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Abstract 

Title: Optical Nanoantenna Coupled Detector and Hybrid Surface Waveguide 

Author: Shenjie Miao  

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

 

In recent years, plasmonic resonant antennas have seen widespread consideration 

in many detection and chemistry applications due to their potential for enhancing and 

confining the emission and polarization of electromagnetic fields. Examples include 

optical couplers to ultra-compact photodetectors, high-resolution optical microscopy, 

enablers of single molecule Raman signal detection and heating elements that 

facilitate nanostructure growth. A wideband teardrop shape antenna coupled detector 

will illustrate in this dissertation. 

An asymmetric cross-bowtie antenna is investigated for providing a broad circular 

polarized frequency response in the long wave infrared (LWIR). The asymmetric 

cross-bowtie antenna is constructed with two perpendicular bowtie antennas with 

differing arm lengths. The asymmetric cross-bowtie antenna is numerically analyzed 

using a finite element method (FEM) solver; Ansys High Frequency Structural 

Simulator (HFSS). The two perpendicular bowtie antennas, under illumination, 

provide a wide-band localized circularly-polarized field within a shared antenna 

feed-gap. At the center frequency of 28.3THz (10.6μm), a circularly-polarized state 
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over 30% bandwidth is achieved. The antenna is then loaded with a metal-oxide-

metal diode in order to design a circularly polarized antenna-coupled detector.  

A new analytical method of tuning the resonant frequency of optical microstrip 

patch antennas is presented. For this method, the changing of resonant frequency of 

microstrip patch antenna due to coupling additional reactance can be clearly 

determined. This method verifies that the TM10 resonant frequency increases by 

adding a ridge with variable width and height under the patch antenna. A range of 

resonant frequencies tuning from 20.75 to 32.4THz, by varying ridge width from 0 

to 0.5µm and ridge height from 0.1 to 0.6µm are demonstrated. 

Low-loss planar transmission lines are required for integrated optical or 

plasmonic nanocircuits. Full characterization of these lines is necessary for designing 

nanocircuits. This dissertation will show a method to calculate the attenuation and 

propagation constants of a patch-antenna-coupled microstrip transmission line (MTL) 

at 28.3THz that is suitable for measurement implementation via near-field 

microscopy techniques. After illumination with a Gaussian beam, a standing wave is 

formed by the electric near field along the MTL observed at the metal-air interface. 

By fitting an analytical standing wave expression to the near-field standing wave, the 

attenuation and propagation constants are determined. With the MTL characterized, 

a similar technique can be applied to determine the input impedance of an unknown 

load fed by the MTL. The quantification of antenna impedance and transmission line 
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parameters provide requisite information for improving impedance matching and 

collection efficiency.  

Polaritonic slot waveguides have been explored as a means of manipulating 

nanoscale fields to compete in the race for the sub-diffractional confinement of light. 

Hexagonal boron nitride (h-BN), when incorporated into hyperbolic-insulator-

hyperbolic (HIH) configurations, is a strong contender, with its naturally occurring 

anisotropy allowing it to strongly confine and enhance local fields. However, while 

the volumetric phonon polaritons of h-BN have been widely used for these means, 

its hyperbolic surface phonon polaritons (HSPhPs) or D’yakonov polaritons contain 

untapped potential and are widely unused. In this dissertation, we qualitatively 

discuss the hybridization of fundamental hyperbolic surface phonon polariton modes 

in an HIH slot waveguide. The resulting symmetric dark, or lower mode, is then used 

to design a patch antenna, which shows possibilities for applying the familiar 

microstrip transmission-line approach of antenna design to this HSPhP antenna. 
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Chapter 1  

Contents Structure 

 

The dissertation has seven chapters. Chapter 1 will briefly abstract the design 

process, analytical method and achieving method. Chapter 2 will show the process 

of designing a wideband teardrop shape antenna and a coupled bolometer in infrared. 

In transmitting (emission) or receiving (absorption) mode, the designed antenna 

shows wideband frequency response. A Ni-loaded bolometer coupled with the 

antenna maintains wideband frequency response with different illumination angle. 

Chapter 3 shows a wideband circular polarization response at near field achieved 

with a cross-bowtie antenna. A metal-oxide-metal (MOM) diode-coupled cross 

bowtie shows a trade-off between direct coupling and proximity coupling. Chapter 4 

shows a resonant frequency tuning method of a rectangular nano microstrip patch 

antenna. A gold ridge placed beneath the center of patch increases the effective 

resonant frequency. The analytical prediction is confirmed by simulation result. 

Chapter 5 introduces the result of impedance calculation with a nano microstrip patch 

antenna coupled with microstrip transmission line. S-SNOM measurement setup 

could be applied to determining the analytical result. HFSS is implemented for 

computational analysis using the finite element method. Chapter 6 shows a novel 

hybrid h-BN slot-waveguide fed mid-infrared (HIH-type) HSPhP patch antenna. The 

hybrid h-BN slot waveguide and the patch antenna consist of an SiO2 layer 

sandwiched between two h-BN waveguides. Also, it proposes an analytical approach 
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to selecting the geometry of the h-BN slot-waveguide fed HSPhP patch antenna by 

providing an analytical impedance matching approach between the h-BN slot 

waveguide and the patch antenna. In chapter 7, the published papers will be listed. 
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Chapter 2  

Wideband Teardrop Shape Infrared Bolometer 

 

2.1 Introduction 

 

The demand for wireless wideband communications is rapidly increasing due to 

the need to support more users and to provide more information with higher data 

rates [1]. For military applications and wireless communications with high channel 

capacity and compact geometry, these devices need a low-profile, linear polarization, 

and unidirectional patterns and are required to be in a compact size. Most of the 

existing wideband antennas are electrically large. Dr. Seong-Youp Suh from Virginia 

Polytechnic Institute and State University had performed research on a Wideband 

Low-profile Dipole Planar Inverted Cone Antenna (LPdiPICA) [2]. The LPdiPICA 

provides good features of a low-profile geometric, unidirectional pattern and has a 

wideband in the RF range. This work depends on the LPdiPICA in the RF range and 

makes the LPdiPICA work in the Long Wave Infrared (LWIR) domain. By changing 

the material and geometry of the substrate, ground plane and patch, the antenna will 

become an infrared detector with wideband property. 
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2.2 The Antenna Structure 

 

Figure 2.1 shows the top view of wideband teardrop antenna. The yellow part is 

the patch of the antenna. The material of the patch is gold. The length of the patch is 

a critical parameter because the length determines the resonant frequency of narrow 

band antenna. The resonant frequency is still very important because the resonant 

frequency determines the working spectral region. The patch length is slightly 

smaller than half effective wavelength. Fringing field makes the patch effectively 

longer than its physical length, so the resonant length is less than a half-wavelength 

[1]. A larger patch width increases the power radiated and thus gives decreased 

resonant resistance, increased bandwidth and increased radiation efficiency [3]. The 

effective wavelength is 

 

r

eff



 =  

(2.1) 

 

where eff is effective wavelength 

            is wavelength in free space 

           r is relative permittivity of substrate dielectric 

So patchL  is slightly smaller than eff


4

1
, in Figures 2.1 and 2.2, the green part is 

the silicon substrate. The blue part is a foam support for the antenna. Foam is used 
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because it has electrical properties similar to air. Substrate thickness affects the 

antenna bandwidth. Foam is very cheap and easy to fabricate. Beneath the foam is 

conducting gold ground plane. The physical area of ground plane is ten times larger 

than the physical area of substrate. For simulation, the ground plane is set up as an 

infinite ground plane. The infinite ground plane guarantees that there is no diffraction. 

 

 

Figure 2.1: Structure of teardrop antenna. 
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Figure 2.2: Side view of teardrop antenna. 

 

The dimensions of the antenna are shown in Table 2.1. In this case, the foam 

length, width is equal to the substrate length, width. The ground plane is infinite. 

 

 

Figure 2.3: Top view of the gap. 

 



7 

 

Figure 2.3 shows the length of gap at the center of the antenna. In this case gapL

is very small. Changing the length of gap slightly changes the effective length. 

Therefore, the gap is still important for wide bandwidth property. 

 

2.3 Properties of The Teardrop Antenna 

 

The simulated antenna 11
S  parameter (referenced to 50   source in transmitting 

mode) is shown in Figure 2.4. For convenience, the simulated excitation is a lumped 

port between the two separated patches. The antenna works in the long wave infrared 

(LWIR) spectrum (8 ≤ λ ≤ 12μm, 25 ≤ f ≤ 37.5THz). From Figure 2.4, 
11

S  parameter 

is less than -10dB in long wave infrared. Most of the input energy is radiated out of 

the antenna.  
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Table 2.1: The dimensions of wideband teardrop antenna from Figures 2.1, 

2.2 and 2.3. 

Description Symbol Size 

Length of patch Lpatch 3.64μm 

Length of substrate Lsub 10.4μm 

Length of gap Lgap 0.013μm 

Width of patch Wpatch 5.89μm 

Width of substrate Wsub 7.8μm 

Height of patch Hpatch 0.065μm 

Height of substrate Hsub 0.13μm 

Height of foam Hfoam 1.04μm 

 

Figure 2.5 shows the real part and imaginary part of the antenna impedance. From 

25THz to 37.5THz, the real part of impedance varies around 50   which coincides 

with the reference impedance (50  ). The imaginary part of impedance varies 

around zero ohm. 
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Figure 2.4: S11 parameter of teardrop antenna. 

 

 

Figure 2.5: Impedance of antenna. 
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2.4 Radiation Pattern 

 

The simulated far-field radiation patterns at three frequencies are shown in Figure 

2.6.  As the frequency increase, the side-lobe level increases. But the magnitudes of 

the cross-polarized field in the E-plane and H-plane are small as compared with the 

co-polarized field. The current distribution of the antenna changes with frequencies. 

Subsequently, the far-field radiation pattern also varies with the different current 

distributions (excitation modes) at different frequencies. A dip in the magnitude of 

the radiated field occurs at co-polarized E and H plane at the higher end of the 

frequency band due to the cancellation in phase of the far-field electric field at 

broadside. For example, a two-wave-length long dipole antenna has zero magnitude 

at broadside in far field. 

 

Figure 2.6(a): Radiation patterns of the teardrop antenna at 26.9THz. 
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Figure 2.6(b): Radiation patterns of the teardrop antenna at 30.9THz. 

 

 

Figure 2.6(c): Radiation patterns of the teardrop antenna at 37THz. 
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2.5 Teardrop Antenna-Coupled Detector 

 

Infrared detectors can be classified as photon detectors and thermal detectors. 

Photon detectors absorb radiation by interactions of photons with electrons, either 

bound to lattice atoms or impurities or with materials with free electrons. The 

observed electrical output signal results from the changed electronic energy 

distribution. Photon detectors exhibit good signal-to-noise performance and a very 

fast response. To achieve this, they require cryogenic cooling to prevent the thermal 

generation of charge. The cooling mechanism which is bulky, heavy and expensive 

is the main obstacle to the more widespread use of IR systems based on 

semiconductor photodetectors [4].  

For thermal detectors, the incident radiation is absorbed to change the temperature 

of the material and the resultant change in some physical property is used to generate 

an electrical output or signal. Thermal effects are generally wavelength independent, 

where the signal depends upon the power of the incoming radiation. Thermal 

detectors are typically operated at room temperature, they are usually characterized 

by modest sensitivity and slow response, but they are cheaper and easier to use [4]. 

The type of thermal detector dealt with in this work is a bolometer. A bolometer 

is a resistive element constructed from a material with a very small thermal capacity 

and large temperature coefficient of resistance (TCR) so that the absorbed radiation 

produces a large change in resistance. The device is operated by passing a bias 



13 

 

current through the detector and monitoring the output voltage. When the size of 

bolometer is reduced a small amount of energy will be needed to increase its 

temperature which will result in more sensitive bolometer. However, a collection 

area larger than the bolometer physical area is required in order to receive sufficient 

measured signal. 

A way to increase the collection area of a small bolometer is to couple it to an 

antenna at the desired wavelength. Antenna-coupled infrared detectors achieve a 

faster response by separating the radiation collection and detection functions. They 

consist of an antenna and an electrical sensor (bolometer, metal-oxide-metal diode, 

etc.). In general, the antenna size is comparable to the wavelength of the radiation 

being detected, while the sensor is just a fraction of the wavelength to allow for a fast 

response [5]. 

Bolometric detectors used in infrared imaging systems have slow time constants 

(~10 ms) which makes them impractical for fast-frame-rate applications. Antenna-

coupled microbolometers are fast uncooled detectors with good sensitivity, 

directivity and can be polarization and wavelength selective [6]. 

A wideband planar antenna-coupled bolometer is presented in this work, mainly 

because of advantages in increased directivity, decreased cross-polarization field and 

wideband wavelength selection. 
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2.6 Bolometer Structure 

 

Figure 2.7: Structure of Ni bolometer. 

 

 

Figure 2.8(a): Modified antenna in incident mode for top view. 
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Figure 2.8(b): Modified antenna in incident mode for side view. 

 

Table 2.2: Dimension of the modified antenna in incident mode: 

Figures 2.7 and 2.8 

Description Symbol Size 

Length of Ni 
NiL  0.1μm 

Width of Ni 
NiW  0.011μm 

Height of Ni 
NiH  

0.055μm 

 

The conductor power loss and the dielectric power loss are given by [7]. 

𝑃𝑐 = 2
𝑅𝑠

2
∫|�⃗⃗� |

2
 

(2.2) 

= dvEP zd

2

2


 

(2.3) 
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Table 2.2 compares dielectric power loss calculated by equation 2.3 and the 

dissipated power in Ni bolometer calculated by equation 2.2. Dissipated power in the 

bolometer is calculated by integral the volume loss density of the bolometer in HFSS, 

respectively. It is apparent that dielectric power loss is smaller than the dissipated 

power. So, dielectric power loss can be neglected. 

 

Table 2.3: Dissipate power and dielectric power loss in Ni bolometer 

 

 

 

 

 

 

 

 

 

 

λ (µm) 12.0021 10.1268 8.52784 

)Hz(f  2.49E+13 2.96E+13 2.52E+13 

  1.57E+14 1.86E+14 2.21E+14 

tan(δ) -0.223 -0.264 -0.312 

휀𝑟 -2100.8376 -1495.53115 -1062.7536 

E 2.24E-23 3.01E-22 2.09E-22 

d
P  1.84E-29 3.32E-27 1.60E-27 

Dissipated 

power 
2.23E-16 3.88E-16 3.48E-16 
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2.7 Spectral Response of Bolometer 

In HFSS, a Gaussian Beam wave is used to illuminate the antenna-coupled 

bolometer. Figures 2.9 to 2.12 show the absorbed power in the Ni bolometer for 

different lengths of the bolometer at varied incident angles. These contour plots, 

plotted over frequencies, represent the spectral response for different lengths of the 

bolometer. The spectral response plots are normalized by the maximum absorbed 

power over all angles and frequencies for each lengths of the bolometer. But the 

absorbed power contour plots are normalized by the maximum value of absorbed 

power for each length of Ni bolometer. 

 

 

Figure 2.9: Absorbed power verse incident angle and frequency when 

LNi=0.5μm. 
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Three phenomena can be found in Figures 2.9 to 2.12. Firstly, when the length of 

Ni bolometer changes, the incident angle of maximum absorbed power is not 0 

degree anymore, even for a fixed Ni bolometer structure. Figures 2.10 to 2.12 show 

the incident angle of maximum absorbed power is +/- 90 degree. Far-field coupling 

into the antenna at +/- 90 degree is very small according to the antenna far field 

radiation pattern, even when the absorbed power reaches maximum at +/- 90 deg. 

Therefore, when designing a maximum-absorption power detector, this behavior 

needs to be considered.  

 

 

Figure 2.10: Absorbed power verse incident angle and frequency when LNi 

=1.5μm. 
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Figure 2.11: Absorbed power verse incident angle and frequency when LNi 

=2.5μm. 

 

Figure 2.12: Absorbed power verse incident angle and frequency when LNi 

=3.5μm. 
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Secondly, when the length of the Ni bolometer changes, the frequency of the 

maximum absorbed power shifts as seen in Figure 2.13. The incident angle of the 

maximum absorbed power for LNi =0.5μm is 35deg. For LNi =1.5μm, the angle is 

37deg. Thirdly, when the length of the Ni bolometer increases, the slope of the power 

gently decreases. For LNi =0.5μm, the minimum power decreases to 37%. For LNi 

=1.5μm, the minimum power decreases to 55%. For LNi =3.5μm, the minimum power 

decreases to 69%. 

 

Figure 2.13: Normalized absorbed power in Ni bolometer vs LNi. 
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Figure 2.14: Normalized power in the Ni bolometer and the substrate when 

LNi =0.5μm and incident angle=0deg. 

 

Figure 2.14 shows the normalized dissipated power in the Ni bolometer and the 

substrate when the length of Ni bolometer is 0.5μm and the incident angle is 0 

degrees. The curve of PNi and Psubstrate is almost orthogonally offset. There is a big 

notch of PNi at 32 THz. This is because, at this frequency, most of the power is 

absorbed by substrate. Psubstrate is proportional to extinction coefficient, k. Intensity is 

proportional to the square of the electric field, the absorption coefficient becomes

0

4



k , where k is extinction coefficient and
0

  is wavelength in vacuum [8]. Figure 

2.15 shows the normalized extinction, k, of BCB in LWIR. 
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Figure 2.15: Normalized extinction coefficient of BCB. 

 

2.8 Summary 

 

This work shows the performance of a modified antenna in receiving mode. 

Putting a Ni bolometer between two patches is a convenient way to collect the 

absorbed power. The dissipated power in the bolometer can be considered as the 

absorbed power by the antenna coupled bolometer. The spectral response plots 

compare the detection capability with different lengths of the Ni bolometer. The 

target for spectral response is to find the best geometrical parameters for the 

bolometer. The absorbed power contour plots show that the absorbed power varies 

when the incident angle varies for each lengths of the bolometer. The absorbed power 

in the Ni bolometer is related to the extinction coefficient of substrate material.  
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Chapter 3  

Wide-Band Circular Polarized Cross Bowtie Antenna in 

LWIR 

 

3.1 Introduction 

 

Cross-dipole antennas are commonly used from radio frequency to millimeter-

wave frequency range, due to their low profile, low cost, easy installation. They are 

also widely used in many wireless communication systems, such as satellite 

communication system [9]–[13], mobile communication[14]–[18] and broadcast 

services [14], [15]. Cross-dipole antennas in the optical frequency region have 

recently gained traction, due to their ease of fabrication, high field enhancement and 

strongly localized fields. Cross-dipoles are designed for spectroscopy and 

microscopy applications [16]. Essentially, irrespective of frequency, the key is to 

tune the length of the two perpendicular arms of the cross-dipole antenna to modify 

the amplitude and phase shift along the antenna, to produce the desired properties. 

This paper proposes a cross-bowtie antenna operating in LWIR. It can achieve a high 

degree of circularly polarized, localized field for frequencies ranging from 28THz to 

38THz 

 

 



24 

 

3.2 Design Process 

 

In order to get wide band polarization control in a localized, high intensity field, 

the material and dimension of whole antenna structure is critical. A lot of work about 

antennas integrated on silicon has been done in millimeter wavelength [19], infrared 

[15], [18]  and optical wavelengths [20], [21]. Nanosphere lithography can be used 

to fabricate a gold antenna integrated on silicon substrate [22]. Using substrates with 

high permittivity can decrease the size of antennas. Silicon substrate used in LWIR 

achieves low loss and localized near field. Bowtie antennas are a popular candidate 

for the purpose of broadening the response bandwidth in order to exercise broadband 

localized polarization control. 

The gold bowtie antenna supported by silicon substrate is as show in Figure 3.1 

[23]. The dimension of silicon substrate is 12μm×12μm×2μm. Gold is preferred over 

copper because it does not suffer from oxidation while it has a quite similar behavior 

as that of Copper [24]. Considering metal oxidation, the performance of gold is still 

good enough to be used as an antenna. 

Numerically, Gaussian beam is used as the illumination source. The red arrow in 

Figure 3.1 indicates the direction of linear polarization for the excitation field. 

Different antenna lengths (L) make the antenna work at different frequencies [1]. As 

the lengths of the bowtie arms increase, the resonant frequency in the gap of the 

bowtie antenna is red shifted. Tuning the flare angle ( 𝜃 ) makes the antenna 
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broadband [1]. Previous work done by Dr. Hecht shows that for a resonant dipole 

antenna, the near E-field phase shift reaches 90 deg and the magnitude of E-field is 

maximum [25]. By tuning its arm lengths, the antenna can be made resonant at a 

particular illumination frequency. 

 

 

Figure 3.1: Bowtie antenna. 

 

Figure 3.2 shows normalized electric field magnitude (MagE) and phase shift in 

the gap between the arms of the bowtie antenna as the antenna length varies. When 

reaching the resonant length, the magnitude of E-field along the antenna axis in the 

gap between the arms reaches a maximum. The phase shift value (Φ), which refers 

to the difference between the phase of the E-field in the gap between the bowtie arms, 

and the phase at the same point without the antenna present, reaches 90 deg. As 

antenna length decreases or increases from the first resonance length, the antenna 
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becomes inductive or capacitive respectively. So the introduced stored energy makes 

the normalized MagE decrease when the antenna length deviates from the resonant 

length. 

 

 

Figure 3.2: Phase shift and normalized E-field magnitude with antenna length 

varies at 28.3THz at illumination. 

 

3.3 Cross-bowtie Antenna 

 

Now we consider a gold cross-bowtie antenna with silicon substrate shows in 

Figure 3.3. The size of the substrate is the same as that in Figure 3.1. Choosing gap 
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size equal to 40nm can get strongest confinement in the gap. But the gap size is 

limited by our current fabrication resolution which limits it to gap dimensions of 

110nm*110nm which makes the closest distance 25nm as shown in Figure 3.4. With 

increasing thickness of the substrate, the resonance frequency decreases but the 

bandwidth increases [26]. 

 

 

Figure 3.3: Cross-bowtie antenna. 

 

 

 



28 

 

 

 

Figure 3.4: The Gap dimensions of cross-bowtie antenna. 

 

Under a far-field illumination with the wavelength close to their resonance lengths, 

two perpendicular fields from two sets of bowtie antennas will interact each other. 

While simulating, the antenna is illuminated by an incident Gaussian beam, 

perpendicular to the antenna plane with E vector rotated 45 degrees with reference 

to X axis or Y axis which is shown in Figure 3.3 by the black arrow. This illumination 

angle makes the amplitude along the two axes of cross-bowtie antenna the same. The 

resulting field in the gap will be enhanced and localized. By tuning the relative 

amplitude and phase, the resulting field can achieve circular polarization. The lengths 

of two perpendicular arms of the cross-bowtie antenna are 2.3μm and 3.9μm which 

include the gap. These two lengths are equi-amplitude points ( MagE2.3μm =
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MagE3.9μm) picked from Figure 3.2. The phase shift (ϕ2.3μm-ϕ3.9μm) in the center 

of the gap is 90 degrees. A 60-degree flare angle is more optimal compare to other 

flare angle when considering lower return loss and wider impedance bandwidth [27].  

 

3.4 Stokes Parameter 

 

Stokes polarization parameters is a convenient way to show the polarization state 

of the field. In this paper we consider two parameters. 

                                                                 𝑆0 = 𝐸𝑥
2 + 𝐸𝑦

2                                                     (3.1) 

and 

                                                            𝑆3 = 2𝐸𝑥𝐸𝑦𝑠𝑖𝑛(𝜙𝑥 − 𝜙𝑦)                                 (3.2) 

S0 in equation (3.1) describes the total intensity of the optical beam. S3 in equation 

(3.2) describes the preponderance of RHCP light over LHCP light [28]. The 

requirement of circular polarization is 

                                                                𝐸𝑥 = 𝐸𝑦.                                                    (3.3) 

and 

                                                           𝑠𝑖𝑛(𝜙𝑥 − 𝜙𝑦) = 1.                                       (3.4) 

In our case ∅𝑥and ∅𝑦 represent the ϕ2.3μm  and ϕ3.9μm  in the gap. The degree of 

circular polarization is defined as 
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                                                       𝑉 =
𝑆3

𝑆0
=

2𝐸𝑥𝐸𝑦𝑠𝑖𝑛(𝜙𝑥−𝜙𝑦)

𝐸𝑥
2+𝐸𝑦

2      .                           (3.5) 

V equals 1 or -1 when the field is purely RHCP and LHCP respectively. The 

magnitude and phase shift data are collected from the center of the gap. 

 

Figure 3.5:The degree of circular polarization in the center of gap with 

illumination frequency sweep. 

 

Figure 3.5 shows the degree of circular polarization calculated in the center of gap 

when illuminating frequency is varied. The percent bandwidth of circular 

polarization when V is greater than 0.9 is 30% when the center frequency is 28.3THz. 

The frequency response of bowtie antenna makes cross-bowtie antenna have 

wideband circular polarization property. 
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Figure 3.6: The degree of circular polarization (V) distribution in the gap.

  

 

Figure 3.6 shows the degree of circular polarization in the gap at 28.3THz. Red 

color represents the degree of circular polarization equal to 1. Uniform red color 

distribution in antenna gap means the circularly polarized field covers most of the 

gap. 
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3.5 MOM Coupled Detector 

 

As mentioned before, the cross-bowtie antenna, receives linearly polarized 

radiation at 45 degrees off the antenna in-plane axis and effectively shapes the field 

in the feed-gap of the antenna into a highly confined circularly polarized field. This 

thematically deviates from the case where the antenna-coupled diode might receive 

circularly polarized radiation. However coupling a thin-film metal-oxide-metal 

(MOM) diode to such an antenna follows the same basic principle in both cases. The 

MOM diode is a non-linear junction that rectifies the illumination-induced antenna 

currents. It has been shown that the amount of current signal rectified by the diode is 

proportional to the power dissipated in the oxide layer of the diode because it 

represents the amount of electromagnetic energy that is converted to thermal energy 

[29]. The thin-film MOM diode used in this paper is a Pt-Al2O3-Al diode as shown 

in Figure 7(a) (inset). 

Antenna-coupled thin-film MOM diodes have been experimentally shown to have 

high polarization dependence [30]. The current seen by detection circuitry is divided 

into two contributions- a polarization-independent part that is caused by thermal 

effects and results in a measured dc signal when the device is illuminated, and a 

polarization dependent part that originates in the rectification of the antenna currents 

in the diode by nonlinear tunneling through the Al2O3 layer. The polarization 
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dependent contribution to the rectified current follows a cosine-squared dependence 

on the angle of orientation of linear polarization given by [31] 

 

                                        𝐼(𝜑) = 𝐼𝑖𝑝 + 𝐼𝑝(𝜑) = 𝐼𝑖𝑝 + 𝐼𝑝 𝑐𝑜𝑠2(𝜑0 − 𝜑).               (3.6) 

 

where Iip is the polarization-independent contribution, Ip is the polarization-

dependent contribution, 𝜑0 is the location of maximum polarization response and 𝜑 

is the angle between the antenna axis and polarization direction. As it can be seen in 

Figure 3.3, the incident E-field is at 45 degrees with respect to the X or Y axis. This 

excites components in both the orthogonal antenna orientations. Since the geometry 

is designed to produce E-field of the same amplitude in the gap formed by the X and 

Y bowtie antennas, with the phase difference of the gap-field being 90 degrees, it 

produces currents through the diode as if it were coupled to a circularly polarized 

antenna.  
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Figure 3.7: Antenna-coupled thin film MOM diode where the diode is (a) 

directly-coupled (inset: cross-section of the Pt-Al2O3-Al diode) and (b) 

proximity-coupled to the cross-bowtie antenna. 

 

Two configurations of antenna-coupled MOM diodes were used: a directly-

coupled cross-bowtie antenna-coupled MOM diode configuration and a 

configuration in which the MOM diode is proximity-coupled to the cross-bowtie 

antenna, as shown in Figure 3.7(a) and 3.7(b) respectively. As seen in Figure 3.8(a), 

in the directly-coupled case, the field in the diode has a high (~0.9) degree of circular 

polarization in 19% of the design bandwidth, whereas, in Figure 3.8(a), in the 

proximity-coupled case, it can be seen that 25% of the bandwidth is highly circularly 

polarized. Also from the insets in Figure 3.8, it can be seen that in the proximity-

coupled case, the circularly polarized field shaped by the cross-bowtie antenna is 

more uniformly spread across the surface of the diode than in the directly-coupled 

case. However the power dissipated in the oxide layer was 103 times larger in the 
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directly-coupled case when compared with the proximity-coupled case. This can be 

attributed to the fact, a significant amount of power gets lost due to the capacitive 

coupling between the antenna and the diode. Hence there is a tradeoff between the 

amount of power dissipated in the oxide layer i.e. the amount of current rectified by 

the thin-film MOM diode versus the bandwidth over which there is a high degree of 

circularly polarized field that is captured by the diode. 

 

 

Figure 3.8: Degree of circular polarization (V) versus frequency for the (a) 

directly-coupled case and the (b) proximity-coupled case (insets: V 

distribution in the diode) 
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3.6 Summary 

 

An asymmetric cross-bowtie antenna is shown to produce a localized broadband 

circularly-polarized field in the long-wave infrared (LWIR) in the antenna gap. This 

was shown using Ansys High Frequency Structural Simulator (HFSS), a full wave 

finite element method (FEM) solver. A 30% bandwidth is shown for a circular 

polarization state at a center frequency of 28.3THz (λ=10.6μm). The antenna was 

then loaded with a thin-film Pt-Al2O3-Al diode and the localized field was collected 

in the diode. The cross-bowtie antenna was loaded using a direct-coupling method 

and a proximity-coupling method. A tradeoff was observed between the bandwidth 

over which a high degree of circular polarization of the field in the diode was 

observed versus the amount of power dissipated in the diode. 
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Chapter 4  

Tuning the Resonant Frequency of Microstrip Patch 

Antenna in LWIR 

 

4.1 Introduction 

 

In the past decade, due to improved fabrication capability, there has been a flurry 

of activities and interests in optical antennas and their applications [32], [33].  

Researchers mainly utilize radio frequency (RF) techniques and exploit the 

geometric shapes of optical antennas [34], [35] (e.g., dipole, bowtie and microstrip 

patch antenna) and their fundamental performance characteristics (e.g., radiation 

pattern, resonant frequency and input impedance) [36], [37]. Patch antennas are very 

common and one of the most studied types of antenna in RF. For optical applications, 

researchers are trying to translate the advantages of patch antennas in RF to the 

optical spectrum. The analytical model proposed in this paper provides a simple 

method of tuning the resonant frequency in LWIR. 

 

4.2 Preliminary Patch Design 

 

A patch antenna was first designed for TM10 mode resonant at 27.75THz. The 

design process includes monitoring the scattered electric field |𝐸𝑆𝑐𝑎𝑡𝑡𝑒𝑟| in an optical 

cavity model and noting that resonance corresponds to maximum scattering [38]. 
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Figure 1 shows the normalized E field of TM10 mode with phase distribution at the 

resonant frequency. 

The rectangular patch antenna made of gold (Au) is designed with dimensions 

0.6μm*1μm*0.06μm. A silicon substrate with 휀 = 11.7 and a ground plane under 

the rectangular patch form a resonant cavity. Gaussian beam illumination with beam-

spot size equal to 10um is normally incident on the antenna plane. 

 

Figure 4.1: The normalized electric field in Z direction at 27.75THz. 

 

4.3 Ridge Effect and Analytical Method 

     

A gold (Au) ridge with dimensions 8μm *Lr*0.2μm is placed under the patch in 

order to tune the capacitance in the resonant cavity, as shown in Figure 4.2 denoted 

by the green color. Equation (4.1) shows the capacitance in the cavity. 

                                                       ∁= 휀
𝐿𝑟×8𝜇𝑚

𝑑
                                                     (4.1) 
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Figure 4.2: Microstrip patch antenna with ridge on ground plane. 

 

Here d is the vertical distance between the ridge and patch. The TM10 cavity model 

can be modeled as two parallel open circuit transmission lines [3]. The effective 

impedance with ridge can be determined by 

                                             𝑍𝑒𝑓𝑓 =
−𝑗

𝑍0
2

cot(𝛽1
𝐿

2
)×

1

𝑗𝜔𝐶

−𝑗
𝑍0
2

cot(𝛽1
𝐿

2
)+

1

𝑗𝜔𝐶

                                              (4.2) 

where Z0 is the characteristic impedance of transmission line model, 𝛽1 =
2𝜋

𝜆𝑒𝑓𝑓
 

and L is the length of patch in Y direction. When the width of the ridge Lr increases, 

the capacitance also increases, resulting in a new effective wavelength, thus resulting 

in a new resonant frequency. After considering the ridge effect, 𝑍𝑒𝑓𝑓  becomes 

−𝑗
𝑍0

2
cot(𝛽2

𝐿

2
) where 𝛽2 =

2𝜋

𝜆𝑛𝑒𝑤
 , giving the relation, 
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                                           −𝑗
𝑍0

2
cot(𝛽2

𝐿

2
) =

−𝑗
𝑍0
2

cot(𝛽1
𝐿

2
)×

1

𝑗𝜔𝐶

−𝑗
𝑍0
2

cot(𝛽1
𝐿

2
)+

1

𝑗𝜔𝐶

                                   (4.3) 

after simplification we get, 

 

                                           𝜔𝐶
𝑍0

2
=

cot(𝛽1
𝐿

2
)−cot(𝛽2

𝐿

2
)

cot(𝛽1
𝐿

2
) cot(𝛽2

𝐿

2
)

                                                      (4.4) 

 

the left side of equation (4.4) is positive with a coupled ridge. Thus, 

 

                                                cot (𝛽1
𝐿

2
) > cot (𝛽2

𝐿

2
)                                                     (4.5) 

                                                         
2𝜋

𝜆𝑛𝑒𝑤
>

2𝜋

𝜆𝑒𝑓𝑓
                                                                (4.6) 

                                                        𝑓𝑛𝑒𝑤 > 𝑓𝑒𝑓𝑓                                                          (4.7) 

 

The equations (4.5-4.7) indicate that the new resonant frequency with a coupled 

ridge is larger than that without a coupled ridge. 
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Figure 4.3: Resonant frequencies with different Lr.  

 

High Frequency Structure Simulator (HFSS) is implemented to predict the 

computational results.  Figure 4.3 and Figure 4.4 contain simulated results of the new 

patch design including measured dispersive optical properties. Figure 4.3 shows the 

blue shift of resonant frequencies with increasing width of the ridge. Figure 4.4 show 

the red shift of resonant frequencies with ‘d’ increases in equation 4.1.  These shifts 

due to the fact that the increase of Lr and decreasing ‘d’ causes the capacitance of 

ridge to increase.  
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Figure 4.4: Resonant frequencies with different d. 

 

As shown in Figure 4.3 and Figure 4.4, manipulating the height and Lr of ridge 

can tune the capacitance of cavity then the resonant frequencies change as result. The 

analytical method predicts the results which are consistent with the simulation results.  

 

4.4 Summary 

 

This method demonstrates feasibility of tuning resonant frequencies by loading a 

microstrip patch cavity with a ridge. In optical antennas, graphene can be used as the 
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ridge material. Tunable coupled capacitance can be achieved by biasing appropriate 

voltage on the graphene.  
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Chapter 5  

Determining Attenuation and Propagation Constants of 

Microstrip Line in Long-Wave Infrared 

 

5.1 Introduction 

 

Optical nanoantennas have been studied as a means to manipulate nanoscale fields, 

local field enhancements, radiative rates, and emissive directional control [34], [39]–

[44]. However, a fundamental function of antennas, the transfer of power between a 

coupled load and far-field radiation, has seen limited development in optical antennas 

owing largely to the inherent challenges of extracting impedance parameters from 

fabricated designs [33]. For both emissive (transmitting) and absorptive (receiving) 

nanoantennas, the impedance of the transitional element between radiation fields and 

loads is the requisite information for describing and designing optimally. Feeding 

technology has been studied since the innovation of different types of antennas. In 

radio frequency, there are many methods to feed the antenna structure including 

probe, co-planar waveguide, proximity-coupled, aperture-coupled, and microwave 

transmission line (MTL)-coupled feeds [7]. In optical frequencies, owing to the 

limitations of fabrication capability, MTL-based feed technology is widely used. 

Determination of the characteristic parameters of MTL is critical to such applications. 

Patch antennas, since their ideation in the 1950s [45] and realization in the 1970s, 

have been one of the most studied and innovative classes of antennas in RF, with 
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several variations in patch shape, feed type and substrate configurations as well as 

various analytical and semi-analytical models and design techniques [46]. This paper 

shows a method to determine the parameters of infrared MTL, namely attenuation 

constant and propagation wave number. The input impedance of an optical patch 

antenna can be determined by manipulating the microstrip feed to the patch antenna. 

 

5.2 Reference Work 

 

Determining the input impedance of an antenna coupled coplanar strip 

transmission line has been done in long wave infrared. Structure shown in Figure 5.1 

is a dipole coupled CPS with a loaded folded dipole. 

 

 

Figure 5.1: Schematic of s-SNOM measurement apparatus. 
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The gold antennas were fabricated on an aluminum ground plane with benzo-

cyclobutene (BCB) polymer (Dow Cyclotene 3022-35 resin) used as the standoff 

layer. The fabrication and measurement have been done in university of north 

Carolina in charlotte (UNCC). The measurement setup using s-SNOM shows in 

Figure 5.2(a) and (b). 

 

 

Figure 5.2:(a). s-SNOM measurement setup. (b)Magnified view of incident 

beam illuminating antenna-coupled CPS and AFM tip scattering the near-

field distribution. 

 

The illuminated structure will form standing wave on top of the CPS in near field. 

AFM tip, operating under tapping mode at 240-280KHz, scatters predominantly p-

polarized light from these excited near-fields back to the beam splitter. Analyzing 

the scattered image, the amplitude and phase of the near field can be determined. 
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5.3 Structure 

 

Figure 5.3 shows the configuration of a gold square patch-coupled MTL located 

at a ZnS-air interface with a ground plane placed underneath a 0.2µm thick ZnS 

substrate. The dimensions of the square patch and MTL are 2µm×2µm×0.11µm and 

8µm×0.4µm×0.11μm, respectively. Patch antenna geometry is designed at 28.3THz 

to get highest energy coupled to the MTL from far field radiation. The structure is 

illuminated by a Gaussian beam with electric field polarized along the red arrow 

shown in Figure 5.3.   

 

 

Figure 5.3: Configurations of MTL coupled patch antenna. 

 



48 

 

 

Figure 5.4: Ez component 5nm above MTL with (a) and without (b) patch 

antenna under same illumination condition. 

 

5.4 Fitting Equation 

 

The standing wave formed on top of the MTL in the near field shown in Figure 

5.4(a) results from the superposition of the forward-propagating wave, which 

emanates from the patch antenna, and the subsequent waves reflected at the ends of 

the MTL propagating in opposite directions. This is described by the equation. 
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𝐸𝑧 = 𝐸𝑝{𝑒
−(𝛼+𝑗𝛽)𝑥 + 𝛤𝐿𝑒

−(𝛼+𝑗𝛽)𝐿𝑒−(𝛼+𝑗𝛽)∗(8−𝑥)

+ 𝛤𝐿𝛤𝑃𝑒
−2(𝛼+𝑗𝛽)𝐿𝑒−(𝛼+𝑗𝛽)𝑥} 

 

(5.1) 

where Ep is electric field at x=0 µm shown in Figure 5.5 

              α is attenuation constant of the MTL 

              β is wavenumber of the MTL 

              𝛤𝐿is reflection at the other end of the MTL 

              𝛤𝑃is reflection at the antenna end of MTL 

              L is the length of MTL 

              x represents the positions on MTL 

 

Equation (5.1) is derived from the multiple reflection theory using the 

different voltages along the MTL. The equation contains the first three 

components of the so-formed geometric series, due to the dominant 

contribution of these three compared to the rest of the components [47]. 
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Figure 5.5: Structure of the patch antenna coupled open circuit MTL (a) and 

short circuit MTL (b). 

 

5.5 Simulation Results 

 

ANSYS High Frequency Structure Simulator (HFSS) is implemented to simulate 

the patch antenna-coupled MTL at 28.3THz. The optical properties of gold are 

휀𝑟
′ = −4787, 휀𝑟

′′ = 1630 

and ZnS is 

휀𝑟
′ = 4.74, 𝑡𝑎𝑛𝛿 = 0.000209 

The device is illuminated by a Gaussian beam with an electric-field strength of 

1V/m polarized orthogonal to the axis of the MTL and shown with the red arrow in 

Figure 5.4. The Gaussian beam is incident onto the structure at a 60° angle which is 

consistent with the available scattering scanning near field optical microscopy (s-
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SNOM) measurement setup. Figures 5.5 (a) and (b) show the structure of the patch 

antenna with an open circuit MTL and a short circuit MTL, respectively. The short 

circuit MTL is achieved by connecting the end of MTL and the ground plane with a 

gold 0.15µm long strip extended in x direction. The normal electric field in the z 

direction is obtained over the surface enclosed by the black rectangle and averaged 

over the width of MTL. 

The real part of Ez field 5nm above the MTL surface of the open circuit and short 

circuit models are shown in Figure 5.6. The Re(Ez) from equation (5.1), which 

represents a standing wave that is caused by the field coupling into the MTL only 

through the patch antenna, is fitted to the simulated Re(Ez). EP is determined from 

simulation fields. The remaining parameters include α and β will be calculated from 

the fitting method. The dots in Figure 5.6(a) and (b) represent the analytically curve-

fitted results of open circuit and short circuit, respectively. The magnitude of Ez in 

the open circuit case at the end of the MTL at x=8µm is maximum while the 

magnitude of Ez in the short circuit case at x=8µm is close to zero. This corresponds 

to the voltage distribution of a typical open and short transmission line [48]. Table 

5.1 shows the attenuation constant and propagation wavenumber of both cases. 
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Table 5.1: Attenuation constant (α) and propagation wavenumber (β) of 

both open circuit and short circuit from fitting method. 

 

 

 

 

5.6 Unknown Load Impedance Determination 

 

After determining the characteristic parameters of the MTL, the impedance of an 

unknown load can be calculated based on a similar method. Figure 5.7 shows the 

structure of a patch antenna coupled to a 90-degree bend MTL. Two black arrows 

point the location of an unknown load. In this case, a lumped element, shown in pink 

is used to model a load under test, such as a rectangular patch, circular patch or any 

other arbitrary load. The impedance of the lumped element could represent the input 

impedance of any loads located in pink position 

 

 Open Circuit Short Circuit 

α 43.7 Np/mm 40.1 Np/mm 

β 1.113rad/µm 1.118rad/µm 
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Figure 5.6: 90-degree bend MTL loaded with a lumped element. 

 

The bent part connected with Zload can be modeled as a short discontinuity 

transmission line circuit. As shown in Figure 5.6, the bent MTL is composed of three 

parts. The portion from point A to its left represents the MTL connected to the patch 

antenna. ZA represents the input impedance at point A. Zin represents the input 

impedance at point B which includes the short transmission line and lumped element 

located at point C. After applying Zload, Zin is determined by transmission line theory 

shown in the equation. 

𝑍𝑖𝑛 = 𝑍0 (
𝑍𝑙𝑜𝑎𝑑 × 𝑐𝑜𝑠ℎ(𝛾 × 𝐿𝑙𝑜𝑎𝑑) + 𝑍0 × 𝑠𝑖𝑛ℎ(𝛾 × 𝐿𝑙𝑜𝑎𝑑)

𝑍0 × 𝑐𝑜𝑠ℎ(𝛾 × 𝐿𝑙𝑜𝑎𝑑) + 𝑍𝑙𝑜𝑎𝑑 × 𝑠𝑖𝑛ℎ(𝛾 × 𝐿𝑙𝑜𝑎𝑑)
) 

 

(5.2) 

where Z0 is characteristic impedance of transmission line 

        Zload is the impedance of lumped element 

        Lload is the MTL length from point B to point C  

        λ = α + jβ 
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ZA can be determined by applying bent microstrip line theory [49]. The inductance 

and capacitance of the equivalent circuit of the bent MTL shown in Figure 6 are 

calculated from equations (5.3) and (5.4), respectively. The input impedance at point 

A is shown in equation (5.5). The reflection coefficient at point A can be determined 

by equation (5.6). At this point, the relation between Zload and ΓA has been found. In 

other words, if ΓA has been found, Zload can be determined by these equations. 

 

 

Figure 5.7: Equivalent circuit of right-angled 90 degree MTL. 

𝐿 = 10−13 × 𝐻 × (4√
𝑊

𝐻
− 4.21) 

 

(5.3) 

𝐶 = 𝑊 × [5.2휀 + 7 + (9.5휀 + 1.25)
𝑊

𝐻
] 10−18 

 

(5.4) 

where H is the thickness of substrate 

          W is the width of microstrip line. 
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𝑍𝐴 =
[(1 +

𝑍𝐿

𝑍𝐶
)𝑍𝑖𝑛] + (2 ∗ 𝑍𝐿 +

𝑍𝐿 ∗ 𝑍𝐿

𝑍𝐶
)

𝑍𝑖𝑛

𝑍𝐶
+

𝑍𝐿

𝑍𝐶

 

 

(5.5) 

𝛤𝐴 =
𝑍𝐴 − 𝑍0

𝑍𝐴 + 𝑍0
 

 

(5.6) 

ΓA can be determined by analytical curve-fitting method. The rectangular patch 

illuminated by a Gaussian beam forms the standing wave with phase variation in the 

electric near field on the top of MTL given in equation (5.7). 

 

𝐸𝑧(𝑥) = 𝐸𝐷 (𝑒2 + 𝑒0𝑒1𝛤𝐴 +
𝑒0

2𝑒2𝛤𝐴𝛤𝐷
1 − 𝑙𝑛(𝑒2)

+
𝑒0

3𝑒1𝛤𝐴
2𝛤𝐷

1 − 𝑙𝑛(𝑒1)
)

+ 𝐸𝐴 (𝑒1 + 𝑒0𝑒2𝛤𝐷 +
𝑒0

2𝑒1𝛤𝐴𝛤𝐷
1 − 𝑙𝑛(𝑒1)

+
𝑒0

3𝑒2𝛤𝐷
2𝛤𝐴

1 − 𝑙𝑛(𝑒2)
) 

 

(5.7) 

where 𝑒0 = 𝑒(−(𝛼+𝑗𝛽)𝐿𝐷𝐴) 

            𝑒1 = 𝑒(−(𝛼+𝑗𝛽)𝐿𝐷𝐴−𝑥) 

           𝑒2 = 𝑒(−(𝛼+𝑗𝛽)𝑥) 

          ΓA is the reflection coefficient at point A 

          ΓD is the reflection at point D 
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          ED and EA are the magnitudes of the electric near field at point D and A, 

respectively 

           LDA is the length of the microstrip transmission line from D to A 

The analytical curve-fitting method is applied to calculate α, β, ΓA and ΓD from 

equation (5.7). ED and EA are determined from simulation fields. Thus, the ΓA 

obtained analytically from the transmission line method on discontinuities in 

equation (5.6) should be equated to the ΓA obtained from the curve-fitting method in 

equation (5.7). By solving the resulting equality, Zload can be obtained. Table 5.2 and 

5.3 show the magnitude and phase of ΓA when Zload=75Ω and Zload=200Ω. After 

determining ΓA, Zload calculated from curve fitting results are 77.6Ω and 156.8Ω 

when Zload set to 75Ω and 200Ω in transmission line method, respectively. The results 

show a good agreement between analytical curve fitting method and transmission 

line theory. 
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Table 5.2: Magnitude and phase angle of ΓA with Zload =75Ω for 

transmission line theory and near-field curve fitting. 

 

Table 5.3: Magnitude and phase angle of ΓA with Zload = 200Ω for 

transmission line theory and near-field curve fitting. 

 

5.7 Summary 

 

Incident infrared radiation was coupled into an 8µm long gold microstrip 

transmission line through a resonant gold microstrip patch antenna. Reflections at 

either end of the MTL created a near-field standing wave distribution that was 

sampled above the top surface of the MTL. An analytical expression in terms of the 

multiple reflections is applied to fit the standing wave. The attenuation and 

Zload=75Ω |ΓA| Arg(ΓA) 

Curve Fitting 0.306 -1.9 

Transmission Line 0.28532 -1.99 

Zload=200Ω |ΓA| Arg(ΓA) 

Curve Fitting 0.592 -1.9 

Transmission Line 0.633 -2.04 
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propagation constants for open circuit MTL are found to be 43.7Np/mm and 

1.113rad/µm, respectively. Similarly, the attenuation and propagation constants for 

short circuit MTL are found to be 40.1Np/mm and 1.118rad/µm, respectively. 

Combined with discontinuity MTL theory, the analytical curve-fitting method can be 

extended to determine the input impedance of an unknown load. Zload=75Ω and 

Zload=200Ω are used as two examples to validate the process. The resulting 

impedances calculated from curve fitting method are 77.6Ω and 156.8Ω. The good 

coherence between the curve-fitting method results and transmission-line method 

results provides a powerful tool to determine the feed input impedance of an infrared 

antenna, in order to achieve impedance matching and address load coupling 

efficiency in the infrared and optical regimes.  
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Chapter 6  

Hybrid Slot-waveguide Fed Antenna Using Hexagonal 

Boron Nitride D’yakonov Polaritons 

 

6.1 Introduction 

 

Among the various quaesita in the field of nanophotonics, sub-diffractional 

confinement of light has been one of the most coveted. The ability to squeeze light 

into spaces far smaller than its wavelength allows for interesting applications and 

further enhances the ability to study other systems such as those in nanotechnology 

and biomedical imaging [50]–[54]. Metamaterials that are inhomogeneous at 

subwavelength dimensions provide the easiest way to manipulate light at sub-

diffractional scale. Spearheading one class of such heterostructures is the hybrid 

waveguide. Hybrid waveguides have been engineered using natural polaritonic 

materials in the past to achieve high field confinement while maintaining relatively 

high propagation lengths [55]–[58]. These hybrid waveguides leverage the inherent 

properties of plasmon/phonon polaritons to confine and enhance optical energy at 

sub-diffractional volumes making them attractive in sensing and imaging 

applications. The advent of hexagonal-boron nitride (h-BN) heralded further 

improvement with h-BN’s low-loss and anisotropic phonon polaritons (PhPs) 

allowing for longer propagation with much higher confinement [59]–[61]. 
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The h-BN crystal is a van der Waals (vdW) material that is naturally hyperbolic. 

It exhibits two infrared resonances which are classified as the Type I or lower 

reststrahlen band resonance (ωTO = 760cm−1, ωLO = 825cm−1) and the Type II or 

upper reststrahlen band resonance (ωTO = 1370cm−1, ωLO = 1614cm−1). While the 

Type I resonance is associated with an out-of-plane phonon resonance, the Type II 

resonance is in-plane where it has negative inplane permittivity and positive out-of-

plane permittivity. Here the plane is perpendicular to the optical axis of the h-BN 

crystal. 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 [59]–[62]. 

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 

[63], [64]. Dielectric slot waveguides are amongst the most attractive solutions in 

applications such as high-speed optical switches [65], [66] and high-sensitivity 

biochemical sensors [67], [68] 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 [61], 

[62]. 
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Previous studies, however, primarily used h-BN slabs as the waveguides and 

considered only the hyperbolic volumetric PhP (HPhP) mode of the hyperbolic 

waveguides, 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 [61], aren’t elusive and were reported as the dominant 

resonances associated with finite h-BN waveguides [69]. 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 paper we aim to define the field 

characteristics of these modes and explain their interactions in an HIH slot-

waveguide scenario. After understanding the key features of the various dominant 

hybrid modes in the HIH slot waveguide, we select the most suitable mode in order 

to design a novel slotwaveguide based mid-infrared patch antenna that radiates using 

the traditional TM10 patch mode. In section 6.2, we present a qualitative 

understanding of the inherent interactions between the fields of two SM0-S and two 

SM0-A modes that occur to produce the four hybrid HIH slot-waveguide modes. In 

section 6.3, we then present the design of the novel HIH slot waveguide using h-BN 

that feeds the HIH patch antenna for the purpose of radiating at 1400cm−1. Finally, 

we summarize and present the conclusions in section 6.4. 
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6.2 SM0-S lower mode of h-BN slot waveguide 

 

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 ɛ = 

diag(ɛxx, ɛyy, ɛzz) where, in our frame of reference, ɛxx = ɛzz = ɛ is the permittivity 

perpendicular to the optical axis and ɛyy = ɛ|| is the permittivity parallel to the optical 

axis. For the purposes of this paper, the dispersion of h-BN is as calculated in [62] 

and the dielectric constant of h-BN is is ɛ⊥ = -36.7 and ɛ|| = 2.7 at 1400cm-1.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 [69]. Both, the volumeconfined 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 [70]–[72]. 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 [57]. HSPs 

propagating in hyperbolic material must satisfy the following dispersion relation 

shown in equation (6.1) [73]–[76]. 
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K⊥
2 − Ke

2

ε∥
+

K∥
2

ε⊥
= K0

2 

 

(6.1) 

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. ɛ⊥  and ɛ|| are 

described by a Lorentzian [77]. The extraordinary ray propagation-wavevector ke 

refers to the HSP wavevector. 

In [69] 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 

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 [69]. 

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 section 6.3. The y-
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component of electric field on the XY cross-section of a semi-infinite h-BN 

waveguide is shown in the inset of Figure 6.1(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 6.1(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 6.1(a). 

 

 

Figure 6.1: (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 0.6µm thickness 

varied with the width of the waveguide from 0.1µm to 20µm at 1400cm-1. 
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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 6.1(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 [69], [72], with the angle θ given by Equation (6.2).  

 

θ(ω) = arctan√
−ε⊥(ω)

ε∥(ω)
 

(6.2) 

 

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 5.1(b). Figures 5.2(a) and 5.2(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 5.2 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. 

 



66 

 

 

Figure 6.2: Normalized spatial distribution of the Y-component of electrical 

field, Re(Ey) for the fundamental (a) SM0-S and (b) SM0-A modes. 

 

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 [63], [64]. 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 [62], [78], [79]. 

As a result, the hyperbolic slot waveguide can support large wavevectors and 

therefore ultrahigh effective refractive index [80]–[84]. 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 [69]. The results in this paper are computed using ANSYS HFSS finite-

element method software. In order to determine the dispersion characteristics and 
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field distribution of the slot-waveguide modes presented in section 6.2, the Eigen 

Modal 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 paper consists of two identical h-BN 

waveguides placed on either side of a low-index dielectric spacer SiO2 with 

ɛr=1.15+j0.011 [85]. This configuration is commonly referred to as a HIH waveguide.  

 

 

Figure 6.3: 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 
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where they are barely coupled together. Figure 6.3 shows Re(Ey) of a slot waveguide 

with a large separation between the constituent h-BN waveguides. In this case, we 

selected a large enough separation to display the four possible combinations of the 

barely-coupled fundamental surface modes. The separation filled with SiO2 shown 

in Figure 6.3 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 [86] where the coupling between 

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 6.4 are much further apart than 

in the same four modes seen in Figure 6.3. In various works dealing with the coupling 

of two resonances, the resulting symmetric and antisymmetric modes have 
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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 6.3(a) and 3(b) show interactions leading to the lower mode 

and upper mode involving the SM0-S mode, respectively, while Figures 6.3(c) and 

3(d) show the lower mode and upper mode involving the SM0-A mode, respectively. 

 

 

Figure 6.4: 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. 
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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 6.4(a), 6.4(b), 

6.4(c) and 6.4(d), respectively. As was previously seen in [69], for an h-BN 

waveguide of a given size, the SM0-S mode has a higher index than the SM0-A mode. 

In Figure 6.4, for a slot thickness=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. The attenuation constants of each mode are SM0-S 

lower=33629Np/m, SM0-S upper=6652Np/m, SM0-A lower=757Np/m and SM0-A 

upper=124Np/m. The insets of Figure 6.4 show the magnetic field vectors (red 

arrows) and electric field vectors (blue arrows) of each hybrid mode. As observed 

from the inset of Figure 6.4(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, 
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the SM0-A lower mode has electric field of opposite phase on either end of the slot 

waveguide as seen in Figure 6.4(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. 

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 6.4(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 6.5(a) 

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 

[72], [77] which is different from traditional plasmonic slot waveguides [87]. In our 
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case, the field penetration into the h-BN volume (blue area) is due to the enhancement 

produced in the slot.  

 

 

Figure 6.5: (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). 

 

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 
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(X direction) shown in Figure 6.5(b). As seen in previous works [62], [78], the HIH 

slot waveguide with hybrid volumetric modes has field-vector alignment similar to 

the slot shown in Figure 6.5(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 

(black curve) for a given set of slot-waveguide geometry, as seen in Figure 6.5(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 [69].  

In order to determine the appropriate h-BN slot waveguide dimensions, Figure 

6.6(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 slot waveguide at 1400cm-1. Figure 6.6(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-
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infinite slot waveguide of h-BN capable of supporting the SM0-S lower mode, nsemi-

inf. Equation (6.3) 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 6.8(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) (6.3) 

  

f(H, W1)=
10.54 − 1.408W1 + 12.36H + 22.82W1H

4.801 − 0.8356W1 + 23.91H + 21.76W1H
 

(6.4) 
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Figure 6.6: (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. 

 

6.3 H-BN Slot-waveguide Fed Hyperbolic Surface Phonon 

Polariton Patch Antenna 

 

Here we propose a novel h-BN slot-waveguide fed hybrid HSPhP patch antenna 

operating at 1400cm-1. In this section, we used the Driven Modal solution-type in 

ANSYS HFSS wherein a waveport was used to feed the slot waveguide and radiation 
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boundaries were placed 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 SPhP 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 6.7.  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 [7]. 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 [3]. 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 6.9(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 6.4(a). 
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Figure 6.7: 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 
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thickness of SiO2 slot is set to T=50nm. Figure 6.8 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 

6.8. Therefore, the mode propagating down the slot in the slot waveguide can be 

approximated as a TEM mode [88]. 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. 
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Figure 6.8: 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. (6.3) and 
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(6.4)), then the input impedance of the slot waveguide is calculated to be 

ZWaveguide=225.7Ω using the equation [48]: 

 

ZWaveguide=
Z0
neff

 (6.5) 

 

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 (6.6) 

and (6.7) [89]:    

 

ZAntenna=
1

2Grad
 

(6.6) 

Grad =
W2

120λ0

[1 −
1

24
(
2πT

λ0

)
2

] 
(6.7) 

 

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 [43]. 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 6.6(b). Figure 9 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 
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are of opposite phase. The electric field vectors shown in the inset of Figure 6.9 

describe the typical cavity fields of a radiating patch with fringing fields that give 

rise to TM10 radiation.  

 

 

Figure 6.9: 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.  

 

Figure 6.10(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, 
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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 [5]. 

 

 

Figure 6.10: (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. 
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Figure 6.10(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.  

 

6.4 Summary 

 

A novel hybrid h-BN slot-waveguide fed mid-infrared (HIH-type) HSPhP patch 

antenna is designed. The hybrid h-BN slot waveguide and the patch antenna consist 

of an SiO2 layer sandwiched between two h-BN waveguides. The fundamental 

symmetric and antisymmetric hyperbolic surface phonon polariton modes of the h-

BN waveguides, SM0-S and SM0-A formed on the anisotropic interfaces of the h-

BN waveguides are used as the ingredients of the hybrid slot-waveguide modes. 

Combinations of two SM0-S or two SM0-A modes give rise to upper and lower slot-

waveguide modes viz. the SM0-S upper, SM0-S lower, SM0-A upper and SM0-A 

lower modes. By “upper” we refer to modes with positive phase parity while “lower” 

refers to negative phase parity of the electric fields of the combining SM0-S or SM0-
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A modes. Moreover the upper modes are formed at higher frequencies than the lower 

modes or conversely, the lower modes have larger wavevectors than the upper modes. 

The mode indexes follow the trend:  SM0-S lower > SM0-S upper > SM0-A lower > 

SM0-A upper. It was also shown that, in order to achieve radiation from the HSPhP 

patch antenna, the SM0-S lower mode is the ideal candidate due to the relatively 

highly-confined transverse magnetic field within the slot. Additionally, the more 

commonly used [13,29], hybrid volumetric slot-waveguide mode was shown to 

confine up to 70% less electric field in the slot when compared with the SM0-S lower 

slot-waveguide mode. Finally, this paper proposes an analytical approach to selecting 

the geometry of the h-BN slot-waveguide fed HSPhP patch antenna by providing an 

analytical impedance matching approach between the h-BN slot waveguide and the 

patch antenna. The analytical approach uses microstrip transmission line theory to 

calculate the input impedance of the h-BN slot waveguide and h-BN patch antenna. 

A radiation efficiency of 61.2% with an S11 of -13.39dB is achieved at 1400cm-1. 

While section 2 introduced the various hybrid HIH slot-waveguide modes using h-

BN, which are highly attractive in applications such as optical switches [16, 17] and 

biochemical sensors [18,19], section 3 exploited one of these modes to design and 

tune a novel mid-infrared patch antenna while at the same time plying the traditional 

microstrip design methods. 
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Chapter 7  

List of Publications 

     

1.  • Wide band circular polarized cross bowtie antenna in LWIR 

      - Proc. SPIE 10624, Infrared Technology and Applications XLIV, 1062416 (23 

May 2018). 

 

2.  • Tuning the Resonant Frequency of Microstrip Patch Antenna in LWIR 

      - 2018 International Applied Computational Electromagnetics Society 

Symposium (ACES), Denver, CO, 2018. 

 

3. • Determining attenuation and propagation constants of microstrip line in long 

wave infrared. 

    - Proc. SPIE 10719, Metamaterials, Metadevices, and Metasystems 2018. 

 

4. • Hybrid slot-waveguide fed antenna using hexagonal boron nitride Dyakonov 

polaritons. 

    - Opt Express 2019.  
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