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Abstract 
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The study and excitation of surface plasmon polaritons SPhPs modes in polar dielectrics 

have attracted the interest of a wide range of research in various fields such as biology, 

physics and engineering. The excitation of SPhP in optical waveguides is because of TM-

component of the incident light. TE-components are usually disbarred because, for TE-

polarization component, orthogonal to the TM-polarization components, of the incidence 

waves, no SPhP mode exists. 

This thesis presents a novel hybrid TE SPhP mode waveguide in the mid-infrared region. By 

introducing a thin layer of high index dielectric material on the polar dielectric, where SPhPs 

are excited, pseudo surface polarization currents can be induced at this surfaces, which yield 

the excitation of artificial TE-mode SPhP at the interface. 

This TE-mode SPhP is then integrated with hybrid waveguide, where the waveguide consists 

of a dielectric tracer wire on a high index dielectric separated by a nano air gap that enables 

a capacitor like energy storage, which allows effective subwavelength transmission of the 

SPhP surface waves. Energy confinement is later done by introducing ENZ material in the 

nano air gap which reduced the mode area. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview  

 In recent years we have witnessed a number of activity in the fundamental research 

and development of surface plasmon based structures and their potentials in nanophotonics. 

A combination of this activities and the availability of high performance computational 

technologies has revolutionized many branches of science and technology, notable among 

them photonics. The ability to control light matter interaction at the scale of a fraction of a 

wavelength of light is known as nanophotonics [1-4]. It explains how an electromagnetic 

field can be confined over dimension on the order of or smaller than the wavelength. One 

very promising branch of nanophotonics is nanoplasmonics, which deals with the study of 

application of surface plasmons (SP).  

SP is a surface wave which results from the coupling of an electromagnetic wave 

with the collective electron oscillations. These waves travel at a metal-dielectric or metal-air 

interface where the index of each of these materials are different and are called as surface 

plasmon polaritons (SPP). Unlike dielectric waveguides where the light confinement is 

limited by the diffraction, plasmonic waveguides have the ability to squeeze the light to a 

subwavelength scale [3]. Over past years SPP have shown a promising performance but it’s 

loosely confined in THz-IR ranges limiting their use. Hence, there is a quest for low loss 

optical materials that can overcome losses caused by SPP. 

 The optical phonon due to lattice vibration in the mid IR-THz spectral ranges 

motivates the study of surface phonon polaritons (SPhPs). They are proven to reduce the 
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optical losses caused by SPP and capable of supporting sub-diffraction limited, 

localized/confinement and propagation modes. In SPhPs the ability to governing optical 

losses are derived from scattering of optical phonons [20, 22]. Moreover, SPhPs in the polar 

dielectric are studied that support epsilon near zero (ENZ) [30]. 

 SPhPs are TM surface waves, the electric field is discontinuous and magnetic field 

is always perpendicular to the direction of wave propagation and can be excited in metallic 

nanostructure with only TM-polarization component of the incident light. According to work 

published by Zhijun Sun and his group [38] at Xiamen University, China; by engineering a 

meta-surface of the metal such that surface polarization currents are introduced  there will 

be a discontinues magnetic field and artificial TE Surface wave can mimic surface plasmon. 

 

1.2 Research contributions and thesis outline 

 This research work is inspired by the work of Zhijun Sun and his group [38], where 

they use the approach of introducing a very thin layer of high index (HID) media that forms 

a metal-dielectric air (MDA) meta-structure but instead of surface plasmon polariton (SPP) 

we emphasize our interest to surface phonon polaritons (SPhPs), where we engineer the 

materials with polar dielectric (4H-SiC) such that TE-mode can support SPhPs as is depicted 

in Figure 1.1 (a). Later, this concept is used in a waveguide approach where we use SPhPs 

to hybridize the mode of a rigid waveguide. Hybrid optical waveguide consists of a dielectric 

tracer separated from the HID layer by a nanoscale air gap. This is depicted in Figure 1.1 

(b). Hybrid waveguide finds its approach in photonic integrated circuits and sensing 

application in the mid to long infrared (IR) and they have advantages of confining light in 

mid-IR regime. Later the confinement of light is studied with enhancing the concept of 

supercoupling, Figure 1.1(c), where we confine the energy into a smaller modal area 

compared to hybrid waveguide. This is achieved by using an epsilon near zero (ENZ) 

structures. We modify the waveguide by filling out the nanoscale air gap between the HID 

and dielectric tracer with ENZ material aluminum nitride (AlN) that results in a confined 

and ultra-small modal area. 
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Figutr1.1 Configurations studied and modeled. (a) Modeling TE-SPhP mode, (b) Hybrid 

TE-SPhP configuration. (c) Hybrid enhanced with ENZ TE-SPhP configuration.    

Figure 1.1 depicts a sketch of modeling TE SPhP hybrid waveguide enhance 

supercoupling. The configurations are studied in a manner such that attention is focused on 

one factor at a time. First we investigate TE surface waves with a geometry depicted in 

Figure1.1 (a). We place a HID layer (GaAs) on polar dielectric (4H-SiC) that is responsible 

to mimic a TE SPhP. Once that is achieved we move on to hybridize the SPhP by adding a 

tracer of GaAs as shown in Figure 1.1(b). After investigating its characteristics we divert our 

approach by aiming to improve the characteristics of the hybrid waveguide, by enhancing 

the concept of supercoupling. In order to achieve this the air gap between the HID-Tracer is 

filled with ENZ (AlN) which is responsible for supercoupling. This is depicted in Figure 1.1 

(c).  
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Chapter2 reviews` the phenomena of surface plasmon polaritons (SPPs) and its 

shortcomings which divert our attention to surface phonon polarition (SPhPs). We derive 

some of the important relations of the surface plasmon polariton with Maxwell's equations 

and discuss the existence and propagation of SPhPs. We also study the properties of polar 

dielectric materials that support SPhPs and plot our spectrum of interest where SPhPs exists. 

 Chapter 3 commences with propagating mode derived in previous chapters and 

artificially generate a TE-mode surface wave.  Later we model our structure and simulate in 

Ansys HFSS. Dispersion plots are studied for different geometries and dimensions of HID 

layer in order to support artificial TE-mode and they are established with narrowing our 

frequency spectrum.  

 In Chapter 4 we study the material properties and plot them to determine a 

wavelength of operation that will produce minimum losses. We, hybridize the waveguide 

from chapter 3. Modeling and solutions are simulated in Ansys HFSS. Propagation length 

and mode area are examined. In order to gain a deeper understanding, we analyzed the 

dependence of modes effective index on the geometry by studying the dispersion 

relationship.   

 In Chapter 5 we introduce the concept of supercoupling where we modify the 

geometry from chapter 4 and introduce ENZ in our model. The solutions are simulated and 

propagation length and modal area are examined and dispersion relationship are established. 

 Chapter 6 we conclude with the results of our entire experiment where we analyze 

the impact of ENZ on characteristics of a hybrid waveguide and penalties caused in the quest 

of mode confinement. Concluding the thesis with future work associated with this 

technology. 
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CHAPTER 2 

SURFACE PHONON POLARITONS (SPhPs) 

 

2.1 Surface Waves 

 Surface plasmon can occur at the interface between two dissimilar materials, such 

as metal and free space without radiation along the interface between two different materials. 

The special interest centered in the surface wave phenomenon arises primarily from unique 

non-radiating characteristics, which enables high frequency energy to be transferred from 

one point to another.  

Sommerfeld and his student Zenneck were the earliest investigators of surface waves 

phenomena as evidence in their theories of wave propagation over imperfect conductors. The 

inhomogeneous plane wave supported by a flat surface separating two finite homogeneous 

media (also termed as infinite half space) has been known as Zenneck wave [55]. 

Understanding of infinite half space is necessary to get a clear concept of Zenneck wave. 

Consider Figure 2.1 we have an interface between two different materials, however, the top 

material can be said to go to infinity mathematically, it’s infinite only on half of its side. 

Similarly, the bottom layer of the material can be defined to go to infinity. We call it infinite 

half space because the materials are not infinite in both directions for each of the material. 

The field decays exponentially away from the interface and it does this in both directions as 

depicted in Figure 2.1. It is free to propagate without decay on the plane of the interface. In 

either one of the homogeneous media the wave is cut-off due to increased interactions at the 

interface the fields at the interface tend to travel a little bit slower, so it ends up generating a 

wave that is varying very abruptly and the speed of that variation does not support as waves 

in any of the two materials away from the interface, when this happens we get a mode 
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supported by the interface that we call as a surface wave and there is nothing happening 

away from the interface towards infinity that is contributing to the waves at the interface. 

 

 

 

 

 

 

 

 

 

Figure2.1 Infinite half plane with dielectric functions 𝜀1 and 𝜀2 

Initially, the interest was limited to theoretical study until Goubau demonstrated the 

feasibility of using a transmission wire as a surface waveguide [57]. The phenomena of open 

boundary waveguides that support surface waves have been studied extensively and 

theoretically. The main characteristic of the of Zenneck wave is the evanescent distribution 

of the field structure over the wave front in the transverse plane and the tilting of the equi-

phase surfaces due to the losses in the supporting surface which cause a progressive decrease 

in the amplitude of the waves as it propagates along the interface.  

 

 

z 

x 
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2.2 Surface Plasmon Polaritons (SPPs) 

 Surface plasmon polaritons (SPPs) are electromagnetic waves that travel along a 

metal-air or a metal-dielectric interface. The observations that surface plasmon polaritons 

(SPPs) could be simulated on a metal surface with sub-diffraction confinement of the optical 

fields, as well as later discoveries of Surface enhanced Raman scattering (SERS) effect and 

extraordinary optical transmission response of sub-wavelength holes in metal, lead to the 

field of plasmonics [1]. In SPPs we have two phenomena taking place at the same time; there 

are free electrons in the metal that exhibit natural oscillation and there are electromagnetic 

(EM) waves outside of the metal. When these two are coupled they travel as a package and 

we get surface plasmons. Plasmonic research has led to enhanced quantum efficiency for 

detectors in the ultraviolet (UV), visible and near infrared (NIR) spectral ranges [2-5] also it 

has led to advantages in chemical detection [6-8].  We can associate SPPs mathematically 

by Maxwell's equations as follows; 

∇ × �̅� = 𝑗𝜔𝜀�̅�                                                                                (2.1) 

 

∇ × �̅� = −𝑗𝜔𝜇�̅�                                                                            (2.2) 

 

∇. (𝜀�̅�) = 0                                                                                    (2.3) 

 

∇. (�̅�) = 0                                                                                     (2.4) 

Considering our geometry in Figure2.1, the propagation in in the x-direction. We have a 

uniformity in the 𝑦-direction, so neither the field nor the device will change in the 𝑦-

direction. Hence, any derivative with respect to 𝑦 will be zero. 

𝜕

𝜕𝑦
= 0                                                                                       (2.5) 
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Expanding the curl equation i.e. equation (2.1) and (2.2) and setting all derivatives to zero 

yields to TE and TM modes, 

𝜕𝐻𝑥

𝜕𝑧
−

𝜕𝐻𝑧

𝜕𝑥
= 𝑗𝜔𝜀𝐸𝑦                                                                         (2.6) 

𝜕𝐸𝑦

𝜕𝑧
= −𝑗𝜔𝜇𝐻𝑥                                                                       (2.7) 

−
𝜕𝐸𝑦

𝜕𝑥
= −𝑗𝜔𝜇𝐻𝑧                                                                                (2.8) 

 

𝜕𝐸𝑥

𝜕𝑧
−

𝜕𝐸𝑧

𝜕𝑥
= −𝑗𝜔𝜇𝐻𝑦                                                                     (2.9) 

𝜕𝐻𝑦

𝜕𝑥
= 𝑗𝜔𝜀𝐸𝑧                                                                   (2.10) 

−
𝜕𝐻𝑦

𝜕𝑧
= 𝑗𝜔𝜀𝐸𝑥                                                                     (2.11) 

If the wave is propagating along the surface of the metal, the electric field must be 

polarized normal to the surface, otherwise boundary conditions will require being zero. In 

Figure 2.1 media with permittivity 𝜀2 is a metal, and there cannot be any E-Field in metal. 

Hence, it will be zero. Now, the tangential components of the electric field E is continuous 

across the interface, which means that for E-field above the interface the tangential 

components will be zero. Hence, if the tangential components in the y and x direction is zero 

then, there won’t be any surface wave present at the interface. Hence TE-mode surface wave 

does not exist. 

If the wave is surface wave then it must be confined to the surface, this can only 

happen if the field decay exponentially away from the interface. This implies the field 

solution has the following form; 
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𝐸�̅�(𝑥) = [
𝐸𝑧,𝑖

𝐸𝑥,𝑖
] 𝑒−𝐾𝑖|𝑧|𝑒𝑗𝛽𝑥                                                          (2.12) 

𝐻𝑖
̅̅ ̅(𝑥) = 𝐻𝑦,𝑖𝑒−𝐾𝑖|𝑧|𝑒𝑗𝛽𝑥                                                           (2.13)  

 

𝑊ℎ𝑒𝑟𝑒 𝑖 = {
1   𝑧 < 0
2   𝑧 > 0

 

 

In above equations, the electrical field with some amplitude is decaying away from the 

interface and also oscillating in the direction of propagation 𝑧   and 𝑖 is the subscript 

indicating which side of interface the equation is computed. Similarly, H mode polarizes in 

𝑥 - direction and it decays in the 𝑧 -direction and propagates in the 𝑥 -direction. Above 

equations (2.12) and (2.13) are further used in the H-mode equations i.e. (equations(2.9) −

(2.11)), the process is computed for both the medium separately. The dispersion relations 

for each of the medium is given as, 

                            𝑘0
2𝜇𝑟,1𝜀𝑟,1 = 𝛽2 − 𝑘1

2          (𝑚𝑒𝑑𝑖𝑢𝑚 1)                                                 (2.14) 

𝑘0
2𝜇𝑟,2𝜀𝑟,2 = 𝛽2 − 𝑘2

2           (𝑚𝑒𝑑𝑖𝑢𝑚 2)                                                  (2.15)  

 

When the magnetic boundaries are set equal in both media (𝐻𝑦,1 = 𝐻𝑦,2) the resulting 

equation is as follows  

𝜀𝑟,1

𝐾1
+

𝜀𝑟,2

𝐾2
= 0                                                                                  (2.16) 

This is known as existence equation, if those equations are not satisfied then SPPs do not 

exist. Further substituting equations (2.14)  and (2.15)  in equation (2.16)  gives the 

dispersion relationship for SPPs 
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𝛽 = 𝑘0√
𝜀0(𝜔)𝜀1

𝜀2(𝜔) + 𝜀1
                                                                             (2.17) 

The existence equation can be further solved as, 

𝜀𝑟,2 = −𝜀𝑟,1

𝐾2

𝐾1
                                                                                (2.18) 

Where𝐾1  and 𝐾2  are both positive quantities. This shows that 𝜀𝑟,1  and 𝜀𝑟,2  must have 

opposite sign to support a surface wave, which states that one of the medium must be a metal 

to support SPPs. By duality, the TE case would require a similar relation as equation (2.18), 

but with permittivity replacing permeability and is given by, 

𝜇𝑟,2 = −𝜇𝑟,1

𝐾2

𝐾1
                                                                                (2.19) 

Metals provide negative permittivity but, so TM modes are supported, but TE modes are not 

supported since there are no natural negative permeability materials. 

   A notable attempt has been directed towards research in plasmonics, with many 

successful optical applications. The problem that we encounter is, at longer wavelength the 

permittivity is large resulting in poor confinement, which makes plasmonics ineffective in 

THz-IR spectrum. Moreover, while metal based plasmonics has been successfully 

demonstrated in UV to NIR spectral range, the very large negative permittivity at longer 

wavelengths limits its usefulness beyond NIR. These issues have initiated a wide array of 

research into alternative, low loss optical materials capable of supporting plasmon-like mode 

or exhibiting optical properties conductive to sub-diffraction confinement in the IR to 

terahertz (THz) spectral range [9-15]. 
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2.3 Surface Phonon Polariton (SPhPs) 

  Surface plasmon polariton (SPP) have been shown to provide localized surface [13] 

and highly confined propagating [16] modes on dielectric/metal interface in the optical 

system. This is however restricted to optical frequencies as SPPs generally don't offer 

significant field confinement at mid-IR wavelengths. Hence, there is a need for low loss 

optical materials capable of supporting sub-diffraction limited, localized/confinement and 

propagating modes; The optical phonon due to lattice vibration are exploited in mid to long 

IR which motivated the study of  surface phonon polariton (SPhP) [17-18]. The simulation 

of SPhP modes in polar dielectrics enables a surplus of potential sensing and waveguiding 

applications, where polar dielectrics offer an opportunity to simultaneously achieve sub-

diffraction confinement, low optical losses and operation in mid-IR to THz spectral ranges 

including chemical sensing and IR imaging [19]. 

  SPhPs are an outcome of polar phonons interacting with long wavelength incident 

fields from mid-IR to <10 THz creating a surface excitation mediated by atomic vibration. 

These phonon polaritons can be simulated in a band of frequencies where the dielectric 

constants are negative between transverse optics (TO) and longitudinal (LO), these spectral 

ranges are often referred as the 'Reststrahlen' band [20-21]. There is a drastic reduction in 

optical loses of the SPhP modes [13,23] in comparison to their plasmonic counterpart [24-

26],  because in polar dielectrics, the mechanisms governing optical losses are derived from 

the scattering of optical phonons, which takes place on time scale in excess of picoseconds 

[20-22]. This results in a serious reduction in the optical losses of the SPhP modes [11-13] 

in correspondence to the SPP [25-26]. Further reductions are estimated by recent advances 

in SiC, III-V and III-nitrate semiconductors [1]; at the same time significant efforts are being 

taken to improve metal surface for  plasmonics, also the potential for improvements is even 

greater in crystalline dielectric and  semiconductor materials as point and extended defects 

densities are reduced further [27-29]. Hence, high quality polar dielectric crystals can 

provide low optical losses, and through modification of their crystal lattice properties offer 

many options for supporting localized, propagating and epsilon-near zero (ENZ)[30] SPhP 

modes over a broad and adaptable spectral range. SPhP devices running on different 
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frequencies can be possible because many of the materials used can be epitaxially grown on 

a polar dielectric material [31].     

As mentioned above high reflectivity and negative permittivity are observed for 

polar dielectric within the spectral ranges referred to as the reststrahlen band that gives rise 

to the SPhP phenomenon. The reststrahlen band is bounded by the TO and LO phonon 

frequencies. The two phonon modes correspond to out of phase atomic lattice vibration with 

k vector aligned parallel (LO) and perpendicular (TO) to the incident field, with the 

positively charged lattice sites moving with the direction while the negatively charged lattice 

sites moving away from the direction of fields [1]. The values of real and imaginary 

permittivity of the material can be obtained from experimental spectroscopic data, such as 

ellipsometry or reflection and transmission spectra, and if necessary, fitted to an analytical 

function defined as, 

𝜀(𝜔) = 𝜀∞ (1 +
𝜔𝐿𝑂

2 − 𝜔𝑇𝑂
2

𝜔𝐿𝑂
2 − 𝜔2 − 𝑖𝜔𝛾

)                                              (2.20) 

 

which is the dispersion relation analogous to metals, which is approximated as a Lorentz 

oscillator for polar dielectric crystal with a pole at 𝜔𝑇𝑂, and a zero-point crossing at 𝜔𝐿𝑂 

which are TO and LO phonon frequencies. For a polar dielectric such as SiC, the permittivity 

is negative between 𝜔𝑇𝑂  and 𝜔𝐿𝑂  and thus the plane wave in the material acquire an 

evanescent character. Fundamentally both localized and propagating modes can be in 

nanostructure and on surfaces of polar dielectric crystals. The spectral dependence of the 

permittivity calculated for a 4H-SiC epitaxial layer from infrared spectroscopic ellipsometry 

results provided by the Naval Research Laboratory is presented for the entire reststrahlen 

band shown in figure 2.2 (a). For the localized modes can be supported in 4H-SiC, it is clear 

that it exhibits value for 𝐼𝑚(𝜀) that are significantly lower, in some cases reduced by more 

than an order of a magnitude. Achieving such low 𝐼𝑚(𝜀), where the optical losses are lowest, 

is the key to achieving the extremely narrow line-widths [13, 23]. 
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(a) 

 

(b) 

Figure 2.2 (a) Real (Blue) and imaginary (Red) permittivity calculated for the 4H-SiC 

epitaxial layer.(b) magnified view of the spectral region 
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The reststrahlen response can be said as the factor governing the existence of SPhPs. The 

reflection of incident reaches 100% in this spectral range [1] but unlike in metals, this is 

realized without free carriers. Hence, we can imagine of this materials as 'optical metals' [1, 

13], which exhibit optical properties similar to those of metals below the plasma frequency, 

but the damping rates are reduced and they have electrical properties. An existence of 

mismatch between the incident photons and the SPhP modes are present. This mismatch can 

be overcome by using high index prism [33-35]. By doing so the dispersion relationship 

SPhPs considering the polar dielectric can be realized as; 

𝑘𝑆𝑃ℎ𝑃 =
𝜔

𝐶
√

𝜀𝑃𝐷𝜀𝐷

𝜀𝑃𝐷 + 𝜀𝐷
                                                               (2.21) 

 

Here 𝜀𝑃𝐷 and 𝜀𝐷 are the complex dielectric permittivity of the polar dielectric and dielectric 

respectively. Once this momentum mismatch is overcome, the dielectric optical excitation 

of the materials can be potentially realized. The lifetime of phonon modes in a bulk polar 

dielectric appears promising from the viewpoint of realizing low loss, sub- diffraction-

limited optical modes using SPhP excitation [1, 11]. 

 Figure 2.2 (b) magnifies our spectrum of interests, where the next chapter we will 

engineer artificial TE-mode surface waves at the surface that support SPhPs. 
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CHAPTER 3 

ARTIFICIAL TE-MODE SURFACE WAVE 

 

 

3.1 Modes in surface waves 

 Surface plasmon waves are TM waves [39]. The magnetic field is always 

perpendicular to the direction of wave propagation, and can be excited optically in metallic 

nanostructures with only TM-polarization component of the incidence light, which can be 

considered as the magnetic field of the incidence light since it is defined with respect to the 

structure and excited surface plasmon waves are in parallel to the direction of wave 

propagation [42]. On the whole, a surface mode with an evanescent distribution of its field 

in the transverse direction is important for a wave to be confined in a subwavelength scale 

to propagate and oscillate. 

 In the case of TE polarization, orthogonal to the TM-polarization components of the 

incidence waves, no surface wave mode exists for structures composed of ordinary metal 

and dielectric materials. Artificial TE-mode surface waves can be supported by manipulating 

the metamaterials with negative permeability [44-48]. Zhijun Sun in his investigation for 

artificial TE-mode surface waves proposes a technique to modify the surface of metal 

structure such that TE-polarized incident light can excite SP-like artificial surface waves to 

propagate at metal surfaces, thus TE-polarized light can be manipulated in metallic 

nanostructures [38]. The modification applied was to introduce a very thin high-index 

dielectric (HID) layer on the metal surface to form a metal-dielectric-air composite “meta-

surface”. Inspired by this geometry, we propose a polardielectric-dielectric-air composite 



  

  

16 

 

meta-surface such that TE-polarized incidence light can excite SPhP mode surface waves to 

propagate at polar dielectric surface.       

 

3.2 Establishment of TE- mode artificial surface waves 

Consider a TM-polarization field at a metal surface, there will be a discontinuity of 

electric fields in the surface normal direction. Hence surface polarization charges of 

density induced to support electric surface phonons is given by, 

 

𝜎𝑒 = 𝜀0(𝐸2𝑛 − 𝐸1𝑛)                                                                        (3.1) 

 

In this condition the magnetic field is only in the x-direction and continuous at the interface 

for nonmagnetic media, while surface polarization current density 𝛼𝑚 = 0; hence, magnetic 

surface wave mode doesn’t exist. This is depicted below in Figure (3.1). 

 

 

 

 

 

 

 

Figure 3.1 TM polarization fields at metal interface 
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Whereas the electric field is null in the surface normal direction, in the case of TE- 

polarization fields at metal, and the tangential magnetic fields are continuous; hence 𝜎𝑒 =

𝛼𝑚 = 0 and neither type of electromagnetic mode can exist. But if we can introduce a 

composite meta-surface of a very thin high-index dielectric (HID) layer on a metal surface, 

that can form a metal-dielectric-air (MDA) structure such that surface polarization currents 

are induced 𝛼𝑚 ≠ 0, there will be a discontinuity of the tangential magnetic field at the metal 

surface. Then the existence of magnetic surface wave becomes possible. The bound current 

density in a dielectric caused by magnetization M is given by [50], 

𝐽𝑏 = ∇ × 𝑀 +
𝜕𝑃

𝜕𝑡
                                                                   (3.2) 

 

As the magnetization field M=0 for nonmagnetic media, the ultra-thin dielectric layer 

introduced (MDA) that has a 𝜕𝑃/𝜕𝑡 ≠ 0 for a time varying polarization field, to bring in a 

pseudo surface polarization current, 

𝛼𝑚
′ = ∆𝐻𝑡

′ =
𝜕𝑃�̅�

𝜕𝑡
𝑡𝑑                                                                      (3.3) 

 

Where,𝑃𝑥 = 𝜀0(𝜀𝑑 − 1)𝐸𝑥 , is the transverse polarization field in the dielectric layer of 

relative permittivity 𝜀𝑑 and thickness 𝑡𝑑. As the surface polarization currents oscillate with 

the field in time, an artificial surface wave mode (TE) is generated at the MDA meta-surface. 

Only high index dielectric (HID) where the thickness of the dielectric is much smaller than 

the wavelength (𝑡𝑑 ≪ 𝜆0) will support a large 𝛼𝑚
′  for a strong confinement [38]. Hence, it is 

the ultra-thin thickness of the HID layer that makes this approach different from conventional 

MDA waveguide mode, and able to incorporate into the subwavelength metal structure. 

 

 



  

  

18 

 

3.3 Modeling of TE-Mode 

In this work, GaAs is used as HID layer that provides permittivity of  𝜀𝑑=12.25. This 

HID trace is layered on a 4H-SiC slab which is a polar dielectric. In the previous chapter, we 

studied the permittivity of 4H-SiC, from Figure2.2 (b), where we have the magnified 

spectrum of interest the permittivity goes to negative from 10.4 microns and maintains at 

lower negative region till 12 microns and beyond. It becomes a necessity to model our 

geometry in this particular region as 4H-SiC will support SPhP as well as provide an artificial 

TE mode.  Apart from working on proper wavelength the thickness on HID layer i.e. GaAs 

needs to be established for this geometry. 

Materials used in this research are not available in Ansys HFSS's built-in library as 

the material properties do not support the wavelength that we are working with; hence, we 

import measurement materials optical properties, including dispersive and anisotropic 

behavior. Specifically, we define material's permittivity and loss tangent that where 

measured and provide by the Naval Research Laboratories. The interesting part is 4H-SiC 

defined is an anisotropic, material properties of anisotropic materials changes with respect 

to the direction. FEM solver allows us to define customized and measured material. Figure 

3.2 shows how the material properties are defined in Ansys HFSS. 
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Figure 3.2 Defining material properties in Ansys HFSS 

In order to complete the analysis of this design we model our geometry with different 

values of thickness (T) and study the effective index relationship of the same. The values are 

varied from 1𝜇m to 0.25𝜇𝑚 with a step size of 0.25𝜇𝑚. Figure (3.2) below depicts the 

geometry modeled in Ansys HFSS which is a finite element method EM solver. Figure 3.3 

below depicts the geometry modeled in Ansys HFSS.    
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Figure 3.3 Structure modeled using Ansys HFSS 

 

Master and a slave boundary are modeled along 𝑥 axis with a phase shift of 𝛽. Also, a pair 

of master and slave boundaries are assigned along the y axis and 𝑥 is a transverse direction 

for the entire research. 

The phase constant, 𝛽, is calculated using; 
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𝛽𝑙 = (
2𝜋

𝜆0
𝜂𝑒𝑓𝑓) 𝑙                                                                      (3.4) 

 To perform simulation the waveguide is modeled with the following dimension. The 

4H-SiC has a fixed dimension of 10𝜇𝑚. High index dielectric (HID) layer GaAs has an 

initial thickness of 1𝜇𝑚 is varied between 0.25𝜇𝑚 and 1𝜇𝑚 with a step size of 0.25𝜇𝑚. The 

width of the entire structure is 80𝜇𝑚 which is held constant. Above HID layer we have a 

box of air with a height of around 150𝜇𝑚. The desired results from this initial simulation 

where to generate an artificial TE-Mode surface wave and study the sensitivity of the 

effective index on the thickness of HID layer. The reason we emphasize on the thickness of 

HID layer is because we need to achieve TE-mode surface waves as well as mimic SPhPs. 

We check for the desired wavelength after every simulation and when achieved the index at 

that wavelength is used to plot and study index curve.  

3.4 Results of Artificial TE surface waves   

 The solutions acquired from the simulations are shown below, Figure 3.4 (a) is E-

Field vector where the vector field is pointing outward in the 𝑦𝑧-plane. When propagating it 

will be continuous in the 𝑥-direction. Figure 3.4(b) depicts the solution of H-Field vector 

where the vector will be discontinuous as it travels down in the 𝑥-direction. Hence the mode 

achieved is a TE-mode of propagation for the surface wave.     
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Figure3.4 (a) E-field vector (b) H- field vector solution from Ansys HFSS. 

 

In Figure3.5 below we have a plot of effective index of the artificial surface waves at MDA 

surface of various thickness of HID as a function of wavelength. From our observations, we 

see trend of decreasing index with increasing wavelength, and for increasing index with 

increasing HID thickness. Also, there exists a transition wavelength where the field extends 

largely into the air and are not well confined in the vicinity of MDA surface region.  

(a) (b) 



  

  

23 

 

 

Figure 3.5 Effective index for various thickness of HID 

An interesting observation is when HID is extremely thin (0.25𝜇𝑚) as shown in the 

magnified view of Figure 3.6. The effective index curve decreases exponentially with 

increasing wavelength. The fields are more confined to the vicinity of MDA, then being in 

the air when the HID thickness where higher than 0.25𝜇𝑚.  
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Figure 3.6 Magnified view of effective index for T=0.25𝜇𝑚. 

The results also narrow our wavelength of interest to 10.5 microns to 10.7 microns which 

will be exploited further in this research. It suggests that a thin layer of a high index is a 

superior choice of the HID layer so that the artificial surface waves can be confined and exist 

in a broader band, extending to long-wavelength infrared range with keeping an extremely 

small thickness of the HID layer for incorporation into the subwavelength metal structure. 

Moreover, it is the range where SPhPs are present for 4H-SiC as shown in Figure 2.2 (b).   
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CHAPTER 4 

HYBRID 4H-SiC PHONON POLARITON WAVEGUIDE 

  

4.1 Pivotal Wavelength 

Artificial TE-mode surface waves were engineered in the previous chapter. In this 

module, we focus on using this TE-mode to excite a hybrid waveguide, but before 

proceeding, it is crucial to revisit the wavelength spectrum that was investigated in this 

research so far. Considering the further scope of our research it is necessary to study the 

properties ENZ, Aluminum nitride (AlN) with 4H-SiC which is used as a polar dielectric to 

determine the principal wavelength that will be used in our research from this point forward.  

 

Figure 4.1 Real Permittivity of 4H-SiC and AlN. 
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In order to achieve this, we start with exploring material properties of 4H-SiC and 

AlN. Initially, we plot material properties from the measured material data. This is shown in 

Figure 4.1. It is clear from our observation that the point at which 4H-SiC crosses zero is 

around 10.3 microns and when AlN crosses the zero line its almost 10.9 microns. This is the 

region that supported artificial TE-mode SPhPs at the MDA interface. Also, for AlN to be 

ENZ the permittivity is maintained to be positive. While exploring the spectrum of 10.3-10.9 

microns it is obvious if we move towards 10.9 microns we will support ENZ with a strong 

squeezing of energy, but we have to compromise with losses from 4H-SiC and supporting 

TE will be an issue. Moreover, AlN is associated with various losses. In order to balance out 

things between confinement and artificial TE-mode surface wave we further calculate and 

plot the loss tangent of the two materials.  

 

Figure 4.2 Loss tangent of 4H-SiC and AlN. 
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Figure 4.2 depicts the loss tangent of 4H-SiC and AlN revealing an intersection at 10.6 

microns where the combined for both the materials are minimum, which is in the range of 

our interest.    

4.2 Hybrid TE-Mode modeling 

 Now that the material properties are studied and we have concluded to use a 

wavelength of 10.6 microns it is appropriate to go ahead with the designing of a hybrid TE-

surface wave.  We used the same material geometry from Chapter 2, with 4H-SiC at 10𝜇𝑚 

in height, layered with a GaAs HID layer of 0.25𝜇𝑚.   

 

Figure 4.3 Design hybrid SPhP waveguide's cross-section 

We now introduce the concept of hybrid by placing a dielectric trace with square cross-

section of dimension (h), at a distance (d) from HID layer, separated by an air gap. The 

coupling between the phonons and the waveguide mode [16, 36, 37] across the air gap 
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enables capacitor like energy storage that allows subwavelength transmission in the non-

metallic region and SPhP can travel over a large distance with a confined mode [16].  Tracer 

material is selected to be GaAs which is same as HID layer 

In this part of the research, we simulate the structure with the air gap distance d of 

0.25𝜇𝑚 kept constant while we vary the size of the tracer h from 0.5𝜇𝑚 to 4𝜇𝑚 with a step 

size of 0.25𝜇𝑚. Simultaneously the tracer is simulated in HFSS driven model solution is 

considered with a parametric sweep of size of tracer h from 0.5𝜇𝑚 to 4𝜇𝑚. The eigenmode 

solution of hybrid waveguide is calculated in Ansys HFSS. Figure 4.4 depicts the structure 

as modeled in HFSS. Periodic master and slave boundaries are assigned along x-axis of the 

model. E-Field, H-Field and the electromagnetic energy densities are captured and computed 

by this boundaries during the simulation.  

 

Figure 4.4 Hybrid waveguide modeled in Ansys HFSS 
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4.3 Results of Hybrid TE-Mode Waveguide 

 After simulating the structure in Ansys HFSS we get the Eigen mode solutions of 

the model. We compute the mode area as a function of the tracer dimension h. The mode 

area is defined as the ratio of total electromagnetic energy per length along the direction of 

propagation to the maximum peak energy density: 

𝐴𝑚 =
∬ 𝑊𝑟𝑑𝑥𝑑𝑦

𝑚𝑎𝑥{𝑊𝑟}
                                                                 (4.1) 

 

Here  𝑊𝑟 is the electromagnetic energy, which is integrates over the modal distribution in 

the numerator. For non-ferromagnetic dispersive and anisotropic media [37] the 

electromagnetic energy is given by; 

𝑊𝑟 =
1

2

𝑑𝜀1(𝜔) 𝜔

𝑑𝜔
|𝐸𝑥|2 +

𝑑𝜀2(𝜔) 𝜔

𝑑𝜔
|𝐸𝑦|

2
+

𝑑𝜀3(𝜔) 𝜔

𝑑𝜔
|𝐸𝑧|2 + 𝜇0|𝐻𝑟|2                      (4.2) 

 

where 𝐸𝑥 , 𝐸𝑦, 𝐸𝑧 and 𝐻𝑟 are the electric and magnetic fields, 𝜀1, 𝜀2, 𝜀3 and 𝜇0 is the electric 

permittivity and magnetic permeability respectively. These values are used from the data 

provided by the Naval Research Laboratories. equations (4.1) and (4.2) are used in the field 

calculator in Ansys HFSS. These equations are defined for each individual geometry i.e. for 

4H-SiC, GaAs (HID and Tracer individually), and air. The modal area in equation (4.1) is 

gauged by the normalized modal area defined as 𝐴𝑚/𝐴0 where𝐴0 = 𝜆0
2/4, is the diffraction-

limited area in the free space and 𝜆0 is the free space wavelength.  

The propagation length is calculated from [16]; 

𝐿𝑚 = [2𝐼𝑚 (𝑘ℎ𝑦𝑏(𝑑, ℎ))]
−1

                                                (4.3) 

 where 𝑘ℎ𝑦𝑏(𝑑, ℎ) is the wave vector of the hybrid mode. 
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Figure 4.5 shows the modal area as a function of tracer dimension h for different air gap d.  

Figure 4.6 shows the propagation distance as a function of tracer dimension h for different 

air gap d.  From observation, there is dependence of propagation distance and normalized 

mode area, on h and d. The modal area is less when the trace-HID gap is minimum i.e. d=2nm 

and it increases as d increases. Generally the propagation distance increases as d is large. 

When the dimension of tracer h and the air gap between the HID layer and tracer d is large 

(d=250nm, h=4 𝜇𝑚 ), the hybrid waveguide supports a low-loss tracer mode with 

electromagnetic energy confined into high permittivity tracer as depicted in our results in 

Figure 4.7 (a) that shows the complex magnitude of E and H field vector respectively. 

 

 

Figure 4.5 Mode area 𝐴𝑚/𝐴0 versus tracer dimension h for different air gap d 
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Figure 4.6 Hybrid propagation length verses tracer dimension h for different air gap d. 
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(b) 

 

 

(c) 

 

 

(d) 

Figure 4.7 Complex magnitude of E and H for the hybrid TE mode.  (a) [d (nm), h 

(𝜇𝑚)]=[250, 4],  (b) [d (nm), h (𝜇𝑚)]=[250, 1],  (c) [d (nm), h (𝜇𝑚)]=[2, 1] (magnified 

view),  (d) [d (nm), h (𝜇𝑚)]=[2, 4].     
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It is visible that the E- Field is confined into the tracer that is supporting a tracer mode when 

tracer dimension h are large. On the contrary, a small dimension of tracer h  (h=1𝜇𝑚) results 

in a hybrid SPhP mode, the tracer mode from Figure 4.7 (a) is now strongly coupled into the 

SPhP mode,  most of the optical energy is strongly  coupled at the edges of the tracer and the 

air gap between the HID layer and the tracer Figure 4.7 (b). The modal area at this point is 

not minimum this can be seen from figure 4.5 that depicts the modal area. Further, reducing 

the air gap between the HID and tracer, can result into ultra-small modal area. This is shown 

in Figure 4.7 (c). This only applies when the tracer dimensions h is small; conditions with   

[d (nm), h (𝜇𝑚)] = [2, 4] will result in a hybrid mode that has both tracer and SPhP features. 

In this case, the electromagnetic energy is distributed in the trace, HID-tracer air gap and 

HID layer this is depicted in Figure 4.7 (d). 

 The SPhP mode achieved is an artificial TE Mode. Here we have the E-Field vectors 

at the edges of the tracer while the H- Field vector is inside the tracer.  

 

 
(a) 
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(b) 

 

 
(c) 

 

 
(d) 
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(e) 

 

Figure4.8 Tracer mode coupled to SPhP. Complex magnitude E and H for (a) [d (nm), h 

(𝜇𝑚)]=[250, 2],  (b) [d (nm), h (𝜇𝑚)]=[100, 2], (c) [d (nm), h (𝜇𝑚)]=[10, 2]  , (d) [d (nm), 

h (𝜇𝑚)]=[2, 2], (e) Magnified view of E-Field for [d (nm), h (𝜇𝑚)]=[10, 2] and magnified 

view for [d (nm), h (𝜇𝑚)]=[2,2] respectively.        

 

This behavior E-field is depicted in Figure 4.8. Similarly, it can be seen that the H-field is 

the 𝑧-direction. The sequence of results in Figure 4.8 makes a clear understanding of SPhP 

mode transformation where the electromagnetic energy is distributed between the tracer, 

HID-tracer air gap and HID layer extending up to 4H-SiC in Figure 4.8 (a) and (b) to SPhP 

mode where optical energy confined between HID-tracer air gap clear view is depicted in 

Figure 4.8 (e) which is a magnified view of coupled optical energy. Interesting thing is that, 

despite strong confinement, the hybrid mode's propagation length exceeds that of SPhPs as 

shown in Figure 4.6. 
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(a) 

           

                             (b)                                                                           (c) 

Figure 4.9 Electromagnetic energy density distribution for Hybrid TE-SPhP waveguide. (a) 

[d (nm), h (𝜇𝑚)]=[2, 1.5], (b) [d (nm), h (𝜇𝑚)]=[10, 2] and (c) [d (nm), h (𝜇𝑚)]=[250, 4] 

Electromagnetic energy distribution is depicted in Figure 4.9. When [d (nm), h (𝜇𝑚)]=[2, 

1.5] a strong SPhP mode exists and the energy is confined between the tracer and 4H-SiC as 

we change the dimension of the tracer and the air gap  the electromagnetic energy gets 

transformed into tracer and SPhP modes this is shown in Figure 4.9 (c). When the dimension 

of the tracer is large the Electromagnetic energy gets confined into the tracer this is shown 

in Figure 4.9 (c). The HID-tracer gap is said to store some electromagnetic energy [16], 
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leading to subwavelegth optical guiding and low mode loss [56].  For simplicity, the gap can 

also be considered as region of low permittivity which is sandwiched between high 

permittivity that indeed behaves as a capacitance i.e. it stores and confines optical energy. 

 In this research, we further analyzed the dependence of hybrid mode's effective 

index 𝜂ℎ𝑦𝑏(𝑑, ℎ) on 𝑑  and ℎ. Figure 4.10 depicts the effective index of the hybrid mode as 

a function of tracer dimension h. 

 

 

Figure 4.10 Effective index of the hybrid waveguide for different HID-tracer air gap width 

d and tracer dimension h. The Straight red dashed line at the bottom indicates the index of 

the SPhP mode 𝑛𝑆𝑃ℎ𝑃. 
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The waveguide mode index approaches that of tracer mode and SPhP mode at the 

edges of the plot.  It is clear from Figure 4.10 that the hybrid modes with a different 

dimension of the tracer h, are higher than the tracer mode and SPhP modes 𝑛𝑆𝑃ℎ𝑃 . It 

indicated that the SPhP mode is coupled with the dielectric tracer waveguide mode, which 

influences a much higher effective index. Further, the modes effective index can be increased 

by reducing the dimension of the tracer h for a fixed HID-tracer air gap d. It becomes clear 

that the coupling efficiency is increased between the tracer and 4H-SiC/HID surface when 

we increase the dimension of the tracer h, or HID-tracer air gap is reduced. The coupling 

efficiency is maximum in the region when h=1.25𝜇𝑚  to h=2.50𝜇𝑚.   From the results 

established we can comment that TE-SPhP mode can be successfully implemented which 

delivers a good propagation length and a low mode area with a wide range of h for strong 

coupling. 
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CHAPTER 5 

HYBRID WAVEGUIDE ENHANCED SUPERCOUPLING 

 

5.1 Epsilon Near Zero (ENZ) 

 Materials with negative index of its permittivity and permeability have received 

significant attention due to their potential breakthroughs in subwavelength imaging and 

reduce the size of certain devices [51]. Intense research is being done on materials of 

different characterization where the permittivity is lower than the permittivity of free-space. 

As the permittivity is low (approaching to zero) these materials are known as epsilon near 

zero (ENZ). They may have interesting applications in squeezing the electromagnetic energy 

through very narrow channel [51, 53], shaping radiation pattern of the source and designing 

of matched zero layer [51]. The electromagnetic response can be tailored that leads to 

designed for new materials, thanks to the birth of metamaterials. These new materials can 

have unusual values of permittivity and permeability. 

  At optical and IR frequencies polar dielectrics like silicon carbide (SiC) [52], AlN 

may behave as ENZ material near their plasma frequencies.  Initially N. Engheta and his 

group had explored the concept of squeezing the electromagnetic energy that resulted in field 

confinement [54, 55] these are also called as tunneling effect. In case of a low loss ENZ 

material, it is possible to squeeze increasing energy through the narrow channel by 

decreasing its transverse cross section this phenomenon is called as supercoupling effect. 

This effects were studied theoretically and experimentally in Refs. [51-55]. The experiment 

used was to connect two parallel-plate waveguides using an arbitrary channel of arbitrary 

shape and length; it was not possible to confine a sufficient amount of electromagnetic 

energy into the waveguide. An unexpected phenomena happened when the narrow channel 

was filled with ENZ material. ENZ has a huge wave impedance mismatch when it interacts 
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with dielectric but despite, there was a perfect coupling between the two waveguides [51]. 

An important result of the tunneling effect follows from conventional power flow and 

implies that the electric field inside the ENZ material may become several folds stronger 

than the electric field of the associated incoming wave [51], it enables the possibility of 

concentrating and confining the electromagnetic energy in a very subwavelength air cavity 

inside the ENZ material with enormous electric field enhancement [51, 55].  

 

5.2 Assessment of ENZ           

     The effect of ENZ on the electric field of the incident wave has influenced its 

application in this research. Before deploying ENZ in our research it was essential to study 

what could be the efficient way to use this material. The idea proposed was to fill the HID-

Tracer gap with ENZ material, i.e. sandwich ENZ in between Tracer (GaAs) and HID 

(GaAs). As discussed in Chapter 4, ENZ studied for this research was Aluminum Nitride 

(AlN), since it has less loss associated with it and its material properties are in the same 

spectrum as 4H-SiC, also when studied for the loss tangent both intersected at a wavelength 

of 10.6 microns which was selected to be the principle wavelength for our research.  

 From fabrication point of view, the proposed idea of deploying ENZ in between 

HID-Tracer air gap was simple as there were no complications associated with it. The 

important factor to consider at this point, in this research was the efficiency of ENZ for 

SPhPs. We exploited this factor by doing some simulations and modifying our models. ENZ 

was deployed in the HID-Tracer air gap this is shown in Figure 5.1. The length used for ENZ 

was same as h of the tracer and the height was the air gap d. We studied an geometry with 

(d nm, h 𝜇𝑚) as (250, 2). A simulation for hybrid ENZ case was done similar to regular 

hybrid case done in chapter 4. After computing the eigenmode solutions we used Equation 

(4.1) to calculate the normalized modal area for the ENZ enhanced hybrid model. Table 5.1 

depicts the computed values for our model. It is clear that the modal area is reduced by a  
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factor of 3, as that in case of hybrid TE mode. The E-field is squeezed into the ENZ that 

results into the phenomenon of 'Supercoupling.'  

    

 

 

 

 

 

 

 

 

 

Figure 5.1 Modified Geometry by deploying ENZ in the HID-Tracer air gap. Snap from 

Ansys HFSS 

 

Geometry 
(dnm, h𝜇m) 

Hybrid waveguide 
𝐴𝑚/𝐴0 

Hybrid waveguide enhanced ENZ 
𝐴𝑚/𝐴0 

(250, 2) 0.1342 0.0486 
 

Table 5.1. Mode area comparison for ENZ enhanced waveguide 
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 After confirming that enhancing ENZ can reduce the modal area more investigation 

was done with the dimension of the ENZ material. We studied three cases where we used a 

uniform height d, while changing the width of the ENZ h.  Figure 5.2 depicts the energy 

density for the three subject geometries. 

 

 

 

Figure 5.2 Complex magnitude E for different dimension of ENZ. (a) ENZ width 

h=0.2𝜇𝑚, (b) ENZ width h=1𝜇𝑚 and (c) ENZ width h=2𝜇𝑚. 

 

 It is visible from the above figures that the maximum energy is confined in the third 

case when ENZ is covering the entire HID-Tracer air gap. When ENZ is minimum E-Field 

is minimum and when width of ENZ h=2𝜇𝑚, i.e. when it same as tracer width the energy 
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confined is maximum. We also investigated the modal area for the above three cases, this is 

tabulated in Table 5.2. It becomes clear that when h=0.2𝜇𝑚 the modal area is highest and it 

reduced as we increase the width h of the ENZ to h=2𝜇𝑚. For the first case (a) modal area 

is similar to that of a hybrid waveguide in Table 5.1. 

 

Geometry 
(dnm, h𝜇m) 

ENZ Width 
h=0.2𝜇m 
𝐴𝑚/𝐴0 

ENZ Width 
h=1𝜇m 
𝐴𝑚/𝐴0 

ENZ Width 
h=2𝜇m 
𝐴𝑚/𝐴0 

(250, 2) 0.1857 0.1780 0.0486 
 

Table5.2 Mode area for different ENZ geometries 

  

 Hence, an important conclusion can be derived from above examination that the size 

of ENZ must be such that it must fill the entire HID-Tracer air gap, for the concept of 

supercoupling to apply for our research. 

 

5.3 Hybrid TE-mode enhanced supercoupling      

 Considering the modification discussed so far in this chapter we model our structure 

with the necessary modification in order to deploy ENZ.  The model has depicted in Figure 

5.1 above. Figure 5.3 depicts the cross-section of the same geometry. The dimensions are 

same as that for the hybrid case in chapter 5 except that the ENZ dimensions are introduced 

and we fill up the air gap. We are till supporting artificial TE surface wave with the hybrid 

case. The modeling procedures are same as used in Chapter 4. We define AlN properties in 

Ansys HFSS as we did in previous chapter. The values of AlN are provided by Naval 

Research Laborites. In this part of the research, we simulate the structure with the uniform 

ENZ height d of 250 nm, as in the previous case we vary the tracer dimension h from 0.5𝜇𝑚 

- 4𝜇𝑚 with a step size of 0.25𝜇𝑚. It must be noted that, as we are filling the air gap with 

ENZ, now the air gap dimension d from previous experiment (Hybrid TE SPhP mode) will 
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be replaced by the height of ENZ d. The eigenmode Solutions are computed in Ansys HFSS. 

The ENZ height is reduced to 100nm, 10nm and 2nm and the same procedure is repeated.  

 

 

Figure 5.3 Cross section of Hybrid TE waveguide enhanced with ENZ 

5.4 Results of Hybrid TE enhanced Supercoupling 

 The Eigen mode solution are obtained from Ansys HFSS. The modal area is 

computed from the previous chapter four, equation  4.1 and the propagation length is 

computed from equation4.3. Equation 4.2 is applied to all the individual elements of our 
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structure and computed in field calculator. Procedures are same as chapter 4, with only one 

modification where we consider the ENZ and apply the above equations in the field 

calculator. The modal area of hybrid enhanced supercoupling as a function of tracer 

dimension h for different ENZ height d is plotted in Figure 5.4. It can be seen from the plot 

that the mode area is reduced to a great extent. The trend of hybrid waveguide where the 

lowest height h delivers the lowest mode area while the one with large h has more mode 

area. And the curves don’t cross each other at any point. They are close when h is 250nm 

and 100nm respectively but they do not intersect each other.  

 

Figure 5.4 Hybrid enhanced supercoupling mode area 𝐴𝑚/𝐴0 as a function of tracer 

dimension h for different ENZ size d. 

 Figure 5.5 depicts the Hybrid enhanced supercoupling propagation length as a function of 

tracer dimension h for different ENZ height d. Obliviously from the past results it is clear 

that, there is a dependence of propagation distance and normalized mode area on h and d.  
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Figure 5.5 Hybrid enhanced supercoupling, Propagation length versus tracer dimension h 

for different ENZ size d. 

 The results are similar from that of hybrid case when the dimension of tracer h and 

ENZ height d is large (d=250nm h=4𝜇𝑚), the hybrid waveguide will support a low loss 

tracer mode with electromagnetic energy confined into high permittivity tracer this is shown 

the complex magnitude E- vector plot in, Figure 5.6 (a). A tracer mode is supported this can 

be seen in the figure where the E-Field is inside the tracer. On the other hand, when a smaller 

diameter of tracer h=1𝜇m results in a hybrid SPhP mode, the trace mode is now coupled into 

a strong SPhP mode. As shown in Figure 5.6 (b) most of the optical energy is now strongly 

coupled at the edges of the tracer and because of the presence of ENZ the mode bends 

towards the HID layer as if it was squeezing the E-Field into it.  
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(a) 

(b) 

 
(c) 

Figure 5.6 Complex magnitude E of the hybrid TE mode enhanced supercoupling.  (a) [d 

(nm), h (𝜇𝑚)]=[250, 4],  (b) [d (nm), h (𝜇𝑚)]=[250, 1],  (c) [d (nm), h (𝜇𝑚)]=[2, 1] 

(magnified view) 
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                                                                         (a) 

                          

                                  (b)                                                                         (c) 

 

Figure 5.7 Electromagnetic energy density distribution for Hybrid TE SPhP 

enhanced ENZ waveguide. (a) [d (nm), h (𝜇𝑚)]=[2, 1.5], (b) [d (nm), h (𝜇𝑚)]=[10, 2] and 

(c) [d (nm), h (𝜇𝑚)]=[250, 4] 

 

From Figure 5.7, a statement that holds the case of hybrid SPhP TE mode can be established 

that, when the tracer dimension d is large we achieve a low loss tracer mode where the 

electromagnetic energy is inside the tracer as depicted in Figure 5.7 (c). As the dimension of 

tracer h is decreased we get a mode that has a SPhP mode, a hybrid mode and a tracer mode. 

By further engineering the tracer dimension h and ENZ height d a strong SPhP mode can be 
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confined into the ENZ region and 4H-SiC layer which is depicted in Figure 5.7 (a).  From 

Figure 5.4 it is clear that modal area is not minimum at this point. Reducing the ENZ height 

d and tracer dimension h can result into a very small and confined modal area. This is 

achieved because of ENZ and is shown in Figure 5.6 (c). The effect of ENZ is prominent in 

reducing the modal area by a large number to that of just hybrid waveguide. 

 

   

Figure 5.8 Complex magnitude E and H for Supercoupled hybrid TE waveguide with 

(10nm, 2𝜇𝑚). 

 Figure 5.8 shows how confine the E-Field can get under the influence of ENZ. The 

modal area is low in this case and can be seen in Figure5.5. The magnified view (insert) 

Figure 5.8 shows how the SPhP TE mode is confined between HID layer and the tracer. 

Because of ENZ we did confine the modal area and reduced it but the propagation length is 

compromised this can be seen in Figure 5.5.  

Further we analyzed the dependence of hybrid enhanced supercoupled model's 

effective index 𝜂ℎ𝑦𝑏(𝑑, ℎ) on d and h.  Figure 5.9 depicts the effective index as a function 

of tracer dimension. At the edge of the plot the waveguide mode index approaches that of 

tracer and SPhP modes. 
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Figure 5.9 Effective index of the hybrid enhanced supercoupled waveguide for different 

ENZ height d and tracer dimension h. The straight red dashed line at the bottom indicates 

the SPhP index 𝑛𝑆𝑃ℎ𝑃. 

 Similar to hybrid waveguide the effective index of the hybrid enhanced 

supercoupled waveguide indicate that the SPhP mode is coupled with the dielectric tracer 

waveguide mode that influence much higher effective index. The effective index, in this 

case, is enhanced than the hybrid waveguide. Also, like TE hybrid waveguide the modes 

effective index can be increased by reducing the dimension of the tracer h for an ENZ height 

d. This can also help with increasing the coupling efficiency between tracer, ENZ and 4H-

SiC/HID surface. Moreover, the coupling efficiency is maximum in the region when 

h=1.25𝜇𝑚 to h=2.50𝜇𝑚, which is same as hybrid TE mode SPhPs. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 In this thesis, we have successfully designed hybrid phonon polariton that mimics 

TE surface wave, which was later enhanced with supercoupling at mid-IR. Simple HID 

proved to mimic TE Surface wave at the anisotropic 4H-SiC substrate which indeed is an 

analogy of SPhP. Hybridizing this SPhP mode gave a detailed understanding of behavior 

and coupling of tracer, SPhP and hybrid modes. Enhancing supercoupling gave an extra 

opportunity to improve the hybrid waveguide parameters. In order to compare the new 

modifications of supercoupling in our TE SPhP waveguide we take the ratio of characteristic 

of supercoupled enhanced waveguide to that of hybrid waveguide. Hence, the change in 

modal area is given by, 

𝑘𝐴𝑚
=

𝐴𝑚(𝐸𝑁𝑍)

𝐴𝑚(𝐻𝑦𝑏𝑟𝑖𝑑)
                                                                   (6.1) 

 

Similarly, the change in propagation length is given by, 

𝑘𝐿𝑚
=

𝐿𝑚(𝐸𝑁𝑍)

𝐿𝑚(𝐻𝑦𝑏𝑟𝑖𝑑)
                                                                  (6.2) 

 

From the eigenmode solutions computed in Ansys HFSS the values achieved for modal area 

in when enhancing supercoupling are less than that achieved for the hybrid TE SPhP 

Waveguide. Figure 6.1 below depicts the plot for Equation (6.1) as function of ENZ height/ 

HID-Tracer air gap h.   
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 Figure 6.1 Mode area enhancement as a function of tracer dimension h, size d. 

It is clear from the plot that ENZ had a huge impact when d is 10 nm. It has an abrupt 

change in the ENZ case as compared to that of hybrid. This plot is established as a ratio of 

modal area of ENZ to the modal area of hybrid case. It has a proof that enhancing ENZ had 

a huge impact on the mode area resulting in an ultra-small mode area. Conversely the ratio 

at which the ENZ has impacted the mode area does not follow any trend for each of the 

cases. To author’s knowledge, when investigating ENZ in the beginning of chapter 5 the 

emphasis where given on the width of the ENZ and not the height; these results show that 

the height of ENZ also has a huge impact on its application. From the plot it can be 

established that ENZ is most effective in the region where the coupling is efficiency is 

maximum i.e. when h=1.25𝜇𝑚  to h=2.50𝜇𝑚  also, ENZ height of d=10nm is the most 

effective height for ENZ. 
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 On the contrary there are some penalties that we faced for ultra-small and 

confined mode area and it was in a form of propagation length 𝐿𝑚. 

 

Figure6.2 Propagation loss reduction as a function of tracer dimension h, size d. 

 

Figure 6.2 below depicts the plot for Equation (6.2) as function of ENZ height/ HID-

Tracer air gap h. From the plot the propagation length is reduced by a large number then the 

original value. The result do-not follow any trend for any specific case. There are losses in 

all the cases as all the values are below 1. Its effect is high in the region where coupling 

efficiency is maximum h=1.25𝜇𝑚 to h=2.50𝜇𝑚.     
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There is still a lot of room to explore for in this field. ENZ can be further 

experimented with its geometry and various alignments of ENZ can be used around the tracer 

to explore for even more confinement of energy. In this case the E-Field is pointing towards 

the edges of the slab, hence ENZ can be used at this locations so that it can interact with the 

field and yield better confinement than what was achieved in this thesis. Also this can lead 

to the shortcoming of propagation length that is being compromised for ultra-small modal 

area in this thesis. Moreover, small traces of ENZ can be experimented with, over the surface 

that can interact with the TE waves.    
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