rise to inductive and conductive coupling. 

Hence, as the distance between the arm and arm’s bend increases, the coupling 

weakens [7.24]. By using the Maxwell equation for dispersive dielectric 

materials, 𝐷� =  ε0E�  +  P�, the Born-Kuhn model gives two solutions for the 

average refractive index of the chiral gammadion with LCP and RCP light 

incidence. Using the two electron chiral molecule oscillation model and 

considering nonlocality of the first order dispersion [7.25], the solutions to the 

Born-Kuhn oscillation model is given as  

 ω2,3
2 = ω02 + ξ, (7.5) 

where the subscripts refer to modes m2 and m3. The parameter ω0 is the 

natural frequency of the oscillation pair (or the CD hybrid modes) and ξ is the 

coupling between arm and arm’s bend. As the gammadion is asymmetrical, 

the coupling between the arm and arm’s bend is different, thereby giving rise 

to the shift in wavelength as shown in Fig. 7.24(b).  
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7.6. Summary 

 

The protruded segment was manipulated to implement asymmetric 

directivity. Such asymmetric directivity is possible by harnessing excited 

surface eigenmodes on a metal nanostructure placed below the protruded tip, 

forming a double protruded metal-insulator-metal (p2MIM) structure. The 

localised SPPs on the surface of the nanostructures are then used to tune the 

directivity of propagating SPPs. There exists a correlation between localised 

SPP eigenmodes excited by tunnelling current with the circular dichroism 

(CD) signature of nanostructures excited by circularly polarised waves. This 

allows us to predict the excited localised SPP eigenmodes on basic triangular, 

circular and rectangular nanostructures using the plasmon hybridisation 

method. Using the plasmon hybridisation method as a tool, the localised SPP 

eigenmodes of basic and complex nanostructures can be determined. This 

serves as a basis from which a nanostructure can be designed to create a 

desired surface eigenmode profile which induces asymmetric directivity.  
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Chapter 8. Conclusion and future work 

 

8.1. Conclusion 

 

The electrical excitation of SPPs using proposed pMIM and p2MIM 

structures opens up the possibility of integrating plasmon sources onto 

nanoscale optoelectronic integrated circuits to facilitate on-chip data 

communications. pMIM structures provide a source of long propagating 

surface plasmon polaritons which can propagate a long distance of up to 30 

µm. The protruded tip not only provides a source of excitation for the 

tunnelling current but also serves to enhance the emitted power from the 

tunnelling current, with the concave tip profile providing the strongest 

enhancement. 

An efficient approach has been proposed to excite long travelling 

plasmon polaritons. Various eigenmodes can be supported in the pMIM’s 

waveguiding segment and these eigenmodes provides different contributions 

to the excited propagating SPP eigenwaves. By performing decomposition on 

the excited propagating SPP eigenwaves, the contribution of each eigenmode 

can be identified. The magnitude of bias voltages can also be controlled to 

determine the operating regime of the pMIM so as to excite desired 

eigenmodes with high efficiencies. 

To realise a compact pMIM configuration with negligible leakage 

radiation, metal substrate can be finite but it has to sustain a thickness of more 

than 150 percent of the skin depth in the metal, with reference to an Au-SiO2-
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Au pMIM configuration. Leakage radiation can be used as means of detection 

for excited plasmon polaritons as well as to gather deeper insights behind 

elastic and inelastic tunnelling processes on the generation of excited plasmon 

polaritons.   

The p2MIM could improve the directivity of excited plasmon 

polaritons and builds upon the pMIM structure with the inclusion of a double 

protrusion in the protruded segment. Such double protrusion includes a bottom 

nanostructure in addition to a top protruded tip and allows asymmetric 

directivity to be achieved by exciting localised SPP eigenmodes on the metal 

nanostructures. These excited localised SPP eigenmodes can be predicted by 

making use of a correlation with the circular dichroism signature of the 

nanostructures.   
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8.2. Future work 

 

While the research for on-chip electrically excited plasmon sources is 

still very much in its infant stages, the current findings provide the feasibility 

study of using complex 3D nanostructures in p2MIM structures to generate 

large area localised directionally propagating surface plasmon polaritons. It 

also serves as a proof of concept for further studies to be conducted. Some of 

the technical problems that can be further studied in the future are detailed as 

follows. 

Firstly, work could be done on enhancing the overall power emitted by 

the excitation source. In this work, the focus lies on the simplest case of a 

single protrusion and tip. Hence, the power is calculated per tip. Due to the 

low magnitude of the tunnelling current, the power emitted by each tip is only 

in the order of hundreds of aW (1e-18W). One solution to increase the emitted 

power and apply such proof of concept to real life applications is to make use 

of a single tip in the center with surrounding tips optimized based on the self-

similarity principle [8.1]. The other solution could be to use an array of tips. 

Secondly, tunnel junctions with different materials in the gap could be 

explored. This includes materials such as molecular tunnelling junction. The 

presence of different tunnel junctions could change the energy barrier and 

make it easier to excite a tunnelling current which is of stronger intensity.  

Thirdly, nanostructures can be engineered on the substrate below the 

tip to induce the desired surface eigenmode with good directivity. This could 

at the same time, enhance the overall power emitted by the excitation source. 
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Lastly, the directivity can be enhanced by making use of engineered 

gratings on the top/bottom metal electrodes. 

 To use pMIM and p2MIM structures in practical applications, an array 

of protrusions or multiple tips on a single protrusion can be adopted to 

increase the overall generated power.   
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Appendices 

A. Extrapolation of material permittivity to low energies 

 

To perform the extrapolation, we use the Drude model. 

𝜀𝑟(𝜔) = 1 −
𝜔𝑝2

𝜔2 + 𝛾𝑔2
+

𝑖𝑖𝑝2𝛾𝑔
𝜔3 + 𝜔𝛾𝑔2

 

𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜 𝜀𝑟(𝜔) = 𝑟𝑟𝑟𝑟 𝜀𝑟(𝜔) = 1 −
𝜔𝑝2

𝜔2 + 𝛾𝑔2

≈ −
𝜔𝑝2

𝜔2 + 𝛾𝑔2
 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜 𝜀𝑟(𝜔) = 𝐼𝐼𝐼𝐼 𝜀𝑟(𝜔) =
𝜔𝑝2𝛾𝑔

𝜔3 + 𝜔𝛾𝑔2
 

𝐼𝐼𝐼𝐼 𝜀𝑟(𝜔)
𝑟𝑟𝑟𝑟 𝜀𝑟(𝜔) = −

𝛾𝑔
𝜔

 

𝛾𝑔 = −𝜔
𝐼𝐼𝐼𝐼 𝜀𝑟(𝜔)
𝑟𝑟𝑟𝑟 𝜀𝑟(𝜔)  

𝜔𝑝2 = −�𝜔2 + 𝛾𝑔2�𝑟𝑟𝑟𝑟𝜀𝑟(𝜔) 

Having obtained these 2 main expressions, the material properties for 

e.g. last 3 frequencies of interest that can be used to calculate the average 

value of 𝛾𝑔 and 𝜔𝑝2. Then these average values are used in 𝑟𝑟𝑟𝑟 εr(𝜔) =

− 𝜔𝑝
2

𝜔2+𝛾𝑔2
 and 𝐼𝐼𝐼𝐼 εr(𝜔) = 𝜔𝑝

2𝛾𝑔
𝜔3+𝜔𝛾𝑔2

  to calculate the next extrapolated 

frequency of interest. 
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B. Power emitted by tunnelling current for a pMIM structure with 

triangular tip of different gap thickness  

 

Figure B: Power emitted by tunnelling current (fW) vs Energy (eV) for 
pMIM triangular tip of different gap thickness if tunnelling current is kept constant 

for 1nm gap across different gap separations  
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C. Correlation of mode m1 with period of the gammadion array, a0 

 

The period of the gammadion array, a0 is varied in the equation.  

 𝜆𝑆𝑆𝑆 = 𝑛𝑆𝑆𝑆𝑎0
√𝑛2+𝑚2 (A6.1) 

Since the structure is made up of fundamental building blocks, only 

fundamental SPP modes are considered. For fundamental SPP modes, n = m = 

1. The effective localised surface plasmon is given as 

 𝑛𝑆𝑆𝑆 = �
𝜀𝐴𝐴𝜀𝑑
𝜀𝐴𝐴+𝜀𝑑

 (A6.2) 

The graph of Eqn. A6.1 with the wavelength positions of mode m1 in the CD 

spectra for different periods of the gammadion array. The gammadion array 

with periods of 850 nm, 800 nm, 750 nm, 700 nm and 650 nm is simulated. 

Figure A6.1 shows the comparison between the model and simulation results. 

 

 

 

 

 

 

 

 

Figure C: Plot of the equation 1 and mode1 from CD spectra. 
 

From Fig. C, Eqn. A6.1 and the wavelength positions of mode m1 in 

CD spectra matches nicely.  

 

600 650 700 750 800

550

600

650

700

750

 

 

λ s
pp

Period, a0

 Equation 1
 Mode 1 from simulation 

          with different periods

a0 = 850 nm



194 
 

D. Interaction energy to account for conductive coupling 

 

Circularly polarised light involves the superposition of both 𝐸𝑥 and 𝐸𝑦 

polarised waves, assuming that the wave propagates in the z direction. Hence, 

it requires the consideration of both longitudinal and transverse coupling. Both 

transverse and longitudinal dipoles can be represented as a separation of positive and 

negative charges +𝑞 and −𝑞 respectively. Similarly, a point charge can be 

represented by a positive charge q. 1
4𝜋𝜀0

 refers to the electrostatic constant while r is 

the distance between the midpoint of the dipoles or point charge and d refers to the 

length of the dipole. 

 

D.1. Interaction energy, U between a longitudinal dipole and a point 

charge 

 

Figure D.1: Coupling between a longitudinal dipole and a point charge 
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𝑈 =
1

4𝜋𝜀0
�
(𝑞1)(𝑞2)

𝑟 + 𝑑
2

+
(−𝑞1)𝑞2

𝑟 − 𝑑
2
� =

𝑞1𝑞2
4𝜋𝜀0

�
1

𝑟 + 𝑑
2
−

1

𝑟 − 𝑑
2
�

=
𝑞1𝑞2

4𝜋𝜀0𝑟
�

1

1 + 𝑑
2𝑟

−
1

1 − 𝑑
2𝑟
� 

To simplify the expression, let  𝑥 = 𝑑
2𝑟

 

Using Taylor Series Expansion , 

1
1 − 𝑥

≈ (1 − 𝑥)−1 ≈ 1 + 𝑥 + 𝑥2 + 𝑥3 + 𝑥4 + 𝑂(𝑥5) ≈ 1 + 𝑥 + 𝑥2 

1
1 + 𝑥

≈ (1 + 𝑥)−1 ≈ 1 − 𝑥 + 𝑥2 − 𝑥3 + 𝑥4 + 𝑂(𝑥5) ≈ 1 − 𝑥 + 𝑥2 

Because d<<r, higher orders of x are neglected. 

𝑈 =
𝑞1𝑞2

4𝜋𝜀0𝑟
�

1

1 + 𝑑
2𝑟

−
1

1 − 𝑑
2𝑟
�

≈
𝑞1𝑞2

4𝜋𝜀0𝑟
�1 − 𝑥 + 𝑥2 − (1 + 𝑥 + 𝑥2)� ≈

−2𝑞1𝑞2𝑥
4𝜋𝜀0𝑟

≈
−𝑞1𝑑𝑞2
4𝜋𝜀0𝑟2

≈
−𝑝1𝑝2
4𝜋𝜀0𝑟3

≈ 𝛾
𝑝1𝑝2

4𝜋𝜀0𝑟3
 

where 𝑝1 = 𝑞1𝑑 and 𝑝2 = 𝑞2 and 𝛾 = −1 for longitudinal coupling between 

dipole and point charge. 𝑝1,2 refers to the dipole moment of 1 and 2 

respectively. 
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D.2. Interaction energy, U between two transverse dipoles of the same 

orientation 

 

Figure D.2: Coupling between two transverse dipoles of same orientation 
 

𝑈 =
1

4𝜋𝜀0
�
(𝑞1)(𝑞2)

𝑟
+

(−𝑞1)𝑞2
√𝑟2 + 𝑑2

+
𝑞1(−𝑞2)
√𝑟2 + 𝑑2

+
(−𝑞1)(−𝑞2)

𝑟
�

=
𝑞1𝑞2
4𝜋𝜀0

⎝

⎛2
𝑟
−

1

𝑟�1 + �𝑑𝑟�
2
−

1

𝑟�1 + �𝑑𝑟�
2

⎠

⎞

=
𝑞1𝑞2

4𝜋𝜀0𝑟
⎝

⎛2 −
2

�1 + �𝑑𝑟�
2

⎠

⎞ 

To simplify the expression, let  𝑥 = 𝑑
𝑟
 

Using Taylor Series Expansion, 

1
√1 + 𝑥2

≈ (1 + 𝑥2)−
1
2 ≈ 1 +

𝑥2

2
+

3𝑥4

8
+ 𝑂(𝑥5) ≈ 1 +

𝑥2

2
 

Because d<<r, we neglect higher orders of x 
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𝑈 =
𝑞1𝑞2

4𝜋𝜀0𝑟
⎝

⎛2 −
2

�1 + �𝑑𝑟�
2

⎠

⎞ ≈
𝑞1𝑞2

4𝜋𝜀0𝑟
�2 − 2�1 +

𝑥2

2
�� ≈

𝑞1𝑞2𝑥2

4𝜋𝜀0𝑟

≈
𝑞1𝑑𝑞2𝑑
4𝜋𝜀0𝑟3

≈
𝑝1𝑝2

4𝜋𝜀0𝑟3
≈ 𝛾

𝑝1𝑝2
4𝜋𝜀0𝑟3

 

where 𝑝1 = 𝑞1𝑑 and 𝑝2 = 𝑞2𝑑 and 𝛾 = 1 for transverse coupling. 𝑝1,2 refers 

to the dipole moment of 1 and 2 respectively. 
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D.3. Interaction energy, U between two transverse dipoles of different 

orientation  

 

Figure D.3: Coupling between two transverse dipoles of different orientation 
 

𝑈 =
1

4𝜋𝜀0
�

(𝑞1)(𝑞2)
√𝑟2 + 𝑑2

+
(−𝑞1)𝑞2

𝑟
+
𝑞1(−𝑞2)

𝑟
+

(−𝑞1)(−𝑞2)
√𝑟2 + 𝑑2

�

=
𝑞1𝑞2
4𝜋𝜀0

�
2

√𝑟2 + 𝑑2
−

2
𝑟
� =

2𝑞1𝑞2
4𝜋𝜀0𝑟

⎝

⎛ 1

�1 + �𝑑𝑟�
2
− 1

⎠

⎞

= −
2𝑞1𝑞2
4𝜋𝜀0𝑟

⎝

⎛1 −
1

�1 + �𝑑𝑟�
2

⎠

⎞ 

To simplify the expression, let  𝑥 = 𝑑
𝑟
 

Using Taylor Series Expansion, 

1
√1 + 𝑥2

≈ (1 + 𝑥2)−
1
2 ≈ 1 +

𝑥2

2
+

3𝑥4

8
+ 𝑂(𝑥5) ≈ 1 +

𝑥2

2
 

Because d<<r, we neglect higher orders of x 
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𝑈 = −
2𝑞1𝑞2
4𝜋𝜀0𝑟

⎝

⎛1 −
1

�1 + �𝑑𝑟�
2

⎠

⎞ ≈ −
2𝑞1𝑞2
4𝜋𝜀0𝑟

�1 − �1 +
𝑥2

2
��

≈
𝑞1𝑞2𝑥2

4𝜋𝜀0𝑟
≈
𝑞1𝑑𝑞2𝑑
4𝜋𝜀0𝑟3

≈
𝑝1𝑝2

4𝜋𝜀0𝑟3
≈ 𝛾

𝑝1𝑝2
4𝜋𝜀0𝑟3

 

where 𝑝1 = 𝑞1𝑑 and 𝑝2 = 𝑞2𝑑 and 𝛾 = 1 for transverse coupling. 𝑝1,2 refers 

to the dipole moment of 1 and 2 respectively. 
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D.4. Interaction energy, U between two longitudinal dipoles of same 

orientation  

 

Figure D.4: Coupling between two longitudinal dipoles 
 

𝑈 =
1

4𝜋𝜀0
�
(𝑞1)(𝑞2)

𝑟
+

(−𝑞1)𝑞2
𝑟 − 𝑑

+
𝑞1(−𝑞2)
𝑟 + 𝑑

+
(−𝑞1)(−𝑞2)

𝑟
�

=
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−
1

𝑟 + 𝑑
�
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−𝑞1𝑞2
4𝜋𝜀0𝑟

�−2 +
1

1 − 𝑑
𝑟

+
1

1 + 𝑑
𝑟
� 

To simplify the expression, let  𝑥 = 𝑑
𝑟
 

Using Taylor Series Expansion, 

1
1 − 𝑥

≈ (1 − 𝑥)−1 ≈ 1 + 𝑥 + 𝑥2 + 𝑥3 + 𝑥4 + 𝑂(𝑥5) ≈ 1 + 𝑥 + 𝑥2 

1
1 + 𝑥

≈ (1 + 𝑥)−1 ≈ 1 − 𝑥 + 𝑥2 − 𝑥3 + 𝑥4 + 𝑂(𝑥5) ≈ 1 − 𝑥 + 𝑥2 

Because d<<r, higher orders of 𝑥3and above are neglected 
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𝑈 =
−𝑞1𝑞2
4𝜋𝜀0𝑟

�−2 +
1

1 − 𝑑
𝑟

+
1

1 + 𝑑
𝑟
�

≈ −
𝑞1𝑞2

4𝜋𝜀0𝑟
(−2 + 1 − 𝑥 + 𝑥2 + 1 + 𝑥 + 𝑥2)

≈ −
2𝑞1𝑞2𝑥2

4𝜋𝜀0𝑟
≈ −2

𝑞1𝑑𝑞2𝑑
4𝜋𝜀0𝑟3

≈ −2
𝑝1𝑝2

4𝜋𝜀0𝑟3
≈ 𝛾

𝑝1𝑝2
4𝜋𝜀0𝑟3

 

where 𝑝1 = 𝑞1𝑑 and 𝑝2 = 𝑞2𝑑 and 𝛾 = −2 for longitudinal coupling. 𝑝1,2 

refers to the dipole moment of 1 and 2 respectively. 
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D.5: Interaction energy, U between a transverse dipole and a longitudinal 

dipole 

 

𝑥1 is defined to be the distance between −𝑞1 and −𝑞2, 𝑥2 to be the distance 

between −𝑞1 and +𝑞2,  𝑥3 to be the distance between +𝑞1 and −𝑞2, and  𝑥4 to be 

the distance between +𝑞1 and +𝑞2. 

 
Figure D.5: Coupling between a transverse and a longitudinal dipole 

 

𝑈 =
1

4𝜋𝜀0
�
(−𝑞1)(−𝑞2)

𝑥1
+

(−𝑞1)𝑞2
𝑥2

+
𝑞1(−𝑞2)

𝑥3
+
𝑞1𝑞2
𝑥4

�

=
𝑞1𝑞2
4𝜋𝜀0

�
1
𝑥1
−

1
𝑥2
−

1
𝑥3

+
1
𝑥4
� 

To obtain values for 𝑥1, 𝑥2, 𝑥3, and 𝑥4, the Pythagoras theorem is used,  

�𝑥1 +
𝑑
2
�
2

+ �
𝑑
2
�
2

= 𝑟2 

 𝑥1 = �𝑟2 − �𝑑
2
�
2
− 𝑑

2
= 𝑟 ��1 − �𝑑

2𝑟
�
2
− 𝑑

2𝑟
�  
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𝑥2 = 𝑥1 + 𝑑 =  𝑟 ��1 − �
𝑑

2𝑟
�
2

−
𝑑

2𝑟
� + 𝑑 

= 𝑟 ��1 − �𝑑
2𝑟
�
2

+ 𝑑
2𝑟
�  
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𝑑
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�
2
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2
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To simplify the expression, let 𝑥 = 𝑑
2𝑟

 

 𝑥1 = 𝑟�√1 − 𝑥2 − 𝑥�  
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 𝑥2 = 𝑟�√1 − 𝑥2 + 𝑥�  

𝑥3 = 𝑟�(2𝑥)2 + 1 − 2𝑥√1 − 𝑥2 = 𝑟�4𝑥2 + 1 − 2𝑥√1 − 𝑥2  

𝑥4 =  𝑟�4𝑥2 + 1 + 2𝑥√1 − 𝑥2  

Using Taylor series expansion, 

1
𝑥1
≈ 1

𝑟
�1 + 𝑥 + 3

2
𝑥2 + 2𝑥3 + 23

8
𝑥4 + 𝑂(𝑥5)�  

1
𝑥2
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𝑟
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2
𝑥2 − 2𝑥3 + 23

8
𝑥4 + 𝑂(𝑥5)�  

1
𝑥3
≈ 1

𝑟
�1 + 𝑥 − 1

2
𝑥2 − 4𝑥3 − 49

8
𝑥4 + 𝑂(𝑥5)�  

1
𝑥4
≈ 1

𝑟
�1 − 𝑥 − 1

2
𝑥2 + 4𝑥3 − 49

8
𝑥4 + 𝑂(𝑥5)�  

𝑈 =
𝑞1𝑞2
4𝜋𝜀0

�
1
𝑥1
−

1
𝑥2
−

1
𝑥3

+
1
𝑥4
� ≈

𝑞1𝑞2
4𝜋𝜀0𝑟

(12𝑥3) 

𝑈 ≈
𝑞1𝑞2

4𝜋𝜀0𝑟
12 �

𝑑
2𝑟
�
3

≈
�3

2� 𝑑𝑞1𝑑𝑞2𝑑
4𝜋𝜀0𝑟4

≈
�3

2𝑑� 𝑝1𝑝2
4𝜋𝜀0𝑟4

 

Where 𝑝1 = 𝑞1𝑑 and 𝑝2 = 𝑞2𝑑. 𝑝1,2 refers to the dipole moment of 1 and 2 

respectively. 
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E: Relation between energy difference and wavelength difference  

𝐸 =
ℎ𝑐
𝜆

 

𝜕𝜕
𝜕𝜕

= −
ℎ𝑐
𝜆2

 

𝜕𝜕 = −
𝜆2

ℎ𝑐
𝜕𝜕 

When 𝝏𝝏 decreases, 𝝏𝝏 decreases as well. 
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