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Abstract 

Title: Infrared Detection and Waveguiding Using Metasurfaces 

Author: Navaneeth Premkumar  

Major Advisor: Brian A. Lail, Ph.D. 

 

The goal of this work is to be able to detect thermal radiation in the long-wave 

and mid-infrared spectrum to a reasonable efficiency. In order to aid this effort, 

antenna arrays with large collection apertures are coupled with infrared bolometers. 

This dissertation shows the performance of a series-fed patch type of leaky-wave 

antenna array coupled to a Nickel bolometer in terms of the angular-frequency 

scanning abilities of the antenna. The antenna is then made out of electrooptic 

Graphene in order to be able to dynamically tune the radiation properties of the 

antenna. A two-dimensional leaky-wave antenna array made from Gold is shown to 

be able to cover a conical swath of 360degrees in azimuth (ϕ) and 64degrees in   

elevation (θ).  

Improving the efficiency of the antenna requires designing the antenna out of a 

low-loss material. To this effect, hybrid waveguides using phonon polaritons are then 

explored. The hybrid waveguide performances are benchmarked using the 

propagation length and field-confinement area (modal area) of the guided wave as 

figures of merit. A hybrid waveguide is designed using Silicon Carbide and 

hexagonal Boron Nitride. In the latter case, the unique hyperbolic properties that 
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result in unique hybrid-waveguide modes based on volumetric hyperbolic phonons 

are explored. Finally, a hybrid slot waveguide is designed using h-BN’s hyperbolic 

surface phonon polaritons and is shown to have more modal confinement and longer 

propagation length (lower loss) than the volumetric hyperbolic phonons. This novel 

hyperbolic hybrid slot waveguide is then coupled into an antenna in order to radiate.
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Chapter 1  

Introduction 

 

1.1 Background 

 

1.1.1 Leaky-Wave Antenna Theory  

In order to understand leaky-wave antennas, it is necessary to understand briefly, 

surface waves and surface-wave antennas. Surface waves are waves that are bound 

to a surface, propagate along the surface, and decay exponentially in amplitude. They 

can form at the interface between two materials (dielectric, metal, free space etc.). 

Surface-wave antennas are a type of traveling-wave antennas in which the phase 

velocity vp of the wave propagating along the antenna, is less than the velocity of a 

plane wave propagating in free space; in addition, the strength of the field in the 

direction normal to the antenna decreases exponentially. The delay-causing structure 

of the antenna can be made in the form of perturbing features (ribs, bumps, 

corrugations etc.) made into a dielectric/metallic layer.  
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Fig. 1: Surface-wave antenna 

 

Figure 1 illustrates the typical behavior of a surface-wave antenna. Surface-wave 

antennas are usually designed radiate in the end-fire direction and are designed 

according to the Hansen-Woodyard condition. For high gains, the surface guided 

wave becomes loosely bound to the guiding surface and the antenna performance 

becomes sensitive to the irregularities in the structure. Modulating the surface 

impedance along the length of the antenna confines the guided wave and a variety of 

modulations including sinusoidal modulations, tapers, steps etc. have all been tested 

to produce a tightly bound surface wave [1]. Oliner and Hessel saw that, for a 

sinusoidal modulation of a reactance surface, if the periodicity of the modulation 

along the direction of wave propagation is small enough, it affects the propagation 

wavenumber of the surface wave and introduces one or more stop bands. If the 

spacing of the modulation is larger than some critical value however, the modulated 

surface wave gives rise to one or more leaky waves which will radiate away from the 

surface at an angle and depending on the level of modulation some stop bands maybe 
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introduced [1]. The solution they put forward in an effort to mathematically model 

the phenomenon, lies in viewing the geometry in terms of modes associated with 

propagation perpendicular to the surface these modes are quantized or discrete in 

nature and can be almost perfectly manipulated by controlling the periodicity of the 

modulation [1]. The impedance boundary conditions dictate that, apart from itself, 

each of these modes couples only to the next higher or lower modes. As mentioned 

in the definition of surface waves, the key is that the dominant mode and its spatial 

harmonics are slow waves in order to be in the bound mode. This condition is 

effectively maintained if the modulation period is kept small. When it is increased, 

one or more of the higher spatial harmonic modes may be unbound from the surface 

giving rise to a fast propagating wave [2].  

This brings LWAs into the picture. An LWA is modeled as a traveling wave 

antenna where the current propagates along a guiding structure as shown in figure 2. 

If perturbations are introduced along the structure for example: slits or apertures for 

waveguides, patches or stubs for microstrip lines etc., the traveling wave leaves the 

structure, radiating into free space. Thus, in the ideal case, no energy reaches the end 

of the structure. In a practical scenario any energy that reaches the end is absorbed 

by a matching load. Typically, LWAs are designed such that at least 90% of the 

power on the structure has leaked away before the traveling wave reaches the end of 

the antenna. 
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Fig. 2: Generic representation of a leaky-wave antenna and its radiation 

principle [3]. 

 

Leaky-wave phenomenon is exhibited only when the propagating wave becomes a 

fast wave. From figure 2, the propagating wavenumber kρ is given by 

𝑘𝜌 = √𝑘0
2 − 𝑘𝑧

2, (1) 

 

where kz is the longitudinal wavenumber and k0 is the free-space propagating 

wavenumber. Due to radiation kz is complex and given by 

𝑘𝑧 = 𝛽 − 𝑗𝛼, (2) 
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where β and α are the phase and attenuation constants respectively. Assuming a 

standard free-space wave equation for the above wave, the fields outside the leaking 

structure that describe the above figure 2 are given by 

𝜓(𝑟) = 𝜓0𝑒
−𝑗(𝑘𝜌𝜌+𝛽𝑧)𝑒𝛼𝑧 . (3) 

 

If β > kρ i.e. if the phase velocity vp =𝜔/𝛽 is smaller than the free space velocity 

of light c, then it is a slow wave and kρ is imaginary. The wave decays exponentially 

in amplitude along the length of the structure and it is a bound wave. If however β < 

kρ i.e. if the phase velocity vp > c, it is a fast wave and kρ is purely real and therefore 

radiates real power at an angle with the respect to the normal given by 

𝜃0 = 𝑠𝑖𝑛 −1 (
𝛽

𝑘0
) = 𝑠𝑖𝑛 −1 (

𝑐𝛽

𝜔
). (4) 

 

Since the above terms are all functions of angular frequency ω, the angle varies with 

frequency and thus exhibits a frequency scanning behavior. The main beam-width is 

Δ𝜃0 =
0.91

(𝑙 𝜆0
⁄ ) cos 𝜃0

. 
(5) 

 

From the above equation, for large antenna lengths, high directivity can be 

achieved as D=4πAe/λ0
2. However, the effect of increasing directivity is negligible if 

there is no power left near the end of the structure. In order to characterize this 

parameter, the attenuation/leakage constant is formulated as 
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𝛼(𝑧) =
𝑒𝑟

𝐴2(𝑧)
2

∫ 𝐴2(𝑧)𝑑𝑧
𝑙

0
− 𝑒𝑟 ∫ 𝐴2(𝑧)𝑑𝑧

𝑧

0

, (6) 

 

where 𝑒𝑟=1−𝑒−2𝛼𝑙 is the radiation efficiency. Therefore, if α is small enough so that 

1-e-2αl > 0, the improvement of directivity is appreciable as length l increases.  

 

 

Fig. 3: Scheme of the near-field created in a 1D LWA by a (top) backward 

radiating leaky-wave and (bottom) forward radiating leaky wave [4]. 

 

Leaky-wave antennas can be classified as uniform, periodic and quasi-uniform 

LWAs based on the mode of propagation. Uniform LWAs have invariant transverse 

cross-sections along the longitudinal axis. These antennas use a higher-order fast-
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wave mode for leaking, i.e., in the radiating mode, the excited mode is a fast-wave 

mode. Their phase constant is always positive and non-zero β > 0 for all frequencies. 

Due to phase reversal, the wave can sometimes be a backward LWA as in figure 3. 

Periodic leaky-wave antennas have a structure with a periodic modulation of 

properties along the axis of propagation. Due to their periodicity, according to Bloch-

Floquet theorem, they can support an infinite number of space harmonics as shown 

in figure 4. The fundamental space harmonic however is slow and bound. 

Immediately higher order spatial harmonics or modes such as the n = +1 or -1 mode 

are used for radiation. Elevating the mode to a higher-order, places it in the fast-wave 

region of the dispersion diagram. It is in these odd-numbered higher order modes that 

the fields can decouple from the surface and thus radiate from the structure.   
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Fig. 4: Brillouin dispersion diagram for a periodic structure showing 

radiation (fast-wave) regions and bound modes (shaded regions) for slow-

wave space harmonics [3] [5]. 

 

This dissertation deals with a periodic LWA in the long-wave infrared spectrum, 

using a simple microstrip-based antenna. The fundamental mode for microstrip is a 

slow wave quasi-TEM mode as shown in figure 5, usually annotated EH0 which 

normally does not radiate i.e. the fields produced by the fundamental EH0 mode do 

not decouple from the structure. It is only when the fundamental mode is blocked or 

restricted within the antenna that the microstrip transmission line can operate in a 

higher-order mode (specifically odd-numbered modes). 
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Fig. 5: Quasi-TEM dominant mode in a planar microstrip transmission line 

on a dielectric substrate and metallic ground plane. 

 

A higher-order mode in microstrip is not purely TE or TM but a hybrid 

combination of the two. As shown in figure 6, the first higher-order mode is 

sometimes termed as the EH1 mode. It has a phase reversal or null along the center 

of the transverse axis, allowing the fields to decouple and radiate. EH1 is a fast wave 

and has the potential to produce far field radiation. 

 

 

Fig. 6: Transverse electric-field profile of a microstrip transmission line in 

its (left) dominant EH0 mode and (right) higher order EH1 mode [6]. 

 

The fundamental mode in microstrip transmission lines is perturbed by a variety 

of methods including separating the strip by uniform gaps/slots/pins etc. or even 
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periodically placed slots or patches. The EH1 mode on the microstrip transmission 

line is not a leaky-wave mode. Instead the EH1 mode makes it possible for the 

microstrip structure to support a leaky wave. Leaky waves are not modes in the usual 

sense; in fact, leaky waves are non-modal. Sometimes leaky waves are called 

improper or non-spectral because the forward leaky wave increases in the y-direction 

vertically away from the guiding structure thereby seemingly in violation of the 

condition that the radiation vanishes at infinity. The strength of the leaking field 

increases exponentially to a distance ymax above the antenna given by 

𝑦𝑚𝑎𝑥 = 𝑦 tan𝜃0, (7) 

 

and then quickly, i.e. the fields do not continue to increase indefinitely. The LWA 

designed in this work, is based on the leaky-wave metasurface designed in [7]. It 

consists of a series-fed array of rectangular patches made of gold which has a 

permittivity of εr ~ -4000 at 10.6μm free-space wavelength. 

 

1.1.2 Infrared and Optical Detectors 

Since the time it was heralded by Herschel’s thermometer experiment, infrared 

radiation has been a topic of great intrigue and pursuit. From the crude liquid-filled 

glass thermometer to the modern multicolor FPA chips, IR detectors are constantly 

innovated and improved for better functionality and performance. IR detectors are 

broadly classified based on their detection mechanism as photon detectors and 
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thermal detectors. Photon detectors absorb radiation within the material by quantum 

mechanical interaction of electrons and photons in the detector material. The 

observed signal is a result of the changed electronic energy distribution. Depending 

on how the electric or magnetic fields are developed, there are various modes such 

as photoconductive, photovoltaic, photoelectromagnetic and photoemissive 

detectors. Most common detectors are semiconductors, diodes or superconductors 

and in order to have a fast response and perfect SNR performance, they need to be 

cooled. 

 

Fig. 7: Photon excitation processes in semiconductors- (a) intrinsic 

absorption, (b) extrinsic absorption and (c) free-carrier absorption [8]. 

 

Seebeck’s thermocouple and Langley’s bolometer ushered in a new method of IR 

sensing namely thermal detection. Thermal detectors are mainly of three types: 

bolometric, where temperature change produces a resistance change, thermocouples, 
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where temperature change produces a voltage and pyroelectric, where the dielectric 

constant of the material is a sensitive function of temperature. Since then the two 

major types of IR detectors have been pitted against each other and sized up in 

performance and efficiency. Interest for IR detection has centered mainly on the 

wavelengths of middle wavelength IR (MWIR) i.e. 3-5μm and long wave IR (LWIR) 

i.e. 8-14μm where atmospheric transmission is the highest and emissivity is 

maximum for objects of wavelength λ = 10μm at 300K temperature [9]. 

 

Fig. 8: Operating ranges for various IR detectors [9]. 

 

Shown in figure 8 is a comparison of the D* values for difference IR detectors at 

the indicated temperatures versus the wavelength. D* or specific detectivity for a 
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detector is a figure of merit used to characterize performance equal to the reciprocal 

of noise-equivalent power, normalized to the square root of the detector’s area and 

frequency bandwidth. Other parameters that are used as figures of merit are 

responsivity, noise equivalent power (NEP) and detectivity. Responsivity is the ratio 

of the root mean square (rms) value of the fundamental component of the electrical 

output signal of the detector to the rms value of the fundamental component of the 

input radiation power. 

𝑅𝑣(𝜆, 𝑓) =
𝑉𝑠

Φ𝑒(λ)Δ𝜆
 (8) 

 

where 𝑉𝑠 is the signal voltage due to Φe, Φe(𝜆) is the spectral radiant incident 

power (W/m). NEP is the incident power on the detector generating a signal output 

equal to the rms noise output. In other words, it is the signal level that produces a 

signal-to-noise ratio (SNR) of 1. The reciprocal of NEP is detectivity. 

𝑁𝐸𝑃 =
𝑉𝑛
𝑅𝑣

=
1

𝐷
   [𝑊/𝐻𝑧

1
2⁄ ] 

(9) 

 

Thermal detectors are unique because unlike photon detectors which need cooling in 

order to ensure fast response, they can be uncooled detectors. Also, unlike photon 

detectors which absorb radiation only to have it interact with the material lattice itself, 

in thermal detectors, the properties are mostly surface properties which means that they 
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do not change rapidly with wavelength. Therefore, thermal detectors have very flat-wide 

spectral response and are viable detectors in the visible region as well. 

 

Fig. 9: Relative spectral response for photon versus thermal detectors [9]. 

 

1.1.3 Antenna-Coupled Infrared Detectors 

For the purpose of this work, the detector used is a metal bolometer. Metal 

bolometers have much lower impedances than quantum mechanical diodes or photon 

conductive semiconductors. Although both bolometers as well as diodes mean 

fabricating sub-200nm length structures which often necessitates E-Beam 

Lithography (EBL), low-profile, layer-by-layer type designs developed for Printed 

Circuit Boards (PCB) can be implemented [10]. In comparison to bolometers 

however, the presence of the oxide/insulator layer greatly complicates device 

fabrication and the simple metal bolometer is preferred. 
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Bolometers are resistive elements made from materials with a temperature 

coefficient of resistance (TCR), a property of materials that produces a change in 

resistance in the material when there’s a temperature change i.e. when they absorb 

radiation. Reducing the size of the bolometer increases sensitivity and speed of 

detection, because smaller amounts of absorbed energy result in a high rise in 

temperature. This serves as a way to reduce the incident energy collection area on 

the bolometer so that most of the coupling energy/power is funneled in by a 

resonating structure [11]. 

As mentioned earlier, the primary difference between different types of thermal 

detectors is the means used to read out the temperature excursions in the radiation 

absorber. Bolometers are essentially electrical resistance thermometers and their 

popularity lies in the fact that the temperature dependence of the resistivity of 

materials can be very large and is widely studied [23]. This dependence is 

characterized by the temperature coefficient of resistance 𝛼𝑇 of the material given by 

𝛼𝑇 =
1

𝑅

𝑑𝑅

𝑑𝑇
. (10) 

Nickel is a good candidate albeit not the best one. Small sensor sizes of nickel can 

produce a sufficiently large rise in resistance which can then be read out as a voltage 

change when biasing the antenna structure between the patch and ground plane. 

Bolometer sensor dimensions are much smaller than the wavelength of operation and 

therefore an antenna is required to couple power into it. Coupling power into sensors 
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of small thermal mass yields large changes in temperature and consequently high 

responsivity [12]. Also, antenna-coupled thermal sensors capture direction, 

polarization and spectral data from a signal, which is otherwise not discernable with 

a single sensor element [13]. Planar antenna designs are common since they are 

straightforward to fabricate, which is a useful advantage in this work. An example of 

an infrared antenna-coupled detector is seen in figure 10.  

 

Fig. 10: Dipole-coupled Niobium (Nb) microbolometer [14]. 

 

Typically, the incident power excites currents in the antenna which pass through 

the bolometer located somewhere on the structure thus increasing its temperature and 

consequently its resistance. The bolometer is biased with a DC voltage. Infrared 

radiation is collected by the antenna produces current through the antenna. This 

generated current flows through the bolometer, producing Joule heating and 
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increasing its temperature. The change in temperature of the bolometer changes its 

resistance which causes a change in the AC voltage read out of the bias leads 

connected to the structure. The subsequent rectified voltage changes are recorded to 

produce a signal output [Gonzalez and Jeff bean dissertations] [15] [16]. 

 

1.1.4 Phonon Polaritons 

Phonons are collective excitations in atoms or molecules in condensed matter. It 

is an excited state in the quantum mechanical quantization of modes of vibrations of 

elastic structures. While they can be acoustic or optic, we deal with the latter type of 

phonons in this research. Optical phonons are out-of-phase movements of the 

atoms/molecules in the lattice, occurring when excited by infrared radiation. The 

lattice vibration is essentially time-varying electrical dipole moment, vibrating in the 

opposite direction to the applied external electric field, thus being designated a 

negative real relative permittivity constant.  



18 

 

 

Fig. 11: Surface wave excitation at the interface between dielectric and 

polar dielectric.  

 

A polariton in general is a quasi-particle, generated when electromagnetic 

radiation interacts with resonant material behavior such as phonons, plasmons, 

excitons etc. In this work, phonons and phonon polaritons will be used 

interchangeably because photon interaction is required in order to achieve phonons 

or phonon polaritons. A surface phonon polariton (SPhP) is an electromagnetic wave 

that propagates along the interface between a phononic material and another 

dielectric material. The SPhPs at the interface between a dielectric and polar crystal 

have combined electromagnetic wave and surface wave characteristics as shown in 

figure 11.  

Polar dielectric material has high reflectivity and negative Re(εr) as mentioned 

previously, within the reststrahlen band. The reststrahlen band is a band wavelength, 

which varies for different material, where the reststrahlen effect takes place. The 
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reststrahlen effect (“reststrahlen” meaning “residual rays” in the German language) 

is a reflectance phenomenon in which electromagnetic radiation cannot propagate 

due to a change in the refractive index concurrent with the specific absorbance band 

of the material, resulting in strong reflection or even total reflection from the 

material. The reststrahlen band is bound by longitudinal optical and transverse 

optical phonon resonances (explained by the Lyddane-Sachs-Teller relation [17]). 

The two phonon modes correspond to out-of-phase atomic lattice vibrations with k-

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

positive (negative) charged lattice sites moving with (against) the direction of the 

field [18]. 

When trying to excite SPhPs, it must be noted that, there exists a fundamental 

momentum mismatch between the incident electromagnetic wave and the SPhPs. 

This mismatch can be solved considering the coupling of the incident field to surface 

modes through a diffraction grating [19], high index prism [20, 21, 22], scattering 

from a nearby sub-wavelength particle such as an SNOM tip [23, 24, 25, 26] or via 

nanostructure of the SPhP material into sub-wavelength particles [27, 28, 29, 18]. In 

order to analytically derive the dispersion relation for an SPhP wave, we have to 

apply Maxwell’s equations to the system described in figure 11.  

           𝛻 × �⃗⃗� = 𝐽 +
𝜕�⃗⃗� 

𝜕𝑡
 (11) 

        𝛻 × �⃗� = −
𝜕�⃗� 

𝜕𝑡
 (12) 
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 𝛻 ∙ (�⃗⃗� ) = 𝜌𝑒  (13) 

  𝛻 ∙ (�⃗� ) = 𝜌𝑚 (14) 

 

�⃗⃗�  is the electric flux density (coulombs/square meter), �⃗�  is the electric field 

intensity (V/m), �⃗�  is the magnetic flux density (webers/square meter), �⃗⃗�  is the 

magnetic field intensity (A/m), 𝜌𝑒  is the electric charge density (C/m3), 𝜌𝑚  is the 

magnetic charge density (Wb/cm3) and 𝐽  is the external current density (A/m2). Here 

the flux densities are expressed in terms of the field intensities as 

�⃗⃗� = 𝜀�⃗�  (15) 

�⃗� = 𝜇�⃗⃗� , (16) 

 

where ε is the dielectric permittivity of the medium (F/m) and µ is the magnetic 

permeability of the medium (H/m). For free-space ε = ε0 = 8.854 x 10-12F/m and µ 

= µ0 = 4π x 10-7H/m since the relative permittivity εr of free space is 1 and relative 

permeability µr of free space is 1. We then apply equations 11-14 to the interface 

between the polar dielectric and low index dielectric material as seen in figure 11. 

Curling both sides of equation 11 we get 
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∇ × ∇ × �⃗⃗� = ∇ × 𝐽 + ∇ ×
𝜕�⃗⃗� 

𝜕𝑡
 

                               = ∇ × 𝐽 + ε
𝜕

𝜕𝑡
(∇ × �⃗� ). 

 

(17) 

 

Using equation 12 in equation 17 and using the vector identity ∇ × ∇ × 𝐴 =

∇(∇ ∙ 𝐴 ) − ∇2𝐴  we get 

∇(∇ ∙ �⃗⃗� ) − ∇2�⃗⃗� = ∇ × 𝐽 − ε𝜇0

𝜕2�⃗⃗� 

𝜕𝑡2
. (18) 

 

Using 

∇ ∙  �⃗� = 𝜇0∇ ∙ �⃗⃗� = 𝜌𝑚 → ∇ ∙ �⃗⃗� = (
𝜌𝑚

𝜇0
) 

(19) 

 

into equation 18 we have 

∇2�⃗⃗� = −∇ × 𝐽 + 𝜀𝜇0

𝜕2�⃗⃗� 

𝜕𝑡2
+

1

𝜇0
∇(𝜌𝑚). (20) 

 

Similarly, for electric field we get the following relation 

∇2�⃗� = 𝜀𝜇0

𝜕2�⃗� 

𝜕𝑡2
+

1

𝜀
∇(𝜌𝑒). (21) 

 



22 

 

For source-free regions (𝜌𝑚 = 0 and 𝜌𝑒 = 0) and lossless media (𝜎 = 0), equations 

20 and 21 reduce to 

∇2�⃗⃗� = 𝜀𝜇0

𝜕2�⃗⃗� 

𝜕𝑡2
 (22) 

∇2�⃗� = 𝜀𝜇0

𝜕2�⃗� 

𝜕𝑡2
. (23) 

 

When the time harmonic dependence is introduced into equations 22 and 23, 𝜕 𝜕𝑡⁄ ↔

𝑗𝜔, we get 

∇2�⃗� + 𝑘0
2𝜀𝑟�⃗� = 0 (24) 

∇2�⃗⃗� + 𝑘0
2𝜀𝑟�⃗⃗� = 0, (25) 

 

where 𝑘0 =
𝜔

𝑐
 is the wave number of the propagating wave in vacuum and 𝑐 =

1

√𝜀0𝜇0
 

is the speed of light. From figure 11, the wave propagates in the Z direction and it 

doesn’t vary along the X axis. Since the field doesn’t change along the X axis, 

𝜕 𝜕𝑥⁄ = 0. Meanwhile, the plane y = 0 coincides with the interface sustaining the 

propagating waves, which can be described as�⃗� (𝑥, 𝑦, 𝑧) = �⃗� (𝑦)𝑒𝑗𝛽𝑧 .  Modifying 

equation 24 with this, we get 

𝜕2�⃗� (𝑦)

𝜕𝑦2
+ (𝑘0

2𝜀𝑟 − 𝛽)�⃗� = 0. (26) 
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From the curl of equations 11 and 12, Maxwell’s equations generate two modes: 

transverse electric (TE): 

𝜕𝐻𝑍

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
= 𝑗𝜔𝜀𝐸𝑥 (27) 

𝜕𝐸𝑥

𝜕𝑧
= −𝑗𝜔𝜇𝐻𝑦 (28) 

−
𝜕𝐸𝑥

𝜕𝑦
= −𝑗𝜔𝜇𝐻𝑧, (29) 

 

and transverse magnetic (TM) 

𝜕𝐸𝑍

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑧
= −𝑗𝜔𝜇𝐻𝑥 (30) 

𝜕𝐻𝑥

𝜕𝑧
= 𝑗𝜔𝜀𝐸𝑦 (31) 

−
𝜕𝐻𝑥

𝜕𝑦
= 𝑗𝜔𝜀𝐸𝑍. (32) 

 

From the structure, the boundary condition at the interface between the two media 

requires the electric flux density to be continuous and the electric flux density 

𝐷(𝑦) = 𝜀𝐸𝑦, since there is no free charge and the permittivity is different on either 

side of the interface, which means that 𝐸𝑦 must be discontinuous across the interface. 

From the previous Maxwell’s equations only the TM mode has an electric field 

component that is normal to the interface, therefore TM polarization is the 

requirement for the excitation of surface phonon polaritons. If the wave is a surface 

wave, it must be confined to the surface. This can only happen if the field decays 
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exponentially away from the interface. This allows us to find solutions for the fields 

in the media as 

    �⃗� 𝑖(𝑧) = [
𝐸𝑦,𝑖

𝐸𝑧,𝑖
] 𝑒−𝑘𝑖|𝑦|𝑒𝑗𝛽𝑧 (33) 

�⃗⃗� 𝑖(𝑧) = 𝐻𝑥,𝑖𝑒
−𝑘𝑖|𝑦|𝑒𝑗𝛽𝑧, (34) 

 

where i = 1,2 refers to medium 1 or 2 respectively, as seen in figure 11. The 

parameter ki represents the propagation constant in the y-direction, dominantly 

described by decay away from the interface into medium i. When we write out the 

TM equation for magnetic field, similar to equation 26, we get 

𝜕2𝐻𝑥

𝜕𝑦2
+ (𝑘0

2𝜀𝑟 − 𝛽)𝐻𝑥 = 0. (35) 

 

Applying equation 35 into equation 34, we get 

𝑘1
2 = 𝛽2 − 𝑘0

2𝜀𝑟,1 (36) 

𝑘2
2 = 𝛽2 − 𝑘0

2𝜀𝑟,2. (37) 

 

Applying electric field boundary conditions and magnetic field boundary conditions, 

we get 

𝐸𝑧,1 = 𝐸𝑧,2 (38) 
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−
𝑗

𝜔𝜀0𝜀𝑟,1𝑘1
(𝑘0

2𝜇𝑟,1𝜀𝑟,1 − 𝛽2)𝐻𝑥,1

=
𝑗

𝜔𝜀0𝜀𝑟,1𝑘2
(𝑘0

2𝜇𝑟,2𝜀𝑟,2 − 𝛽2)𝐻𝑥,2 
(39) 

𝐻𝑥,1 = 𝐻𝑥,2 (40) 

−
𝑗𝜔𝜀0𝜀𝑟,1

𝑘1
𝐸𝑧,1 =

𝑗𝜔𝜀0𝜀𝑟,2

𝑘2
𝐸𝑧,2 (41) 

𝜀𝑟,1

𝑘1
+

𝜀𝑟,2

𝑘2
= 0. 

(42) 

 

This leads to the expression, 𝜀𝑟,2 = −𝜀𝑟,1 𝜅2 𝜅1⁄ , which means the surface phonon 

waves exist only at interfaces between materials with opposite signs of the real part 

of the dielectric permittivity. In other words, the SPhP requires a negative real part 

of the permittivity of the polar material and only a TM mode could excite surface 

phonon polaritons. 

 

1.1.5 Xenes or 2D van der Waals Materials 

Two-dimensional materials are single-layer materials which are essentially 

crystals consisting of a single layer or atoms/molecules. These materials are usually 

either allotropes of various elements or compounds and are classified as van der 

Waals (vdW) heterostructures. This is because, the atoms within the 2D lattice are 

held together by weak vdW forces [30].  
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Among the candidate 2D-vdW materials, graphene is very popular. Graphene is a 

2D allotrope of carbon in the form of a single layer of atoms in a 2D hexagonal 

lattice. Its semi-conductor properties were first described in [31]. Its unique 

optoelectronic properties include low-energy electronic structure featuring electron-

hold conical energy bands meeting at the Dirac point causing a zero band-gap 

structure where the band gap can increase when graphene is doped. Electrons in 

graphene behave like massless Dirac fermions, which result in charge carriers, i.e. 

electrons and holes, having ultra-high mobility with long mean-free-paths, gate-

tunable carrier densities, anomalous quantum Hall effects, fine structure constant 

defined optical transmission etc. [32]. Figure 12 shows the variation of graphene’s 

conductivity versus frequency for different values of its Fermi level.  

The conductivity of graphene can be estimated using the Kubo-Drude formula 

given as 

𝜎𝑖𝑛𝑡𝑟𝑎 = 𝑗
𝑞2𝑘𝐵𝑇

2𝜋ℏ(𝑓 + 𝑗Γ)
[
𝜇𝐶

𝑘𝐵𝑇
+ 2 ln (𝑒

−
𝜇𝐶
𝑘𝐵𝑇 + 1)] (43) 

𝜎𝑖𝑛𝑡𝑒𝑟 = 𝑗
𝑞2

4𝜋ℏ
ln [

2|𝜇𝐶| − 2𝜋ℏ(𝑓 − 𝑗Γ)

2|𝜇𝐶| + 2𝜋ℏ(𝑓 − 𝑗Γ)
], (44) 

 

where σintra is the intra-band conductivity and σinter is the inter-band conductivity 

of graphene, kB is the Boltzmann constant, Γ=(2τ)-1 is the damping constant, τ is the 

electron relaxation time, q is the charge of an electron and µc is the chemical potential 

given as 
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Fig. 12: Optical conductivity of graphene for different values of chemical 

potential µc [32].  

 

 

𝜇𝐶 = 𝐸𝐹 = ℏ𝑣𝑓√
𝜋𝜀0𝜀𝑟𝑉𝑏𝑖𝑎𝑠

𝑞𝑡𝑔𝑎𝑡𝑒
, (45) 
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where EF is the chemical potential, otherwise call Fermi level, vf is the Fermi 

velocity, tgate is the thickness of the gating material and Vbias is the voltage applied 

across the gate. The above equations show the dependence of graphene’s conductive 

properties on the applied voltage. For ℏ𝜔 < 2|𝜇𝐶| we can ignore the inter-band 

conductivity term and only consider the intra-band term. 

On the other hand, hexagonal boron nitride (h-BN) which is a large band-gap 

insulator that is structurally similar to graphite can also function as a semiconductor 

with enhanced conductivity. Theoretical and experimental vibrational properties of 

different forms of 2D BN were shown in [33, 34, 35, 36, 37]. H-BN is different from 

graphene however, in that it a multi-layered deposition of h-BN is a uniaxial crystal 

with hyperbolic dispersion properties, i.e., its permittivity tensor possesses both 

positive and negative principal components. Being a typical low loss and anisotropic 

material, h-BN exhibits two reststrahlen bands in the mid infrared spectrum, one at 

lower frequency (Type I reststrahlen band 𝜔 = 746 − 819 cm−1), the real part of 

out-of-plane permittivity is negative (𝜀‖ < 0) and the in-plane permittivity is positive 

(𝜀⊥ > 0), and the other at higher frequency (Type II  reststrahlen band 𝜔 = 1370 −

1610 cm−1), the real part of out-of-plane permittivity is positive (𝜀‖ > 0) and the in-

plane permittivity is negative (𝜀⊥ < 0) [69, 70, 71] as shown in figure 3.  
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Fig. 13: (Top) wavelength dependent dielectric permittivity of h-BN and 

illustration of dielectric permittivity tensor for (bottom left) elliptical, 

(bottom center) type I hyperbolic and (bottom right) type II hyperbolic for 

anisotropic material [27]. 
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Experimental validation using a scattering-type scanning near field optical 

microscope (sSNOM) was done in [38].  The hyperbolic nature of h-BN was also 

shown [41] when they observed the hyperbolic phonon (HP) rays on the edge of a h-

BN film and in the volume of the film through edge reflections, in the sSNOM 

measurement setup as seen in figure 14. 

 

Fig. 14: Launching of (a) volumetric and (b) surface hyperbolic phonons 

into h-BN slab using a dipole-based tip with a sSNOM [41]. 

 

(a) 

(b) 

(c) 
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The dispersion relation of these hyperbolic phonons was numerically and 

experimentally validated [38, 41]. Analytically, they can be calculated as  

𝜀(𝜔) = 𝜀∞ (1 +
𝜔𝐿𝑂

2 − 𝜔𝑇𝑂
2

𝜔𝑇𝑂
2 − 𝜔2 − 𝑖𝜔Γ

), (46) 

 

where ωLO and ωTO are the TO and LO phonon frequencies and 𝜀∞ is the high-

frequency permittivity (𝜀⊥, 𝜀∥).  

In general, there are a large, growing number of 2D materials including the 

graphene family, metal chalcogenides and metal oxides that can cover a broad range 

of optoelectronic properties that including supporting polaritons of various types as 

illustrated in figure 15. 
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Fig. 15: Optoelectronic properties of various Xenes [42]. 

 

1.2 Numerical Methods 

 

In order to numerically solve the structures, ANSYS high-frequency structure 

simulator (HFSS) was used. ANSYS HFSS is a finite element method (FEM) 

software. The FEM divides the problem space into multiple smaller regions and 

represents the field in each sub-region, or element, with a local function. These 

elements are tetrahedra in HFSS, where a tetrahedron is a four-sided pyramid. This 

collection of tetrahedra is referred to as the finite element mesh. The tetrahedra have 

sizes that are on the order of the operational wavelength by default but can be made 

more refined using mesh refinement operations. 
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Fig. 16: Typical FEM tetrahedron element in ANSYS HFSS [43]. 

 

FEM mathematically finds the approximate solution of partial differential 

equations derived from the wave equations for the waveguide by adding up all the 

subdomain solutions which could realize visualized field distributions. Figure 16 

shows a typical tetrahedron element. The value of a vector field quantity such as H-

field or E-field at points inside each tetrahedron is interpolated from the vertices of 

the tetrahedron. At each vertex, HFSS stores the components of the field that are 

tangential to the three edges of the tetrahedron. In addition, HFSS can store the 

vector-field components at the midpoint of the selected edges tangential to a face and 

normal to the edge. The field inside each tetrahedron is interpolated from these nodal 

values. 
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Fig. 17: Mesh generation process in ANSYS HFSS [43]. 

 

Figure 17 shows the mesh generation process. An initial mesh is generated and 

includes surface approximation settings. If a port of excitation was defined, the mesh 

is then refined iteratively. Using the resulting mesh, electromagnetic fields are 

computed inside the structure at a set frequency of solution. The current finite 

element solution is used to estimate the regions of the problem domain where the 

exact solution has strong error. Tetrahedra in these regions are refined and another 

solution is generated. The error is recomputed this way and this iterative process is 

repeated until the convergence criteria-which a minimum error setting, has been met. 

The whole process is then repeated for other frequencies in a frequency sweep 

solution setup if necessary. The next few sub-sections introduce different aspects of 

ANSYS HFSS including types of solvers used, excitation ports, boundaries, and 

special terms. 
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1.2.1 Types of Analyses 

There are two major types of 3D electromagnetic analyses for structures in HFSS, 

viz., the eigenmode solver and the driven-modal solver. The eigenmode solver can 

find the eigen modes of lossy as well as lossless structures and can calculate the 

unloaded quality factor Q of a cavity. Q is a measure of how much energy is lost in 

the system. Unloaded Q is the energy lost due to lossy materials and boundary 

conditions. Because ports and other sources are restricted for eigenmode problems, 

the Q calculated does not include losses due to those sources. If a material or 

boundary condition, other than finite conductivity, varies with frequency, the 

eigenmode solution procedure will evaluate the frequency dependent property at the 

user specified minimum frequency and use that value during the S and T matrix 

assembly. This may limit the accuracy of the solved Eigenmodes depending on how 

significant the property varies from the minimum frequency to the eigen frequency. 

The eigenmode solver performs an ‘undriven’ analysis. 

The driven-modal solver on the hand includes an actual source-waveguide, 

voltage, current or power source. More specifically, the modal solver which performs 

a ‘driven’ analysis, is used to calculate the mode-based S-parameters of passive, 

high-frequency structures such as microstrips, waveguides and transmission lines, 

which are driven by a source. The driven-modal analysis involves ports or incident 

waves. A defined field at a given port boundary is applied as excitation for the 3D 

structure and it causes electromagnetic fields to build up in the structure. 
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1.2.2 Excitations 

a. Wave Port: 

 

By default, the interface between all 3D objects and the background is a 

perfect E boundary through which no energy may enter or exit. Wave ports 

are typically placed on this interface to provide a window that couples the 

model device to the external world. HFSS assumes that each wave port you 

define is connected to a semi-infinitely long waveguide that has the same 

cross-section and material properties as the port. When solving for the S-

parameters, HFSS assumes that the structure is excited by the natural field 

patterns (modes) associated with these cross-sections. The 2D field solutions 

generated for each wave port serve as boundary conditions at those ports for 

the 3D problem. In addition to serving as a boundary condition, a wave port 

also supplies port impedances and propagation constants that are useful in 

describing waveguides or transmission lines. Some typical wave port 

assignments are shown in figure 18. 
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Fig. 18: Wave port assignment for waveguides and microstrip transmission 

line [43]. 

 

b. Lumped Port: 

Lumped ports resemble wave ports but can be located internally and have a 

complex user-defined reference impedance. Lumped ports are restricted to 

single mode ports and the S-parameters are always based on the user defined 

reference impedance. This mainly because no transmission line is being 

modeled in the interior domain which suggests an interpretation of the 

lumped port as a measurement probe being connected to the surface of the 

lumped port with the reference impedance specified by the user. When a 

lumped port is used internal to a 3D problem, it makes sense to place the 

lumped port at a location where the field distribution would approximately 

be the same as the dominant mode of the port definition in the absence of the 

lumped port. A typical example of this is when a rectangular port is drawn 
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between a conductor trace and a ground plane with the face oriented 

perpendicular to both conductors. The port mode resulting from this case is a 

parallel plate mode which will often closely resemble the field distribution at 

that location in the absence of the port.  Figure 19 shows typical lumped port 

assignment. 

 

Fig. 19: Lumped port assignment for (left) microstrip transmission line and 

(right) dipole antenna [43]. 

 

c. Floquet Port: 

The Floquet port in HFSS is used exclusively with planar-periodic structures. 

Examples are planar phased arrays and frequency selective surfaces when 

these may be idealized as infinitely large. The analysis of the infinite structure 

is then accomplished by analyzing a unit cell. Linked boundaries most often 

form the side walls of a unit cell, but in addition, at least one "open'' boundary 
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condition representing the boundary to infinite space is needed. The Floquet 

port is a specialized boundary condition to handle this case. The Floquet port 

is closely related to a wave port in that a set of modes, here "Floquet modes", 

is used to represent the fields on the port boundary. Fundamentally, Floquet 

modes are plane waves with propagation direction set by the frequency and 

geometry of the periodic structure. Just like Wave modes, Floquet modes 

have propagation constants and experience cut-off at a sufficiently low 

frequency and similar to wave ports, Floquet ports produce S-matrix data. 

Figure 20 shows Floquet port assignment with periodic boundaries. 

 

Fig. 20: Floquet port assignment for a unit cell surrounded by master and 

slave boundaries [43]. 
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1.2.3 Boundaries 

a. Master and Slave Boundaries: 

 

Master and slave boundaries enable you to model planes of periodicity where 

the E-field on one surface matches the E-field on another to within a phase 

difference. They force the E-field at each point on the slave boundary match 

the E-field to within a phase difference at each corresponding point on the 

master boundary. They are useful for simulating devices such as infinite 

arrays. Master-slave boundaries are seen in figure 20 where a unit cell of an 

infinite array is subjected to a Floquet port excitation. 

b. Radiation Boundaries: 

 

When solving radiating and scattering structures in an unbounded, infinite 

domain, HFSS truncates the problem into a bounded domain and prescribes 

the appropriate truncation condition. This is generally known as the "radiation 

boundary condition". Theoretically, the radiation boundary condition should 

be a "transparent" condition. In other words, it should not produce any 

unphysical reflection as a result of the artificial truncation. HFSS offers three 

types of radiation boundaries: first-order absorbing boundary condition 

(ABC), perfectly matched layers (PML), and boundary integral equations (IE). 

Both the ABC and PML boundaries attempt to minimize reflections by 

absorbing all outgoing waves at the truncation boundary. While PMLs absorb 
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any kind of waves including guided waves, ABC imitates radiation to 

homogeneous background space. 

ABCs only absorbs normal or near normal incident waves. Thus, in order to 

produce accurate results, it must be placed sufficiently far away from 

structures. The typical recommendation is at least a quarter wavelength from 

the radiating source, although in some cases the radiation boundary may be 

located closer than one-quarter wavelength, such as portions of the radiation 

boundary where little radiated energy is expected.  

PMLs absorb all outgoing waves by adding artificial material layers that are 

designed such that all of the incident waves impinging upon them are 

completely transmitted with minimal reflections. Thus, PMLs can be placed 

closer than ABCs. Furthermore, the PML absorbs a much wider range of 

waves in terms of frequency and direction whereas ABC absorbs only 

normally incident waves accurately.  

 

1.2.4 Miscellaneous Terms 

a. Volume loss density: 

It is physically described as the volumetric loss of power in a material, which 

HFSS calculates by solving the fields/currents inside a material. 

Mathematically it is described by the equation 
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Pv = 
1

2
Re(Ẽ ∙ J̃ + jωB̃ ∙ H̃) =  

1

2
Re(Ẽ ∙ J̃ + ∇ × Ẽ ∙ H̃), (47) 

 

where �̃� is the electric field intensity, 𝐽 is the volume current density, �̃� is the 

magnetic flux density and �̃� is the magnetic field intensity. The unit of volume 

loss density is Watts/meter3 and when integrated over the volume of structure, 

gives the power absorbed by the structure. Equivalently it may also be 

assumed by the dissipated real power given by 

𝑃𝐷 = 
1

2
∭ 𝜎𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒|𝐸|2𝑑𝑣

𝑉𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

, (48) 

where Vstructure is the volume of the structure, 𝜎𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 is the conductivity of 

the structure and 𝐸 is the electric field intensity measured inside the structural 

volume. 

 

1.3 Section Overview 

 

Chapter 1 is a literature review on the topics relevant to this dissertation. Chapter 

2 deals with the long-wave infrared leaky-wave antenna. After introducing the theory 

of operation in section 2.1, section 2.2 discusses the design and operation of the 

transmitting leaky-wave antenna in order to benchmark its performance for the 

following sections. Section 2.3 discusses the receiving leaky-wave antenna-coupled 

infrared detector that behaves reciprocally with the antenna shown in section 2.2. 
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Section 2.4 expands on this leaky-wave antenna by converting from a two-

dimensional scanning array into a three-dimensional space scanning array. Finally, 

section 2.5 shows how such an antenna could be made to dynamically scan the 

angular space using an electrooptic material like graphene. 

Chapter 3 then introduces the hybrid waveguides using phonon polaritons in the 

infrared. Section 3.1 introduces the need for such waveguides and section 3.2 shows 

an initial design of such a hybrid waveguide using silicon carbide as the polar 

dielectric material. Section 3.3 then introduces a new type of phononic material 

called h-BN which is a hyperbolic material. Section 3.3 then extends the ideas 

presented in 3.2 to design a hybrid waveguide based on the volumetric hyperbolic 

phonons of h-BN. Section 3.4 then approaches the hybrid waveguide process by 

leveraging the surface hyperbolic phonons of h-BN to design a slot-waveguide with 

low-loss and high field confinement. Finally in section 3.5, this novel slot waveguide 

is used to feed a patch antenna. 
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Chapter 2  

Long-Wave Infrared Leaky-Wave Antenna 

 

2.1 Introduction 

 

Leaky-wave antennas (LWAs) are a class of traveling-wave antennas 

characterized by a wave propagating along a structure that is long compared with the 

wavelength. Like most traveling-wave antennas, LWAs are long in the propagation 

direction and possess a cross-section with dimensions that are a fraction of the 

operational free-space wavelength. Another feature of these antennas is that, when 

excited at one end, the antenna produces currents, in a wire/transmission-line based 

antenna or guided waves, in a waveguide-based traveling wave antenna, that 

propagate along the longitudinal axis of the antenna, periodically or consistently 

radiating or ‘leaking’ when encountering discontinuities in the structure. 

The LWA is an ideal candidate when trying to achieve large radiation/collection 

aperture antennas. Planar LWAs especially, can be designed to conform to surfaces 

and, when integrated with a signal collection mechanism, can provide for high-

resolution, high-amplitude signal capture. Planar LWAs, which are alternatively 

holographic surface antennas, can also be geometrically manipulated in design, to 

allow for nearly independent control of phase and attenuation/leakage constants. 
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Traditionally, for periodic leaky-wave antennas, as will be seen in the next section, 

the design is based on a sinusoidally modulated reactance surface (SMRS).  

 

2.2 Transmitting Leaky-Wave Antenna 

 

A planar leaky-wave surface (LWS) design at long-wave infrared (LWIR) 

wavelengths was proposed [7]. The aim of the design was to produce beam scanning 

within the LWIR range (7.5-15μm) with a leakage angle of -30degrees (backward 

leaking) at 10.6μm. A single unit cell is made up of a patch of x × y dimensions 

2.674μm ×2.157μm respectively. The zinc sulfide (ZnS) substrate has a thickness of 

0.65μm, while the gold (Au) patch and ground plane are respectively 75nm and 

100nm thick. The x × y dimensions of a unit cell containing this patch are 3.75μm 

×4.3625μm.  

The leaky-wave unit cell designed in [7] was considered for the design of a leaky-

wave antenna in which the dimensions were calculated to leak at -30degrees from 

the normal to the antenna in the ϕ = 90degree plane at a wavelength of 10.6μm. The 

dimensions of the leaky-wave metasurface are as seen in figure 21 (c). Leaky-wave 

characteristics were observed when the leaky-wave surface was illuminated with 

incidence light in the desired wavelength. Figures 21(d) and 21(e) show the variation 

of wavelength versus angle of radiation for both TM and TE polarized scattered 

spectra (emissivity) respectively. 
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Fig. 21: For the LWS designed in [7] -(a) frequency scanning property of 

the leaky-wave surface (LWS), (b) 2D radiation plot for the designed LWS, 

(c) LWS dimensions, and emissivity plots for the LWS for (d) TM and (e) 

TE modes. 

 

When the unit cell is stacked periodically, in both the x and y directions it forms 

a 2D antenna array that follows the beam scanning behavior mentioned previously. 

(a) (b) 

(c) 

(d) (e) 
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In this work, a one-dimensional LWA design based on a similar unit cell and its 

leaky-wave properties are presented. 

The LWA was designed and simulated using ANSYS HFSS software in a driven 

modal solver. Figure 22 shows an array of periodically placed patches on a microstrip 

line. The structure is fed with a wave port that excites the dominant modes on the 

structure. The excitation power is 1Watt and the vacuum medium encasing the entire 

structure is made large enough to capture the microstrip-line based fringing fields at 

the wave port. The dominant quasi-TEM mode of the microstrip line transitions into 

the leaky TM0 mode producing far field radiation [6]. The angle of radiation for the 

leaky beam with respect to the normal to the structure is given by equation 4. 

Equation 6 describes the leakage constant of the antenna where the leakage constant 

α, includes the losses in the structure.   

 

 

Fig. 22: One-dimensional transmitting-mode LWA [44]. 

 

For the given design frequency 28.3THz, the peak occurs at -30degrees 

(backward leaking angle) [1] (see figure 23). The incident signal was varied in 
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frequency from 20THz to 40THz and different directivity patterns were obtained. 

The angles at which the peak of these beams occurred were consistent with the design 

in [7] producing a backward angular scan from 25THz to a broadside peak at 33THz 

and then a gradual shift to forward radiation till 40THz. In transmitting mode in 

ANSYS HFSS, the excitation used was a wave port [44]. As mentioned in section 

1.3, wave ports represent an external surface through which a signal enters or exits 

the geometry. They are commonly used when modeling strip lines and other 

waveguide structures. HFSS assumes that each wave port you define is connected to 

a semi-infinitely long waveguide that has the same cross-section and material 

properties as the port. A 2D directivity plot is generated in the YZ plane or ϕ = 

90degree plane as seen in figure 23.  

 

Fig. 23: Transmitting-mode LWA frequency scanning regime [44]. 
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Frequency scanning behavior was noted. The leaky-wave antenna radiated at 

28.3THz at -30o off-broadside, at 33THz broadside and the rest of the frequencies 

scanned through the far-field space as designed. The antenna was then extended to 

six patches, eight patches and so forth and the directivity was noted. The leaky-wave 

antenna appeared to follow array principle in that the radiated beam directivity 

increased as the number of patches increases. However, the improvement in 

directivity diminished in significance as the number of patches was increased beyond 

~10. This is because the effective operational area of the antenna is limited to a 

certain number of patches beyond which the power has completely leaked away from 

the traveling wave structure. The operational area is determined by the leakage 

constant as mentioned before and described 1-e-2αl > 0 relation where l is the length 

of the antenna and α is the total leakage constant of the antenna. The material 

properties used in the simulation were the frequency dependent electric permittivity, 

conductivity and dielectric loss tangent values of IR Nickel, IR Gold and IR Zinc 

Sulfide obtained from the infrared variable angle spectroscopic ellipsometry (IR-

VASE) setup at J.A. Woollam [45]. 

 

2.3 Leaky-Wave Antenna Coupled Bolometer 

 

The LWA designed in the previous section was then loaded with a nickel (Ni) 

bolometer which acts as an energy absorber [46]. Incident power on the structure 
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couples into the antenna producing currents that propagate along the antenna into the 

piece of nickel at the end of the structure. The power dissipated in the nickel 

bolometer is characterized by the term volume loss density explained in section 1.2.4. 

The unit of volume loss density is Watts/meter3 and when integrated over the volume 

of the bolometer, gives the power absorbed by the bolometer. Equivalently it may 

also be assumed by the dissipated real power given by 

𝑃𝐷 = 
1

2
∭ 𝜎𝑁𝑖|𝐸|2𝑑𝑣

𝑉𝑏

 (49) 

 

Where Vb is the volume of the bolometer, 𝜎𝑁𝑖 is the conductivity of nickel and 𝐸 

is the electric field intensity measured inside the nickel volume. The power is real, 

and the assumption is because other real components are negligible when compared 

to real dissipated power. The objective was to determine the power absorbed in the 

nickel load at various angles of incidence to determine peak power. For the given 

design frequency 28.3THz, the peak should occur at around -30degrees (backward 

angle) based on the properties outlined in section. The incident signal was then varied 

in frequency from 20THz to 40THz and different power-absorption plots were 

obtained. The angles at which the peaks of these plot occurred concurred with the 

design in [franklin and me 1D] producing a backward angular scan from 25THz to a 

broadside peak at 33THz and then a gradual shift to forward radiation till 40THz. 

This confirmed that the signal absorbed by the Nickel bolometer is indeed the leaky-

wave signal. To observe the angular scanning, an incident plane wave, swept across 
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available elevation angles, was assigned in the model and the entire structure was 

encased in a vacuum medium with incident wave boundary on the top face, radiation 

boundaries on the medium’s transverse faces while its longitudinal faces are bounded 

by Perfect Matched Layers (PMLs). As mentioned in section, both radiation 

boundaries and PMLs are artificial numerical boundaries in computational domain 

that eliminate or minimize spurious reflections at interfaces between materials of 

different nature during simulations of wave propagation. PMLs are however more 

appropriate in the current scenario because while radiation boundaries only absorb 

free radiation, PMLs can also absorb a continuous guided wave from lossy 

anisotropic material. Also, while radiation boundaries need to be defined λ/4 distance 

away from the radiating structure, PMLs can be defined right at the interface of the 

radiating structure and air. The incident plane wave was defined using its k 

(propagation wave vector) and E0 (Electric Field Vector) directions and it uniformly 

illuminates the structure. This is seen in figure 24(top). 

As seen in figure 25, a peak in power is recorded at -28degrees. The result is 

roughly consistent with [44]. Any deviations are caused by reflections due to 

impedance mismatch at the antenna-bolometer interface. Multiple reflections at the 

interface tend to result in constructive and destructive interferences which leads to 

an angular shift in peak power. 

In figure 27, the bolometer is positioned in a gap formed by the leaky-wave 

antenna and a microstrip transmission line that extends down the structure and is 
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terminated at a PML. Sweeping the location of the bolometer along this small length 

of gold reveals a constant attenuation along the line and as it progresses away from 

the antenna, the losses in the line gradually shifting the angle away from the initial 

peak angle. A further extension of L (µm) was added (on either side for geometrical 

symmetry while modelling the design) for a transmission line length of 20µm. The 

bolometer location is now swept along the length of the transmission line shown in 

figure 26.  

 

Fig. 24: (Top) Ni bolometer loaded LWA with (bottom) PML and radiation 

boundaries assigned [46]. 
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Fig. 25: Power versus incident angle for a bolometer loaded at one end of 

the LWA array [46]. 

 

 

Fig. 26: Variation of bolometer position along transmission line at 28.3THz 

[46]. 
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The impedance mismatch can be explained by computing the reflection coefficient 

(Γ) function of the input impedance to the Nickel load (Zin) seen in the circuit model 

in figure 27 given by 

 

𝛤 =  
𝑍𝐴 − 𝑍𝑖𝑛

𝑍𝐴 + 𝑍𝑖𝑛
 (50) 

 

 

Fig. 27: Circuit model for bolometer loaded leaky-wave antenna. 

 

where the input impedance in terms of line length L is given by: 

𝑍𝑖𝑛(𝐿) = 𝑍𝑜 (
𝑍𝐿 + 𝑗𝑍𝑜𝑡𝑎𝑛 𝛽𝐿

𝑍𝑜 + 𝑗𝑍𝐿𝑡𝑎𝑛 𝛽𝐿
) (51) 
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Here ZA is the antenna impedance or the Bloch impedance of the leaky-wave 

antenna. The angular scanning property is observed like [44] from 25THz to 40THz. 

Consistent with figure 23, backward incident waves are detected for frequencies 

25THz to 32THz, a broadside power peak is observed at 33THz and forward 

radiation is observed as we go higher in frequency as shown in figure 28. 

 

Fig. 28: Frequency scanning behavior for transmission line loaded LWA-

coupled Ni bolometer for a bolometer position of 7.21µm away from the 

antenna [46]. 

 

Figure 29 represents the temperature plot simulated in ANSYS Workbench’s 

Multiphysics feature by importing the model from HFSS into the Steady State 

Thermal Solver for incident illumination at 10.6µm. It shows the location of the 

thermal hotspot for different angles of illumination. For a -30degree incident wave, 

the currents that are produced in the structure as a result of the incident coupling into 
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the LWA, travel down the -Y axis while the incident wave incident at +30degrees 

travel down the +Y axis. This behavior shows the backward-traveling nature of the 

LWA design. A wave incident at 0degrees doesn’t activate the LWA behavior 

because of the broadside stop-band characteristics of the antenna. 

 

 

Fig. 29: Normalized temperature plot from ANSYS steady-state thermal 

solver. 

 

2.4 Two-Dimensional Leaky-Wave Antenna 

 

The next step was to achieve scanning along azimuthal angle ϕ [47]. The individual 

LWA arrays act as array elements in a one dimensional, series-fed antenna array 

constructed along the transmission line, with their element pattern derived from the 

leaky-wave beam whose angle is calculated using equation 4. The relative phase 

difference is modified by changing the distance between the LWAs, which changes 
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the phase delay βd between adjacent LWA elements and consequent shift in the beam 

angle. Variations of the spacing between the LWA elements stacked parallel to each 

other, and with a suitable switching mechanism, the lines can be selectively activated 

to produce the desired azimuth angle. Shown in figure 31(b) is the variation in angle 

with distance of separation d. 

 

Fig. 30: 2D infrared phased array leaky-wave antenna [47]. 
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Figure 31: [47](a) Normalized far-field pattern of a single LWA element in 

ϕ = 90 degree plane at different wavelengths and (b) normalized far-field 

pattern for varying distances of separation d. 

 

Figure 32 shows three-dimensional rectangular pattern variations. Each arm of the 

array effectively sets the ϕ angle, while changing frequency then scans along θ and ϕ.  

It can be seen that the antenna array has a 64degree (-46 to 18degrees) scanning range 

in elevation and roughly 360degrees scanning range in azimuth, thus providing for a 

conical swath of roughly 64degrees angular extent.  

(a) (b) 
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Fig. 32: [47]Normalized far-field pattern at (a) 27THz with d = 4.5µm (b) 

31THz with d=6µm (c) 39.5THz with d = 5.5µm and (d) three-dimensional 

swath of the phased array. 

 

By increasing the number of patches on each LWA element as well as increasing 

the number of LWA elements on each line the beam widths can be significantly 

reduced, producing highly directive far-field patterns with side lobes at least 10dB 

below the beam maximum. From the coverage of the two-dimensional array, it is seen 

that for a given separation between two adjacent LWA elements, changing frequency 

not only changed the θ angle but also shifted the ϕ angle. This arises due to the 

inherent change in the phase path as the frequency changes, essentially changing βd 

(a) (b) 

(c) (d) 
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between adjacent LWA elements, which shifts ϕ.  This manifests itself as a tilting of 

the radiation cone, effectively decreasing the value of θ in the 90degrees< ϕ < 

180degrees range while increasing θ everywhere else. This can be remedied by 

employing the use of directional couplers or phase tuners as correction mechanisms. 

 

2.5 Leaky-Wave Antenna Using Graphene 

 

The ability to easily, actively tune the angles of transmission or reception is another 

feature that is common when designing such antenna arrays. Graphene offers the 

ability to tune such behavior by varying its surface conductivity by controlling a DC 

bias voltage achieved via electrical gating (section 1.1.5). In this section, a leaky-wave 

antenna based on periodically placed graphene strips was designed. The design 

leverages graphene’s tunability to vary the leakage angle for different values of 

biasing and at different frequencies. The topological field variations on the graphene-

strip metasurface were also explored. 
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Fig. 33: LWA antenna using graphene strips on a grounded SiO2 substrate 

[48]. 

 

Fundamentally, the graphene leaky-wave antenna presented here belongs to the 

class of periodic leaky-wave antennas wherein, the leaky-wave regime depends on 

the periodicity of a sinusoidally modulated reactance surface. Work has previously 

been done to design such a spatial modulation by depositing graphene over a grating-

based ground plane [49], by sinusoidally modulating the width of a graphene sheet 

[50] and even by transferring a graphene sheet onto a back-metallized substrate with 

several polysilicon DC gating pads [51]. The DC bias voltage is related to the 

chemical potential μC of graphene and this can be computed for given values of gate 

thickness, relaxation time, temperature and frequency [51]. In this paper however, 

this was achieved by periodically depositing monolayer-graphene strips on a silicon 

dioxide (SiO2) substrate of permittivity ~3, as shown in figure 33 where the 
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metasurface geometrical parameters p and w refer to the periodicity of the 

metasurface and width of the strips respectively. The pitch of the metasurface or the 

gap between the strips is given by g = p − w. In order to tap into the typically used -

1th spatial harmonic used for radiation in periodic leaky-wave antennas, we use the 

following equation: 

𝜃 =  
𝛽−1

𝑘0
=

𝛽𝑆𝑃𝑃

𝑘0
−

𝜆0

𝑝
 (52) 

 

where β-1 is the propagation constant of the -1th spatial harmonic, k0 is the free-space 

wavenumber, βSPP is the graphene surface plasmon polariton (SPP) propagation 

constant, p is the periodicity of a graphene-strip unit cell on grounded SiO2 and θ is 

the leakage angle. At 10.6µm wavelength, the leakage was chosen to be ~-30 degrees 

off broadside. In [51], it was shown that, the range of viable periodicities can be 

computed for desired leakage angles at a given frequency and given chemical 

potential value µC. Here, the conductivity of graphene as a function of its chemical 

potential was computed from the Kubo formulation given as: 

𝜎 =  −𝑗 
𝑞2𝑘𝐵𝑇

𝜋ℏ2(𝜔 − 𝑗𝜏−1)
𝑙𝑛 {2 [1 + 𝑐𝑜𝑠ℎ

𝜇𝑐

𝑘𝐵𝑇
]}. (53) 

 

We chose p = 100nm as a viable periodicity for the graphene metasurface with a 

strip width of w = 99nm in order to facilitate leakage. The substrate thickness was 

tuned to 400nm in order to optimize the radiated power and desired leakage angles. 
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Given the angle of leakage, frequency and periodicity, βSPP was found using equation 

52. It can be seen in figure 34(a) that, at 28.3THz or 10.6μm, the leakage angles for 

the graphene metasurface scans through angles pretty quickly for a small range of 

chemical potential values. It was found that, at μC = 0.4779eV, the antenna leaks at -

32degrees at 10.6μm. The frequency scanning behavior of the graphene leaky-wave 

metasurface for μC = 0.4779eV is seen in figure 34(b). 

 

Fig. 34: (a) Variation of leakage angle at 28.3THz versus chemical potential 

𝜇𝐶 and (b) normalized radiation plot of frequency scanning behavior for 𝜇𝐶 

= 0.4779eV where nominal leakage angle is -32 degrees at 28.3THz. 

 

The periodic monolayer-graphene strips represent an ultrathin anisotropic 

metasurface. The effective conductivity of the graphene metasurface is given by the 

conductivity tensor: 

σ̿eff = (
σxx 0
0 σyy

). (54) 
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From effective medium theory, the effective conductivity tensor for the graphene 

strips can be given as [52]: 

𝜎𝑦𝑦 = 𝜎
𝑤

𝑝
; 𝜎𝑥𝑥 =

𝑝𝜎𝜎𝑀

𝑤𝜎𝑀 + 𝑔𝜎
 , 

(55) 

 

where 𝜎𝑀 = −𝑗(𝜔𝜀0𝑝 𝜋⁄ ) 𝑙𝑛[𝑐𝑠𝑐(𝜋𝑔 𝑤𝑝⁄ )] is a conductivity term arising out of the 

mutual near-field coupling between the strips and 𝑔 is the separation between any 

two graphene strips. It has been seen that for varying dimensions of the strips, the 

topology of the SPP fields on the metasurface varies [49, 50, 51, 52]. When 

𝐼𝑚[𝜎𝑥𝑥] > 0 and 𝐼𝑚[𝜎𝑦𝑦] > 0, we get elliptic anisotropic topologies with elliptic 

isotropic arising when 𝜎𝑥𝑥 = 𝜎𝑦𝑦 . When either 𝐼𝑚[𝜎𝑥𝑥] > 0;  𝐼𝑚[𝜎𝑦𝑦] < 0  or 

𝐼𝑚[𝜎𝑥𝑥] < 0;  𝐼𝑚[𝜎𝑦𝑦] > 0 , the topology is termed hyperbolic-inductive in one 

direction and capacitive in the other direction. There is a shift from elliptic to 

hyperbolic which can be seen in black phosphorus or phosphorene at terahertz 

frequencies [53]. 

Figure 35 shows the variation of 𝜎𝑥𝑥 and 𝜎𝑦𝑦 versus strip width w for the fixed 

periodicity 𝑝 = 100nm at 28.3THz for 𝜇𝐶 = 0.4779eV. Figure 36 shows 𝐼𝑚[𝜎𝑥𝑥] for 

different frequencies at 𝜇𝐶 = 0.4779eV. The surface conductivity of graphene in the 

long-wave infrared spectrum is for the most part 𝜎-near zero, hence facilitating 

canalization in extreme anisotropy cases. It can be seen that, at 28.3THz, for widths 

less than ~64.7nm the metasurface is hyperbolic with 𝐼𝑚[𝜎𝑥𝑥] < 0,  after which the 
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topology transitions to elliptic anisotropic. For very large values of 𝐼𝑚[𝜎𝑥𝑥] ≫

𝐼𝑚[𝜎𝑦𝑦] , the graphene metasurface exhibits extremely anisotropic, hyperbolic 

topology-a phenomenon known as canalization, observed in [50]. In this mode, the 

field is strongly confined in more or less one direction and is also very highly 

confined in the out-of-plane (z) direction.  

The transitional point from hyperbolic to canalization and then to elliptic 

anisotropic varies for different frequencies at 0.4779eV. From figure 36, it can be 

seen that, for a given strip width 64.5nm, at 25THz we have a hyperbolic scenario, 

at 28.3THz-canalization, and at 30THz we see elliptic anisotropic (black dashed line). 

The corresponding field topologies at these frequencies at 0.4779eV are seen in 

figure 37. 

Figure 38 shows the frequency scanning behavior of the graphene leaky-wave 

metasurface for fixed periodicity p = 100nm and strip width w = 99nm as per the 

geometrical parameters shown in figure (first figure in this section). This region is 

entirely elliptic anisotropic for our desired range of frequencies as seen from figure 

35. Figure 39 shows the normalized radiation pattern for strip width w = 64.5nm. 

Here we see a significant decrease in radiated power for 25THz in the hyperbolic 

regime and the canalization case at 28.3THz. This can be attributed to the fact that 

the field is strongly confined to the surface in the hyperbolic regime and even more 

so during canalization. This is especially desirable in applications such as 2D lensing 

in flatland optics. 
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Fig. 35: Variation of 𝜎𝑥𝑥 and 𝜎𝑦𝑦 versus strip width w for the fixed 

periodicity 𝑝 = 100nm at 28.3THz [48]. 

 

 

Fig. 36: Variation of 𝐼𝑚[𝜎𝑥𝑥] versus strip width w for different frequencies 

[48]. 
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Fig. 37: Field topology of the graphene metasurface at  𝜇𝐶 = 0.4779eV. (a) 

Hyperbolic at 25THz, (b) canalization at 28.3THz and (c) elliptically 

anisotropic at 30THz [48]. 

 

 

Fig. 38: Normalized radiation pattern at 𝜇𝐶 = 0.4779eV with periodicity p = 

100nm for w = 99nm with elliptic anisotropic topologies [48].  
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Fig. 39: Normalized radiation pattern at 𝜇𝐶 = 0.4779eV with periodicity p = 

100nm for w = 64.5nm with hyperbolic topology at 25THz and canalization 

at 28.3THz [48]. 
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Chapter 3  

Hybrid Waveguides Using Phonon Polaritons 

 

3.1 Introduction 

 

In the previous chapter, a leaky-wave antenna, a subset of a traveling wave 

antenna, was designed, loaded with a detector and made to radiate in a 3D swath with 

the added functionality of dynamic tunability shown to be possible. If it is made of 

metal, it is subject to the metallic losses in the infrared which are significant. These 

losses cause the leakage constant of the antenna to be large, thus causing reduced 

propagation distances along the antenna. This limits the far-field performance of the 

antenna by reducing its directivity, or, reciprocally its signal collection potential. The 

most popular solution to solving this problem has been the employment of dielectric 

antennas in the mid-infrared because dielectric traveling antennas offer lower losses 

than metals. Moreover, the propagation length of the traveling wave mode can be 

improved by coupling the dielectric guided mode with that of phonon polaritons 

(PhPs) that are a low-loss surrogate for metallic behavior.  

 

 

 



70 

 

3.2 Hybrid Waveguide Using A Dielectric Waveguide and 

SPhPs 

 

A prime candidate for materials exhibiting optical phonon polaritons is silicon 

carbide (SiC). 4H-SiC used in this work, is a low-loss polar dielectric with a 

reststrahlen band in the mid- to long-wave IR [22]. Similar to SPhP’s cousin 

phenomenon, SPPs, the dispersion relation for the TM surface mode can be found as 

follows [2]: 

𝑘𝑆𝑃ℎ𝑃 = 𝑘0√
𝜀1𝜀2

𝜀1 + 𝜀2
 (56) 

Where εn is in general the complex permittivity of phonon material and a 

dielectric and k0 is the free-space angular wavenumber. From [28], the effective 

index neff and propagation distance Lm for SPhPs are given by: 

𝑛𝑒𝑓𝑓 = 𝑅𝑒(√
𝜀1𝜀2

𝜀1 + 𝜀2
) (57) 

 

𝐿𝑚 = [2𝐼𝑚(𝑘𝑆𝑃ℎ𝑃(𝑑, ℎ))]−1 (58) 

 

This work shows a practical SPhP enhanced waveguide via hybridization of the 

tightly bound TM surface polariton mode and a ridge-waveguide mode. The SPhP 

hybrid waveguide is shown in figure 40. It consists of an amorphous silicon (A-Si) 
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square cross-section trace separated from an anisotropic 4H-SiC substrate [22, 54] 

via a barium fluoride (BaF2) [55] layer of thickness d. 4H-SiC is a uniaxial crystal 

with the orientation of the permittivity tensor shown in figure 40. 

 

Fig. 40: A practical SPhP enhanced hybrid waveguide using 4H-SiC [56]. 

 

The behavior of the proposed structure was investigated using the HFSS driven-

modal solver as well as the HFSS eigenmode solver at a wavelength of 12.5µm.  

 

Table 1: Numerical calculations from [57] for perpendicular and parallel 

polarization. 

 SiC⊥ SiC∥ 

Material neff Lm neff Lm 

Air 1.02 523.1 1.03 727.0 

n1/2 1.06 460.5 1.07 683.3 
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BaF2 1.11 409.2 1.12 565.7 

n1/3 1.91 79.8 1.97 102.8 

A-Si 3.20 16.9 3.56 17.6 

 

Table 1 contains the propagation distance and effective index determined using 

equations (above for neff and Lm), where  

𝑛1
2⁄
= √

𝜀𝐴𝑖𝑟 + 𝜀𝐵𝑎𝐹2

2
 (59) 

𝑛1
3⁄
= √

𝜀𝐴𝑖𝑟 + 𝜀𝐵𝑎𝐹2
+ 𝜀𝑆𝑖

2
 (60) 

 

ε∥ = εSiC  and ε2 is the permittivity of the corresponding material in the first column of 

table. Modal area is the ratio of total electromagnetic energy per length along the 

direction of propagation to the max peak energy density: 

𝐴𝑚 =
∬𝑊(𝑟)𝑑𝑥𝑑𝑦

𝑚𝑎𝑥{𝑊(𝑟)}
 (61) 

 

Where the electromagnetic energy for non-ferromagnetic dispersive and anisotropic 

media is given by the following: 
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𝑊(𝑟) =
1

2
[
𝑑(𝜀⊥(𝜔)𝜔)

𝑑𝜔
|𝐸𝑥|

2 +
𝑑(𝜀∥(𝜔)𝜔)

𝑑𝜔
|𝐸𝑦|

2

+
𝑑(𝜀⊥(𝜔)𝜔)

𝑑𝜔
|𝐸𝑧|

2 + 𝜇0|𝐻(𝑟)|2] 
(62) 

 

In figure 41(c), the modal area of [54] is normalized by the diffraction-limited area 

in free space, i.e., A0 = λ0
2/4. The ridge waveguide, depicted in the inset of figure 

41(a) is used to compare against the SPhP hybrid waveguide, and the ridge 

waveguide results are shown as a black solid line in figure 41(a) and 41(c) and the 

wire mode distribution is seen in figure 41(d). The benchmark calculation for 

effective index and propagation length from table are also depicted in figure 41(a) 

and 41(b), respectively. Using coupled-mode theory (CMT) [57, 58] analysis, the 

hybrid mode can be thought of as a result of two uncoupled modes: the TM polariton 

surface mode and ridge waveguide mode. The two uncoupled modes can be seen in 

the energy distributions in figure 41(d)-(g). Therefore, in the limit that h of the A-Si 

trace becomes small, only the SPhP mode exists. Figure 41 is consistent with the 

calculated theoretical values tabulated in table for limited cases of the SPhP mode 

both in the effective index and the propagation length. Conversely, in the limit as h 

increases and becomes more ridge-waveguide, the hybrid modal area converges onto 

the ridge-waveguide results, and the hybrid mode devolves into the uncoupled ridge-

waveguide mode. The trade-off between propagation length and modal confinement,  
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Fig. 41: The effective index nhybrid (a), propagation length (b) and 

normalized mode area (c), shown for different BaF2 thicknesses d versus A-

Si tracer height/width h, the ridge waveguide structure shown in the inset of 

(a). Electromagnetic energy density distributions shown for ridge-

waveguide mode at h=2.8µm (d), and hybrid waveguide modes at [d, h] = 

[4µm, 2.3µm] (e), [d, h] = [1µm, 2.3µm] (f), and [d, h] = [1µm, 2.8µm] (g) 

[56].  

where modal confinement increases with decreasing modal area, is also evident like 

in the hybrid SPP case [57]. 

Modal Area 
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3.3 Hybrid Waveguide Using A Dielectric Waveguide and 

HPhPs 

 

In the search for other materials that support PhP modes, it has been found that 

crystalline dielectrics and semiconductor materials are prime candidates, specifically 

SiC (seen in the previous section), SiO2 and III-V and III-nitride semiconductors [22, 

23, 28, 59, 60, 61, 62, 63]. While all of these candidates exhibit low-loss 

characteristics, it has been shown that hexagonal boron nitride (h-BN), is a very 

attractive material due to its dispersion characteristics, low optical losses and all the 

more because of the ability to deposit one atom thick unit cells of h-BN, essentially 

producing two dimensional surfaces that support PhPs [38, 64, 65]. As mentioned in 

section, boron nitride is a naturally hyperbolic dielectric material that exhibits two 

infrared resonances which span the transverse (ωTO) and longitudinal (ωLO) phonon 

frequencies of the out-of-plane mode (ωTO = 760 cm−1, ωLO = 825 cm−1) and the in-

plane mode (ωTO = 1370 cm−1, ωLO = 1614 cm−1) [66]. Considerable work has been 

done to classify these resonances into a distinct lower frequency (Type I) and upper 

frequency (Type II) reststrahlen band. Hexagonal BN (h-BN) possesses a strong 

phonon resonance resulting from a negative permittivity in the upper reststrahlen, or 

in-plane, band. The excitation and control of these phonons has been studied in [27, 

38, 39, 64, 65, 66, 67]. Due to the large spectral separation between the out-of-plane 

and in-plane phonon resonances they are decoupled and do not interfere with one 

another. In order to enhance absorption/transmission and field confinement of h-BN 
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polaritons in the areas of sensing and detection, graphene-based h-BN surface 

plasmon phonon polaritons have been used [68, 69]. The high-field confinement of 

the tunable graphene plasmons in mid-IR allows for strong coupling with the h-BN 

monolayers. However, h-BN structures have not been integrated into hybrid designs 

for mid-IR waveguide applications. In this chapter a hybrid phononic waveguide, 

coupling h-BN’s hyperbolic PhPs (HPhPs) with a dielectric waveguide, is shown, 

significantly improving the propagation distance with enhanced modal confinement. 

For the purpose of a hybrid waveguide, we operate around the in-plane resonance 

owing to the strong surface phonon response on h-BN slab. At wavenumber 

1400cm−1, in the in-plane reststrahlen band, the absolute magnitude of the negative 

h-BN permittivity is far greater than that of the air. Hence little evanescent field 

resides in the h-BN region and most of the wave energy flows through the air, 

significantly reducing, but not entirely eliminating volumetric losses inside the layer. 

The hybrid HPhPs propagate over large distances (up to 100λo) with modal 

confinement reaching ~10−3λ0
2. This approach yields significant improvements to 

both guided phononics and photonics and has applications in phonon-based IR lasers, 

bio-sensing and interferometry.  
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Fig. 42: The hybrid mid-IR waveguide which includes a dielectric cylinder 

of diameter d placed at a gap height h above an h-BN slab on a dielectric 

substrate [70].   

 

Figure 42 depicts the proposed hybrid phononic waveguide structure. A high-

refractive-index dielectric cylinder waveguide with diameter d is placed above the h-

BN slab with nanoscale air gap distance h. The cylinder waveguide is silicon (Si) 

with refractive index n = 3.42, and the h-BN slab with an in-plane permittivity ε∥ = -

28.12+2.91i and out-of-plane permittivity ε⊥ = 2.73+0.0004i at mid-IR wavenumber 

1400cm-1. The simulated HPhP mode is along the interface between air and a 1µm 

thick h-BN slab on a dielectric substrate. The interface of h-BN/air supports surface 

waves in the form of HPhPs as designated by the strong field concentration above 

the slab. Note that here we only consider the fundamental volumetric-slab mode, 

since higher order modes will only exist in ultrathin h-BN [38]. 

z

x

y

d

h

h-BN

Si
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In the following study, we vary the cylinder diameter, d, and the air gap, h, to 

control the propagation distance, Lm, and modal area, Am, while maintaining a 

transverse magnetic field distribution. The strong mode-coupling in the air gap 

between the dielectric waveguide cylinder mode and the HPhP mode results in an 

extremely confined hybrid phononic mode. The entire structure lies on a lossless 

dielectric substrate of permittivity εd = 2.25. It should be noted that HPhP modes can 

be supported by this h-BN/substrate boundary however in this work we are 

considering modes in which this additional HPhP mode is suppressed such that the 

air/b-BN HPhP and the cylinder mode dominate the hybrid coupling. Finite-element 

method (ANSYS HFSS) is used to calculate the eigenmode of the coupled waveguide 

system, with dispersive material properties of h-BN provided by the Naval Research 

Laboratory. The material properties of silicon were measured by J.A. Woollam’s IR-

VASE [45]. Note that, the loss of Si is negligible compared to h-BN loss at the 

wavenumbers of interest and has therefore been neglected in the numerical 

simulations. 

Figures 43(a) and 43(b) show the modal area Am and the propagation length Lm 

of the hybrid phononic mode as a function of the waveguide diameter d and the air 

gap h. Similar to equations 57 and 58, the propagation length Lm and the modal area 

Am are calculated from equation, 

𝐿𝑚 = [2𝐼𝑚(𝑘ℎ𝑦𝑏(𝑑, ℎ))]−1 (63) 
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𝐴𝑚 =
𝑊𝑚

𝑚𝑎𝑥{𝑊(𝑟 )}
 (64) 

 

where 𝑘ℎ𝑦𝑏(𝑑, ℎ)  is the wavevector of the hybrid mode and 𝑊𝑚  is the 

electromagnetic energy integrated over the modal distribution area. As introduced in 

the previous section, 𝑊(𝑟 ) is the local energy density at the position 𝑟  given by, 

 

𝑊(𝑟 ) =
1

2
𝑅𝑒 {

𝑑(𝜔𝜀(𝑟 ))

𝑑𝜔
} |𝐸(𝑟 )|2 +

1

2
𝜇0|𝐻(𝑟 )|2 (65) 

 

Here E( 𝑟 ) and H( 𝑟 ) are the electric and magnetic fields, 𝜀(𝑟 )  is the electric 

permittivity and 𝜇0 is the magnetic permeability. Mode confinement can be gauged 

by the normalized modal area defined as 𝐴𝑚 𝐴𝑜⁄  where 𝐴𝑜 = 𝜆𝑜
2/4 and 𝜆𝑜  is the 

free-space wavelength. 

Figure 44 shows the electromagnetic energy density distributions of the hybrid 

phononic mode for different waveguide diameter d and air gap h. For large d and h 

(for example, [d,h] = [2.5, 1] μm), the hybrid phononic waveguide supports a low-

loss cylinder-like mode with optical energy confined in the dielectric cylinder. 

Conversely, a small diameter d results in a HPhP-like mode with very weak 

localization on the h-BN/air interface, suffering loss comparable to that of uncoupled 

HPhPs. 
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Fig. 43: (a) Modal area as a function of cylinder diameter d for different gap 

height h. (b) Hybrid propagation distance as a function of cylinder diameter 

d for different gap height h [70]. 

 

At other cylinder diameters (for example, [d, h] = [1.4, 0.25]μm and [1.4, 0.1] 

μm), mode coupling results in a hybrid mode that has both cylinder and HPhP 

features i.e., its electromagnetic energy is distributed in the cylinder waveguide, the 

h-BN/air interface and inside h-BN slab. For h at the nanometer scale, for example 

[d, h] = [1.4, 0.01]μm, the cylinder mode is strongly coupled to the HPhP mode, most 

of the optical energy being concentrated inside the air gap with ultrasmall modal 

area. The air gap between the cylinder dielectric waveguide and the h-BN slab 

provides a region of low-index material that can be used to strongly confine and 

propagate light. This arises from the need to satisfy the continuity of the normal 

component of electric flux density, D, giving rise to a large amplitude of normal 

component of electric field in the low-index region of a high-index-contrast interface 

(a) (b)
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[71]. Also, the uncoupled HPhP and dielectric geometries amplify this effect by 

having dominant normal electric field components to the material interfaces.  

In order to explain the coupling between HPhP and dielectric cylinder modes, the 

dependence of the hybrid mode’s effective index, 𝑛ℎ𝑦𝑏(𝑑, ℎ) on d and h is analyzed. 

Figure 45 depicts the effective index of the hybrid mode on d for different gap height 

h. As expected, the waveguide mode index approaches that of the dielectric cylinder 

mode and HPhP mode at the extremities of the plot. Meanwhile, the hybrid mode’s 

effective index is always larger than dielectric cylinder mode and HPhP mode, 

indicating that the HPhP mode is coupled with the dielectric cylinder waveguide, 

which induces a much higher effective index. The mode’s effective index can be 

increased by reducing the gap distance for a fixed d, or enhancing the diameter of the 

cylinder nanowire, d, for a fixed gap distance, h. This can be explained by the 

observation that the coupling efficiency is increased between the cylinder and h-BN 

surface when the d increases, or h decreases. 

In order to explain the coupling efficiency with coupled mode theory, we describe 

the hybrid eigenmode as the superposition of the cylinder waveguide mode (without 

h-BN slab) and the HPhP mode (without cylinder) [57]. 

𝜓ℎ𝑦𝑏(𝑑, ℎ) = 𝑎(𝑑, ℎ)𝜓𝑐𝑦𝑙(𝑑) + 𝑏(𝑑, ℎ)𝜓𝐻𝑃ℎ𝑃 (66) 

 

Here 𝑎(𝑑, ℎ) and 𝑏(𝑑, ℎ) are the mode amplitudes of the cylinder mode 𝜓𝑐𝑦𝑙 and 

the HPhP mode 𝜓𝐻𝑃ℎ𝑃 , respectively, and with 𝑏 = (1 − |𝑎|2)1/2. 
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Fig. 44: Electromagnetic energy density distribution for (a) [d, h] = [2.5, 1] 

μm, (b) [d, h] = [1.4, 0.25]μm, (c) [d, h] = [1.4, 0.1]μm and (d) [d, h] = [1.4, 

0.01]μm [70]. 

 

The coupled waveguide system can be described as [57], 

𝑛𝑐𝑦𝑙(𝑑)𝑎(𝑑, ℎ) + 𝜅(𝑑, ℎ)𝑏(𝑑, ℎ) = 𝑛ℎ𝑦𝑏(𝑑, ℎ)𝑎(𝑑, ℎ) 
(67) 

𝜅(𝑑, ℎ)𝑎(𝑑, ℎ) + 𝑛𝐻𝑃ℎ𝑃𝑏(𝑑, ℎ) = 𝑛ℎ𝑦𝑏(𝑑, ℎ)𝑏(𝑑, ℎ) 
(68) 
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Fig. 45: Effective index of the hybrid waveguide for different gap height h 

versus cylinder diameter d. The dashed line indicates the index of the HPhP 

mode 𝑛𝐻𝑃ℎ𝑃 [70]. 

 

where 𝑛𝑐𝑦𝑙(𝑑) and 𝑛𝐻𝑃ℎ𝑃  are the effective index of the cylinder mode and HPhP 

mode, respectively, and  𝑛ℎ𝑦𝑏(𝑑, ℎ) is the effective index of the waveguide mode. 

According to the coupled-mode theory for the hybrid waveguide, the coupling 

strength 𝜅(𝑑, ℎ) between these two modes can be described as 

 

𝜅(𝑑, ℎ) = √(𝑛ℎ𝑦𝑏(𝑑, ℎ) − 𝑛𝐻𝑃ℎ𝑃)(𝑛ℎ𝑦𝑏(𝑑, ℎ) − 𝑛𝑐𝑦𝑙(𝑑)) 
(69) 

 

Figure 46 plots the dependence of coupling strength 𝜅 on d and h for the hybrid 

mode. The coupling strength is maximum when the index of the cylinder mode 



84 

 

equals that of the HPhP mode, which can be seen analytically from equation 69. At 

a critical diameter dc for each gap height h, the coupling strength hits its maximum 

value when the cylinder mode and HPhP mode propagate in phase and the effective 

optical capacitance of the hybrid system is maximum. We can see from figure 46 that 

the coupling strength increases with decreasing gap distance h, which can be 

correlated with the fact that the modes couple more effectively as the gap size is 

reduced.  

 

Fig. 46: The dependence of coupling strength κ on cylinder diameter d and 

gap height h [70]. 

 

As seen in the dispersion diagram of h-BN from figure 13 (in chapter 1), the 

HPhP mode holds a relatively high effective index and confines the fields tightly, 
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which suggests that as the dispersion curve deviates from the light line, the 

evanescent part of the HPhP mode begins to get more confined on the surface of h-

BN slab. This effect can also factor into the hybrid waveguide, where stronger field 

confinement is achieved at larger wavenumbers. This is illustrated in figure 47, 

where normalized electromagnetic field density is plotted for a fixed gap and cylinder 

diameter, for three different wavelengths. We clearly see that for the largest 

wavenumber 1483cm-1, the largest amount of energy is highly confined within the 

gap between the cylinder and the h-BN slab, while for the shortest wavenumber 

1400cm-1, the least amount of energy lies in the gap.    

Moreover, when the coupling strength is maximum at the three different 

wavenumbers, strong field penetration can be observed inside the h-BN slab, 

highlighting the HP rays, which is a sub-diffractional phenomenon observed in h-

BN. These HP rays follow angular propagation along the y-direction, seen in Fig. 

48(a) (the yellow and green dashed lines are used to trace the HPs in the h-BN slab 

for the θ1 case), where the angle depends on the ratio of the extraordinary axis (z-

axis) and ordinary (x-y plane) components of the anisotropic dielectric function of 

h-BN, as given by [39], 

𝜃 = 2 arctan (
√𝜀𝑧(𝜔)

𝑖√𝜀𝑥𝑦(𝜔)
) (70) 
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Fig. 47: [70]Normalized energy density along z axis at wavenumber (a) 

1400cm-1, (b) 1426cm-1, and (c) 1483cm-1. (d) Normalized energy density at 

z = -d/2 for different wavenumbers. 

 

Figure 48 shows the dependence of HP-ray propagation angle versus 

wavenumber, where the solid blue line is computed from equation 70. The data 

markers represent the propagation angles at different wavenumbers from the 

simulation results (θ1 at 1400cm-1, θ2 at 1426cm-1 and θ3 at 1483cm-1), which are in 

good agreement with the corresponding computed propagation angles from equation 

70. 
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Fig. 48: (a) Critical angle θ of the hyperbolic polaritons propagating inside 

the h-BN slab at 1400 cm-1 for [d, h] = [1.4, 0.1]μm and (b) frequency-

dependent directional angles of the hyperbolic polaritons, where θ1 is at 

1400cm-1, θ2 at 1426cm-1 and θ3 at 1483cm-1 [70]. 

 

3.4 Hybrid Slot Waveguide Using HSPhPs 

 

As mentioned before, the h-BN crystal is a van der Waals (vdW) material that is 

naturally hyperbolic. Implementation of h-BN within the hybrid-waveguide paradigm 

typically involves arranging h-BN (H) and dielectric insulator (I) components in 

various combinations including but not limited to HII, IHI and HIH configurations 

[70, 72, 73, 74]. The HIH configuration represents a slot waveguide where the field 

is confined within the low-index core which is surrounded by high-index cladding, or 

in this case, high-index hyperbolic waveguides. Conventional dielectric single-slot 

and multi-slot waveguides are considered superior to traditional high-index wire/slab 

or rib-strip dielectric waveguides that use total internal reflection as the propagating 

mechanism [75, 76]. Dielectric slot waveguides are amongst the most attractive 
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solutions in applications such as high-speed optical switches and high-sensitivity 

biochemical sensors due to high confinement and field enhancement in the low-index 

slot. HIH slot waveguides, moreover, are amongst the best candidates for boosting 

this confinement and are analytically and numerically well studied.  

Previous studies, however, primarily used h-BN slabs as the waveguides and 

considered only the hyperbolic volumetric PhP (HPhP) mode of the hyperbolic 

waveguides, as seen in the previous section, while the more uncommon hyperbolic 

surface PhPs (HSPhPs) haven’t seen use. Although not commonly studied, the 

HSPhPs which are also called D’yakonov polaritons [73, 77], aren’t elusive and were 

reported as the dominant resonances associated with finite h-BN waveguides [78]. 

These are essentially waves that are supported on the interfaces between the 

hyperbolic anisotropic faces of h-BN waveguides and the surrounding isotropic 

medium (air). Hillenbrand et al. showed the existence of the fundamental symmetric 

(SM0-S) and antisymmetric (SM0-A) modes resulting due to the hybridization of the 

SM0 HSPhP modes on two opposing faces of an h-BN waveguide. In this work, the 

goal is to define the field characteristics of these modes and explain their interactions 

in an HIH slot-waveguide scenario.  

Due to the uniaxial anisotropy of h-BN, owing to its layered structure, the diagonal 

permittivity tensor in the type II reststrahlen band of h-BN is given by 𝜀̿ =

𝑑𝑖𝑎𝑔(𝜀𝑥𝑥,  𝜀𝑦𝑦, 𝜀𝑧𝑧)  where, in our frame of reference, 𝜀𝑥𝑥 = 𝜀𝑧𝑧 = 𝜀⊥ is the 

permittivity perpendicular to the optical axis and 𝜀𝑦𝑦 = 𝜀∥ is the permittivity parallel 
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to the optical axis. At the surfaces exhibiting in-plane anisotropy, hyperbolic vdW 

materials such as h-BN support HSPhPs known as D’yakonov surface waves. The 

existence of HSPhPs in h-BN has been experimentally shown in [78]. Both, the 

volume-confined hyperbolic polaritons (HPs), and hyperbolic surface polaritons 

(HSPs) exhibit highly confined fields in vdW materials, where HSPs are confined to 

the interface between the anisotropic surface and the surrounding isotropic dielectric 

medium [78, 79]. The propagation of HPs in vdW materials depends on the 

permittivity of the material itself. In contrast to HPs, the propagation of HSPs is not 

only dependent on the permittivity of the material, but also on the surrounding 

material [8]. HSPs propagating in hyperbolic material must satisfy the following 

dispersion relation shown in equation 

𝑘⊥
2 − 𝑘𝑒

2

𝜀∥
+

𝑘∥
2

𝜀⊥
= 𝑘0

2, (71) 

 

where 𝑘⊥ is the wavevector perpendicular to the optical axis (OA) and 𝑘∥ is the 

wavevector parallel to the OA and 𝑘0  is free-space wavevector. 𝜀⊥  and 𝜀∥  are 

described by a Lorentzian [38]. The extraordinary ray propagation-wavevector 𝑘𝑒 

refers to the HSP wavevector. 

In [78] it was shown that a finite width waveguide/antenna of h-BN under 

illumination with a near-field probe, when observed in the near-field, produced peaks 

that corresponded to the Fabry-Perot resonances associated with the HSPhP modes 

of the structure, specifically the fundamental surface mode SM0. The fundamental 
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volumetric waveguide mode M0-W isn’t easily observable, especially at the lower 

end of the reststrahlen band at 1400cm-1 which is attributed to strong damping of the 

M0-W modes which propagates less than one polariton wavelength. As the 

wavenumber increases, the propagation length of the M0-W mode relative to the 

SM0 mode increases. The SM0 mode describes the fundamental surface mode of a 

finite-width slab of h-BN. These HSPhPs, or D’yakonov polaritons, exhibit stronger 

field confinement compared to the volumetric modes of the same mode order [78]. 

The HSPhPs, due to the finite thickness and width of the h-BN slab, propagate along 

the Z-direction on the YZ surfaces of the h-BN waveguide in the SM0 mode at 

1400cm-1 with electric field along the Y-axis on the YZ interfaces. The vertical Ey 

field is relevant when designing a TM10 patch antenna seen in the next section. The 

y-component of electric field on the XY cross-section of a semi-infinite h-BN 

waveguide is shown in the inset of figure 49(a). Here, a ‘semi-infinite’ slab refers to 

an h-BN waveguide of sufficiently large width such that the index of the waveguide 

remains constant as the width keeps increasing. In figure 49(a), the width of the 

‘semi-infinite’ h-BN slab is 20µm. The dispersion of the SM0 mode of a semi-infinite 

h-BN slab with 0.6µm thickness is shown in figure 49(a).  
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Fig. 49: (a) Dispersion curve of the SM0 mode of a semi-infinite h-BN slab 

with 0.6µm thickness. Inset shows the XY cross-sectional Re(Ey) of the 

waveguide which features the interaction between the two SM0 modes 

propagating along the Z direction on the YZ surfaces of h-BN waveguide at 

1400cm-1. (b) Dispersion curve of the h-BN waveguide with 0.6 µm 

thickness varied with the width of the waveguide from 0.1µm to 20µm at 

1400cm-1. 

 

Due to electromagnetic coupling of the two SM0 surface modes on the opposing 

YZ edges of the finite-width slab, hybridized symmetric (SM0-S) and antisymmetric 

(SM0-A) modes  manifest, with the top and bottom corners of the YZ faces showing 

field enhancement as seen in figure 49(a) (inset). Interestingly, the zig-zag rays 

present on the XY cross-section are due to the hyperbolic polaritonic rays launched 

from the field-enhanced YZ corners that undergo total internal reflection at the top 

and bottom of the waveguide [27, 78], with the angle 𝜃 given by equation. 
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𝜃 =  𝑎𝑟𝑐𝑡𝑎𝑛 (√
−𝜀⊥(𝜔)

𝜀∥(𝜔)
) (72) 

 

The semi-infinite h-BN waveguide is the limiting case in terms of waveguide 

index versus width, i.e. as the width of an h-BN waveguide increases, the index 

decreases and eventually converges to the index of the semi-infinite waveguide seen 

in figure 49(b). Figures 50(a) and 50(b) illustrate the normalized spatial distribution 

of the real part of the y-component of electric field, Re(Ey), for the SM0-S and SM0-

A on the XY cross-section of an h-BN waveguide, respectively. The width and 

thickness of the h-BN waveguide shown in figure 50 are W=1.6µm and H=0.6µm 

respectively and the operating wavenumber is 1400cm-1. Note that the finite element 

mesh inside the h-BN waveguide was made extremely fine in order to clearly show 

the hyperbolic polaritonic rays on the XY cross-section. 

 

 

Fig. 50: Normalized spatial distribution of the Y-component of electric 

field, Re(Ey) for the fundamental (a) SM0-S and (b) SM0-A modes [80]. 

 



93 

 

In a conventional dielectric slot waveguide, the enhancement of electric field 

occurs in the low index slot region of the surrounding high index waveguides, as a 

result of the discontinuity of the normal displacement-field at the high-low index 

contrast interfaces, as can be shown using Maxwell’s equations [75, 76]. Previous 

work has been done in designing slot waveguides using hyperbolic metamaterials 

and h-BN where the volumetric mode is manipulated to form the hybrid slot-

waveguide mode in the low-index dielectric core of the waveguide [73, 74]. As a 

result, the hyperbolic slot waveguide can support large wavevectors and therefore 

ultrahigh effective refractive index. Here we use the SM0-S mode of the h-BN 

waveguide due to its ability to confine relatively larger amounts of energy within the 

slot and due to the fact that the M0-W mode isn’t easily accessible [78]. The results 

are computed using ANSYS HFSS finite-element method software. In order to 

determine the dispersion characteristics and field distribution of the slot-waveguide 

modes, the eigenmode solver of HFSS was used where a unit cell of the waveguide 

was simulated with periodic master and slave boundaries placed on either end of the 

waveguide. The slot waveguide considered in this work consists of two identical h-

BN waveguides placed on either side of a low-index dielectric spacer SiO2 with 

𝜀𝑆𝑖𝑂2
= 1.15 + j0.0113 [80]. This configuration is commonly referred to as a HIH 

waveguide.  
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Fig. 51: Re(Ey) distribution of a slot waveguide with large separation 

between the h-BN waveguides (black rectangles) with (a) SM0-S lower, (b) 

SM0-S upper, (c) SM0-A lower and (d) SM0-A upper modes. 

 

In order to investigate the mode coupling behavior between the fundamental 

surface modes of the two h-BN waveguides that constitute the hybrid HIH slot-

waveguide mode, we first observe the constituent modes in a nearly-isolated scenario 

where they are barely coupled together. Figure 51 shows Re(Ey) of a slot waveguide 

with a large separation between the constituent h-BN waveguides. In this case, a 

large enough separation was selected to display the four possible combinations of the 

barely-coupled fundamental surface modes. The separation filled with SiO2 shown 

in figure 51 with dashed rectangles.  Akin to the previously mentioned symmetric 

and antisymmetric hybridization of the SM0 modes along the XY and XZ edges of 

the h-BN waveguide, the SM0-S and SM0-A modes of the two h-BN waveguides 

also interact with each other undergoing symmetric and antisymmetric hybridization. 

This phenomenon is analogous to that described in [81] where the coupling between 
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two plasmonic nanodimers was shown. They showed that for coupling between two 

on-axis particles, configurations corresponding to symmetric electric fields or 

bonding modes (positive phase parity) and those corresponding to antisymmetric 

electric fields or anti-bonding modes (negative phase parity) exist. They also 

highlighted an interesting feature where, as the separation between the two particles 

grows larger, the nth order mode energies (in eV) or in other words the nth order mode 

frequency of the bonding and anti-bonding modes are not split as far apart compared 

with smaller separations between the particles. This behavior is also seen in the HIH 

slot waveguide considered in this paper. In other words, for very small separation, 

the indexes of the modes seen in figure 52 are much further apart than in the same 

four modes seen in figure 51. In various works dealing with the coupling of two 

resonances, the resulting symmetric and antisymmetric modes have previously been 

called bright and dark, bonding and anti-bonding, and even and odd, respectively. 

Here we choose to refer to the hybrid symmetric and antisymmetric slot-waveguide 

modes as upper and lower modes, respectively, because they correspond to upper 

and lower mode frequencies (smaller and larger indexes), respectively. Figures 52(a) 

and 52(b) show interactions leading to the lower mode and upper mode involving the 

SM0-S mode, respectively, while figures 52(c) and 52(d) show the lower mode and 

upper mode involving the SM0-A mode, respectively.  
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Fig. 52: Re(Ey) of (a) SM0-S lower, (b) SM0-S upper, (c) SM0-A lower, (d) 

SM0-A upper at 1400cm-1 for H=0.6µm and W=1.6μm. Insets show the H-

field vector (red arrows) and E-field vector (blue arrows) of each hybrid 

mode. 

 

Decreasing the separation to 50nm increases the coupling between the h-BN 

fundamental surface modes giving rise to the four modes known as SM0-S lower, 

SM0-S upper, SM0-A lower and SM0-A upper as shown in figures 52(a), 52(b), 

52(c) and 52(d), respectively. As was previously seen in [78], for an h-BN waveguide 

of a given size, the SM0-S mode has a higher index than the SM0-A mode. In figure 

52, for a slot thickness T=50nm, H=0.6µm and W=1.6µm, the indexes of the hybrid 

slot-waveguide modes follow the trend SM0-S lower=1.69 > SM0-S upper=1.08 > 

SM0-A lower=0.81 > SM0-A upper=0.43. The propagation lengths of each mode are 

SM0-S lower=14.8µm, SM0-S upper=75.1µm, SM0-A lower=659µm and SM0-A 

upper=4022µm, respectively. The attenuation constants of each mode are SM0-S 
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lower=33629Np/m, SM0-S upper=6652Np/m, SM0-A lower=757Np/m and SM0-A 

upper=124Np/m. The insets of figure 52 show the magnetic field vectors (red arrows) 

and electric field vectors (blue arrows) of each hybrid mode. As observed from the 

inset of figure 52(a), majority of the electric field vectors of the SM0-S lower mode 

reside within the SiO2 slot, aligned parallel to the Y-axis with relatively small fringe 

electric fields external to the slot. The magnetic field vectors only exist in the XY-

plane and within the slot they are aligned parallel to the X-axis. The characteristics 

of both the electric and magnetic field vectors of the SM0-S lower mode in the slot 

resemble a transverse magnetic mode. This mode is the ideal candidate in order to 

couple into a patch-cavity mode which will be presented in the next section. In 

contrast to the electric field distribution of the SM0-S lower mode, the SM0-A lower 

mode has electric field of opposite phase on either end of the slot waveguide as seen 

in figure 52(c). This impedes a patch antenna’s ability to radiate as it produces 

destructively interfering fields on the radiating edges (edges parallel to XY plane) of 

the patch and is an unsuitable candidate mode for the slot-waveguide fed patch 

antenna seen in the next section. Meanwhile, it is clear that the SM0-S upper and 

SM0-A upper hybrid slot-waveguide modes are also unsuitable due to the phase 

cancellation of the electric field within the slot, despite the high propagation lengths 

and low attenuation losses of these modes.  

As shown in figure 53(a), the electric field of the hybrid SM0-S lower mode is 

highly confined in the slot with modal areas on the order of 10−2𝜆0
2. Figure 53(a)  
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shows the normalized energy density of the hybrid SM0-S lower mode (red plot) 

compared with the hybrid volumetric slot-waveguide mode (black plot) along y, x =

0 (dashed line in inset) for T=50nm and H=0.6µm.The shaded orange and blue areas 

represent the SiO2 and h-BN regions, respectively. When comparing the energy 

density of the hybrid SM0-S lower mode present in the SiO2 slot versus that in the 

h-BN volume, the electromagnetic energy density stored in the h-BN volume is 

almost 80% less than that stored in the SiO2 layer. For hybrid SM0-S lower mode, 

the fields existing in the h-BN volume are due to the penetration from the field 

enhancement on the interface between h-BN and the medium containing the source 

which is different from traditional plasmonic slot waveguides [82]. In our case, the 

field penetration into the h-BN volume (blue area) is due to the enhancement 

produced in the slot.  

Compared with the hybrid SM0-S upper, SM0-A upper and SM0-A lower slot-

waveguide modes, the hybrid SM0-S lower mode shows the largest field 

confinement where the confined mode in the slot is a transverse magnetic mode with 

electric field aligned vertically (Y direction) and magnetic field aligned horizontally 

(X direction) shown in figure 53(b). As seen in previous works [73, 74], the HIH slot 

waveguide with hybrid volumetric modes has field-vector alignment similar to the 

slot shown in figure 53(c), in contrast to that of the hybrid SM0-S lower mode. 

However, the field confinement in the slot for the case of the hybrid SM0-S lower 

mode (red curve) is up to 70% larger than in the case of the hybrid volumetric mode 
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(black curve) for a given set of slot-waveguide geometry, as seen in figure 53(a), 

owing to a larger distribution of the mode energy into the h-BN volume in the latter 

case as well as due to the fact that HSPhPs in h-BN show larger field-confinement 

than that of the h-BN HPhPs [78].  

 

 

Fig. 53: (a) Normalized energy density along x=0 [dashed line in inset] for 

T=50nm and H=0.6µm shows the confinement and enhancement in the SiO2 

layer. The shaded orange and blue areas represent the SiO2 and h-BN 

regions, respectively. (b) Re(Ey) of the hybrid SM0-S lower mode and (c) 

Re(Ey) of the hybrid volumetric mode with magnetic field vector (red 

arrows) and electric field vector (blue arrows). 

 

In order to determine the appropriate h-BN slot waveguide dimensions, figure 

54(a) provides the dispersion of a semi-infinite h-BN slot waveguide when H=0.6µm 

with the hybrid SM0-S lower mode from 1380cm-1 to 1520cm-1. The inset shows 

normalized Re(Ey) distribution of the SM0-S lower mode for the semi-infinite h-BN 
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slot waveguide at 1400cm-1. Figure 54(b) shows the real effective index, neff, when 

the thickness of SiO2 layer is set as T=50nm. The thickness of h-BN, H is then varied 

from 0.6µm to 1.6µm as shown by the different colored lines, versus the width of the 

slot waveguide, W1 varied from 1µm to 5µm. For a single h-BN waveguide of a given 

thickness, as the width is increased, the index of the volumetric M0-W mode, 

increases and converges to the index of an infinite-width h-BN slab mode M0 of the 

same thickness. Similarly, as the width of the h-BN slot waveguide increases, the 

index of the SM0-S lower slot-waveguide mode, neff converges to that of a semi-

infinite slot waveguide of h-BN capable of supporting the SM0-S lower mode, nsemi-

inf. Equation 73 describes the resulting relationship between nsemi-inf  and neff. Function 

𝑓(𝐻,𝑊1) is the geometric fitting equation calculated from the data points in figure 

54(b) by using the curve fitting tool in MATLAB. In function 𝑓(𝐻,𝑊1), parameters 

𝑊1  and H are in µm. As observed from the curve when H=0.6µm, the index 

converges to the value of semi-infinite slot waveguide as the width increases. 

𝑛𝑒𝑓𝑓 = 𝑛𝑠𝑒𝑚𝑖−𝑖𝑛𝑓 × 𝑓(𝐻,𝑊1) (73) 

 

𝑓(𝐻,𝑊1) =
10.54 − 1.408𝑊1 + 12.36𝐻 + 22.82𝑊1𝐻

4.801 − 0.8356𝑊1 + 23.91𝐻 + 21.76𝑊1𝐻
 (74) 
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Fig. 54: (a) Real index nsemi-inf of the hybrid SM0-S lower mode of a semi-

infinite h-BN slot waveguide when H=0.6µm from 1380cm-1 to 1520cm-1. 

Inset shows the normalized Re(Ey) distribution of the SM0-S lower mode 

for a semi-infinite h-BN slot waveguide at 1400cm-1. (b) Analytically fitted 

and simulated real effective index neff of the SM0-S lower slot-waveguide 

mode versus the width, W1 for different values of h-BN waveguide 

thickness H (colored lines) and with SiO2 thickness T=50nm at 1400cm-1. 

 

 

3.5 Hybrid Slot-Waveguide Fed HSPhP Patch Antenna 

 

After understanding the key features of the various dominant hybrid modes in the 

HIH slot waveguide presented in the previous section, the most suitable hybrid mode 

is selected in order to design a novel slot-waveguide based mid-infrared patch 

antenna that radiates using the traditional TM10 patch mode.  

In this work, the driven modal solution-type in ANSYS HFSS was used, wherein 

a waveport was used to feed the slot waveguide and radiation boundaries were placed 
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at around a quarter of the free-space wavelength away from the entire structure. The 

goal is to produce broadside or near-broadside radiation from a planar HSPhP 

antenna in the mid-infrared spectrum. Here we choose to couple the hybrid h-BN slot 

waveguide into an HIH-type h-BN patch antenna i.e. both the slot waveguide and the 

patch antenna consist of a thin SiO2 layer (orange) sandwiched between two h-BN 

waveguides (blue) with optical axis (OA, indicated by a red arrow) as shown in figure 

55.  In a conventional rectangular patch antenna on a grounded substrate, the antenna 

assumes a cavity model in which the substrate “cavity” is bounded by electric walls 

at the top and bottom and four magnetic walls along the edges of the patch [83]. This 

cavity model isn’t unlike the “cavity” formed by the SiO2 slot bounded at the top and 

bottom by the h-BN waveguides. A traditional microstrip patch antenna with an in-

plane feed radiates due to the fringing fields at the discontinuities formed by the patch 

in the feeding direction (edges parallel to the X axis) due to the resonant wave formed 

along the longitudinal axis of the patch (Z axis). These discontinuities give rise to 

“radiating slots” that are formed between the top and bottom walls of the cavity and 

the mode is a TM10 mode [84]. In the cavity model, the waveguide/transmission-line 

feed must thus provide a transverse magnetic mode in order to transform into the 

radiating TM10 mode. Similarly, our HIH h-BN patch antenna supports the radiating 

TM10 mode as shown in figure 57(a) and the feeding h-BN slot waveguide also 

supports a transverse magnetic field distribution provided by the hybrid SM0-S lower 

mode as shown in figure 52(a).  
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Fig. 55: Configuration of hybrid h-BN slot waveguide fed h-BN patch 

antenna. The SiO2 layer is shown in orange, while the h-BN layers are 

shown in blue with optical axis (OA) indicated by the red arrow. W1 and W2 

are the widths of the h-BN slot waveguide and h-BN patch antenna, 

respectively, L is the length of h-BN patch antenna and H and T are the 

thicknesses of the h-BN layer and the SiO2 layer, respectively. 

 

The thicknesses of both the slot waveguide and the HSPhP patch antenna are 

H=0.6µm. The widths of the slot waveguide and patch antenna are W1=1µm and 

W2=1.9µm, respectively, while the length of the patch antenna is L=2.12µm. The 

thickness of SiO2 slot is set to T=50nm. Figure 56 compares the normalized real part 

of the electric field in the Y direction, Re(Ey), and in the Z direction, Re(Ez), at the 

center of the SiO2 layer i.e. along x = 0, y = 0, z, as a function of z, i.e. from the feed 

towards the patch antenna along the feeding slot waveguide. The magnitude of 

Re[Ez(z)] is close to zero along the propagation direction (Z axis). When plotting 

along one wavelength of the SM0-S lower mode, i.e. 𝜆𝑒𝑓𝑓 = 4.24μm, it can be seen 

that the magnitude of Re[Ez(z)] is much smaller than that of Re[Ey(z)] as shown in 

figure 56. Therefore, the mode propagating down the slot in the slot waveguide can 
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be approximated as a TEM mode [85]. The TEM mode in the SiO2 layer validates 

the use of a transmission line model for designing and analyzing the h-BN slot 

waveguide and h-BN patch antenna. 

 

Fig. 56: Re[Ey(z)] and Re[Ez(z)] at the center of the SiO2 layer along the Z-

axis for the hybrid SM0-S lower slot waveguide with W1=1µm and 

H=0.6µm at 1400cm-1. 

 

The mode propagating in the slot is determined to be a TEM mode, with the 

characteristic impedance of the waveguide in TEM mode calculated analytically. If 

Z0 is the characteristic impedance of air, and neff = 1.67 is the effective index of the 

slot waveguide for H=0.6µm, W1=1µm and T=50nm, (from equations 73 and 74), 

then the input impedance of the slot waveguide is calculated to be 𝑍𝑊𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒  = 

225.7Ω using the equation [86]: 
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𝑍𝑊𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 =
𝑍0

𝑛𝑒𝑓𝑓
 

(75) 

 

Applying transmission line theory at the resonant frequency 42THz (1400cm-1), 

the input impedance of the patch antenna when fed from an in-plane transmission-

line type feed, operating in the dominant TM10 mode is calculated in equations [87]:    

𝑍𝐴𝑛𝑡𝑒𝑛𝑛𝑎 =
1

2𝐺𝑟𝑎𝑑
 (76) 

𝐺𝑟𝑎𝑑 =
𝑊2

120𝜆0
[1 −

1

24
(
2𝜋𝑇

𝜆0
)
2

], (77) 

 

where W2 is the width of the h-BN patch antenna, T is the thickness of SiO2 layer 

and Grad represents the conductance of the radiating slots formed by a conventional 

patch antenna operating in the TM10 mode [87]. By selecting W2=1.9µm and 

T=50nm, the matched input impedance of the patch antenna is calculated to be 

225.5Ω. The required half-wave resonant length, L=2.12µm with 𝑛𝑒𝑓𝑓=1.67 is found 

from the effective wavelength in figure 54(b). Figure 57 shows normalized Re(Ey) 

distribution in the slot of the hybrid SM0-S lower waveguide fed h-BN patch 

antenna. It can be seen that the electric field Ey(z) along the two transverse edges of 

the patch are of opposite phase. The electric field vectors shown in the inset of figure 

57 describe the typical cavity fields of a radiating patch with fringing fields that give 

rise to TM10 radiation.  
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Fig. 57: Normalized Re(Ey) in the slot of the hybrid SM0-S lower slot-

waveguide fed h-BN patch antenna. Inset shows the electric field vectors in 

the SiO2 layer in the YZ plane [80].  

 

Figure 58(a) shows the normalized far-field radiation pattern field of the h-BN 

slot-waveguide fed h-BN patch antenna for T=50nm, H=0.6µm, W1=1µm, 

W2=1.9µm and L=2.12µm at 1400cm-1. In contrast to the conventional microstrip 

patch antenna, there is no ground plane underneath the proposed h-BN patch antenna 

which results in a radiation pattern that appears in both +Y and –Y directions. The 

peaks of the upward and downward major lobes in the radiation pattern are shifted 

slightly off the Y axis due to the antisymmetric structure and fringing fields in Z 

direction. The absence of the ground plane results in a bidirectional (+Y and -Y) 

radiation pattern that enables multilayer radiation transfer and emission. 
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Fig. 58: (a) Radiation field of the h-BN slot waveguide fed h-BN patch 

antenna and (b) the ratio of the reflected wave power due to the impedance 

mismatch to the guided wave power in the slot waveguide, S11. 

 

Figure 58(b) illustrates the return loss, S11 as a function of frequency for the h-BN 

slot waveguide fed h-BN patch antenna for T=50nm, H=0.6µm, W1=1µm, W2=1.9µm 

and L=2.12µm. S11 appears to be lowest at 1400cm-1 which indicates good 

impedance matching between the h-BN slot waveguide and the h-BN patch antenna 

at the resonant wavenumber 1400cm-1. The radiation efficiency of the antenna is 

61.2%. This validates that the proposed analytical impedance model is suitable for 

designing a hybrid SM0-S lower h-BN slot-waveguide fed h-BN patch antenna 

radiating in the TM10 mode.  
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