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Abstract

As the typical size of electronic devices approaches the nanometer range, the size mis-
match between such devices and optical components—which are typically in the microm-
eter range—poses a challenge for the two technologies integration on the same chip. For
conventional dielectric waveguides, the mode cannot be confined to sizes smaller than half
the wavelength due to the diffraction limitation. One possible and promising technolog-
ical development to resolve this issue is the so-called surface plasmon polaritons (SPPs).
Given the growing importance of optical plasmonics in semiconductors for a wide variety
of applications; it is essential to devise a modal which is directly interpretable in physical
terms. In the optical regime metals have a complex permittivity, which means that SPPs
suffer from large propagation loss.

To mitigate this loss, semiconductors can be used instead of metal, but their application is
limited in the far-infrared regime because the permittivity has a negative real part. Semicon-
ductors are therefore promising materials for developing efficient terahertz (THz) waveg-
uides. The frequency of a THz wave occupies the electromagnetic spectra between mi-
crowave and infrared ranges and acts as a bridge. As a result THz semiconductor-based
hybrid plasmonics has become one of the most promising applications in the plasmonics
field.

This thesis presents a theoretical study and develops the physics and mathematics of SPPs
in semiconductors at optical frequencies, taking into account the different properties of
these semiconductors. It also investigates the modal properties of a hybrid plasmonic
waveguide operating at a THz regime in different types of structures. The analytical
results are compared to conventional hybrid waveguides previously reported. Numeri-
cal solutions are also obtained for proposed novel hybrid terahertz plasmonic waveguide
structures. Moreover, a theoretically study of the optical properties of a superconductor-
insulator-superconductor waveguide both at THz and telecommunication frequencies were
performed.

These novel studies provide insight into the fundamental nature of optical plasmon semi-
conductors. A primary focus of the thesis is geometries which exhibit the capability of
supporting SPPs.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

There has been significant growth recently in theoretical and experimental work related to

Surface Plasmon Polaritons (SPPs). SPPs can be understood as electromagnetic waves cou-

pled to the collective oscillation of free electrons along a dielectric-metal interface [1, 2, 3].

From the optics view, SPPs are optical modes of an interface, from an electrodynamics

view, SPPs are a particular case of a surface wave, and from the solid-state physics view,

SPPs are collective excitation of electrons [4]. Moreover, SPPs is longitudinal electron

density waves propagating along the interface, exponentially decaying between different

media. An SPP wavelength is always smaller than an incident wavelength, λ0, due to

SPP modes having a greater momentum than light of the same frequency. Therefore, SPP

devices are termed as subwavelength components. The idea is to merge electronics and

photonic phenomena at the nanoscale level, but at optical frequencies. To achieve this,

plasmonic chips could be implemented for high data rate processing or very effective sens-

ing applications [5].

Physically, waves arise from the interaction of the mechanical inertia of quasi-free electrons

in metals and their electrostatic repulsion [6]. Mathematically, a surface plasmon is a so-

lution to a wave equation at a planar metal-dielectric interface, taking into account that the

exponential decay at optical frequencies is large (a few hundred nanometers) and positive

1
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in a dielectric interface, whereas it is smaller (a few tens of nanometers) at metal interfaces.

Therefore, the electromagnetic energy of SPPs is strongly localized in the vicinity of the

surface, allowing the confinement of optical waves to the nanoscale, as illustrated in Fig.

1.1.

Figure 1.1: Schematic of the charges and the electromagnetic field of surface plasmon
polariton propagating along a metal-dielectric interface in the x-direction together with the
exponential dependence of the field, E, in the z-direction.

Moreover, the interaction between free carrier concentrations and an electromagnetic pho-

ton [7, 8] causes a phenomenon known as a Surface Plasmon (SP). The term “plasmon”

is used when a metal’s free electron gas carries surface charge density oscillations at opti-

cal/THz frequencies. SPs result from coupled modes, which can be used to confine light

and increase electromagnetic fields at an interface between two media where at least one is

conducting [9, 10]. However, real applications of plasmonics are limited by large propaga-

tion loss [11], due to the fact that in the optical regime, the noble metals (such as silver and

gold) have a complex permittivity. An additional challenge is that it is difficult to deposit a

crystalline superstrate onto a metal substrate. Because of imperfections in the metal film,

the superstrate formed is usually polycrystalline or amorphous, which in turn increases the

plasmonic loss [12]

To mitigate the issue of propagation loss a semiconductor can be used instead of a metal,

because it has a smaller negative real part of permittivity. Another technique would be to
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excite the SPPs at interfaces, for instance in prism geometries [2], gratings [2], structures

that support SPPs such as slot waveguides [13], cavities [14], or hybrid plasmonic waveg-

uides [15]. The hybrid plasmonic waveguide is the main focus of this work, and will be

investigated in detail later.

There is enormous potential for advanced SPP applications in fields such as physics [16],

biology [17], and photonics [18]. Moreover, in fact, prism-based SPP sensors are already

commercially successful products [19]. However, more work needs to be done to design

new types of plasmonic devices before it can be seen which applications will benefit from

plasmonics.

1.2 OBJECTIVES AND CONTRIBUTIONS

The objectives of this thesis are three-fold: To find a suitable model for the dielectric func-

tion that can work especially for semiconductors; to study and develop the theoretical con-

cept of plasmonics by using semiconductors at optical/THz frequencies instead of metals;

and to design new plasmonic waveguide structures by using THz frequencies, which can

be useful for practical applications. As well, comparisons using both frequencies are dis-

cussed and investigated in detail in this work. The sub-objectives are to develop different

methods for optimizations and applications, and to study different structures in addition to

plasmonic hybrid waveguides by using various semiconductor-dielectric structures.

To excite and propagate SPPs at low frequencies, several researchers have used semicon-

ductors instead of metals, due to their higher permittivity [9, 10]. By changing the carrier

density in a semiconductor, the permittivity can also easily change [20]. To control SPP

transmission characteristics, the dielectric materials can be made of a semiconductor in all

semiconductor plasmonic structures [20] for semiconductor gratings. Later in this work,

I will focus on a new plasmonic device that emerged from a system that is very different
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from those discussed in earlier literature. In so doing, I will analyze and investigate the

system using a semiconductor without a metal interface. This system may be useful for

commercial nanophotonic applications.

Consequently, the focus and interest will be concerned with controlling SPP propagation

and dispersion at the semiconductor-dielectric interface. First, I will study and develop the

physics and mathematics of SPPs in semiconductors at optical frequencies, taking into ac-

count the different properties of these semiconductors with losses included. Second, I will

study different hybrid plasmonic waveguide structures, beginning with metal as a starting

point, and then using a semiconductor instead of metal to achieve an optimal trade-off be-

tween propagation loss and small mode area. Because metals have greater permittivity at

low frequencies, use of a semiconductor leads to weakly bound SPPs, limiting the use of

low frequency plasmonics [7, 21, 20, 22].

The objectives of this research will be achieved through performance of the following:

1. Carrying out a detailed analysis to clarify the physical theoretical solutions for the

propagation of electromagnetic waves at optical frequencies along a semiconduc-

tor/dielectric interface when losses are taken into account in the form of a complex

dielectric function. A combined method using the Drude and Lorentz models for the

dielectric function is proposed.

2. Investigating the modal properties of a hybrid plasmonic waveguide operating in the

THz regime, composed of a silver film near which two silicon rods are placed. A

detailed analysis is made of the propagation length, the effective indices, and the

modal area of the supported modes. A preliminary investigation of a directional

coupler is also made based on the proposed waveguides.
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3. Proposing and numerically investigating a Semiconductor THz Hybrid SPPs (STH-

SPPs) waveguide. A novel THz waveguide comprised of a micro-ridge placed on

top of a substrate is reported. By using finite element simulation, I showed that the

waveguide can achieve high confinement as well as low propagation loss, which is

promising for THz circuits and sensor applications.

4. Theoretically studying the optical properties of a superconductor-insulator-

superconductor (SCISC) waveguide at both terahertz (THz) and telecommunication

(TC) frequencies. For the superconductor (SC), Yttrium-Barium-Copper-Oxide

(YBCO) has been chosen, since YBCO shows better plasmonic behavior in the

THz range as compared to other SCs. The simulation results clearly show long

propagation length and deep subwavelength mode length, which are two important

parameters for the SCISC waveguide. This also indicates that the SCISC waveguide

has the potential to solve some problems of the conventional metal-insulator-metal

waveguide, such as large attenuation loss.

In this thesis, the above objectives have been achieved. Published papers itself are attached

in each relevant chapter as following:

• Drude-Lorentz Model of Semiconductor Optical Plasmons (Chapter 3).

• A long-range hybrid THz plasmonic waveguide with low attenuation loss (Chapter

4).

• A THz semiconductor hybrid plasmonic waveguide with fabrication-error tolerance

(Chapter 5).
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• Plasmonic properties of superconductor-insulator-superconductor waveguide (Chap-

ter 6).

1.3 PROBLEM STATEMENT

With the growing importance of optical plasmons in semiconductors [9] across a wide

variety of applications, it is essential to devise a model which is directly interpretable in

physical terms and also applicable to the area of photonics. This work is focused on a

topic currently being actively researched, namely optical and THz SPPs in semiconduc-

tors. In this thesis, numerical solutions and several software programs (e.g., MATLAB

and COMSOL) will be used to explore the potential use of semiconductors instead of a

metal-dielectric interface at optical frequencies.

By optimizing the geometrical parameters, ultra-deep confinement can be obtained. The

compact form of the dispersion relation enables us to achieve affordably close to a complete

understanding of what would normally be computationally costly studies involving the

dispersion relation in optical plasmon semiconductors. From a physics perspective, the

solutions of the dispersion relation can be used to study plasmonic pulses propagating along

the material interface by integrating the corresponding wave equation.

Two of the more difficult tasks are to confine light and to increase the electromagnetic

fields near the interfaces, both of which present a challenge. Understanding of the semi-

conductor and waveguide theory are required to gauge and design a structure with complex

propagation.
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In order to conduct in-depth research in this area, greater knowledge of the fields associated

with SPPs is required before moving into the core of the research. I will also investigate

the following problems, which I believe represent a noteworthy research gap:

1. The use of the semiconductor/dielectric interface remains challenging in the field of

plasmonics because it depends on the doping concentration of the semiconductor,

which also determines the number of bound and free charge carriers in the material.

By considering loss in certain complex models that work for semiconductors, the

plasma frequency can be determined by the effective carrier mass as well as the

doping concentration. The plasma dispersion are related to the losses and affect the

shape of the plasma dispersion curve.

2. The trade-off between the mode propagation length with low loss and mode confine-

ment is not well-balanced. A tighter mode confinement means that a more transverse

mode (TM) of the electromagnetic radiation field will be distributed near the conduct-

ing surface, resulting in large attenuation loss. The modal loss is quite high because

the metallic structure could support the propagation of large loss plasmonic modes.

This challenge limits the advantages of plasmonic devices and has delayed the use

of plasmonic waveguides in practical applications, which is affecting the progress of

plasmonic technology.

3. The temperature at which the superconductor-insulator-superconductor waveguide

operates is disadvantageous. For instance, biologically, cells cannot survive in an en-

vironment of such low temperatures, which imposes a critical challenge in biosensor

applications. Even dead cells cannot be detected at these temperatures which further

impedes the progress of biosensor applications.
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1.4 OUTLINE OF THE THESIS

Concerning the modeling and simulation of THz/optical semiconductor plasmonics, the

thesis will proceed as follows:

• In Chapter 2, I will explore and review the fundamental theory of plasmonics, in-

cluding the properties of SPPs and SP excitation. This chapter also describes the the-

oretical analysis of the waveguide and gives an introduction to the hybrid plasmonic

waveguide. As well, a rigorous analytic model of confined light between different

dielectric interfaces is investigated, based on coupled mode theory, for optical and

terahertz frequencies in terms of a hybrid wave propagation. This approach provides

a clear picture of the behavior of slot waveguides, concerning the permittivity of

materials or effects of varying semiconductor parameters. Terahertz waves are also

addressed in detail.

• In Chapter 3, I explore the idea of the propagation of electromagnetic waves at optical

frequencies along a semiconductor/dielectric interface, when losses are taken into

account in the form of a complex dielectric function by using the Drude-Lorentz

model.

• In Chapter 4, the concept of a long-range hybrid THz plasmonic waveguide with low

attenuation loss is introduced and studied analytically with a coupled mode theory.

Various structures and modes in waveguides with 1D and 2D confinement are exam-

ined and the dynamics of SPPs mode, hybrid mode, and microwire mode properties

are demonstrated. I numerically examine a hybrid terahertz plasmonic waveguide

using two silicon microwires separated by a thin metal film. I have extended this

study to double pairs of microwire in an attempt to improve waveguiding properties.
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The effects of various parameters on propagation length and normalized mode area

are examined in order to achieve optimal parameters. Efficient waveguide transmis-

sion is crucial for several applications and therefore the analysis is highly relevant to

ongoing efforts of developing efficient terahertz waveguides.

• In Chapter 5, I design a novel semiconductor THz hybrid SPP (STHSPP) structure to

optimize the trade-off between mode confinement and propagation length (Lp). An

investigation into the effect of structural perturbations indicates that our proposed

waveguide has good tolerance for fabrication errors (i.e., for the normalized mode,

the error is less than 10% when the shift of the microwire increases from 0 to 5µm.

Conversely, for the propagation length, the error is less than 3%). Similarly to Chap-

ter 4, numerous modes in waveguides with 1D and 2D confinement are examined

and the dynamics of SPP mode, hybrid mode, microfluidic channel, and microwire

mode properties are investigated.

• Chapter 6 presents work for a plasmonic waveguide using superconductor claddings

in planar waveguide geometry. The main finding of this work is the long plasmonic

mode propagation length in SC-dielectric-SC waveguide geometry (e.g., a propaga-

tion length of more than 400mm is emphasized for YBCO claddings at a temperature

of T = 20 K and an operating frequency of about 1THz). Compared to the prop-

agation length with other works (∼tenth of mm), this propagation length shows a

forty-fold improvement, which is highly significant in this field of research.

• Chapter 7 presents a conclusion of the results and contributions as well as some

suggestions for future research work.



Chapter 2

THEORETICAL BACKGROUND

This chapter is an introduction to the plasmonic and THz wave. It explores the fundamental

theory of plasmonics, including the properties of SPPs at optical frequencies, SP excitation

and waveguides, and reviews hybrid plasmonic applications. The purpose here is to cover

essential material on the topic in order to familiarize the reader with the novel properties

of optical/THz plasmonics and the potential advantages of incorporating semiconductors

into photonic devices. Thus, it is important to describe how SPPs could potentially support

plasmonics at an interface, which has a deep confinement of light with low propagation

loss. The chapter concludes with a consideration of alternative electromagnetic radiation

(i.e., THz using plasmonic waveguides).

2.1 FUNDAMENTALS OF SURFACE PLASMON POLARITON

The fundamental optical excitation that is confined to a metal/dielectric interface is the

SPPs as described by Ritchie [23]. The term SPPs comes from the coupled mode, which

can be used to confine light and increase electromagnetic fields at an interface between

two media, of which at least one is conducting [1, 2, 3]. SPPs was considered first as

a ground wave or radio wave propagation by Sommerfeld in 1899 [24]. Then, in 1907,

the propagation of SPPs along a surface of finite conductivity was described mathemati-

cally by Zenneck [25]. In 1902, Wood observed and explained visible light reflecting at

metallic gratings [26], a phenomenon which was later established by Fano in 1941 [27].

10
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In 1960, Ritchie provided a clear definition experimentally [23], while in 1968, Otto, [28],

Kretschmann and Raether [29] proposed optical excitation of this phenomenon on metal

films.

As mentioned in the previous chapter, a semiconductor can be replaced with metal to sup-

port SPPs at the interface. Plasmonics in semiconductors are taking an increasingly promi-

nent role in the design of future silicon-based optoelectronic chips [30]. SPPs, also known

as plasmonics, is a new branch of nanophotonics research [2, 10] that is sometimes con-

fused with SP. The two can be distinguished as follows. SP is a plasmon excitation at the

interface of materials, whereas SPPs is the quasiparticles of the coupled modes of EM field

and a surface plasmon oscillation.

Plasmonics technology has clear advantages over electronic or photonic technologies due

to the fact that plasmonics combines the benefits of both technologies (i.e., it is in the

optical frequency range and at the nanoscale diameter). The field deals with the interaction

of light with metal or semiconductor structures and is driven by interest in fundamental

questions and their applications. Despite its promising potential, the plasmonics field still

needs extensive work before it can be deemed suitable for commercialization.

In the meantime, optical plasmons have prompted widespread interest in various applica-

tions [1, 2], and plasmonic-based geometry provides important usage of metal/dielectric

interfaces due to the high concentration of charge carriers in metals. This high concentra-

tion allows plasmonics to be generated in metals. In reality, however, we are not limited

to metals [31, 3], as every material with a high free carrier density (e.g., semiconductors)

will support plasmonics. For example, recently published papers have shown support for

optical plasmons in semiconductor/dielectric interfaces [10, 9]. One of these papers is our

work, which I have included in this thesis (see Chapter 3).
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The optical excitation of plasmonics in semiconductors is a subject of considerable exper-

imental and theoretical interest, as demonstrated by the rapid increase in the number of

applications related to, for instance, solar cells [32], biosensors [33], physics [34], photon-

ics [18], and engineering [35]. Unlike metals, for semiconductor the permittivity theory can

be extremely complex [10], since it depends on the doping concentration of the semicon-

ductor, which also determines the number of bound and free charge carriers in the material.

In a semiconductor, plasma frequency can be determined by the effective carrier mass as

well as the doping concentration. However, the electron densities and plasma frequency

of metals are much higher than those of semiconductors due to the higher permittivity

that metals possess. As described above, SPPs in semiconductor/dielectric interfaces have

recently received considerable interest, and the use of a semiconductor/dielectric interface

to support optical plasmons has been shown numerically in [10, 9, 36].

2.2 BASIC PROPERTIES OF SURFACE PLASMON POLARITONS AT

METAL-DIELECTRIC INTERFACES

This section considers a plane interface between two different media, the permittivity of a

metal (εm) , and the permittivity of a dielectric εd , respectively. Starting from Maxwell’s

equations, the wave equation can be rewritten as:

∂ 2
→
E (x)
∂x2 +

(
kε−β

2→E
)
= 0 (2.1)

∂ 2
→
H (x)
∂x2 +

(
kε−β

2→H
)
= 0 (2.2)

By expanding the two Maxwell source-free curl equations for the time-dependent field, one

can obtain the following set of coupled equations:



13

∂Ez

∂y
−

∂Ey

∂ z
= jωµ0Hx (2.3)

∂Ex

∂ z
− ∂Ez

∂x
= jωµ0Hy (2.4)

∂Ey

∂x
− ∂Ex

∂y
= jωµ0Hz (2.5)

∂Hz

∂y
−

∂Hy

∂ z
=− jωε0εrEx (2.6)

∂Hx

∂ z
− ∂Hz

∂x
=− jωε0εrEy (2.7)

∂Hy

∂x
− ∂Hx

∂y
=− jωε0εrEz (2.8)

If a propagating wave is considered, a solution confined to the interface exponentially de-

caying in the perpendicular z-direction on both sides of the interface is given by:

Hy (z) = H2exp(iβx− k2z) ,z > 0 (2.9)

Hy (z) = H1exp(iβx− k1z) ,z < 0 (2.10)

Now there is sufficient information available to determine the fields within a scale factor.

Let us consider the transverse magnetic (TM) wave, only with a magnetic field parallel to
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the interface, because no solution exists for transverse electric (TE) waves [2, 3]. By using

Equations 2.9 and 2.10 and assuming that the metal-dielectric interface lies in the xy plane

at z=0, surface waves in the x-direction can be shown, as illustrated in Fig. 1.1.

By applying the boundary conditions at the interface, one can solve for E as expressed by

the following relation:

km/kd =−εm/εd (2.11)

where, εd, and εm are the permittivity of the dielectric and metal respectively. The above

expression shows that the condition for SPP existence is that it propagates at the interface

of two different media, with opposite signs of dielectric permittivity. The expression for

Hy yields [2]:

k = β
2− kεm (2.12)

k = β
2− kεd (2.13)

Combining Equation 2.3 with Equations 2.12 and 2.13, and performing some simple alge-

braic operations finally yields the complex parallel wave vector in the x-direction and in

the z-direction, given by:

kx = k
′
x + jk

′′
x =

ω

c

(
εmεd

εm + εd

)1/2

(2.14)

where, ω is the angular frequency, c is the speed of light in a vacuum, and εm and εd are the

relative permittivities of the conductor and the dielectric respectively. The k
′
x is a real part
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which accounts for the surface plasmon wavelength and is taken to be positive. Conversely,

k
′′
x is responsible for the damping decay. By replacing kx with kspps in the above equations,

one can rewrite the complex wave number of SPPs as: kspps = k
′
spps + jk

′′
spps .

If
∣∣∣∣ε ′′m∣∣∣∣� ∣∣∣∣ε ′m∣∣∣∣ by using the square root Taylor expansion to the first order, Equation 2.14

can be written as:

kspps = k
′
spps + jk

′′
spps = k0

√
εdεm

εdεm
.

[
1+ jε”m

ε
′m

]
[

1+ jε ′′m
2(ε
′m+εd)

] (2.15)

Then the real part that indicates the wave vector of the SPPs is:

k
′
spps = k0

√
εdεm

εdεm
(2.16)

and the imaginary part of the wavevector that provides information about their propagation

loss is:

k
′′
spps =

k0

2
ε
′′
m√
ε
′
m

(
εd

εm + εd

)3/2

(2.17)

Equation 2.14 shows the dispersion relation, whereas ω/c is the light line. It is assumed

that the near medium is a perfect dielectric, ignoring the imaginary part for the moment.

From Fig. 1.1, it can be seen that the evanescent damping decay of the fields is away

from the interface. As shown, at the dielectric interface the amplitude is larger than at

the metal interface; in fact, it is a few hundred nanometers at the dielectric interface and

tens of nanometers at the metal interface. In other words, when the imaginary part of the

SPPs increases, the propagation length will decrease. Thus, the wavelength of SPPs can be

written as:
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λspps =
2π

k′spps
=

2π

k0

√
εm + εd

εmεd
(2.18)

and the propagation length of SPPs as:

Lspps =
1

2k′′spps
(2.19)

Next, it is important to consider the k vector. If εm is very close to εd , this indicates that

we are close to zero. In reality, however, zero is never reached due to the imaginary part.

Instead, this means that k becomes very large and ω is close to what is called surface

plasmon excitation, with ω being the precise frequency. Furthermore, when k approaches

infinity, then k approaches the SPPs frequency.

The question here is: Why is this so important in the optical frequency range? The answer

is that when k is large, the wavelength is very short. Thus, these particular SPPs have

extremely short wavelengths. They still have an optical frequency, but the wavelength

becomes smaller up to the total of the magnetic field, which is extremely important for

nanophotonic applications. Again, as εd becomes larger, the SPPs become smaller, which

is part of the reason why ωp falls below the light line for glass and air, as shown in Fig.

2.1. In other words, for higher frequencies, the SPP dispersion moves away from the light

line toward larger wave vectors and shorter SPPs wavelengths. Fig. 2.1 shows ωp, which

is the plasma frequency; the light line which is ω = ckx; ωspp air, which is the metal/air

interface; and, finally, ωspp εd , which is clear from Fig. 2.1 that it is a different plasma

frequency than at the air/metal interface.
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Figure 2.1: Dispersion relation of SPPs in metal/air (red curve) and in metal-dielectric (blue
dash curve). The black line indicates the light line.

2.2.1 Dispersion Relation

Let us now examine the dispersion relation of SPPs. According to the Drude model for free

electron gases, the Drude dielectric function is given by:

εr = ε∞−
ω2

p

ω (ω + jγ)
(2.20)

where, ε∞ is the high frequency permittivity, γ is the damping term, and ωp is the plasma

angular frequency given by [37]:

ωp =

√
ne2

ε0m∗m0
(2.21)
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where m∗, e, and n are the electron effective mass, the electron charge, and the carrier

density, respectively, and ε0 is the permittivity of free space. To be able to account for losses

for semiconductors, for example, we used a dielectric constant in the form, εr = ε
′
+ jε

′′
.

The Drude model in the z-direction will then be in the form:

ε (ω, z) = ε
′
+ jε

′′
= ε∞

(
1−

ω2
p

(ω2 + γ2)
+ j

ω2
p

ω (ω2 + γ2)

)
(2.22)

For large frequencies close to ωp, damping is negligible, so the Drude dielectric function

can be stated as:

εr = ε∞−
ω2

p

ω2 (2.23)

In addition, the SPP propagation velocities are different from the speed of light accrued by

the SPP dispersion. It is well-known that the phase velocity is defined as υp = ω/k and the

group velocity as υg = ∂ω/∂k. The phase velocity can then be written as υg = c
√

εm+1
εm

.

The focus should thus be on the relationship between the wavelengths. However this means

that the dispersion relation plasma mode cannot be matched below the light line. To match

and excite these, some techniques must be performed, which will be discussed in the next

section.

2.3 SURFACE PLASMON EXCITATION

As mentioned above, to generate the SPPs we need to solve the problem of the wave vector

mismatch. In this section some techniques are used to excite the light below the light line.

The goal is to excite the SPPs below the light line, in order to couple the light with a long

wavelength at a metal-air interface. The metal must be thin enough (tens of nanometers) to

allow the energy from light to be transferred into the metal.
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To excite the SPPs using light, several techniques are required that make the wave vector

match possible. As can be seen in Fig. 2.1, the red and blue curves are the SPP modes

below the light line, indicating that there is no coupling between the far field and the SPP

modes. What does this mean? If a laser (which is a far-field system) shines into a system

which is typically excited or supports SPPs, these will not couple unless certain techniques

are introduced.

The first technique is to excite the SPPs from a high index medium to a lower index

medium. In Fig. 2.1 there is a line which is ω/k = c with respect to an equal frequency. We

also have ω, which is an excitation frequency across several dispersion lines. It is now clear

that we can use a high index medium that is larger than kspps, which can permit excitation

of a higher medium in the metal, but not directly. Indeed, it is not as easy as it sounds, and

requires a specific technique.

The most widely used method is based on the direct coupling of light waves into SPP

modes by using various configurations and geometries to achieve a wave vector between

the matching fields [2]. Geometries which are commonly used are the Kretschman method

and the Otto configuration, as illustrated in Fig. 2.2. They are different geometries for

prism coupling. In 1968, Kretschmann and Raether deposited a metal directly onto a prism

to solve the problem of the Otto configuration, which is an air gap between the prism and

the metal [1, 2, 3]. However, before performing this geometry, we should be sure (using

Kretschmann geometry) that the metal is sufficiently thin.
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Figure 2.2: Two schematics illustrating commonly used geometries. a) Kretschmann con-
figuration and b) the Otto configuration.

It is expected that shining light through the dielectric face of a prism toward the metal-

dielectric interface (but only at the metal-air interface), will allow SPPs to be seen as the

angle is changed, which in Fig. 2.2 is the angle θ . In the range of Total Internal Reflection

(TIR), one can see a complete reflection of these angles. Once this is achieved, at some

point we will see SPPs in a metal receiving energy, as the energy comes from the incidence

of the laser beam. The prism coupling technique is also suitable for exciting coupled SPP

modes in metal–insulator–metal (MIM) or in insulator-metal-insulator (IMI) three-layer

systems [2].

An alternative method, when the surface is too rough for coupling the light, is to use a

grating coupler [1, 2, 3]. Increasing the momentum is achieved by adding a reciprocal [2]

grating lattice mode to the free space wave number. The periodicity of the represented

surface is illustrated in Fig. 2.3. From this figure, it can be seen that a metal grating has

a period of τ , and the polar angle is θ . Here, θ is used to describe the angle of incidence

measured from the incident light of the grating. The idea is that shining the laser light on a

period surface will cause the light to be diffracted by the grating if the condition [2]
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β = k sinθ ±mg (2.24)

is fulfilled, where m= (1, 2, 3...) and g = 2π/τ.

Figure 2.3: Phase-matching of light to SPPs using a grating.

2.4 Coupled Mode Theory

In light of the description of the basics of SPPs in previous sections, what will happen if

the substrate is infinite and the metal is thin? From this point onward, SPP properties will

be discussed in terms of Coupled Mode Theory (CMT). To provide a better understanding

of CMT, the simplest example will be used, i.e., symmetric and asymmetric modes. With

reference to the modes shown in Fig. 2.4, the field distributions should be either symmetric

or asymmetric with respect to the center of the material chosen. The mode is symmetric

(i.e., Long Range-SPPs (LR-SPPs) when the dielectric permittivity is the same in regions

1 and 3 (i.e.ε1 = ε3), and the fields are decaying exponentially into both regions. If the

asymmetric mode profile has one zero crossing (i.e. ε2), one of the modes may start to leak

into the medium with a higher refractive index. In contrast, the symmetric mode profile has

non-zero crossing within the material, as shown in Fig. 2.4.
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Another example is illustrated in Fig. 2.5. Fig 2.5 shows the mode confinement in the

slots, by setting the gap (SiO2) as 50 nm. In the simulation, we used the measured refrac-

tive indices of 1.42 and 3.4 for SiO2 and Si with width of 100 nm, respectively at optical

frequency. Fig. 2.5 (a, c) shows the symmetric mode, while Fig.2.5 (b, d) shows the asym-

metric mode. Lower indices within the gaps causes strong field enhancement in the gap

region, in accordance with slot waveguide theory. As the SiO2 gap decreases in size, the

stronger mode coupling between the two slots leads to an increase in effective mode
(
ne f f

)
and a decrease in Lp.

Figure 2.4: Field distributions for short-range and long-range SPPs together with the com-
parative behavior of the real part of the propagation constant and loss with decreasing
metal.
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Figure 2.5: 2D energy density distributions of the proposed structure for (a) symmet-
ric mode, (b) asymmetric mode, and (c and d) normalized Ex distributions along the x-
direction.

The propagation length between two even and odd modes (symmetric and asymmetric,

respectively) and the coupling length (Lc) can be expressed as:

Lc =
π

Re{βe}−Re{βo}
=

λ

2
(

Re
{

neven
e f f

}
−Re

{
nodd

e f f

}) (2.25)

Here, λ is the wavelength, and βe and βo are the propagation constants (basically effective

indices) of the even and odd modes, respectively. As an example, the relation between the

coupling length and the size is plotted and explained in detail in Chapter 4. This shows

that the mode could be supported by Hybrid Plasmonic Terahertz Waveguides (HPTWG),

which is the result of coupling between SPPs and microwire waveguide modes.
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2.5 PLASMONIC WAVEGUIDES

In physics, a waveguide can be understood as any guided wave structure that can confine

and guide electromagnetic power efficiently from one destination to another, such as an

optical fiber or a metal tube. The earliest theoretical studies of hollow tube waveguides

were carried out by Lord Rayleigh in 1897 [38]. Then, 40 years later, G. C. Southworth and

W. L. Barrow rediscovered the concept [39]. Interestingly, Southworth and Barrow worked

for several years with no knowledge of one another. A few other types of waveguide will

be discussed briefly in the following sections.

2.5.1 Dielectric Waveguides

Over the past decade, waveguides have been one of the most widely studied components

of THz technology [40]. For instance, SPPs are considered to be promising waveguides

for the THz regime [15, 41], but the theory of guiding electromagnetic waves has been

known for a long time [24]. In 1899, the idea of guiding a circularly symmetric TM wave

along a conducting wire with a small surface was considered. A complete analysis that

provides a foundation for dielectric waveguides can be found in ref. [42] and is based on

Maxwell’s equations. There are many types of waveguide, some of which, including the

slot waveguide, will be discussed below.

2.5.2 Slot Waveguide

The first work performed with the slot waveguide was done in 2003 [13, 43]. Since then,

extensive research has been carried out on such waveguides as alternative candidates for

integrated circuits. Fig. 2.6 (a) depicted a slot waveguide is composed of two materials

that have a high refractive index separated by a low refractive index gap of a few tens of
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nanometers. The electric field is greatly enhanced and confined at the high-index interfaces

of the optical field in the slot region as shown in Fig. 2.6 (b). In the slot structure, the

guiding mechanism is based on TIR in a high-index material surrounded by a low-index

material. The typical structure of a slot waveguide, with symbols, is shown in Fig. 2.6 (a).

Fig 2.6 (a) shows the mode confinement in the slots with the SiO2 gap set to 50nm, while

the gap height is 100nm, and the width of Si is 100nm. This waveguide is described further

in Chapters 4 and 5.

Figure 2.6: Slot waveguide geometry: a) single-slot structure showing mode distribution,
b) E-field distribution in slot structure, exhibiting a high level of confinement in the low
index slot region.

2.5.3 Hybrid Plasmonic Waveguide

There has been significant growth recently in theoretical and experimental work related to

plasmonics. However, similarly to other technologies, the field of plasmonics still faces a

critical challenge in relation to photonics. For example, the propagation loss might be very

low (less than 1dB/cm) [11], but the mode size could be few hundred nanometers (which

is high for a SOI waveguide); whereas the mode size of a plasmonic slot waveguide could
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be less than 50nm, with a propagation loss exceeding 5000 dB/cm [11]. This indicates that

there is a trade-off (i.e., between propagation loss and mode size), which poses a major

challenge for researching plasmonics waveguides, and for their use in device and applica-

tion designs. Hybrid Plasmonic Waveguides (HPWs) provide an approach for overcoming

this dilemma.

Several different structures have been proposed [44, 15] in the optical range. For example,

in [44], the hybrid mode is strongly confined, with sizes even smaller than 100 times the

area of a limited diffraction. The subwavelength mode confinement in [44] shows that a

strong interaction between the dielectric cylindrical waveguide mode and the long-range

surface plasmon polariton mode of a thin metal film can be obtained.

A major contribution of this thesis, influencing its overall role in current research, is re-

lated to HPWs. The term “hybrid” here refers to the effective merging and simultaneous

deployment of electronics technology, photonics, and surface plasmons or optical proper-

ties of a material [45, 46]. In other words, HPWs, where light is guided by a merging

of the SPPs mode and dielectric waveguides, is likely to play a key role in the field of

nanophotonics. However, in hybrid waveguides, the advantages of dielectric waveguides

and the limitations of plasmonics are not easy to discern [47]. Work has been done in [15]

(see Fig. 2.7) to show the relationship between mode confinement and propagation length

in 2D. These researchers proposed a novel plasmonic waveguide geometry consisting of a

high-permittivity semiconductor nanowire embedded in a low-permittivity dielectric near a

metal surface, which constitutes a combination of a conventional dielectric slot waveguide

and a plasmonic waveguide. Furthermore, they demonstrated subwavelength confinement

and long-range propagation by controlling the dimensions of the geometry of a dielectric-

metal interface. They also showed that strong confinement can occur in the gap between

metal and nanowire, representing the coupling between the dielectric waveguide mode and
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the SPP waveguide mode. For this reason, waveguides which support this type of mode are

referred to as HPWs, and the optical mode is referred to as a hybrid mode.

Figure 2.7: The hybrid optical waveguide [13].

A more accurate numerical approach to hybrid plasmonic waveguides (HPWGs) is pre-

sented in [47], as shown in Fig. 2.8(a) and Fig. 2.8(b). This illustrates the structure of

HPWGs where there is a high-index medium separated from a metal plane by a low-index

spacer. The numerical example is concerned primarily with the possibility of using HPWGs

to obtain additional information about complex biological samples by analyzing the effects

of various parameters of an HPWGs sensor in the Mach-Zehnder configuration. The rele-

vant work, as shown in Fig. 2.8(c) [48], is a novel hybrid nanowedge SPP waveguide, con-

sisting of two dielectric nanowires symmetrically located on the two sides of a thin metal

film, with two identical patterned nanometer scale wedges. An ultra-deep-subwavelength

mode confinement has thus been achieved.
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Figure 2.8: (a,b) Schematic of HPWG [44], and (c) schematic diagram of the cross-section
of the proposed HNWSPP waveguide [45].

2.6 TERAHERTZ WAVES

Alternative waves that match our interests and goals is a Terahertz (THz) waves, which

will be a topic of investigation in Chapters 4, 5, and 6. Structures for conventional waveg-

uides are quite well-established, and advanced numerical tools for their analysis already

exist, however THz waves are an alternative. Terahertz semiconductor plasmonics is cur-

rently attracting significant attention, and has a high potential for various technological

and scientific research as well as industrial and commercial applications. Various electro-

magnetic spectrum frequencies are used, such as high frequency electronics microwaves,
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long wavelength photonics infrared radiation, optical frequencies, etc. Terahertz bridges

the gap between photonics and microwave frequencies, as shown in Fig. 2.9. In other

words, the frequency of a THz wave is located in the electromagnetic spectrum between

the microwave and infrared ranges [49, 46].

Moreover, THz normally refers to electromagnetic waves at frequencies ranging from 0.1

to 10 THz (corresponding to wavelengths from 30 μm to 3 mm). As a promising research

area, THz technology has seen significant growth recently in theoretical and experimental

work. In the optics field, the THz range corresponds to infrared rays, while in electronics, it

is referred to as millimeter waves. The THz energy band is thus located between electronics

and photonics. In terms of applications, terahertz waves have recently been used in various

technologies [50], including plasmonics [51], and biosensors [52]. Chapters 4 and 5 will

discuss in detail structures that use THz frequencies for a hybrid plasmonics waveguide.

Specifically, they will present numerical solutions obtained for a novel hybrid terahertz

plasmonic waveguide structure for both metals and semiconductors.

Figure 2.9: The electromagnetic spectrum.

2.6.1 Terahertz History

This band of the spectrum was investigated in 1923 by Ernest Nichols and J. D. Tear [53].

Their work succeeded in joining what they called the short electric wave spectrum to the

infrared range. The possibility of using a THz technique can be found in both the mi-

crowave field and the optics field, including the nanophotonics area. The THz gap between
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electronics and photonics remained unexplored until the 1980s [54]. More recently, ex-

tensive research of THz has achieved strongly confined modes in structures that use op-

tical frequencies. For example, in [55] it is shown that shrinking the transverse size of

a generic metallic structure leads to solutions with extreme field confinement. These re-

searchers modeled and fabricated structures that support THz surface modes. The use of

conventional 3D printing to create both planar and non-planar THz plasmonic waveguides

is demonstrated in [56] where THz time-domain spectroscopy (THz-TDS) is used to char-

acterize fully the propagation properties of the waveguides.

2.6.2 Applications of THz Frequencies

Before investigating the possible use of THz frequencies instead of optical frequencies, we

need to address the question of why this would be beneficial. The reason is that this kind

of electromagnetic wave, with frequencies that do not harm human skin, has many unique

characteristics and potential applications [50].

The THz frequencies have attracted considerable attention in real-life applications. For

example, THz has good penetrability for most dielectric materials, and many important

processes in nature occur at THz frequencies [49, 46]. This has opened research avenues

for a wide variety of applications.

This section gives examples of THz applications and briefly discusses the use of THz waves

[54]. For example, biomedical and imaging applications of hybrid surface plasmon polari-

ton (HSPPs) in the THz regime are described in [54], with spectral fingerprints, strong

absorption by water, and excellent time and spatial resolution. In addition, THz-SPPs

on a highly doped silicon surface that is patterned with periodic V-grooves has been ex-

perimentally demonstrated in [57]. These researchers observed that the grating structure
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creates resonant modes that are confined near the surface. As well, hybrid plasmonic tera-

hertz fibers for sensing applications [58] are described, where significant changes in modal

losses can be used as a transduction mechanism.

2.7 Modeling Methods

Although the basics for SPPs is well-established, their structures are complex. Achiev-

ing an analytical solution that describes the operation of the devices is therefore prob-

lematic. To overcome this difficulty, numerical modeling should be applied to evaluate

the more complex structures. There are several tools available to do this, including the

Finite-Difference Time-Domain (FDTD) [59], and Finite Element Method (FEM) [60].

Here a brief discussion is provided of the most prevalent methods. The FDTD approach

has rapidly become one of the most important computational methods in electromagnetics.

since being proposed by Yee in 1966 [59].

2.7.1 Finite-Difference Time-Domain Method

As explained above, complex structural problems can be analyzed by using a numerical

simulation. The FDTD method was developed to solve electromagnetic problems [61].

Fig. 2.10 shows the distribution of electric and magnetic field components in a Yee cell.
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Figure 2.10: Distribution of electric and magnetic field components in a Yee cell.

In One-Dimensional (1D) free space, the time-dependent Maxwell’s curl equation can be

written as:

∂E
∂ t

=
1
ε0

∇×H (2.26)

∂H
∂ t

=− 1
µ0

∇×E (2.27)

Starting with a simple 1D case using only Ex and Hy, Equations (2.26) and (2.27) become:

∂Ex

∂ t
=− 1

ε0

∂Hy

∂ z
(2.28)

∂Hy

∂ t
=− 1

µ0

∂Ex

∂ z
(2.29)
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It is interesting to note that the electric field is oriented in the x-direction, the magnetic field

is oriented in the y-direction, and traveling is in the z-direction. Taking central difference

approximations for both temporal and spatial derivations yields [59]:

En+1/2
x (k)−En−1/2

x (k)
∆t

=
1
ε0

Hn
y (k+1/2)−Hn

y (k−1/2)
∆x

(2.30)

Hn+1
y (k+1/2)−Hn

y (k+1/2)
∆t

=
1
µ0

En+1/2
x (k+1)−En+1/2

x (k)
∆x

(2.31)

2.7.2 Finite Element Method

The Finite Element Method (FEM) is an alternative numerical analysis technique that can

be adapted to approximate the solution to various partial differential equations. The term

finite element was first used by Clough in 1960 [62]. Since then, engineers have used the

method for approximate solutions of problems in several areas. Most commercial FEM

software packages originated in the 1970s. The benefits of FEM are that the theory is well

developed, and FEM can readily handle very complex geometry. It has been chosen for

use in commercial software such as Comsol, which is used in this thesis. One of the most

important features of FEM is that it can be based on structured or unstructured meshes.

A structured mesh can have a grid-type topology, while an unstructured mesh is often

computed by triangulation.

Let us take a two-dimensional Poisson problem with the function u(x, y) to explain the

fundamentals of FEM. The function u(x,y) satisfies:


−∇2u(x, y) = f (x, y) in Ω

u(x, y) = 0 in∂Ω

(2.32)
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where Ω is the simulation domain, and ∂Ω is the boundary of Ω . In addition, the function

u(x, y) can be expressed in the discretized form:

−
n

∑
i=1

uiΦ
(
vi,v j

)
=
∫

Ω

f vids, j = 1,2, . . .n (2.33)

The accuracy that can be obtained from any FEM is directly related to the mesh that is

selected. Increasing or reducing the element order are complementary choices. Reduction

is the easiest mesh refinement strategy, with element sizes reduced throughout the modeling

domains [63]. For example, Fig. 2.11 shows a structure with two different mesh element

sizes, a mesh with fewer elements, and the meshing sequence. Fig. 2.11 illustrates the

two-dimensional (2D) geometry of the structure, which consists of a Si microwire placed

on top of a ridge GaAs substrate, where the gap is assumed to be SiO2. The blue area of

the mesh indicates important design elements, remaining less dense for Si and GaAs. Fig.

2.11(a) shows a smaller number of mesh elements as a starting point. For a more a accurate

result, a larger number of mesh elements is required, as shown in Fig. 2.11 (b). To obtain

an accurate result, it is important to decrease the mesh size toward zero, by controlling the

number of triangular elements used in the mesh, as shown in Fig. 2.11 (a, b).
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Figure 2.11: Finite element mesh (a) mesh with fewer elements., (b) more element mesh in
a gap area.



Chapter 3

DRUDE-LORENTZ MODEL OF SEMICONDUCTOR OPTICAL PLASMONS

In this chapter, I use a combination method for the dielectric function, comprised of the best

features (i.e., of the Drude and Lorentz models) to obtain the propagation of electromag-

netic waves at optical frequencies along a semiconductor/dielectric interface. By including

the loss term in both models, I am able to obtain numerical solutions for the plasmon dis-

persion curve of the semiconductor/dielectric interface. A detailed analysis was carried out

to derive an expression for the dispersion of a silicon/air interface, by applying the new

original approach[9]. This approach takes into account electromagnetic-field treatment of

plasmons in semiconductor, makes it thus possible to include in the analysis that can be

works other than metallic media.

This chapter discusses the equations derived for theoretical plasmon dispersion, with the

aid of various models (i.e., the Drude and Drude Lorentz models). The approach described

makes it possible to obtain a suitable model, which can be applied to semiconductors.

Mathematically, the principal properties of propagating optical surface plasmon polaritons

are represented, including the effect of a density profile of the plasma frequency in the

Drude-Lorentz model, which includes losses. The Drude-Lorentz model is an improved

version of the Drude model, showing strong dispersion around the resonant frequency,

however, it is not an acceptable model for use with noble metals [38]. For this reason, only

the Drude model will be discussed in the following chapters.

36
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Netherlands, 2014. 41-49.”

3.1 ABSTRACT

In this chapter a theoretical solutions are obtained for the propagation of electromagnetic

waves at optical frequencies along a semiconductor/dielectric interface when losses are

taken into account in the form of a complex dielectric function. A combination method for

the dielectric function, comprised of the best features of the Drude and Lorentz models, is

herein proposed. By including the loss term in both models, we were able to obtain numer-

ical solutions for the plasmon dispersion curve of the semiconductor/dielectric interface.

The surface plasmon waves, when excited, become short wavelength waves in the optical

frequency or THz region. A silicon/air structure was used as our semiconductor/dielectric

material combination, and comparisons were made to optical plasmons generated without

losses. Our initial numerical calculation results show enormous potential for use in several

applications.

3.2 INTRODUCTION

The fundamental optical excitation that is confined to a metal/dielectric interface is the

Surface Plasmon Polariton (SPP), as described by Ritchie [23]. The term SPP comes from
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coupled modes, which can be used to confine light and increase the electromagnetic fields

at an interface between two media, of which at least one is conducting [1, 2, 31, 3]. Plas-

monics in a semiconductor is taking an increasingly prominent role in the design of future

silicon-based optoelectronic chips [30].

Optical plasmons have been shown to have many applications [1, 2] and are generally

excited using metal/dielectric interfaces due to the high concentration of charge carriers

in metals. SPP in semiconductor/dielectric interfaces have recently received considerable

interest, and the use of a semiconductor/dielectric interface to support optical plasmons has

been numerically shown in [9], albeit without the inclusion of losses. We therefore wish

to take this a step further by including the loss contribution in the SPP dispersion relation.

The loss is introduced through the complex dielectric function of the semiconductor. Little

attention has thus far been paid to this phenomenon because it is generally very difficult

to deal with. The SPP’s dispersion and the resonance frequency depend on the interface

configuration [1, 9].

Unlike metals, the semiconductor permittivity theory can be extremely complex, since it

depends on the doping concentration of the semiconductor, which also determines the num-

ber of bound and free charge carriers in the material. In a semiconductor, plasma frequency

can be determined by the effective carrier mass as well as the doping concentration. Two

of the more difficult tasks are to confine light and increase the electromagnetic fields near

the interfaces. The losses are related to the plasmon dispersion; however, they affect the

shape of the plasmon dispersion curve near the plasma frequency.

Our goal is to develop a theoretical treatment to find a suitable model for the dielectric

function of semiconductors. Starting with the Drude model, which is commonly used to

describe the dielectric function of metals, we seek to modify and adapt it for semicon-

ductors by adding the Lorentz model. We proceed by solving Maxwell’s equation for the
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interface between the dielectric and the semiconductor, and using the dielectric function

described by the Drude-Lorentz model to obtain the dispersion relation.

This paper is organized as follows: A brief theory and background of models describing

dielectric permittivity is addressed in Section 3.2. In Section 3.3, numerical results are

presented and discussed, and Section 3.4 summarizes the results and draws conclusions.

This is an extended and revised work of an earlier published conference paper [64].

3.3 THEORETICAL ANALYSIS

In this section, we briefly review different models, one of which is selected for our ap-

proach. The Drude model, Lorentz model, and a combination of both models (i.e., Drude-

Lorentz model) are presented and discussed. Starting with a semiconductor/dielectric in-

terface, we seek to obtain a surface plasmon wave traveling along that interface (z-axis) in

the form [9]:

Ex,y = Ed,s
x,yδd,s (3.1)

δd,s = e− jωteiγd,se jβ z (3.2)

where ω is the angular frequency, and γd,s and β are the transverse and longitudinal prop-

agation constants, respectively. This assumed form of an evanescent wave is substituted in

the Maxwell’s equations:

∇×H = Jq + ε0 +
∂E
∂ t

+
∂P
∂ t

(3.3)
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∇×E =−µ0
∂H
∂ t

(3.4)

∇.H = 0 (3.5)

∇.

(
ε0

∂E
∂ t

+
∂P
∂ t

)
=

∂P
∂ t

(3.6)

D = εE (3.7)

J = σE (3.8)

To complete the development of optical plasmon in semiconductors theoretically, the no-

tation of damping has to be described. From a basic perspective, the result of the surface

plasmon dispersion equation becomes complex when losses are accounted for. This is di-

rectly related to the complex dielectric constant; in order to characterize the dispersion,

damping, and excitation of the plasmon, its imaginary part needs to be included. Then

the dielectric permittivity equation becomes complex. The dielectric constant is one of the

most important factors to assess for future technology applications [30].

Applying the appropriate boundary conditions on both sides of the interface yields the

dispersion equation below as:

(
ε

2
S − ε

2
D
)[k2εSεD−β 2εS−β 2εD

εSεD (εS + εD)

]
= 0 (3.9)
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where,

k =
ω

c
(3.10)

εS is the dielectric permittivity of the semiconductor, εD is the dielectric permittivity of the

dielectric, c is the speed of light, and k is the wavenumber. To be able to account for losses,

we used a complex dielectric constant in the form:

εr = ε
′
+ jε

′′′
(3.11)

where, εr is the relative permittivity, ε
′

is a real part, and ε
′′

is the imaginary part. εr

can be represented by different models, so before presenting our proposed Drude-Lorentz

model, we present the Drude model, which is commonly used for metals and highly doped

semiconductors.

3.3.1 Drude Model

This model was proposed by Paul Drude in 1900 to explain the transport properties of

electrons in metals [65, 66] and has also been adapted for semiconductors [12, 22]. To

excite SPPs in the optical frequency range, in this work heavily doped semiconductors

were used. This is because semiconductors with such heavily doped (e.g. Si) have a plasma

frequency close to that of metals. The Drude dielectric function is given by:

εr = ε∞−
ω2

p

ω (ω + jγ)
(3.12)

where ε∞ is the high frequency permittivity, γ is the damping term, and ωp is the plasma

angular frequency given by [67]:
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ωp =

√
ne2

ε0m∗
(3.13)

m∗, e, and n are the electron effective mass, the electron charge, and the carrier density,

respectively, and ε0 is the permittivity of free space.

The Drude model is the simplest classical treatment of optical properties of metals. It

considers the valence electrons of the atoms to be free. In addition, it is used for semicon-

ductors when free carrier density introduced through doping is sufficiently high to cause

the semiconductor to behave similarly to a simple metal. However, in reality, this model

has limitations. For example, it does not account for spatial dispersion, which exists when

the dielectric constant depends on the wave-vector. Moreover, it does not account for the

bound electrons and holes in semiconductors. On the other hand, it does if one replaces ε0

with ε0εr.

Additionally, recent work by Cada [9] shows that, for more general case, when εS 6= εD 6= 1,

a new solution can exist only in a semiconductor/dielectric interface. This may be clearly

seen in equations (5 and 6) in [9] which explain why it cannot appear in the metal. His

approach, which focuses on an electromagnetic field treatment of plasmons in a semicon-

ductor, thus makes it possible to include works in the analysis that involve semiconductor

media rather than metallic media. From the derivation for a wave at an interface between

two media, one dielectric and one with a concentration of free electrons, they obtained an-

other solution for the semiconductor only. It can be shown that the solution is a constant

with respect to β , as seen in the following equation (i.e., equation 5 in [9]) is:

ω
2
3 =

ω2
p

εs− εd
, (3.14)

and equation 6 in [9] which represents the two remaining roots in the form:
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ω
2
1,2 =

ω2
p

2εs
+

εs + εd

2εsεd
β

2c2± 1
εs

√
ω2

p

4
+

εd− εs

2εd
ω2

pβ 2c2 +
(εs + εd)

2

4ε2
d

β 4c2. (3.15)

3.3.2 Lorentz Model

The Lorentz model can be used to describe the frequency response of many materials and

typically shows strong dispersion around the resonant frequency [21, 68, 69]. It is mostly

suited for materials that have bound electrons, with the possibility of having many oscilla-

tors in a given system [65, 12, 20, 67]. The expression of the dielectric function for a single

Lorentz oscillator is given by:

εr = ε∞ +
∆εω2

p

−ω2 + jγω +ω0
(3.16)

where ω0 is the resonance frequency and is considered to be equal to an energy band gap of

a semiconductor. ∆ε is a weighting factor given by ∆ε = εst − ε∞ , with εst being the static

permittivity. As mentioned, the Lorentz model usually shows strong dispersion around the

resonant frequency [67, 21] and is valid only when the photon energy is well below the

band gap of the semiconductor. Thus, it cannot be used alone to describe the permittivity

of semiconductors. To overcome this limitation, we propose the use of the Drude-Lorentz

model to describe the dielectric function of semiconductors in the optical frequency range.

The proposed dielectric function is given by:

εr = ε∞−
ω2

p

ω (ω + jγ)
+

∆εω2
p

−ω2 + jγω +ω0
(3.17)

This model is chosen to enable us to take advantage of semiconductors at optical frequen-

cies and search for a possibility of an optical plasmon existence in that range.
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3.4 DISCUSSION AND RESULT

Matlab symbolic tool has been used to implement the above models. Using equation 3.9,

we insert the desired model of the dielectric function and proceed to calculate the dispersion

relation. Before we examine the possible development of the models that work for both

materials (i.e. semiconductors and metals), we need to address the question of why it should

even be done. The basic answer is to gauge the effect of the loss of plasmons, especially in

semiconductors. The slight change in a dielectric permittivity and the damping values are

taken into account.

We commence by discussing the details of all of the above models. To solve this dilemma,

it is necessary to assume that the system is lightly damped. Based on this assumption,

we can then ignore the damping term at first, and later add the loss term for comparison.

Next, we recall equations 3.3 to 3.8 and substitute them in the model equation. Doing so,

and satisfying the boundary conditions for fields in both media, one can find the dispersion

equation for the Drude model without loss as [9]:

−ω
6 (

εSεD− ε
2
S εD
)
+ω

4 (
β

2c2
ε

2
S −β

2c2
ε

2
D + ε

2
Dω

2
p−2εSεDω

2
p
)

(3.18)

+ω
2 (2εdβ

2c2
ω

2
p + εdω

2
p
)
−β

2c2
ω

2
p = 0

where, εs is a semiconductor dielectric permittivity, εD is a dielectric permittivity, and ωp is

the plasma frequency. It may be noted that neglecting the losses in this equation and setting

εS = εD=1[9] for a classical metal/air interface yields the well-known plasmon dispersion

equation with well-known solution:
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−ω
2
pω

4−ω
2(2β

2c2
ω

2
p +ω

4
p)+β

2c2
ω

4
p = 0 (3.19)

Figure 3.1 shows the dispersion relation of surface plasmons propagating along a silicon/air

boundary.

Figure 3.1: Plasmon dispersion without losses using a Drude model.

Employing the generalized Drude theory, the complex dispersion equation is obtained.

Equation 3.20 below is the resulting plasmon dispersion equation obtained when losses

are included in the Drude model, through the damping frequency, γ:

−
(

ω
2
(
(3c2

ω
4
pβ

2−2c2
ω

2
pβ

2
γ

2 +ω
6
p)−ω

4(2c2
ω

2
pβ

2 +2ω
4
p−ω

2
pγ

2)
))

+
(

ω
2
pω

6− c2
ω

6
pβ

2 + c2
ω

2
pβ

2
γ

2
)
= 0 (3.20)
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For large values of the propagation constant, the surface plasmon frequency approaches a

constant value, which can be obtained from equation 3.20 and is given by:

ω∞ =

(√
9ω p4−12ω p2γ2−8ω p2 +4γ4 +8γ2

4+(3ω p2)/4− γ2/2

)1/2

(3.21)

As can be seen from the dispersion relationship plotted in Fig. 3.2, when damping is taken

into account, we observe a drop of the plasmon dispersion from 590 THz to about 432 THz

for γ > ωp. However, when ωp > γ the equation 3.21 yields an ω∞ value of 743 THz which

is higher than what we obtain from Fig. 3.1. It is interesting to note that these plasmons

are in the optical frequency range.

Figure 3.2: Plasmon dispersion with damping.

Following the same steps as previously and by inserting the Drude-Lorentz model function

in equation 3.9 and rearranging the terms, one obtains:
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−(ω2(ε2
s ω

2
p +β

2c2
∆εω

2
p + εs∆

2
εω

4
p−2εs∆εω

4
p + εdω

4
p) (3.22)

+ω
6(εsε

2
d − ε

2
s εd)+ω

4(ε2
s ω

2
p +β

2c2
ε

2
s ω

2
p−β

2c2
ε

2
d −2εsεdω

2
p− ε

2
s ∆εω

2
p

+2∆εεsεdω
2
p)β

2c2
ω

4
p +2β

2c2
∆εω

4
p−β

2c2
∆

2
εω

4
p) = 0

When losses are included in the Drude-Lorentz model, the following dispersion relation is

obtained:

−ω
4(2c2

ω
2
pβ

2
γ

2 +2ω
4
pγ

2−ω
4
pγ

2) (3.23)

−ω
2(3c2

ω
4
pβ

2
γ

2 +2β
2
γ

4
ω

4
pc2 +ω

6
pγ

2)

+γ
2
ω

2
pω

6− c2
ω

4
pβ

2
γ

2 + c2
ω

6
pβ

2
γ

2 = 0

This dispersion relation of surface plasmon waves along silicon/air boundary including

losses is shown in Fig. 3.3. n-doped silicon is used in the calculations, and all physical

parameters are experimental values taken from [70]. To obtain the plasma frequency in the

optical range, we had to use high carrier concentrations of the order of 1021cm−3, which is

feasible in silicon. By varying the plasma frequency parameter ωp of the semiconductor,

we obtained a different curve, which has a different surface plasmon frequency, as graphed

in Fig. 3.3.

Figure 3.3 shows a different SPP curve than Fig. 3.2, depicting only the real part of the

Drude-Lorentz model. When, ωp > γ , the surface plasmon frequency increases to approxi-

mately 723 THz,. It should be noted that the values of ωp and γ for n-doped silicon change

with doping concentration.
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Figure 3.3: The model surface plasmon dispersion with damping -Drude- Lorentz.

Figure 3.4 compares all of the models, so that they can be understood more clearly. Phys-

ically, changing the model may have an influence on the plasma dispersion curves, which

affect the optical properties of the structure. To address this point, the plasma dispersion

was similuated at1.55 µm as shown in Fig. 3.4. Although the Drude-Lorentz model is an

improvement over the Drude model, showing strong dispersion around the resonant fre-

quency, it is not an acceptable model for use with noble metals [38].
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Figure 3.4: Comparison all models.

3.5 CONCLUSION AND FUTURE WORK

Theoretical and numerical studies were conducted on plasmonic interactions at a semicon-

ductor/dielectric interface and a brief review of the basic model theory was presented. We

have shown that the inclusion of losses reduces the surface plasmon frequency. As well, we

have proposed the Drude-Lorentz model as a model for the dielectric function of semicon-

ductors due to its ability to describe both free electron and bound systems simultaneously.

The numerical results of the plasmon dispersion for a silicon/air interface were presented

using the proposed model and were compared to the Drude model.
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Future work involves the use of other types of semiconductors such as AlGaAs, InP or

InGaAs with different and flexible optical properties. Different dielectric materials can

also be used to tune the surface-plasmon frequency.



Chapter 4

A LONG RANGE HYBRID THZ PLASMONIC WAVEGUIDE WITH LOW

ATTENUATION LOSS

This chapter investigates the modal properties of a hybrid plasmonic waveguide operating

at 1 THz, composed of a silver film, in the vicinity of which two silicon rods are placed.

A detailed analysis is made of the propagation length, the effective indices, and the model

area of the supported modes. A preliminary investigation of a directional coupler is also

made based on the proposed waveguides. The properties of long-range hybrid surface

plasmon polaritons propagating along a symmetric silicon microwire and finite-width silver

are studied. As a solution to the issue of propagation loss of LR-SPP at the terahertz

frequency, I have proposed a novel waveguide, which I designate as a long-range hybrid

THz plasmonic waveguide with low attenuation loss.

Finite Element Method (FEM) COMSOL commercial software was used to investigate the

effects of structural parameters on the modal properties, in order to achieve an improved

performance trade-off, and to calculate the propagation length for different gaps between

Si and Ag, and different Si diameters. The structure under study outperforms existing

hybrid plasmonic waveguides in terms of the figure of merit (FoM), and offers potential

applications, for example in microsensors.

Efficient waveguide transmission is crucial for several applications. This analysis is there-

fore essential for the ongoing efforts to develop an efficient terahertz waveguide. The

guiding properties of the hybrid terahertz surface plasmon polariton (HTSPP) waveguide

51
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were analyzed numerically at the THz frequency, and double-structured comparisons were

made of the best features of the terahertz plasmonic waveguide.

This work extends the study to double pairs of nanowire, as a step toward improving waveg-

uiding properties. The aim is to investigate the interaction between wire pairs placed at a

distance, and the advantage of adding an additional microwire to optimize the geometry to

achieve the maximum possible propagation with low losses. This is useful for applications

such as integrated photonic circuits (IPC-THz), to achieve package density.

In conclusion, I found that a long-range hybrid THz plasmonic waveguide with low at-

tenuation loss (HTSPP) has a significant impact on the properties of SPPs. This result

contributes to a better understanding of the HTSPP in practical applications.

My contributions to this work consist of proposing the idea for the HPTWG, determining

the simulated and calculated properties of the proposed waveguide, analyzing the data, and

writing the initial version of the manuscript. Finally, because permission of the Infrared

Physics & Technology journal has been obtained, the paper itself is attached at the end of

this thesis.

“Eldlio M., Ma Y. Q., Maeda H., & Cada., M. ”A long-range hybrid THz plasmonic wave-

guide with low attenuation loss.” Infrared Physics & Technology 80 (2017), 93-99.”

4.1 ABSTRACT

Numerical solutions are obtained for the proposed novel hybrid terahertz plasmonic wave-

guide structure, namely the silicon metal silicon (SMS) waveguide. It is shown that the

SMS waveguide can overcome the diffraction limit while still maintaining a sizeable prop-

agation length. The geometric dependence of the mode characteristics of this structure
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is analyzed in detail, showing strong confinement and low loss with propagation lengths

exceeding 14mm at normalized mode areas of 1.72× 10−2. By using the FEM method

(Comsol), the guiding properties of the hybrid terahertz surface plasmon polariton (HT-

SPP) waveguide are numerically analyzed at the THz frequency, and a combination of

double-structured comparisons of the best features of the terahertz plasmonic waveguide

is made. Depending on the height used and how the mode confinement is measured, var-

ious modal designs, such as double microwire structures, are developed. The structures

indicate that we verified the possibility of low attenuation loss of hybrid THz plasmonics

propagation. The effective mode area Ae f f , energy distribution, and propagation length Lp

versus height for waveguides with Si microwire and SiO2 are shown. The numerical calcu-

lation results reveal a potential for use in applications such as optical force in trapping and

transporting biomolecules, and in high-density integrated circuits.

4.2 INTRODUCTION

There has been significant growth recently in theoretical and experimental work related to

Hybrid Plasmonic Waveguides (HPW). The research studies have explored the plasmonic

phenomenon within a low index nanogap between a high index waveguide and a conducting

substrate. Numerous groups are presently investigating the interaction between a free car-

rier concentration and an electromagnetic field [1, 2, 3] giving rise to well-known surface

plasmon polariton (SPP). These can be used to confine light and increase electromagnetic

fields at an interface between two media where at least one is conducting [10].

The plasmonic waveguide is a good candidate for achieving large degrees of confinement

and practical propagation lengths [71]; hence, sub-wavelength waveguides have been re-

alized in various geometries for the next generation of integrated photonic circuits (IPC)

[72, 48, 73, 15]. Different structures have been proposed [44, 74] in the optical range. For
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example, in [44], the hybrid mode is shown to be strongly confined even in sizes smaller

than 100 times the area of a diffraction-limited spot. Large subwavelength mode confine-

ment in [74] shows that a strong interaction between a dielectric cylindrical waveguide

mode and a long-range surface plasmon polaritons (LRSPP) mode of a thin metal film can

be obtained.

It should be pointed out that the structure design in [44] was chosen primarily for optical

frequency wavelength, which enabled the researchers to control the light in a small area

over a typical propagation length (434µm), albeit without the inclusion of hybrid plasmon-

ics in the THz regime. We therefore wish to take this a step further by including the hybrid

THz contribution in the SPP waveguide. THz frequency shows great promise for use in

high-resolution imaging, spectroscopy, and security applications such as biological agents

or explosives [75]. A unique feature shown in [76] is the interaction with the material in

ways that are diverse from other forms of electromagnetic radiation. For instance, plas-

tics and papers are transparent to terahertz frequencies [77]. Various structures have been

proposed as plasmonic waveguides in the THz range [78, 79].

Less attention has been paid, however, to a hybrid plasmonic terahertz (THz) waveguide

(HPTWG) supporting hybrid plasmonic modes traveling through the microscale of a lossy

material to achieve high mode confinement. The frequency of a THz wave occupies the

electromagnetic spectra between microwave and infrared ranges [79]. To take advantage of

this phenomenon, HPTWG has been the subject of much recent research [79, 72, 15].

Hybrid terahertz SPP can achieve high mode confinement in terms of longer amplitude

propagation lengths [79] by merging the merits of an SPP waveguide, a slot waveguide,

and a hybrid SPP waveguide. A long-range hybrid terahertz SPP (LR-HTSPP) is a com-

bination of long-range SPP and dielectric waveguide modes. It offers the same degree of

propagation length as LRSPP and similar mode confinement as HTSPP. In order to better
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understand and distinguish between SPP and waveguide mode, intensive research has been

proposed recently. For example, alternative plasmonic material, such as a graphene-based

split-ring structure, has been investigated [80], along with micrometer-level graphene field

effect transistors, which have high sensitivity and wide-band tunability throughout the en-

tire THz domain [81]. The development of efficient THz sources and detectors has opened

the THz frequency region (i.e., 0.1–10 THz) to numerous applications, including mate-

rial analysis in microelectronics, non-invasive screening of cancer, label-free biomolecular

analysis [79], and optical tweezers [82, 83, 84, 85].

In contrast, semiconductor microwire offers applications in nanophotonics, such as waveg-

uides, sensors, photodetectors, and lasers [10, 71, 72]. However, the operating wavelength

is much longer than the diameter of microwire and yields weak confinement due to a lim-

ited index-contrast. This dilemma arises from the difficulty in achieving subwavelengths on

an optical scale, when small mode and wire diameters are desirable. To overcome this lim-

itation, we propose using strong terahertz confinement to enhance the optical field strength

and the gradient of light field and to determine the optimum size required for potential

applications.

An important aspect that needs to be addressed in this work is confining and guiding long

wavelength electromagnetic radiation into small-size structures by coupling them with HT-

SPP, i.e., confining the light and increasing the electromagnetic fields at an interface be-

tween two media, of which at least one is conducting [3]. The structure under study out-

performs existing hybrid terahertz plasmonic waveguides in terms of the figure of merit

(FoM) that allows one to use it in real-life applications, such as optical force in trapping

and transporting biomolecules [86] or in high density integrated circuits [1, 87]. It is worth

mentioning that some works do not cover all aspects of hybrid plasmonic waveguides, such

as coupled microwire at THz frequencies.
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This paper is organized as follows: A brief theory and structure geometry are addressed in

section 4.2. In section 4.3, numerical results are presented and discussed. Figures of merit

are introduced in section 4.4, and section 4.5 summarizes the results and draws conclusions.

4.3 STRUCTURE GEOMETRY

To optimize the trade-off between mode confinement and propagation length in the THz

frequency range, a novel structure was adopted [44], as shown in Fig. 4.1. The structure has

the advantage of supporting a long propagation length, which consists of a thin metallic film

(silver: Ag) sandwiched between two cylindrical silicon (Si) microwires with a diameter D

and a gap distance h. The background material is assumed to be SiO2. In order to verify

the possibility of obtaining a low loss with a long propagation length for HTSPP mode, the

complex dielectric function of Ag needs to be considered. The permittivity is described by

the well-known Drude model as:

εr = ε∞−
ω2

p

ω (ω + jγ)
(4.1)

where ε∞ is the high frequency permittivity, γ is the damping term, and ωp is the plasma

angular frequency [2]:

ωp =

√
ne2

ε0m∗
(4.2)

Here, m∗, e, and n are the electron effective mass, the electron charge, and the carrier

density, respectively, and ε0 is the permittivity of free space. The parameters ωp = 1.37×

1016 rad/s and γ = 8.20×1013 rad/s are taken from [88].
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In this paper, the frequency considered is 1 THz, as this is within the critical range of the

THz spectrum for spectroscopy, sensing applications, and networks [73]. We have carried

out a detailed mode analysis using the commercial Finite Element Method (FEM) (Comsol)

to investigate the effects of structural parameters on the modal properties to achieve an

improved trade-off. To obtain an accurate result in our simulation, the minimum mesh size

was set to 0.05µm and the sizes of the geometric structure domains were set sufficiently

large that the fields would be small enough at the boundaries to be efficiently absorbed by

a perfect magnetic boundary condition (PMC). Also, on the horizontal boundary, a set of

perfect electric conductor boundary conditions (PECs) was used and in the convergence

analysis, the calculation region in the y-direction (10λ ) and x-direction (10λ ) is assumed

to be sufficiently large to ensure accurate eigenvalues. The mesh will not interfere in the

calculations.

The proposed double-microwire structure in Fig. 4.1(b) is flexible and can be conveniently

extended to a single microwire by adding a microwire. The new microwires, being the same

as a single microwire in geometric dimensioning, are placed to the right of the single Si,

and the distance between both is varied, as in the previous scenario. This design approach

could be useful in a number of applications, such as in highly integrated optical circuits.
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Figure 4.1: Schematic diagrams of HPTWG: (a) single pair of microwires, (b) double pair

of microwires.

4.4 RESULTS AND DISCUSSION

Figures 4.1(a) and 4.1(b) show the schematic structures with symbols and an accepted

coordinated system of the proposed work. Both configurations use a finite-width silver

strip between Si microwire deposited at both interfaces of the lower and upper silver/ SiO2.

As will be discussed later in greater detail, the gap height in our case varies from 50 to

1000 nm, and the diameter D of Si varies from 10 to 60 µm.

It is worth mentioning that the performance of the HPTWG is evaluated by its normalized

mode area, figure of merit (FoM), and propagation length. The normalized mode area is

defined as Am/A0. Here, A0 = λ 2/4 represents the diffraction-limited area in free space.:

Am =
Wm

max{W (r)}
=

1
max{W (r)}

∫∫
W (r)d2r (4.3)
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where Wm is the total mode energy, W (r) is the energy density (per unit length along the

direction of propagation), and r is a radius of Si microwire. The energy density can be

written as [44, 89, 90]:

W (r) =
1
2

(
(d(ε(r)ω)

d(ε(r)ω)dω
|E(r|2 +µ0 |H(r)|2

)
(4.4)

To obtain the effective mode index, the complex propagation constant of the HTSPP mode

propagating along the z-direction can be used. The propagation length (Lp) is calculated

with regards to its propagation constant (β ) [2]:

Lp = 1⁄2Im(β ) (4.5)

where Im(β )is the imaginary part of the complex propagation constant. The mode proper-

ties are affected by the waveguide size. Fig. 4.2 shows the HPTWG structure’s normalized

modal area A = (Am/A0) as a function of the cylindrical diameter D for different gap dis-

tances h. Correspondingly, the general asymmetric HPTWG is given in Fig. 4.7(c) to com-

pare how much this structure can support the LRSPP mode in symmetric and asymmetric

hybrid THz plasmonic waveguides. This also will be shown later in greater detail. The

parameters chosen as a high index refractive index microwire with dielectric were assumed

to be a constant (i.e., εs=11.684) with a perfectly smooth sidewall. The substrate is made of

SiO2, with a refractive index of nc=1.95 [91]. The parameters chosen were D = 20µm and

h = 750nm, and the Ag thickness is Tm = 100nm. Figs. 4.2(a) and 4.2(b) show the depen-

dence of the normalized mode area Am and the propagation length Lp on the Si microwire

with height h. From Fig. 4.2, we can see that the normalized mode (Am) initially decreases

prior to 20µm, after which it increases smoothly, indicating that it has a minimum value of
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around 20µm of the Si diameter. This scenario occurs in all gaps between the metal and Si

waveguide.

To better understand the meaning of this phenomenon, the normalized effective index was

plotted versus the different Si microwire waveguide diameter D with a different height. In

Fig. 4.2, when the diameter of Si is 20µm and the gap is 750nm, the propagation length

reaches a maximum of 12× 103µm. The corresponding normalized mode area is 1.36×

10−2. It is interesting to note that the geometry structure for the single-pair microwire

of the HTSPP waveguide demonstrates a centimeter-scale propagation length with strong

subwavelength confinement. As shown in Fig. 4.2(a) and 4.2(b), both the propagation

length and the normalized mode area decrease with an increase in the gap at the beginning,

followed by a further increase, which indicates that there is a minimum optimal value for

both Lp and Am at certain h values (i.e., around 20µm). Figs. 4.2(a) and 4.2(b) clearly show

that as the propagation length decreases monotonically, the normalized mode area at first

decreases and then increases, displaying a minimum value (i.e., around 20µm) for all of

the considered gaps h. This could be because the varied Si microwire give rise to different

values of the effective mode in Si microwire that will determine the mode hybridization

character [48].

Figure 4.2(b) depicts the effect of the core diameter and the height on the propagation

length. We can see that the propagation length decreases for smaller diameters and shorter

separate distances due to an increase in confinement, as stated above. This indicates that our

structure could feasibly control the propagation length of modes in a hybrid THz plasmonic

waveguide. For optimally chosen parameters, the propagation length increases when the

gap and diameter are increased. From Fig. 4.2(b), one can see that when D decreases, Lp

increases, which is similar to well-known LRSPP in previous work [58]. It is essential to

emphasize that obtaining this phenomenon is due to the possibility of designing optimal



61

parameters for long-distance propagation. For a microwire with 20µm, the mode area is

487µ2 with a propagation length of 14×103µm.

Table 4.1 shows how the gap and diameter D of Si are affected by these parameters. It also

shows that the hybrid mode has strong confinement even in sizes smaller than 20 times

the area of a diffraction limit, which shows a good agreement with [44]. It is important

to compare our results with respect to other THz (HPTW) waveguides [79]. The proposed

HTSPP waveguide outperforms the existing HPTW with 1.2 times increased propagation

length (long propagation length of HTSPP = 3300µm), compared to those reported in [79]

(long propagation length of HPTW= 2700µm), with the same parameters of gap=0.2µm,

D=40µm, and frequency 0.1 THz. Moreover, the structure in [79] is more complicated in

terms of fabrication.

Table 4.1: Optimal parameters with various heights for D = 20µm.
h(nm) mode area (µm2) Am Real ne f f Im ne f f Lp(µm)

50 172 7.66×10−3 1.8402 1.472×10−3 16×103

500 291 9.75×10
−3 1.8028 1.568×10−3 17×103

750 370 1.36×10−2 1.7861 1.820×10−3 15×103

1000 487 1.72×10−2 1.7714 1.901×10−3 14×103
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Figure 4.2: (a) Normalized mode area (Am/A0) as a function of cylindrical diameter of Si
for different gaps. (b) The propagation length for various h as a function of D.

We have carried out a detailed mode analysis to investigate the energy density distributions,

as shown in Figs. 4.3(a-d). In this simulation, the waveguide parameters are defined as

the optimal values mentioned above. From the simulation, one can see that as the gap

decreases, the EM field is highly localized at the interface between the Si microwire and

Ag film, indicating that the structure acts as the LR-HTSPP waveguide, as shown in Fig.

4.3(a). On the other hand, the amount of EM field distributed in the vicinity of the Ag film
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decreases as the gap increases, as shown in Fig. 4.3(b), leading to a smaller atteanuation

loss and thus a longer propagation length. By selecting the appropriate parameters, the light

is confined in the Si microwire and in the gap, as illustrated in Fig. 4.3(c), meaning that

the hybrid mode is dominate. We can further infer from Fig. 4.3(d) that when increasing

the gap, the majority of the EM field is located in the microwire, i.e., a standard dielectric

mode waveguide.

The power confinement and the diameter of silicon have a proportional relationship. Hence,

when more power can be confined in the core through increasing the silicon core size,

weak mode confinement and a long propagation distance ensues. The gap confinement is

achieved due to the core, which has a high index material. As we pointed out, decreasing the

gap significantly enhances the electric fields, along with smaller mode dimensions affecting

the modes in Si microwires. The propagation length and mode confinement can be tuned

by varying the gap and Si diameter to achieve a trade-off between Lp and A. The intensity

field becomes more confined in silicon for larger dimensions, so the field is relatively high

in microwire Si only for large-size (D = 40µm). If the gap h between the silver and silicon

waveguide continues to increase, the density drops due to a larger core.
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Figure 4.3: 2D energy density distributions of LR-HTSPP at 1 THz (a) SPP mode with
D=20 µm and h=750 nm, (b) gap mode with D=50 µm and h=20 µm, (c) gap-microwire
mode with D=20 µm and h=20 µm, and (d) microwire mode with D=90 µm and h=40 µm.

To get a clear view of the mode profile, Fig. 4.4 shows the 1D normalized energy density

along x = 0 and y = 0.5µm + h (h = 750nm and 20µm) at D = 20µm for different gap dis-

tances h. In the HPTWG, a significant amount of electrical field intensity is confined in the

low refractive-index material (i.e., SiO2) between Si and high-index Ag. The dimensions

affect the level of mode confinement. Fig. 4.4 shows the symmetric one as the long-range

hybrid SPP mode. It can be happened when Ag has thickness 250nm and the Si microwire

is 20µm, two hybrid modes can exist through the coupling of the gap waveguide mode and

the SPP mode. The existence within the gaps with lower index causes strong field enhance-

ment in the gap region. Due to the fact of slot waveguide theory. When the Si microwire

get closer to the Ag, the stronger mode coupling between the long-range SPP mode and the

dielectric waveguide mode leads to an increase in ne f f and a decrease in Lp. In Fig. 4.4

it can be seen that when h is smaller than the characteristic decay length of the field, from

the interface into the low-index region, a large fraction of the E-field distribution is tightly

confined within the slot. Because the normal electric field undergoes a large discontinuity,
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there is a high index contrast at the interfaces, resulting in a field enhancement in SiO2,

with a low refractive index. In addition, varying the power confinement factor [13, 43]in

accordance with the ratio between the values of the electric field at both sides of the walls

(see Eq. 4.3) affects the mode size of the slot waveguide.

Figure 4.4: Normalized Ex distributions along the x-direction. The red (black) line repre-
sents the structure with h =20 µm (h=750 nm), while the cylindrical diameter D is set at 20
µm.

In order to verify the difference between the SPP and waveguide mode, the hybrid mode

characteristics (HMC) should be introduced. This can easily be found by a superposition

of the Si microwire mode and the LR-HTSPP mode:

HMC =

(
ne f f 1−ne f f 2

)(
ne f f 1−ne f f 2

)
+
(
ne f f 1−ne f f 3

) (4.6)

where ne f f 1, ne f f 2, and ne f f 3 are the effective refractive indices of HPTWG, LR-HTSPP,

and Si microwire, respectively. As shown in Fig. 4.5 (a), the mode effective index increases

monotonically with increasing Si size. From the simulation, one can see that as the Si size

increases, the ne f f becomes close to WGM, whereas decreasing the Si size results in ne f f

becoming closer to LR-HTSPP. The values of the real part of ne f f vary in the range of

1.5–3 and for microwire sizes vary from 10 to 60 µm, which is considerably higher than
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WGM, as shown in Fig. 4.5(a). This HMC is shown in Fig. 4.5(b). At the minimum, the

long propagation distance is D ˜ 20 µm and HMC = 0.5, which agrees with previous works

[92, 44]. One can used the HMC to gauge the degree to which the HPTWG mode is LR-

HTSPP-like (i.e., ne f f 3 < ne f f 2, i.e., HMC < 0.5) or WGM-like (ne f f 3 > ne f f 2, i.e., HMC

> 0.5). Thus, the LR-HTSPP mode characteristics are dependent on the Si waveguide and

Ag parameters and are very important parameters related to HMC that can affect all results

obtained in this work.

Figure 4.5: (a) Effective mode versus of Si size. (b) hybrid mode character HMC versus
diameter of Si waveguide for different heights.
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We now discuss the details of the double pair structure as seen in Fig. 4.6(a) and 4.6(b),

which are the symmetric and antisymmetric mode, respectively. The double pair of mi-

crowires enhances waveguide transmission properties compared to the single wire. It has

significantly improved coupling efficiency and has low light transmission with low group

velocity [93]. The distance between the microwire (upper or lower) distance was chosen as

a typical case. As shown in Figs. 4.6(a) and 4.6(b), the symmetric and asymmetric modes

can be effectively confined in the low refractive region that is the SiO2 area, even when our

structures have large dimensions compared with the optical frequency regime in similar

structures. In reality, there is less attention to investigating asymmetric coupling.

The relation between the coupling length and the size is plotted in Figs. 4.6(c) and 4.6(d).

The coupling length (Lc) between two even and odd modes (symmetric and asymmetric,

respectively) can be expressed as:

Lc =
π

Re{βe}−Re{βo}
=

λ

2
(

Re
{

neven
e f f

}
−Re

{
nodd

e f f

}) (4.7)

Here, λ is the wavelength, and βe and βo are the propagation constants (basically effective

indices) of the even and odd modes, respectively. One can clearly see that the optimal

width is 75 µm. This makes it a good choice because the imaginary part of the effective

index for symmetric and asymmetric modes at both heights (i.e., 750 nm and 1000 nm)

is almost the same, indicating that both modes have the same decay as they propagate,

leading to a perfect coupling. Moreover, one of the major advantages of this double Si

microwire structure is that it is not sensitive to the gap h, making it have a large fabricate

error tolerance. If the structure is sensitive to h, we need to take into account the gap for

design purposes.
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Figure 4.6: 2D energy density distributions of proposed structure for (a) symmetric mode
and (b) antisymmetric mode. (c) Coupling length, and (d) imaginary part of effective index
as a function of W.

4.5 FIGURE OF MERIT

Figure of merit (FoM) is another important parameter for evaluating waveguide perfor-

mance. It is the ratio of the square root of the effective mode area to the propagation length

and can be written as [44]:

FoM =
Lp

2
√

A
π

=
λ

4Im
(
ne f f

)√
πA

(4.8)

We applied FoM in this work to gauge the trade-off of the symmetric mode propagation.

It can be seen that the FoM for the hybrid mode at small heights is always larger than

that for larger gaps in the whole range of microwire diameter D. For instance, Fig. 4.7(a)
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illustrates the relationship between Si and FoM at various heights, showing the Si diameter

as well as the height response in the FoM. Interestingly, decreases in FoM coincide with

decreases in D until a minimum is reached (around D = 20 µm). Hence, with an increase

in the Si diameter, the FoM first decreases and then increases when it reaches the optimal

value. For smaller D, the mode extends deeper into the SiO2. The FoM shows that when

the guided wavelength decreases, confinement light increases, depending on the height.

As mentioned above, a smaller diameter of the Si microwire (e.g., 20 µm) is preferable for

achieving longer Lp with a higher FoM, whereas a larger diameter (e.g., 60 µm) is favorable

for obtaining a smaller normalized mode area and a higher FoM.

From this, it is clear to see that, for a waveguide, a small h results in better performance.

Figs. 4.7(a) and 4.7(b) show the FoM in two different structures: Si/SiO2 /Ag/ SiO2/Si and

Si/ SiO2/Ag. Comparing the structures, we see that the minimum of Si microwire diameter

is similar in both cases. The difference, for example, for the same Si diameter of 20 µm

for our proposal is that the structure with h = 1µm in the gap has much better mode con-

finement (Am = λ 2/407), with Lp at 11×103µm and FoM at 245. Compare this to a single

structure
(
Am = λ 2/205

)
, with Lpat 14× 103µm and FoM at 117. However, FoM has al-

most the same order when the Si microwire size is D = 20µm, which can be acceptable for

fabrication. A larger FoM means better performance of the HTSPP waveguide.
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Figure 4.7: FoM (a) figure of merit as function of microwire size for various heights in
single-pair microwire; (b) FoM in one Si microwire.

4.6 CONCLUSION

An approach for the simulation of a hybrid terahertz plasmonic waveguide structure by

using the FEM method was presented. The guiding properties of the HTSPP waveguide

were theoretically analyzed at the THz frequency and the concept of the HTSPP waveguide

was established. In the proposed approach, a solution was presented for the propagation of

electromagnetic waves at terahertz frequencies along a Si/ SiO2/Ag interface. The above

discussion suggested that the proposed HTSPP waveguide could offer enhanced capability

for deep subwavelengths with low attenuation loss. We showed that a HTSPP waveguide

has better performance compared to other conventional HSPP waveguides.
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Furthermore, we provided a comprehensive analysis of a hybrid plasmonics waveguide in

the THz regime. The plots of the effective mode area Ae f f , energy distribution, and the

propagation length Lp versus the height for waveguides with an Si microwire and SiO2

were shown. A much larger mode area and propagation length were achieved when com-

paring our structure with a previous hybrid terahertz plasmonic waveguide that consisted

of a single Si microwire deposited on Ag, resulting in enhanced FoM at THz frequency.

The THz electric field amplitude in deep subwavelength confinement with low loss was

significantly improved.

In our structure, we verified the possibility of low attention loss HTSPP propagation. Cor-

respondingly, our analysis demonstrated how to facilitate the development and design of

hybrid terahertz plasmonic high-density integrated circuits or bio-sensors. We also inves-

tigated in detail the effects of the wavelength, the waveguide dimensions, and the material

properties on hybrid mode characteristics. The modal effective index
(
ne f f

)
, along with the

FoM of the HPTWG mode of the proposed structure with various gaps and diameters, was

shown. The modes supported by both structures have deeper subwavelength confinement

within the range of the parameters chosen.

The work provides a better understanding of the mode confinement effect. The guiding

properties of the asymmetric and symmetric modes of a hybrid plasmonic waveguide were

investigated by using the FEM method. Due to the extraordinary guiding properties of the

proposed hybrid, the terahertz plasmonic waveguide has the possibility to become a basic

structure for the design of new types of integrated photonic circuits.



Chapter 5

A THz SEMICONDUCTOR HYBRID PLASMONIC WAVEGUIDE WITH

FABRICATION-ERROR TOLERANCE

This chapter describes my design of a novel semiconductor THz hybrid SPP (STHSPP)

waveguide to optimize the trade-off between mode confinement and propagation length.

The designed STHSPP has a high extinction ratio and low insertion loss. I have considered

not only mode properties and performance of the effect of structural perturbations, but also

simplicity of fabrication.

This chapter presents an extension of the previous work described in Chapter 4. The

approach is to combine Si microwire techniques with the advantages of a THz micro-

plasmonic structure consisting of semiconductor GaAs instead of a metal. The trade-off

previously described is explored by using a semiconductor at the THz frequency.

Numerical solutions were obtained for a novel semiconductor THz hybrid SPP (STHSPP)

waveguide structure, by using FEM COMSOL software. The guiding properties of the

STHSPP waveguide was analyzed numerically at the THz frequency, demonstrating that

the STHSPP waveguide could surpass the diffraction limit while still maintaining large

propagation lengths. The geometric dependence of the mode characteristics of the pro-

posed structure were analyzed in detail, showing strong confinement with large propaga-

tion lengths. The numerical results indicate the potential for use in several applications,

including biosensors.

72
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The work also considered properties of the SPPs guided in a SiO2 gap between heavily

doped GaAs materials and Si microwire at a THz frequency. Energy density distribu-

tions and intensity fields were calculated by using the FEM method. Better confinement is

achieved at a cost of a higher propagation losses in the STHSPP.

My contributions to this work include generating the fundamental ideas, performing the

analytical description and necessary analyses, and carrying out numerical simulations. I

also wrote the initial version of the manuscript. Finally, because permission of the Japanese

Journal of Applied Physics has been obtained, the paper itself is attached at the end of this

thesis.

“Eldlio Mohamed, Youqiao Ma, Franklin Che, Hiroshi Maeda, and Michael Cada. ”A THz

semiconductor hybrid plasmonic waveguide with fabrication-error tolerance.” Japanese

Journal of Applied Physics 56, (2017), 010306.”

5.1 ABSTRACT

In this letter, a novel waveguide based on semiconductor THz hybrid surface plasmon

polariton (STHSPP) is proposed and numerically analyzed. The structure under study

can confine light in the ultradeep-subwavelength region
(
ranging from λ 2/360 to λ 2/156

)
with a large propagation length ranging from 374 to 506µm. Compared with a conven-

tional hybrid SPP (HSPP) waveguide without a ridge, our proposed structure with the same

propagation length has a much higher mode confinement with a one order of magnitude

smaller normalized mode area.
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5.2 INTRODUCTION

There has recently been a significant increase in theoretical and experimental work related

to surface plasmon polaritons (SPP) [1, 2]. SPP can be used to confine light and increase

electromagnetic (EM) fields at an interface between two media, at least one of which is

conducting [1, 2, 3]. SPP have already excited widespread interest for various applications

[64, 71]. They are a very promising and powerful technology with enormous potential for

advanced SPP applications, such as V-grooves in metals [72] and plasmonic wire waveg-

uides [1] involving high-sensitivity biosensors; however, the large propagation losses in-

duced by the intrinsic Ohmic loss in the metal limit the use of plasmonic waveguides, which

poses a challenge. In reality, the usefulness of metal/dielectric interfaces originates from

the high concentration of charge carriers in metals, although the concentration is limited

by losses. A critical issue in using SPP is the high losses in metal optics while maintaining

nanoscale mode confinement. Several solutions to overcome these limitations based on the

prominent features of SPP have been proposed in recent years. For example, THz hybrid

integration using a semiconductor instead of a metal [9] could enable a more accurate and

precise deep confinement with a low loss [93]. Terahertz semiconductor plasmonics is cur-

rently attracting significant attention in both scientific research and industry. Numerous

THz semiconductor hybrid plasmonic waveguides have been proposed [57, 94, 15], with

immense effort being dedicated towards overcoming losses [57] in order to enable potential

applications of THz semiconductor plasmonics, such as structured semiconductor surfaces

[95]. Many important processes in nature occur at THz frequencies [96], which has opened

research avenues in numerous applications such as microtweezers, as these frequencies do

not harm skin.

The frequency of a THz wave occupies the EM spectrum between the microwave and in-

frared ranges [49], acting as a bridge between these ranges. To take advantage of this
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fact, hybrid terahertz plasmonic waveguides (HTPWGs) have recently been the subject of

intense research [49, 97, 94, 9, 57]. There are different designs of subwavelength THz

plasmonic waveguides based on metal/dielectric wire structures [98, 79] and spoof surface

plasmons on corrugated metal surfaces [79]. TPWGs can achieve a high mode confinement

and larger propagation lengths [49, 57] by merging the merits of an SPP waveguide, a slot

waveguide, and a hybrid SPP waveguide, including semiconductor materials.

Thus, in this Letter, we propose and design a novel semiconductor THz hybrid SPP (STH-

SPP) structure to optimize the trade-off between the mode confinement and the propaga-

tion length (Lp). The examination of the geometric dependence of the mode characteristics

reveals that the structure can provide a strong confinement in the wavelength region of

λ 2/360 to λ 2/156 and a low loss with a propagation length ranging from 374 to 506µm.

5.3 RESULT AND DISCUSION

Figure. 5.1 shows the three-dimensional (3D) geometry of the structure, which consists of

a Si microwire ( nsi = 3.415) placed on top of a GaAs substrate with a half-cylinder ridge.

This structure is deposited directly onto a second SiO2 substrate, where the cladding is as-

sumed to be SiO2 with a refractive index of 1.95 [99]. Numerical simulation results show

that the maximum coupling between the Si waveguide mode and the SPP mode induces

hybridization when the diameter of the Si microwire, D, is equal to 20µm. The structure

under study outperforms existing HTPWGs, with the former having twice and half the

propagation length and mode area, respectively, of those reported in Ref. [94], thus allow-

ing it to be used in applications such as biomolecular tweezers [100, 101] and high-density

integrated circuits [49, 94].
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Figure 5.1: Schematic diagram of cross section of proposed STHSPP waveguide.

We have carried out a detailed mode analysis using COMSOL commercial finite element

method (FEM) software to investigate the effects of structural parameters on modal prop-

erties to achieve an improved trade-off by adopting two important evaluation factors (i.e.,

propagation length and mode area) to describe the propagation loss and mode confinement,

respectively.

In order to verify the possibility of obtaining a large propagation length with a low loss, the

complex dielectric function of GaAs needs to be considered. In the case of homogeneously

doped GaAs, the dielectric function ε(ω) is determined by free-charge carriers, and the

classical Drude equation is valid for its description, which is expressed as [49]:

εr = ε
′
+ jε

′′
= ε∞−

ω2
p

(ω2 +Γ 2)
+ j

ω2
pΓ

(ω2 +Γ 2)ω
(5.1)

where, ε∞ is the high-frequency permittivity and ωp is the plasma angular frequency. The

damping term is given by Γ = e
(me f f m0µ

, where µ is the mobility of the carriers, which

has been phenomenologically approximated as [71] µ = 9400
1+
√

N(10−17)

(
cm2V−1S−1) . The

parameters used are ε∞= 10.89 and me f f =0.0153 [102].
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The propagation length is calculated from its propagation constant (β ) as Lp = 1⁄2Im(β ),

where Im(β )is the imaginary part of the complex propagation constant. The normalized

mode area is defined as A/A0, where A0 =
(

λ 2/4
)

represents the diffraction-limited area in

free space [49] and can be expressed as [103]:

A =

∫∫
W (r)d2r
W (r0)

=

∫∫
W (r)d2r

max[W (r)]
(5.2)

where W (r) is the electric field energy density and W (r0) is the energy density at the posi-

tion where the highest field is observed, i.e., max[W (r)].

The mode properties are affected by the geometric parameters of the waveguide. For exam-

ple, by increasing the gap between the Si microwire and the GaAs ridge r, the propagation

length can be further increased at the expense of a weaker mode confinement. To examine

this in detail, the effect of the parameter r on the normalized mode area A and the propaga-

tion length Lp while keeping D fixed at 20 µm is plotted in Fig.5.2(a). We can infer from

Fig. 5.2 (a) that, when increasing the diameter of the ridge r, the propagation length de-

creases monotonically, while the normalized mode area first decreases and then increases,

displaying a minimum value at around r = 2 µm. The propagation length reaches maxima

of 3.48×102, 5×102 , and 6.58×102 µm for the three considered heights h ,i.e., 1, 5, and

10 µm, respectively. This could be due to the fact that varyingr gives rise to different values

of the effective mode index in the Si microwire, which determines the mode hybridization

character [49]. Therefore, the parameter r will be fixed at 2µm in the following discussion

to maintain a low propagation loss.

To clarify the physical mechanisms of the behavior of Lp depicted in Figs. 5.2 (a) and Figs.

5.2(b) (r = 250nm, h = 5µm, and D = 20µm), Fig. 5.2(c) (r = 2 µm, h = 5µm, and D =

20µm), and Fig. 5.2(d) (r = 20 µm, h= 5µm, and D= 20µm) show their related EM energy
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patterns. Generally, a smaller r means that the SPP mode dominates the hybrid mode,

whereas a large r means that the coupling gives rise to a strongly confined mode. Also,

decreasing the gap distance significantly enhances the electric field within the gap owing to

small mode dimensions. Furthermore, most of the energy density will be distributed inside

the Si waveguide if the height h is further increase.

Figure 5.2: Dependences of modal properties of proposed structure at 1 THz. (a) Large
propagation length and normalized mode area as a function of ridge r. (b) Field distribution
of SPP mode with r = 250nm, h = 5µm, and D = 20µm, (c) field distribution of gap mode
with r = 2µm, h = 5µm, and D = 20µm, and (d) field distribution of hybrid mode with
r = 20µm, h = 5µm, and D = 20µm.

The numerical simulation results show that the proposed STHSPP waveguide has the ca-

pability of controlling the hybridization, which can be achieved by adjusting the diameter

of the Si microwire, D, until one obtains an optimal value. Fig. 5.3 shows Lp and ne f f as

a function of D with h = 10µm. It can be seen that the normalized mode area decreases

exponentially as D increases until it reaches the optimal value (i.e., 20µm). This scenario

occurs for all gaps between the GaAs ridge and the waveguide.
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Regarding the propagation length, when D increases from 5 to 55 µm, it slightly depends

on the parameter D. This is followed by a further increase as D varies from 55 to 100 µm,

which indicates that there is an optimal value of D, i.e., around 20 µm. For example, the

propagation length increases from about 1273 to 2955 μm and the normalized mode area

decreases from 0.45 to 0.099 as D increases from 5 to 40 µm, as illustrated in Fig. 5.3.

This can be understood as follows: when D is small, the EM field is highly localized at the

interface between GaAs and SiO2, meaning that the structure acts as a pure SPP waveguide,

resulting in a larger mode area and a smaller propagation length. On the other hand, when

D is sufficiently large, a waveguide mode with a low loss in the Si microwire emerges and

the propagation length begins to increase. The corresponding field distributions are also

plotted in the insets of Fig. 5.3, showing the hybrid mode and SPP localization. It is worth

noting that the selection of the values of h, r , and D is important because appropriate values

give rise to the strongest mode confinement and largest propagation length.

Figure 5.3: Normalized mode area A and propagation length Lp as a function of diameter
of Si waveguide at a frequency of 1 THz. Insets: EM energy density patterns with different
values of D.

The carrier concentration n of a semiconductor is an important parameter for designing

plasmonic waveguides in the THz regime. In this simulation, the waveguide parameters

are defined as the optimal values mentioned above. From the simulation, one can see that

as n increases from 0.5×1017 to 2×1017 cm−3, the normalized mode area increases from
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0.0081 to 0.0126 and the propagation length increases from 115 to 483 µm. This can be

physically explained by the fact that the real part of the dielectric permittivity of GaAs

increases with n, which means that the penetration depth into GaAs decreases, resulting in

a decreased attenuated loss, i.e., a larger propagation length. In other words, by varying

the carrier concentration, one can tune the propagation loss of the STHSPP mode as well

as the degree of mode confinement.

Let us now turn our attention to the fabrication process and fabrication error tolerance,

which can be used to demonstrate the fabrication feasibility. For example, a precise align-

ment in the horizontal direction between the Si microwire and the GaAs ridge is a challenge,

so the investigation of misalignment is highly desired. The centers of the Si microwire and

the GaAs ridge have to be aligned with each other, i.e., there should be no shift S. When

both centers are not aligned (off-center), there is a misalignment shift, which affects the

normalized mode area and propagation length, as shown in Fig. 5.4. According to Fig.

5.4, however, there is no significant change in mode area or propagation length when S

changes from 1 to 5 µm. For example, the calculations show that the normalized mode

area increases by less than 10% when the shift increases from 0 to 5 µm. Conversely, for

the propagation length, the error is less than only 3% for the same shift compared with that

in an ideal case. The results suggest that the proposed STHSPP waveguide exhibits a good

tolerance to fabrication errors.

Figure 5.4: Fabrication errors of propagation length and mode area as a function of shift S.
Insets: TM energy density patterns for structures with shift and without shift.
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We found that, in terms of the gap size corresponding to the shift error, the main loss

mechanism is radiation leakage into free space. This allows one to control the mode con-

finement and Lp. The simulation results show that the proposed STHSPP waveguide has a

strong mode confinement within the gap, which indicates that the overlap between the field

of the STHSPP and the dielectric within the gap is large. This gives it great potential in

biosensing applications.

In this work, one can use the microfluidic channel to guide the sample liquid into the gap. It

should be noted that a feasible method to pump the reagents and samples into the microflu-

idic channel is required [104]. Such a method for fabricating the on-chip microfluidics is

explained in detail in Ref. [103]. Also, a review of the fabrication techniques and applica-

tions of microfluidics can be found in Ref. [105]. In order to verify the optimal parameters,

the simulation result is depicted in Fig. 5.5 for a gap size of 5 µm. One can clearly observe

that Lp and A are affected by the refractive index as it varies between 1.33 and 1.38. From

Fig. 5.5, one can conclude that A and Lp show a highly linear decrease with an increase

in liquid refractive index. Knowing this, one can predict the values of Aand Lp for other

values of the refractive index.

Figure 5.5: Propagation length and mode area as a function of refractive index.
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A more important issue is to compare our result with the THz waveguide (plasmonic wave-

guide using doped GaAs) waveguide in Ref. [94]. The proposed STHSPP waveguide

outperforms the existing THz plasmonic waveguide using doped GaAs, having a propaga-

tion length of 1147µm, 2.5 times that of the waveguide (430µm) in Ref. [94], with the

same gap of 20µm, a Si diameter of 20µm, a frequency of 0.9 THz, the same refractive

index, and N = 0.6×1017cm−3.

The other essential parameter, the carrier concentration doping level, also plays an impor-

tant role in waveguide performance. Physically, changing the doping level may influence

the coupling of surface plasmons, thus affecting the optical properties of the STHSPP. To

address this point, the mode size was simulated as a function of the doping level at 1 THz,

as shown in Fig. 5.6. Here it can be clearly seen that the mode properties are affected by

changing the doping level. As a result, decreasing the concentration decreases the mode

area. This result indicates that it is possible to adjust the mode area of the STHSPP mode

by varying the concentration.

Figure 5.6: Mode size of propagation length as a function of doping level at 1 THz.

Finally, Fig. 5.7 shows the suggested fabrication steps for the experimental verification of

the proposed structure. The process is described as follows. (a) The structure composed of
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SiO2, GaAs, and Si layers is deposited on a silica substrate. (b) The GaAs ridge is formed

by the Electron beam lithography technique [93]. (c) The microfluidic channel is deposited.

In a real fabrication proces, we would use materials such as silica or quartz owing to their

excellent THz properties. (d) To produce the Si microwire with precise dimensions, the

vapor-liquid-solid method can be used [106]. (e) The SiO2 layer is dissolved in acetone,

leaving the GaAs exposed, at which point the proposed structure is complete.

Figure 5.7: Schematic diagrams of fabrication process.

5.4 CONCLUSION

In conclusion, we have proposed and numerically investigated an STHSPP waveguide that

is compatible with standard processes for silicon-on-insulator (SOI) technology. The sim-

ulation results reveal that the structure has very good tolerance to fabrication errors. We

showed that different carrier concentrations in GaAs can be used to tune the propagation

length Lp and the mode area A. We also showed that the STHSPP waveguide exhibits
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a higher performance than other conventional HSPP waveguides. The deep mode con-

finement and the large propagation length suggest great potential for use in several THz

semiconductor devices, such as microtweezers and highly integrated circuits.



Chapter 6

PLASMONIC PROPERTIES OF

SUPERCONDUCTOR-INSULATOR-SUPERCONDUCTOR WAVEGUIDE

This chapter presents a theoretical study of a superconductor-insulator-superconductor

waveguide at both THz and telecommunication frequencies. Yttrium-Barium-Copper-

Oxide has been chosen as the superconductor, since Yttrium-Barium-Copper-Oxide ex-

hibits better plasmonic behavior in the THz range, as compared to other telecommuni-

cation frequencies. The numerical results indicate a strong potential for use in several

applications, such as biosensing and quantum information technology.

My contributions include proposing part of the idea, simulating and calculating properties

of the proposed waveguide, analyzing the data, and writing the initial manuscript. Finally,

because permission of the Applied Physics Express journal has been obtained, the paper

itself is attached at the end of this thesis.

“ Ma, Youqiao, Mohamed Eldlio, Hiroshi Maeda, Jun Zhou, and Michael Cada.

”Plasmonic properties of superconductor–insulator–superconductor waveguide.” Applied

Physics Express 9, (2016), 072201.”

6.1 ABSTRACT

The simultaneous realization of low propagation loss and subwavelength mode localization

remains one of the critical challenges in plasmonics. Aiming to simultaneously realize

85
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low propagation loss and subwavelength mode localization in plasmonics, we introduce a

class of low-loss and deeply confined guiding schemes utilizing an alternative plasmonic

material, i.e., a superconductor (SC). The optical properties of a SC-insulator-SC (SCISC)

waveguide are analyzed both at terahertz (THz) and telecommunication (TC) frequencies.

The SCISC waveguide features a deep-subwavelength confinement with mode length as

small as λ/6000(λ/18) for THz (TC) frequency, while the propagation length can be extended

up to 400mm (1mm).

6.2 INTRODUCTION

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

tions and propagating along the interface between a conductor and a dielectric. As one of

the most fascinating areas of Photonics, SPPs have attracted significant research interest

for applications in subwavelength light guiding, slow light, and biosensing [107]. How-

ever, the prospects of SPPs are hindered by their large dissipative losses, and what is worse

is that such losses will further increase if the mode size is downscaled to a subwavelength

level. As a result, intensive research has been carried out to reduce the losses, such as by

designing the hybridized SPP (HSPP) waveguide [44, 15] and using the gain medium to

compensate for the propagation loss [108]. Although the propagation length up to 2 mm

for the HSPP mode has recently been reported, it suffers from a complicated fabrication

process [48]. On the other hand, the usage of the gain medium could mitigate the propa-

gation loss, but it is found that even the best gain materials available are barely enough to

compensate for the metallic loss [12].

Note that such loss is inherent to materials; thus, to search alternative plasmonic mate-

rials with lower losses, for example, semiconductors [109], graphene [110] and super-

conductors [111] seems a promising solution. Very high doping levels are necessary for
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semiconductors to exhibit a negative real permittivity at optical frequencies, but achiev-

ing such extremely high doping levels is challenging [112]. Graphene is another good

alternative plasmonic material owing to its zero band-gap and high carrier mobility, which

has been demonstrated for THz applications [113]. However, its losses are still compara-

ble to those of noble metals at near-infrared (NIR) frequencies [12]. On the contrary, the

zero-resistance superconductor (SC), in principle, offers a practical approach to eliminate

the dissipative loss [111]; thus, it has attracted rapidly growing interest. In recent years,

many SC plasmonic structures, including low-loss propagating terahertz SC SPPs [114]

and the extraordinary transmission from the perforated SC films [115, 116] have been pro-

posed and investigated. However, very little attention has thus far been paid to analyze

the optical properties of the SC-insulator-SC (SCISC) waveguide at both terahertz (THz)

and telecommunication (TC) frequenciesor to comparing it with its counterpart structure,

i.e., the metal–insulator–metal (MIM) waveguide. Therefore in this paper, the plasmonic

properties of the SCISC waveguide are discussed at both THz and TC frequencies.

6.3 RESULT AND DISCUSSION

Numerical results show that the SCISC waveguide features a large propagation length

(ranging from 55 mm to 400 mm) and a deep-subwavelength mode confinement (rang-

ing from λ/6000to λ/300) for THz frequency. Albeit the superconductivity will eliminate

if SC operates at TC frequency, the SCISC (strictly it cannot be named as SC) waveguide

still possesses a fivefold enhanced figure of merit (FoM) compared to the MIM waveguide

[115].

Figure 6.1 depicts the schematic diagram of two-dimensional (2D) SCISC waveguide, con-

sisting of a dielectric core sandwiched between two identical semi-infinite SC claddings.
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The core width is noted as d, the permittivities of the core and cladding are respectively

assumed as ε1 and ε2.

Figure 6.1: Schematic diagram of the SCISC heterostructure waveguide.

Assuming the SPP wave travels along z-direction with a propagation constant β , then the

electromagnetic field for the TM mode can be expressed as follows [117]:


Hy = Ae jβ ze−k2x

Ex =−Aβe jβ ze−k2x

ωε1ε2
for |x|> d/2

Ez = j k2Ae jβ ze jβ ze−k2x

ωε1ε2

(6.1)


Hy = 2Be jβ z cosh(k1x)

Ex =−2Bβe jβ z cosh(k1x)
ωε1ε2

for |x|< d/2

Ez =− j
2Bk1e jβ zsinh(k1x)

ωε1ε2

(6.2)

Here, k1 =
√

β 2− k2
0ε1 and k2 =

√
β 2− k2

0ε2. The dispersion relation is obtained from the

boundary condition [2]:

tanh
(

k1d
2

)
=−k1ε2

k2ε1
(6.3)
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In this study, Yttrium-Barium-Copper-Oxide (YBCO) was selected as the SC because it

possesses a better plasmonic behavior in the THz range [114]. For comparison, the chosen

metal was silver (Ag) owing to its relatively low loss. The temperature-dependent per-

mittivity of YBCO (ε2Y BCO) and Ag (ε2Ag) are described by Drude models [114, 2]. For

example, the permittivity ε2Y BCO can be expressed as:

ε2Y BCO =
ω2τ2(ω2−ω2

s −ω2
n )+(ω2−ω2

s )

ω2(ω2τ2 +1)
+ j

(ω2
n τ)

ω2τ2 +ω
(6.4)

where τ is the relaxation time, ωs is the plasma frequency, and ωn is the normal electron

plasma resonant frequency, which are given as:

τ =
tξ +at(1− tξ )

t((1+ξ )γc
, ωs =

√
Nse2

ε0m0
, ωn =

√
Nne2

ε0m0
(6.5)

Here, ξ and a are the fitting parameters, e is the electron charge, m0 is the mass of a free

electron, t = T/Tc (Tc is the critical temperature and T is the operating temperature), γc is

the scattering rate at Tc, Ns = N[1− t4] and Nn = Nt4 are respectively the superconducting

electron and normal electron densities, where N is the temperature-independent total den-

sity of free carriers. In addition, the permittivity (ε2Ag) is obtained by ε2Ag = ε∞−
ω2

p
ω(ω+ jωc)

,

where ωp is the temperature-dependent plasmon frequency and ωc is the collision fre-

quency of the free electrons, with forms as:

ωp =
ωpT0√

1+3γ(T −T0)
, ωc =

0.012π4
[
(T KB)

2 +
( h̄ω

2π

)2
]
+EFΛ

h̄EF
(6.6)

where ωpT0 is the plasmon frequency at room temperature T0, γ is the thermal linear expan-

sion coefficient, h̄ is the Plank’s constant, Λ = h̄ωeph (ωeph is the electron-photon scattering

coefficient), EF is Fermi level energy and KB is the Boltzmann constant.
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Before examining the plasmonic properties of the SCISC waveguide, the material proper-

ties of the YBCO and Ag at T = 40 K were analyzed. Fig. 6.2 shows their permittivities

around the (a) 1 THz and (b) TC frequencies. Generally, the wavelength will be used rather

than the frequency for the TC range. The parameters of Drude model for YBCO are [118]:

Tc = 88K, ξ = 1.5, a = 10, N = 1.255× 1027m−3 and γc = 0.28× 1014 Hz, while those

for Ag are [2]: ε∞ = 3.67, γ = 1.5× 10−15K−1 , EF = 2980 THz, and Λ = 4 THz. As

shown in Fig. 6.2, within the frequency range of interest, both the YBCO and Ag exhibit

negative Real(ε) values, making them essential plasmonic materials. However unlike the

optical properties at TC frequency, the Real (ε) values of YBCO and Ag are very large at

THz frequency, giving rise to the negligible field penetration into the conductor. In addi-

tion, YBCO exhibits a smaller imaginary part of permittivity, indicating a lower loss for

YBCO compared with Ag.
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Figure 6.2: Real and imaginary parts of permittivity of the YBCO and Ag around (a) THz
and (b) TC frequencies.

Then, the dispersion relations for the SCISC and MIM waveguides were investigated and

are shown in Fig. 6.3 (a). Air was chosen as the core insulator, and other parameters were

T =40 K and d = 500nm. It should be mentioned that some other materials can be used

as the core insulator for the practical fabrication, such as Silica (SiO2), Polymethylpentene

(TPX) and Teflon, owing to their excellent transparency and relatively low reflectivity at

THz frequency [91]. From Fig. 6.3 (a) it is found that the SCISC waveguide plot lies on the

right side of that for the MIM waveguide with d = 50 nm, that is, the SPP wavelength for

the SCISC waveguide is shorter than that for the MIM waveguide. Figs. 6.3 (b) and 6.3 (c)
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respectively show the Ex distributions for the SCISC waveguide at 1 THz and 193.4 THz

(i.e., 1550 nm). Compared with TC frequency, the electric field is highly distributed in the

insulator core and negligibly penetrated into the YBCO, indicating that YBCO behaves as

a perfect electrical conductor (PEC) at THz frequencies.

Figure 6.3: (a) Dispersion relations for the SCISC and MIM waveguides. Electric field
profiles for the SCISC waveguide at (b) 1 THz and (c)1550nm.

The field profile depicted in Fig. 6.3 (b) is mainly the same as that of the TEM-like mode

of a parallel-plate waveguide (PPWG) reported in [119]. To better distinguish the mode of

the SCISC waveguide, Fig. 6.4 shows the contour plots of the normalized cross-sectional

electric field (Ex) distribution versus the incident frequency for different core widths. As

expected, the profiles are similar to the results in Ref. [119]. The field is located in the

insulator core at low frequencies (< 2 THz), which is corresponds to the TEM-like mode,

while it is distributed at the edges for higher frequencies (> 2 THz), which corresponds

to the plasmonic mode. From Fig. 6.4, it is also noted that this mode transition is also

determined by the core width. The coupling between the surface waves propagating on the

two SC plates becomes stronger for the smaller core width; thus, the field is nearly constant
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in the insulator core and vice versa. The SCISC waveguide operates in the plasmonic

regime if the core width and frequency are larger than 300µm and 2 THz, respectively.

Figure 6.4: Contour plots of the normalized cross-sectional electric field profile as a func-
tion of frequency with different core widths of (a) d = 500nm and (b) d = 300µm.

It is well known that the SPP waveguides could offer a subwavelength mode size be-

yond the diffraction limit but suffer from a small propagation length; thus, two key fac-

tors, propagation length (Lp) and mode length (Lm), need to be considered to characterize

the performance of the SCISC waveguide [72]. The propagation length is calculated as

Lp = λ ⁄([4πIm(ne f f )]), where Im(ne f f ) is the imaginary part of the mode effective index

ne f f , while the mode length Lm is defined as [120]:

Lm =

∫
W (z)dz

max{W (z)}
(6.7)

where W(z) is the electric field energy density. In addition, the normalized propagation

length LNP and normalized mode length LNm were also defined by LN p = Lp/λ and LNm =

Lm/L0 , respectively, where L0 = λ ⁄2 is the diffraction-limited mode length. It should be

noted that to overcome the diffraction limit requires Lm < L0, which is LNm < 1.
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Figure 6.5 shows the mode properties of the SCISC waveguide versus the core width d

with ε1 = 1 and T = 40 K. d was selected by considering the decay length of SPP mode at a

single SC-I interface, for example, the decay lengths in the insulator are 15 mm at f =1 THz

and 405 nm at λ=1550 nm, indicating that the respective maximum d values are around

30mm and 810nm. As seen from Figs. 6.5 (a) and 6.5 (b), the mode length reasonably

decreases with decreasing core width, suggesting a higher electromagnetic energy near the

SC surface; thus, the propagation length decreases. On the other hand, it is also found

that both LNm and LNP increase with frequency. For lower frequencies, the larger real

and imaginary parts of permittivity respectively give rise to smaller penetration depth and

higher propagation loss, thus smaller mode and propagation lengths. What is important is

that, as shown in Figs. 6.5 (a) and 6.5 (b), the mode lengths are far beyond the diffraction

limit (depicted by a red solid arrow).
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Figure 6.5: Mode characteristics of the SCISC waveguide as functions of the core width d
around (a) THz and (b) TC frequencies.

The mode properties of the SCISC waveguide are also depend on the core insulator per-

mittivity ε1 and operating temperature T . Fig. 6.6 shows the mode properties depending

on ε1and T with d = 100 nm at (a) f =1 THz and (b) λ=1550 nm. The permittivity ε1was

considered from 1 to 13 for f =1 THz, while it was selected from 1 to 1.6 for λ=1550 nm

owing to the fact that the real part of the permittivity of YBCO is 1.69 at λ = 1550nm.

From Figs. 6.6 (a) and 6.6 (b), it is found that LNP increases with decreasing ε1. The phys-

ical mechanism can be explained in accordance with the electric field boundary condition,

the continuity of normal component of electric displacement D (i.e. ε1E1⊥ = ε2E2⊥). The
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ratio of the electric field distributed in the insulator increases with decreasing ε1, resulting

in an extended LNP. For the influence of ε1 on LNm, we can see that variations are insignif-

icant for f =1 THz, owing to the PEC-like character. However, for smaller ε1at λ=1550

nm, the enhanced field in the insulator gives rise to the decreased penetration depth into the

YBCO; thus, LNm decreases with decreasing ε1. From Fig. 6.6 (a) and 6.6 (b), it is also

found that the variations of LNP are more sensitive to the operating temperature tempera-

ture T than those of LNm, suggesting a vital solution to the well-known tradeoff between the

mode propagation length and mode confinement. For example, with ε1 = 1 and f =1THz,

the propagation length operating at T = 20 K (i.e., LNP = 1549 and Lp = 464mm) is at least

55-fold-greater than that for T = 40 K (LNP = 28 and Lp = 8mm) without sacrificing the

mode size.
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Figure 6.6: Mode characteristics of the SCISC waveguide as functions of ε1 and T at (a) 1
THz and (b) TC frequencies.

The results discussed above indicate that the SCISC waveguide has a superior capability

for low-loss subwavelength light guiding. To quantitatively demonstrate the superiority of

the SCISC waveguide, Figs. 6.7 (a) and 6.7 (b) show the results for the SCISC and MIM
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waveguides with ε1 = 1 and T = 40K. Here, two types of SC are considered: the con-

ventional SC Niobium (Nb) and unconventional SC YBCO. The parameters of the Drude

model for Nb are [121]: Tc = 9.26K, N = 9.4× 1027m−3 and τ = 7.3× 10−10s. It illus-

trates that the mode lengths are almost the same; however, the propagation lengths of the

SCISC waveguide are much larger than those of the MIM waveguide. For example, at d

= 100 nm and λ=1550 nm, the propagation length for the SCISC: YBCO waveguide is

increased at least eightfold compared with that of the MIM waveguide (Lp = 485µm for

SCISC: YBCO waveguide and Lp = 55µm for MIM waveguide). At d = 100nm and f =1

THz , the propagation length for the SCISC: YBCO waveguide is increased at least 80-fold

compared with that of the MIM waveguide (Lp = 85mm for SCISC: YBCO waveguide and

Lp = 1mm for MIM waveguide). Furthermore, it also illustrates that the SCISC: YBCO

waveguide outperforms the SCISC: Nb waveguide, which shows a twofold greater propa-

gation length. Fig. 6.7 (c) shows the FoM, which is defined as LN p/LNm for the SCISC and

MIM waveguides. From Fig. 6.7 (c) it is observed that the FoM for the SCISC waveguide

are always larger than those for the MIM waveguide. Compared with that for the MIM

waveguide, the FoM for the SCISC: YBCO waveguide demonstrates an improvement of at

least 50-fold (5-fold) at d = 100 nm and f =1 THz (λ=1550 nm).
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Figure 6.7: (a) Propagation length (b) mode lengths of SCISC (YBCO and Nb) and MIM
waveguides, and (c) FoMs for the SCISC (YBCO and Nb) and MIM waveguides.
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6.4 CONCLUSION

In summary, we have numerically investigated the optical properties of a SCISC waveguide

and shown that the SCISC waveguide allows SPP transport on the subwavelength scale

with a very large propagation length. The mode length can be as small as thousandths

(tenths) of the vacuum diffraction limited size, and the propagation length can be extended

up to hundreds of millimeters (micrometers) at THz (TC) frequencies. Compared with the

MIM waveguide, a much larger propagation length, as well as a comparable mode length,

greatly improves the FoM for the SCISC waveguide. The promising guiding properties of

the SCISC waveguide could open up exciting avenues in the fields of plasmonic circuits,

biosensing, and quantum information technology.



Chapter 7

CONCLUSION

This chapter summarizes the results obtained by the thesis and also proposes suggestions

for future work as an extension of this Ph.D. study. The geometries that are the primary

focus of attention in this thesis are the THz semiconductor-based hybrid plasmonic waveg-

uides, which exhibit the capability of supporting SPPs.

7.1 Conclusions From The Research

Due primarily to their ability to confine light within the nanoscale in metal/semiconductors,

plasmonic waveguides form the focus of this thesis work, which demonstrates their poten-

tial to become a basic structure for designs that require small sizes. This thesis presents

the fundamental principles of waveguides, and then describes the modeling, investigation,

design and analysis of plasmonic devices and their applications.

The purpose of this work was to build upon the understanding of surface plasmonics by

investigating them further in the terahertz regime. However, plasmonic waveguides in

THz/optical regimes remain problematic. One challenge is the trade-off between mode

size and propagation length. This challenge limits the advantages of plasmonic devices and

has delayed the use of plasmonic waveguides in practical applications, thus impacting the

progress of plasmonic technology. In this thesis, the design of novel THz hybrid plasmonic

waveguides has achieved an enhanced balance of deep confinement against low attenuation

loss.

101
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The overall research achievements and main contributions of this thesis can be summarized

as follows:

1. Finding a suitable model that works for semiconductors instead of metal.

2. Designing structures that can support SPPs with low attenuation losses.

3. Using semiconductors instead of metals to increase the degree of freedom in the mod-

els and thus heighten the possibility of successful engineering for different plasmonic

applications.

4. Investigating the effect of different parameters for superconductors at optical and

THz frequencies.

In this work, the choices made were mainly designed to enable practical device applica-

tions. They are discussed in further detail below.

Drude-Lorentz model of semiconductor optical plasmons

In chapter 3, the study focused on finding a suitable model for semiconductors [10]. The

main contribution of this work is the derivation of a generalized dispersion relation for

semiconductors, with the aid of the Drude-Lorentz model. My approach, which is entirely

different from those previously discussed, was primarily to explore interactions of the elec-

tromagnetic fields produced by using semiconductors at wavelengths within the optical

range. By studying the experimental results of Dr. Cada’s photonics lab report, I was able

to consolidate it with the original model, draw conclusions, provide feedback, and propose
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a new round of experiments for further validation of the model used, taking into consid-

eration possible engineering applications. The new model developed for optical plasmon

semiconductor behavior in materials with losses is a realistic and practical solution for

future application devices. From the studies, it can be concluded that:

• The dispersion relation with respect to the wave vector when losses are taken into

account shows that the plasmon dispersion dropped from 590 THz to about 432 THz,

with identically strong dispersion around the resonant frequency.

• If losses are taken into account, according to the Drude-Lorentz model, the dispersion

relation with respect to the wave vector is valid when the photon energy is well below

the band gap of the semiconductor, including losses.

• It is possible to engineer an additional degree of freedom in this model to suit differ-

ent plasmonic applications.

A long-range hybrid THz plasmonic waveguide with low attenuation loss.

This thesis establishes the concept of long-range hybrid plasmonics. In chapter 4 [45],

by numerically examining a hybrid terahertz plasmonic waveguide using two silicon mi-

crowires separated by a thin metal film (Ag), I extended this study to double pairs of mi-

crowire as a step to improve waveguiding properties. The effects of various parameters

on propagation length and normalized mode area were examined in order to achieve opti-

mal parameters. Efficient waveguide transmission is crucial for several applications, and
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we therefore believe this analysis is essential to the ongoing efforts of developing effi-

cient terahertz waveguides. The guiding properties of the hybrid terahertz surface plas-

mon polariton (HTSPP) waveguide were numerically analyzed at the THz frequency, and

double-structured comparisons were made of the best features of the terahertz plasmonic

waveguide. This implementation made it possible to study hybrid waveguide properties in

detail, including slot waveguide, symmetric mode and asymmetric mode properties. The

key conclusions from this are as follows:

• The simulation results demonstrate that the propagation length and mode area can be

obtained by adjusting the geometry characteristics of the microwire.

• For a single microwire pair, this structure shows a good balance between mode area

and propagation length (i.e., for a microwire with 20 µm, the mode area is 487 µm2

with a propagation length of 14×103µm).

• Compared to the THz (HPTW) waveguide reported in [79], the proposed HTSPPs

waveguide outperforms the existing HPTW, exhibiting a 1.2 increase in propagation

length with the same parameters.

• The calculations clearly show that the normalized mode area and propagation length

decreased when the frequency increased. Such frequency/thickness dependency of-

fers a possibility of controlling the trade-off by selecting the appropriate parameters.

A THz semiconductor hybrid plasmonic waveguide with fabrication-error tolerance.

To mitigate the trade-off between the propagation length and mode confinement further,

in chapter 5 [46], I proposed a novel waveguide based on semiconductor hybrid plasmonic
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waveguide surface plasmon polaritons (STHSPPs), with a numerical investigation to exam-

ine 1D and 2D confinement. This structure showed good tolerance for fabrication errors.

Although the proposed structure can be expected to exhibit unique light confinement and

propagation length properties, only a suggestion of experimental results could be obtained.

The numerical results of this work are nonetheless relevant to well-established THz hybrid

plasmonic waveguide technologies. The structure benefits from low propagation loss at the

microchannel, which has a low refractive index sandwiched between Si microwire and a

GaAs ridge, as well as increased field confinement. I found that the semiconductor has a

significant impact on the properties of SPPs. Moreover, it permits the use of a THz hybrid

plasmonic waveguide using doped GaAs, indicating that GaAs plasmonic waveguides offer

promising solutions to enhance the mode area while managing loss at an acceptable level.

This has great potential for the realization of biosensor and integrated photonic circuits

such as micro-tweezers. With an appropriate selection of structural parameters, it can be

concluded that:

• The STHSPPs could be very useful for confining light in the ultra-deep-

subwavelength region (ranging from λ 2/360 to λ 2/156), with a long propagation

length ranging from 374 to 506 µm.

• The fabrication steps suggested for an experimental verification of the proposed

structure include some micro-fabrication techniques such as Electron beam lithog-

raphy and vapor-liquid-solid methods.

• STHSPPs have an acceptable level of tolerance for fabrication. For example, the

calculations show that the normalized mode area increases by less than 10% when

the shift of microwire increases from 0 to 5 µm. Conversely, for the propagation



106

length, the error is less than 3% for the same shift, as compared to that in an ideal

case.

• With the same parameters of gap = 20 µm, Si diameter = 20 µm, frequency = 0.9

THz, and the concentration n = 0.6× 1017cm−3, the proposed STHSPP waveguide

can improve propagation length significantly, by at least 2.5 times, in comparison to

the conventional THz plasmonic waveguide proposed in [94].

Plasmonic properties of superconductor-insulator-superconductor waveguide.

Simulation work concerning a plasmonic waveguide with superconductor claddings in a

planar waveguide geometry is investigated theoretically in chapter 6 [49]. The main find-

ing is the long plasmonic mode propagation length in SC-dielectric-SC waveguide geom-

etry, the main contribution of which is to eliminate propagation loss. With the appropriate

selection of structural parameters, it can be concluded that:

• A propagation length exceeding 400 mm for YBCO claddings was achieved at a

temperature of T = 20 K and an operating frequency of about 1THz.

• Numerical results show that the SCISC waveguide features a long propagation length

(ranging from 55 mm to 400 mm) and a deep-subwavelength mode confinement

(ranging from λ ⁄6000 to (λ) ⁄300) for the THz frequency.

• Compared to the propagation length of (˜ tenth of mm) in [15], the improvement

of propagation length is about forty-fold, which is very important for this field of

research.
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• Although the superconductivity pair breaks if the SC works at a TC frequency, the

SCISC waveguide (which cannot be referred to as an SC) still has a five-fold en-

hanced Figure of Merit (FoM) in comparison with the MIM waveguide.

7.2 Future Work

More work needs to be done on the design of newer types of plasmonic devices before it

can be seen which applications will ultimately benefit from plasmonics. For example:

1. Experimental evidence is needed to show the effectiveness of the ideas proposed

above. Numerous techniques have been investigated, such as classical THz mi-

croscopy, aperture [122] and terahertz near-field microscopy [123, 124], as well as

the use of nano/microfabrication tools and measurement of optical characteristics at

THz frequencies by utilizing near-field microscopy techniques.

2. To implement a microfluidic channel for the above proposal, due to the need for

fluid control, the microfluidic channel should be explored in more depth by choosing

appropriate materials. The choice of materials depends upon the requirements and

conditions, such as the properties of semiconductors (e.g., the refractive index).

3. Practical applications of the structures proposed above have been attracting increased

attention in many fields; they should be considered for use in micro-tweezers, for

example. The proposed semiconductor hybrid plasmonic waveguide surface plasmon

polaritons (SHPSPPs) offer some advantages for fabricating new types of devices and

could become one of the field’s great discoveries.
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4. Plasmonic waveguides cannot realize zero loss propagation, due to Ohmic loss.

Therefore, a gain medium could address such a critical loss challenge, as guiding

light beyond the diffraction limit is possible through promising technological devel-

opments that shrink the scale and frequency of Integrated Photonic Circuits (IPCs).

However, there are still some limitations, the most important of which is that SPPs

suffer significant propagation loss. To overcome this limitation, a medium with gain

should be introduced. Some recent research has explored the possibility of loss com-

pensation by using a gain material [125]. The gain medium can be introduced within

the gap region, to increase propagation significantly [126]. Therefore, compensation

through the use of a gain medium to obtain an ultra-deep subwavelength in small

areas could be a promising approach for future work.
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[25] J. Zenneck, “Über die fortpflanzung ebener elektromagnetischer wellen längs
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