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ABSTRACT 

Title:                     Optical nanoantenna impedance matching and duality and hybrid 

surface phononic waveguide 

Author:                   Yuancheng Xu 

Major Advisor:        Dr. Brian A. Lail 

This work contributes to critical requirements for optical and infrared nanoantenna 

and waveguide applications; 1) the impedance of an optical nanoantenna is 

addressed, and 2) long propagation lengths and high confinement waveguide is 

designed.  

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

local field enhancements, radiative rates, and emissive directional control.  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. As the transitional element between radiating fields and loads, the 

impedance is the requisite information for describing, and designing optimally, both 

emissive (transmitting) and absorptive (receiving) nanoantennas.  Here we present 

the first measurement of an optical nanoantenna input impedance, demonstrating 

impedance multiplication in folded dipoles at infrared frequencies. This 

quantification of optical antenna impedance provides the long sought enabling step 
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for a systematic approach to improve collection efficiencies and control of the overall 

antenna response. 

Sub-diffraction limited waveguides have been studied as a means to manipulate light 

into nanoscale regions. Hybrid waveguides are popular candidates in optical regimes 

for subwavelength confinement and long range propagation. However, advances in 

the mid-IR are lacking due to high propagation losses and limited confinement. Here 

we present the first hybrid phononic waveguide using a hyperbolic material h-BN to 

generate surface phonon polaritons. The strong coupling between the photonic 

cylinder and phononic surface enhances the confined field up to 10-3 λ2 and enables 

propagation distances up to more than two orders of magnitude above the operational 

wavelength. Our work is fully compatible with integrated polaritonic devices in the 

mid-IR and provides a systematic approach to design hybrid phononic waveguides.   

 

 

 

 

 

 

 

 



v 

 

TABLE OF CONTENTS 

ABSTRACT ...................................................................................................................................... iii 

LIST OF FIGURES ..................................................................................................................... vii 

LIST OF TABLES ......................................................................................................................... x 

LIST OF SYMBOLS AND ABBREVIATIONS ................................................................. xi 

Acknowledgements .............................................................................................................. xiii 

Chapter 1 ........................................................................................................................................... 1 

INTRODUCTION ......................................................................................................................... 1 

1.1 Motivation on input impedance of optical nanoantenna ........................................ 1 

1.2 Motivation on hybrid surface phononic waveguide ................................................ 3 

1.3 Motivation on collection efficiency for antenna-coupled detection .................... 6 

1.4 Motivation on optical magnetic near-field ................................................................. 8 

Layout of the Dissertation Document .............................................................................. 10 

Chapter 2 ......................................................................................................................................... 12 

OPTICAL NANOANTENNA INPUT IMPEDANCE ...................................................... 12 

2.1 Fundamental information of infrared CPS ............................................................... 13 

2.2 Numerical characterization of infrared CPS ............................................................ 17 

2.3 Measurement and simulation of input impedance of infrared folded dipole 

antenna ..................................................................................................................................... 21 

2.4 Simulation results of different dimensions of Cr loads ........................................ 31 

Chapter 3 ......................................................................................................................................... 35 

HYBRID SURFACE PHONONIC WAVEGUIDE ........................................................... 35 

3.1 Geometry and modal properties.................................................................................. 36 

3.2 Coupling characteristics in the hybrid waveguide ................................................. 44 

3.3 Summary ........................................................................................................................... 52 

Chapter 4 ......................................................................................................................................... 53 

COLLECTION EFFICIENCY FOR ANTENNA COUPLED DETECTION ............. 53 

4.1 Impedance for half and full wave dipole antennas ................................................ 54 

4.2 Equivalent circuit for the full-wave dipole antenna ............................................... 55 

4.3 Circuit equations ............................................................................................................. 60 

4.4 Antenna power absorption ........................................................................................... 63 

4.5 Conclusion for collection efficiency .......................................................................... 67 

Chapter 5 ......................................................................................................................................... 69 

OPTICAL MAGNETIC NEAR-FIELD THROUGH BABINET’S PRINCIPLE ...... 69 

5.1 Basic theory of Babinet’s principle ............................................................................ 70 

5.2 Simulation results of the dipole and slot antenna ................................................... 71 

5.3 Fabrication and results .................................................................................................. 77 

5.4 Summary ........................................................................................................................... 86 



vi 

Chapter 6 ......................................................................................................................................... 87 

CONCLUSIONS .......................................................................................................................... 87 

REFERENCES ............................................................................................................................. 90 

 

  

  



vii 

LIST OF FIGURES 

 

FIG. 2.1 CPS COUPLED DIPOLE ANTENNA WITH OPEN-CIRCUIT (A) AND SHORT CIRCUIT 

(B). ......................................................................................................................... 14 

FIG. 2.2 STANDING WAVE ABOVE THE TWO CONDUCTORS WITH OPEN-CIRCUIT (A) AND 

SHORT-CIRCUIT (B). ............................................................................................... 15 

FIG. 2.3 COMPLEX MAGNITUDE EZ AT Z DIRCTION ON ANTENNA-COUPLED WITH OPEN-

CIRCUIT (A) AND SHORT-CIRCUIT (B). .................................................................... 16 

FIG. 2.4 CROSS-SECTION OF CPS AND ELECTRIC FIELD DISTRIBUTION. ........................ 17 

FIG. 2.5 COMPLEX MAGNITUDE OF ELECTRIC FIELD AT Z DIRECTION. .......................... 18 

FIG. 2.6 IMPEDANCE OF THE TRANSMISSION LINE IN OPEN (A) AND SHORT (B) CIRCUIT. 

RED CURVE SHOWS THE REAL PART OF THE IMPEDANCE AND BLACK LINE SHOWS 

THE IMAGINARY PART OF THE IMPEDANCE. THE IMPEDANCE WE ARE INTERESTED 

IS THE REAL PART OF THE IMPEDANCE AT 28.3THZ. ............................................. 19 

FIG. 2.7 SCHEMATIC OF S-SNOM MEASUREMENT APPARATUS. ................................... 22 

FIG. 2.8 SEM IMAGE OF THE ANTENNA COUPLED CPS WITH (A) A FOLDED DIPOLE 

ANTENNA AND (F) A FOLDED DIPOLE ANTENNA WITH A STUB FOR DC ISOLATION, 

WHERE CONDUCTOR 1 IS ON THE RIGHT SIDE AND CONDUCTOR 2 IS ON THE LEFT 

SIDE. EXPERIMENTAL NEAR-FIELD IMAGES SHOW THE AMPLITUDE SIGNAL ALONG 

THE CPS WITH (B) A FOLDED DIPOLE ANTENNA AND (G) A FOLDED DIPOLE WITH A 

STUB DESIGNED AT THE SHORT-CIRCUIT RESONANCE. EXPERIMENTAL NEAR-FIELD 

RESULTS SHOW SURFACE WAVE WITH PHASE VARIATION ON THE CPS WITH (C) A 

FOLDED DIPOLE AND (H) A FOLDED DIPOLE WITH A STUB AT OPEN-CIRCUIT 

RESONANCE. (D) AND (I) ANALYTICAL FITTING TO THE CORRESPONDING 

MEASURED AMPLITUDE SIGNALS. (E) AND (J) ANALYTICAL FITTING TO THE 

CORRESPONDING MEASURED DATA WITH PHASE VARIATION. ............................... 25 

FIG. 2.9 SEM IMAGES OF (A) DOUBLE-FOLDED AND (C) TRIPLE-FOLDED DIPOLE 

ANTENNA. MEASURED S-SNOM SIGNALS ALONG CPS FOR (B) DOUBLE-FOLDED 

AND (D) TRIPLE-FOLDED DIPOLE ANTENNA. .......................................................... 26 

FIG. 2.10 CPS TERMINATED WITH CR LOAD. ................................................................. 32 

FIG. 2.11 STANDING WAVE FIT TO DIFFERENT SIZES OF CR LOAD (VARIOUS DIMENSIONS 

OF OVERLAP LENGTH) (A) W=50NM, (B) W=60NM, (C) W=150NM, AND (D) 

W=250NM. ............................................................................................................ 34 

FIG. 3.1 (A) REAL AND IMAGINARY PARTS OF THE DIELECTRIC FUNCTION OF FLAT H-

BN. (B) DISPERSION OF THE SPHP MODE OF THE FLAT H-BN-AIR BOUNDARY. ... 37 

FIG. 3.2 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. ....................................................................................... 38 

FIG. 3.3 (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. ......................................................... 40 

FIG. 3.4 ELECTROMAGNETIC ENERGY DENSITY DISTRIBUTION FOR (A) [D, H] = [2.5, 1] 

UM, (B) [D, H] = [1.4, 0.25] UM, (C) [D, H] = [1.4, 0.1] UM AND (D) [D, H] = [1.4, 

0.01] UM. ............................................................................................................... 43 



viii 

FIG. 3.5 EFFECTIVE INDEX OF THE HYBRID WAVEGUIDE FOR DIFFERENT GAP HEIGHT H 

VERSUS CYLINDER DIAMETER D. THE DASHED LINE INDICATES THE INDEX OF THE 

SPHP MODE NSPHP. .................................................................................................. 45 

FIG. 3.6 THE DEPENDENCE OF COUPLING STRENGTH Κ ON CYLINDER DIAMETER D AND 

GAP HEIGHT H. ....................................................................................................... 47 

FIG. 3.7 NORMALIZED ENERGY DENSITY ALONG Z AXIS AT WAVENUMBER (A) 1400 CM
-1

 

(B) 1426 CM
-1

 AND (C) 1483 CM
-1. (D) NORMALIZED ENERGY DENSITY AT Z = -D/2 

FOR DIFFERENT WAVENUMBERS. ........................................................................... 49 

FIG. 3.8(A) CRITICAL ANGLE Θ1 OF THE HYPERBOLIC POLARITONS AT 1400 CM
-1

 FOR [D, 

H] = [1.4, 0.1] ΜM. (B) FREQUENCY-DEPENDENT DIRECTIONAL ANGLES OF THE 

HYPERBOLIC POLARITONS, WHERE Θ1 IS AT 1400 CM
-1, Θ2 AT 1426 CM

-1
 AND Θ3 AT 

1483 CM
-1. ............................................................................................................. 51 

FIG. 4.1 GEOMETRY OF A DIPOLE ANTENNA, WITH EXCITATION PORT. ......................... 55 

FIG. 4.2 RADIATION AND OHMIC RESISTANCE FOR THE IR DIPOLE ANTENNAS ............ 55 

FIG. 4.3 GEOMETRY OF A DIPOLE ANTENNA IN THE FREE SPACE. .................................. 56 

FIG. 4.4 RADIATION RESISTANCE AND OHMIC RESISTANCE FOR THE FULL-WAVE DIPOLE 

ANTENNA IN THE FREE SPACE. ............................................................................... 57 

FIG. 4.5 FULL-WAVE DIPOLE EQUIVALENT CIRCUIT. ..................................................... 59 

FIG. 4.6 EQUIVALENT CIRCUITS WITH ONE INDIVIDUAL VOLTAGE AND ONE INDIVIDUAL 

CURRENT SOURCE. ................................................................................................. 60 

FIG. 4.7 FULL-WAVE DIPOLE WITH A TUNABLE MATCHED NI LOAD. ............................. 63 

FIG. 4.8 HALF-WAVE DIPOLE WITH A MATCHED NI LOAD. ............................................ 65 

FIG. 4.9 FULL-WAVE DIPOLE WITH A MATCHED NI LOAD. ............................................. 66 

FIG. 5.1 THE ELECTROMAGNETIC FIELD OF A ROD ANTENNA AND A SLOT ANTENNA IS 

RELATED BY BABINET’S PRINCIPLE. ...................................................................... 71 

FIG. 5.2 (A) DIPOLE ANTENNA AND (B) SLOT ANTENNA IN THE FREE SPACE WITH IR 

INCIDENT WAVE ILLUMINATION ............................................................................ 72 

FIG. 5.3 PLOT OF ABSORPTION LOSS OF DIPOLE AND SLOT ANTENNA. RED CURVE GIVES 

SPECTRUM FOR SLOT ANTENNA AND GREEN CURVE PRESENTS FOR DIPOLE 

ANTENNA. .............................................................................................................. 73 

FIG. 5.4 EZ FIELD DISTRIBUTION OF SLOT ANTENNA (A) AND HZ FIELD DISTRIBUTION OF 

DIPOLE ANTENNA (B) IN M=1 MODE. ..................................................................... 74 

FIG. 5.5 EZ FIELD DISTRIBUTION OF SLOT ANTENNA (A) AND HZ FIELD DISTRIBUTION OF 

DIPOLE ANTENNA (B) IN M=3 MODE. ..................................................................... 75 

FIG. 5.6 THE SPECTRUM OF THE ENERGY IN THE SLOT (RED CURVE) AND VOLUME LOSS 

IN THE DIPOLE ANTENNA (GREEN CURVE) WITH M=1 (A) AND M=3 MODE (B). THE 

SLOT AND DIPOLE ANTENNA LOCATE ON THE KBR SUBSTRATE. ........................... 77 

FIG. 5.7 (A) SCANNING ELECTRON MICROSCOPY (SEM) IMAGE OF A SLOT ANTENNA, (B) 

S-SNOM SET UP FOR THE MEASUREMENT. ........................................................... 79 

FIG. 5.8 OPTICAL NEAR-FIELD EZ OF SLOT ANTENNA FOR M=1 MODE (A) TOPOGRAPHY 

(B) S-SNOM RESULT. ............................................................................................ 80 

FIG. 5.9 OPTICAL NEAR-FIELD EZ OF SLOT ANTENNA FOR M=3 MODE (A) TOPOGRAPHY 

(B) S-SNOM RESULT. ............................................................................................ 81 



ix 

FIG. 5.10 MEASURED AND SIMULATED DATA FOR THE SLOT ANTENNA AT DIFFERENT 

RESONANT WAVELENGTHS. ................................................................................... 82 

FIG. 5.11 TRANSMISSION SPECTRUM FOR MEASURING DIFFERENT LENGTH OF SLOT 

ANTENNAS. ............................................................................................................ 84 

FIG. 5.12 RESONANT WAVELENGTH AS THE FUNCTION OF SLOT ANTENNA LENGTH 

FROM EXPERIMENT AND SIMULATION. .................................................................. 85 

 

 

 

 

 

 

 

 

 

 

 

 



x 

LIST OF TABLES 

TABLE 1. MEDIAN ATTENUATION (Α) AND PHASE CONSTANT (Β) OF MEASURED AND 

SIMULATED ANTENNA-COUPLED CPSS ................................................................. 20 

TABLE 2. MEDIAN ATTENUATION (Α) AND PHASE CONSTANT (Β) OF MEASURED AND 

SIMULATED ANTENNA-COUPLED CPSS ................................................................. 29 

TABLE 3. IMPEDANCE OF CR LOAD WITH DIFFERERNT WIDTHS ..................................... 34 

TABLE 4. ABSORBTION OF IR ANTENNAS WITH THE MATCHED LOAD ......................... 66 



xi 

LIST OF SYMBOLS AND ABBREVIATIONS 

Symbols  units  

 E Electric field intensity                             [v/m] 

 εr Relative dielectric constant of substrate.         [-] 

 o  Free space wavelength    [M] 

 Rr  Radiation resistance         [Ω] 

 dP  Dielectric loss.        [W] 

 B Magnetic flux density                        [wb/m2] 

 h  Height of the substrate.    [M] 

 D Electric flux density               [C/ m2]  

 H Magnetic field intensity               [A/m] 

 β Propagation constant                          [rad/m] 

 𝑛 Refractive  index 

 Zo characteristic impedance    [Ω] 

 

Abbreviations 

 IR      Infrared 

 AUT      Antenna under test 

 CPS      Coplanar strips 

 HFSS        High frequency structural simulator 

 FEM       Finite element method 

 Mid-IR      Mid-infrared 

 LWIR        Long-wave infrared 

 RF       Radio frequency 

 TEM       Transverse electric-magnetic 

 BCB        Benzo-cyclobutene 

 PMMA       Polymethyl methacrylate 

 s-SNOM Scattering-type scanning near-field optical microscopy 

 h-BN        Hexagonal boron nitride 

 BN        Boron nitride. 

 SPP        Surface plasmon polaritons 

 Si        Silicon 

 Al               Aluminum 

 BS              Beam splitter 

 OAP           Off-axis parabolic 

 RM        Reference mirror 

 SPhPs       Surface phonon polaritons 



xii 

 LO             Longitudinal optical 

 TO       Transverse optical 

 QWP         Quarter wave plate 

 DFG       Difference frequency generation 

 FIB       Focused ion beam 

 AFM       Atomic force microscope 

 MCT         Mercury Cadmium Telluride 

 OPO          Optical parametric oscillator 

 WG           Wire grid 

 FS              Free space 

 FIT            Florida Institute of Technology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xiii 

Acknowledgements 

 

I would like to thank Dr. Brian A. Lail for the extraordinary help in my research 

work. Without his guidance, knowledge and patience, none of my work and research 

included in this dissertation would have ever been possible. 

I would like to thank my parents for supporting me this years. I have the opportunity 

to learn the American culture and their ways. I wish also to thank my PhD committee 

members which consisted of Dr. Brian A. Lail, Dr. Jewgeni Dshalalow, Dr. Susan 

Earles, and Dr.  Ivica Kostanic. I thank all the staff in the Electrical department for 

their cooperation and guidance. I would like also to thank all the students of the 

Applied Computational Electromagnetics lab research group for their cooperation 

and worthy discussions.  

 
 
 
 
  



 1 

 

Chapter 1 

 

 INTRODUCTION 

 

This dissertation will be mainly focused on two major topics but also 

include some related materials. The first part is on the optical nanoantenna input 

impedance. The second part is on hybrid surface phononic waveguide. The third 

part is on collection efficiency for millimeter and submillimeter wave antenna-

coupled detection. The last part is on accessing the optical magnetic near-field 

through Babinet’s principle. This chapter will give some introductory overview of 

the topics pursued in this dissertation.  

 

1.1 Motivation on input impedance of optical nanoantenna  

Advancements in nanofabrication, complemented by a better understanding 

of light-matter interactions, have led to the development of optical nanoantennas; 

antennas that exhibit an optical response that enables applications including surface 

enhanced vibrational spectroscopy, nanophotonic phased arrays, imaging, optical 

communications, and optical metamaterials/metasurfaces [1–7]. Antennas provide a 

transition between unbounded, radiating electromagnetic fields and the confined 

local fields associated with the load to the antenna. The load represents systems 

connected to the antenna terminals, whether for excitation (transmission) or for 
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collection (receiving). A design goal for efficient antenna application is maximal 

power transfer between the antenna and the load. While certain coupled systems are 

well-suited to a quantum-optics density-of-states description, an impedance-based 

approach is applicable [8, 9]. Impedance, corresponding to an equivalent circuit 

representation, is a convenient way to describe the interaction between antenna 

impedance, ZA, and the load impedance, ZL. It is well known from antenna theory 

that impedance matching between the load and the antenna, ZL=ZA
*, corresponds to 

maximum power transfer.   

The significance of the concept of optical antenna impedance is well-

established. By defining optical antenna impedance in terms of optical concepts 

such as local density of states and decay rates, the coupling between the 

nanoantenna and a quantum emitter can be described [8]. The optical nanocircuit 

loading effects on radiation and impedance in optical antennas can be formulated, 

based on circuit theory and numerical simulations [10–14]. Impedance matching 

properties have been indirectly inferred when describing coupling between optical 

antennas and waveguides [15–17] as well as through enhanced scattering intensity 

[18]. However, to the best of our knowledge, a direct measurement and 

quantification of the impedance of an optical nanoantenna has not yet been 

performed.   

In radiofrequency (RF) operation Ohmic losses in the antenna are 

negligible. However, for optical applications metals have three orders of magnitude 

lower conductivity and therefore give rise to large dissipated power which can 
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exceed the radiated power. In the impedance description, dissipative losses and 

radiation losses are represented by Ohmic resistance and radiation resistance, 

respectively. The sum of both is the total input resistance of the antenna 

corresponding to the real part of the complex input impedance. At resonance the 

imaginary part of the antenna impedance, i.e. the input reactance, becomes 

negligible. Maximal power transfer requires conjugate matching of antenna and 

load, but with the antenna impedance dominated by radiation resistance in order to 

overcome the Ohmic dissipation in the antenna. With the large Ohmic loss, this 

means that radiation efficiency improves as the antenna resistance increases such 

that radiation becomes the dominant power. This represents a significant deviation 

from classical antenna design, yet it is a critical requirement for efficient power 

transfer at optical frequencies. Folded dipoles for RF applications, designed at the 

short-circuit resonance, provide a convenient impedance match to simple 

transmission lines while maintaining good directional radiation characteristics [19]. 

Further, the folded design provides a mechanism for increasing the antenna input 

impedance, often known as impedance multiplication, through the addition of 

multiple folded arms. Nanoantenna folded dipoles have been studied through 

theoretical analysis and simulation, predicting that both the short-circuit and open-

circuit terminations provide good radiation characteristics and efficiency [20]. 

 

1.2 Motivation on hybrid surface phononic waveguide  

The field of nanophotonics has sought to solve the problem of manipulating 

light on scales beyond the diffraction limit [21]. Surface plasmon polaritons (SPPs) 
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are among the most studied methods for subwavelength confinement at optical and 

near-IR wavelengths [22-25]. In order to improve upon the limitations of SPP 

waveguides, hybrid plasmonic waveguides, which consist of a high-index-contrast 

dielectric waveguide placed over the metal surface, were the alternative [26-29]. 

The coupling between the dielectric waveguide and plasmonic modes can produce 

highly confined modes with large propagation distance. This however is restricted 

to optical wavelengths because noble metal SPPs generally don’t offer significant 

field confinement at mid-IR wavelengths. The need for low-loss optical materials 

capable of supporting sub-diffraction limited localized/confined and propagating 

modes in such nanostructures in the mid-IR ranges motivates the study of surface 

phonon polaritons (SPhPs) [30,31]. The stimulation of SPhP modes in polar 

dielectrics enables a plethora of potential sensing and waveguiding applications in 

long wavelength infrared (IR) ranges including chemical sensing and IR imaging 

[32, 33]. Surface phonon polaritons are TM guided waves produced as a result of 

IR phonons- quasi particles produced from lattice vibrations in polar dielectrics 

subjected to an external field, and optical photons. They produce similar properties 

to SPPs and can be treated with similar mathematics [34]. There has been interest 

in phonon polariton based applications [35], however little has been done to look at 

phonon polariton based waveguiding.  

In the search for good materials that support SPhP modes, it has been found 

that crystalline dielectrics and semiconductor materials are prime candidates, 

specifically SiC, SiO2 and III-V and III-nitride semiconductors [31-40]. While all 
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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 SPhPs [41-43]. 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) 

[14]. 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 surface 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 [34, 41-46]. 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 polaritons in the areas of 

sensing and detection, graphene-based h-BN surface plasmon phonon polaritons 

have been used [47-52].  The high-field confinement of the tunable graphene 

plasmons in mid-IR allows for strong coupling with the h-BN monolayers. 

However, to the knowledge of the authors, h-BN structures have not been 

integrated into hybrid designs for mid-IR waveguide applications. 
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In this paper we present a hybrid phononic waveguide design by coupling 

h-BN SPhPs with a dielectric waveguide, 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 [46]. At wavenumber 1400 cm-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 SPhPs propagate 

over large distances (up to 100 λo) with modal confinement as low as ~10-3 λo
2. 

This approach yields significant improvements to both guided phononics and 

photonics and has applications in phonon based IR lasers, bio-sensing and 

interferometry [32, 35, and 54]. 

 

1.3 Motivation on collection efficiency for antenna-coupled detection 

Antenna-coupled detector collection efficiency captures the concept of 

power output/input and is made up of several sub-efficiencies. In the ideal case all 

of the available, incident power is collected and transferred to the load. However, 

many of the fundamental limits of antennas are based on theory described by the 

Thevenin or Norton equivalent circuit, predicting that the maximum power that can 

be absorbed by the antenna is only 50% of the total power [55]. And many 

antennas scatter more power than they absorb, with the minimum scattering 

antenna exhibiting equal absorbed and scattered powers [56]. Although the 
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fundamental principles of antenna theory are well established, some theoretical 

aspects regarding circuit models and predictions of power absorption are still 

debated and questioned [57-60]. It also has been shown that the absorption 

efficiency, which is usually defined as the ratio of the absorbed power by the load 

and the sum of the absorbed power, and scattered power from antenna in low 

frequency, could reach more than 50% [61, 62]. In the sub-millimeter and THz 

spectrum material loss can become prohibitive to antenna collection efficiency, and 

accounting for the absorption properties is critical to overcoming these limitations. 

It should be noted that antenna scattering can be divided into two parts: one is 

called antenna mode scattering, due to the load mismatch to the input impedance of 

the antenna, but it has the same pattern as the transmitting antenna; another part is 

called the structural scattering, that can be understood as a receiving current 

induced on the structure which gives rise to a scattered field. In other words, there 

is always some scattering power that can be observed from a receiving antenna 

even with a conjugate-matched load.  

We note that the classical minimum scattering antenna follows from a 

simple analysis that the absorption efficiency is 50% for conjugate matching, which 

means the amount of power absorbed is same as the power scattered. And it has 

identical transmitting and receiving pattern, while radiating the same fields in the 

forward and backward directions. But the most important condition is the minimum 

scattering antenna is “invisible” when its terminals are open circuited [56]. The 

half-wave dipole belongs to the minimum scattering antenna category, since it 
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consists of two collinear quarter-wave dipoles when open-circuited, and the 

quarter-wave dipole is poor scatterer, nearly “invisible” [63]. However, the full-

wave dipole, when its terminals are open circuited, has two identical half-wave 

current distribution along the dipole arms and generates a strong scattered field. In 

this paper, we demonstrate that there can be a significant improvement of 

absorption efficiencies for the full-wave dipole antenna, comparing to the half-

wave dipole.  

Recently, one paper has been published to give an extensive analysis of the 

radiation properties of the full-wave dipole antenna [64]. It is shown that in contrast 

to a regular RF transmitting antenna which is usually operated at the short-circuit 

resonance, for the optical antenna the peak of radiated efficiency is located near the 

open-circuit resonance. Our approach is to investigate the absorption efficiency for 

the dipole antenna at the open-circuit resonance while achieving matched 

impedance conditions via a tunable-impedance load, and a circuit model is 

proposed to give insight into the physical interpretation of a full-wave dipole which 

is consistent with the ability to achieve greater than 50% of the available power. 

 

1.4 Motivation on optical magnetic near-field 

Manipulating the magnetic field of optical antennas or metamaterials offers a 

new way to control the near-field light-matter interactions [65-69]. The magnetic 

response is quite weak at optical frequency, since the electric dipole transition is 

usually much bigger than the magnetic dipole transition [70-72]. However, the use of 

magnetic structures has been a subject of growing interest in recent years, for 
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example the research in magnetic field enhancement [73-75], obtaining magnetic 

nolinear effects with metamaterials [76], nanorod metamaterials [77], and modifying 

the magnetic dipole emission in optical regime [78]. 

Despite the magnetic field in optical devices and metamaterials offers a 

variety of interesting applications, it is still a challenge to probe and investigate the 

magnetic resonances and local magnetic near-field properties. Babinet’s principle is a 

classic concept of the optical wave theory. Fundamentally, Babinet’s principle is 

used to explain the correspondence between a transmission layer and a 

complementary layer. Beyond this basic application, Babinet’s principle has found 

great importance in the design of metamaterials and nanoantennas at optical 

frequency. For example, it is shown that Babinet’s principle associates not only the 

transmission and reflection spectrums, but also the field distribution of the 

electromagnetic resonances [79].   

Basically, Babinet’s principle states that a complementary structure 

illuminated by a plane wave with the polarization rotated by 90o in the normal 

direction results in a complementary scattering response with reflectance and 

transmittance being interchanged under the condition that the scattering structures are 

made of infinitely thin perfect conductor [80]. Because of the structure material 

consideration, Babinet’s principle is widely used in the radio frequency (RF) region. 

However, with the development of metamaterials, the usage of Babinet’s principle 

has been extended from RF to mid-infrared (mid-IR) and THz designs. Experiments 

with artificial metasurfaces and metamaterials, the complementary split rings 
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resonator is designed with high frequency selectivity and planar metamaterials with a 

negative dielectric permittivity [81]. 

In this work, we demonstrate the application of Babinet’s principle from 

simulation and measurement aspects in the IR frequency to gain insight into the 

spectral properties of magnetic and electric resonances, by applying the 

complementary structures of a dipole antenna and a slot antenna [81-88]. We present 

that electromagnetic duality can be accessed by comparing the optical magnetic field 

of the dipole antennas and the optical electric field of the slot antenna in both far-

field spectral and near-field spatial responses.  

 

Layout of the Dissertation Document 

This document is a comprehensive report on the research performed at 

Applied Computational Electromagnetics Lab at Florida Institute of Technology 

(FIT), collaborating with the groups in University of North Carolina at Charlotte 

and University of Colorado at Boulder. Chapter 2 presents the novel method to 

achieve input impedance of an optical nanoantenna. This part of work has been 

published in ACS Photonics (Y. Xu, E. Tucker, G. Boreman, M. B. Raschke and B. 

A. Lail, “Impedance of optical and infrared nanoantennas”, ACS Photonics, 3, 

2016). In Chapter 3 hybrid phononic waveguides are proposed, modeled, simulated 

and discussed. This part of work has been published in Optics Express (Y. Xu, N. 

Premkumar, Y. Yang and B. A. Lail, “Hybrid surface phononic waveguide using 

hyperbolic boron nitride”, Optics Express, 24, 2016). In Chapter 4, the collection 

efficiency for antenna-coupled detection is characterized. This part of work has 
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been presented in SPIE conference (Y. Xu and B. A. Lail, “Collection efficiency 

for millimeter and submillimeter wave antenna-coupled detection”, SPIE DSS, 

Baltimore, 2015). Chapter 5 dwells on accessing the optical magnetic near-field 

through Babinet’s principle. This work has been published in ACS Photonics (H. 

U. Yang, R. L. Olmon, K. S. Deryckx, X. G. Xu, H. A. Bechtel, Y. Xu, B. A. Lail, 

and M. B. Raschke , “Accessing the optical magnetic near-field through Babinet’s 

principle”, ACS Photonics, 1, 2014). Chapter 6 draws conclusion and future 

research. 
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Chapter 2 

OPTICAL NANOANTENNA INPUT IMPEDANCE 

 

This chapter provides a novel method to analyze, simulate and measure the 

input impedance of an optical nanoantenna. The work in this chapter will 

characterize an optical nanocircuit by comparing the results from near-field 

measurement and simulation results. An innovative approach is proposed to attain 

the input impedance of an unknown antenna structure. And then, it will detail the 

process to achieve the parameters of a transmission line, since determination of the 

attenuation constant and phase constant have been a challenge in nanocircuit 

design. In order to generate near-field along the transmission line, a dipole has to 

be designed at resonance to receive incident radiation and couples into the 

transmission line. In this work, a near-field technique implemented for determining 

the attenuation, phase constants and characteristic impedance of an antenna-

coupled coplanar strips (CPS) is demonstrated at 28.3 THz using computed fields 

similar to those measured through scattering-type scanning near-field optical 

microscopy (s-SNOM). In addition, once the CPS properties are characterized, the 

input impedance of infrared antennas loading the CPS is determined from the 

reflection coefficient, extracted by fitting the standing wave to the near-field result.    
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2.1 Fundamental information of infrared CPS 

Fig. 2.1 shows the configuration of an antenna-coupled coplanar strip 

transmission line structure with open-circuit (a) and short circuit (b) load. In this 

case, a dipole antenna coupled with CPS, which 1.8 um long and 150 nm is wide 

paralleling to the y axis. The CPS devices are investigated as 5 um long, 220 nm 

wide and separated by 110 nm on the Silicon (Si) substrate. Both CPS devices are 

simulated as 110 nm high gold structures. For the open case, the ends of conductors 

are not connected. However, for the short case, the end of two conductors is 

connecting with a 150 nm wide gold strip. The optical dipole antenna, which is 

excited by an incident wave of Gaussian beam, produces an electromagnetic wave 

with positive voltage polarity propagating along the transmission line in x 

direction. When the wave reaches the end of the line, a negative –x traveling wave 

with opposite voltage polarity is generated. The addition of a wave traveling in the 

+x direction and a wave traveling in the –x direction produces a standing wave. 

(a) 
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(b) 

             
 

Fig. 2.1 CPS coupled dipole antenna with open-circuit (a) and short circuit (b). 

 

Fig. 2.2 presents the standing wave above the CPS in both open and short 

circuit cases. In HFSS, two lines above the CPS are provided to present the electric 

field distribution on the Z direction, which indicate 180 o degree phase shift between 

adjacent conductors, and 90 o degree phase shift between open and short circuit case. 

Comparing both open circuit (a) and short circuit (b), the point near x=3 um on the 

open circuit and x=4 um on the short circuit, respectively, indicate an amplitude 

maximum on one conductor and a minimum on the other conductor, resulting in 180o 

phase shift of the standing wave when comparing the two adjacent conductors in 

both cases. Moreover, near the load at x= 5 um, the open circuit presents a standing 

wave amplitude antinode at the end, while the short circuit load presents a node, 

resulting in 90o phase shift of the standing wave when comparing both cases. 
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(a) 

                

(b) 

               

Fig. 2.2 Standing wave above the two conductors with open-circuit (a) and short-circuit 

(b). 

 

Fig. 2.3 indicates complex magnitude on the Z direction Ez on antenna-

coupled with open circuit and short circuit. The complex magnitude Ez is measured 

20 nm above one of the conductors. The field distribution of magnitude Ez on the 
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antenna coupled transmission line is the summation of the complex fields of two 

standing waves. 

(a) 

               

(b) 

                

Fig. 2.3 Complex magnitude Ez at Z dirction on antenna-coupled with open-circuit (a) and 

short-circuit (b). 

 

A cross-sectional view of CPS is presented in Fig. 2.4, where the electric 

field distribution indicates the reaction between two conductions. The Ez field on 

top of the two conductors is equal in magnitude, but 180o degree out of phase. 
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Fig. 2.4 Cross-section of CPS and electric field distribution. 

 

 

2.2 Numerical characterization of infrared CPS 

The propagation factor of a transmission line, in general, includes two parts; 

phase and attenuation constants, both dependent on the geometrical and material 

parameters. A detailed understanding of the two constants can help to make the 

practical design of impedance-matching in optical circuits. Here, we determine the 

phase constant by observing the peak separation in standing wave patterns. 

Meanwhile, the attenuation constant is determined by considering a CPS of length 

sufficient to guarantee the signal coupling to waveguide from an optical antenna 

decreases to negligible magnitude before it reaches the opposite end. Then by 

applying spatial averaging over locations along the CPS the attenuation constant is 

determined. The phase and attenuation constants are given by 

                                 
𝛽 =

2𝜋

𝜆
       

              (2.1) 
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                                    𝛼 =
20 log10(𝐸1/𝐸2)

8.69𝑑
                                                 (2.2) 

where E1 and E2 are the magnitudes of signals at different locations separated by 

distance d along the CPS. In Eq. (2.2) the factor 8.69 is included in order to convert 

from Neper/mm to dB/mm. 

                 

Fig. 2.5 Complex magnitude of electric field at Z direction. 

 

From the Fig. 2.5 we can determine the average value of attenuation and 

phase constant ave(α)=48.4 Nepers/mm, and ave(β)=1.57 rad/um. 

The impedance of CPS, which exhibits a high confinement associated with 

transmission mode, can be determined by changing the open-circuit and short-

circuit load with expression, 

         𝑍𝑖𝑛 = 𝑍𝑜(
𝑍𝐿 cosh(𝛾𝐿)+𝑍0 sinh(𝛾𝐿)

𝑍0 cosh(𝛾𝐿)+𝑍𝐿 sinh(𝛾𝐿)
)                                                      (2.3) 

where L is the length of CPS, γ=α+jβ, ZL is load impedance and Z0 is input 

impedance of CPS. In the open-circuit mode operation, ZL goes to a very large 

number, Zoc=Zo (cosh(γL)/sinh(γL) ), while in the short-circuit mode operation, ZL 
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equals zero, Zsc=Zo (sinh(γL)/cosh(γL)). The input impedance of CPS can be 

achieved from following:    

                                          𝑍0 = √(𝑍𝑠𝑐𝑍𝑜𝑐)                                                          (2.4) 

where Zsc is the input impedance when ZL is a short-circuit load and Zoc is the input 

impedance when ZL is an open-circuit load. 

(a) 

              

(b) 

             

Fig. 2.6 Impedance of the transmission line in open (a) and short (b) circuit. Red Curve 

shows the real part of the impedance and black line shows the imaginary part of the 

impedance. The impedance we are interested is the real part of the impedance at 28.3THz. 

 



 20 

In Fig. 2.6, there are two lines, one shows real part of impedance varieties 

as sweeping the frequencies, another gives imaginary part of impedance varieties. 

The figures clearly illustrate that the imaginary parts of impedance are equal zero at 

28.3 THz, which express the impedance do not include the reactance part. Then the 

real parts, which are the resistance of the impedance, are determined.  Zoc =19.8 Ω, 

Zsc =224.8 Ω. Then using formula, we can get Zo = 61.5 Ω. 

As seen in Table 1, the simulated and measured propagation constants are in 

good agreement with each other. The measured attenuation is a little larger than the 

simulated one. It might be attributable to the surface roughness of the fabricated 

devices, when the surface of devices in HFSS is smooth without roughness above. 

This idea also is demonstrated by another method for simulating the attenuation, 

when the result from simulation is smaller than one from measurement. 

TABLE 1.  MEDIAN ATTENUATION (Α)  AND PHASE CONSTANT (Β)  OF 

MEASURED AND SIMULAT ED ANTENNA-COUP LED CPSS . 

                  

We have demonstrated that the method we develop can be characterized the 

propagation constant of one-layer CPS. It is possible that this method can be 

extended to achieve the propagation constant in multiple-layers CPS.                                          
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2.3 Measurement and simulation of input impedance of infrared 

folded dipole antenna 

Here we study several variants of folded dipole antennas in order to 

overcome the limitations of Ohmic loss and to control the antenna impedance in the 

optical and infrared spectrum; (1) single-folded dipole, (2) single-folded dipole 

with a stub, (3) double-folded dipole, and (4) triple-folded dipole. The single folded 

antenna is the traditional folded dipole design, while the folded dipole with a stub is 

a variation incorporating an open-circuit coplanar strip line (CPS) stub that trans-

forms to a short-circuit in the antenna arm at operational frequencies while 

providing electrical isolation for low-frequency load biasing as is often required for 

detector/sensor applications. With the practical need to achieve optimum antenna 

efficiency, we determine both short-circuit and open-circuit resonance impedances. 

Multiple folds are considered at the short-circuit resonance, in order to demonstrate 

impedance multiplication. 
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Fig. 2.7 Schematic of s-SNOM measurement apparatus. 

 

The folded CPS structures (with and without a stub) were composed of 

gold and were fabricated on an aluminum ground plane with benzo-cyclobutene 

(BCB) polymer (Dow Cyclotene 3022-35 resin) used as the standoff layer. Briefly, 

the ground plane was formed by depositing 150 nm of aluminum onto a cleaned 

silicon wafer using e-beam evaporation. Next, a 1.2 um thick BCB layer was 

deposited by spin coating the resin onto the sample, then a hard cure was done in a 

nitrogen environment. The structures were patterned in polymethyl methacrylate 

(PMMA) resist using e-beam lithography, which was followed by development of 

this resist, metallization, and lift-off using Remover PG to yield 110 nm thick 

structures. The conductors of the CPS are 5 μm long, 220 nm wide and are 

separated by 110 nm. 
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Near-field measurements were performed utilizing a custom-built s-

SNOM, which operates utilizing a homodyne detection scheme. The instrument has 

a layout as shown in Fig. 2.7, and a CO2 laser operating at a wavelength of 10.6 µm 

was used as the source and is directed towards a 50/50 beam splitter (BS). A 

portion of the s-polarized incident beam is then reflected towards the sample while 

a comparable fraction is directed into a reference path. The reflected beam is 

focused onto the sample on the AFM stage at an angle of 60° off-normal using an 

off-axis parabolic reflector (OAP), which excites the structures of interest. The 

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

polarized light from these excited near-fields back towards the beam splitter. The 

other portion of the incident beam at the beam splitter is directed towards a 

reference mirror (RM) in the reference path where it passes through a quarter wave 

plate (QWP). Then, this reference beam is reflected back towards the beam splitter 

where it is combined with the scattered near-field radiation. The interferometric 

homodyne signal mainly corresponding to the EZ field is measured by a liquid 

nitrogen cooled Mercury Cadmium Telluride (MCT) detector. A lock-in amplifier 

is used to measure the signal at the 2nd harmonic of the tip oscillation. Wire grid 

polarizers (WG) are utilized to enable cross polarized excitation and detection. In a 

region of interest, AFM scans are made at different reference mirror positions. A 

cosine function is fit point-by-point across these images, which allows for 

determination of amplitude and phase of the near-field signal. 



 24 

The structures were designed for mid-infrared ~10.6 µm (28.3 THz) 

radiation so that infrared illumination, co-polarized with the dipole antenna, 

couples to a propagating wave on the transmission line. We then use scattering-type 

scanning near-field optical microscopy (s-SNOM) as established previously [89–

93] to measure the superposition of the waves emanating from both the dipole 

antenna and the folded dipole antenna along the CPS transmission line. More 

specifically, reflection of the propagating optical wave upon the load at the 

terminals of the CPS results in a standing wave, where the associated surface-

normal |EZ | near-field component is measured using s-SNOM. By fitting the 

superposition of the standing wave to the measured near-field amplitude and then 

determining the complex reflection coefficient, the folded dipole antenna 

impedance is obtained. 
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Fig. 2.8 SEM image of the antenna coupled CPS with (a) a folded dipole antenna and (f) a 

folded dipole antenna with a stub for DC isolation, where conductor 1 is on the right side 

and conductor 2 is on the left side. Experimental near-field images show the amplitude 

signal along the CPS with (b) a folded dipole antenna and (g) a folded dipole with a stub 

designed at the short-circuit resonance. Experimental near-field results show surface wave 

with phase variation on the CPS with (c) a folded dipole and (h) a folded dipole with a stub 

at open-circuit resonance. (d) and (i) Analytical fitting to the corresponding measured 

amplitude signals. (e) and (j) Analytical fitting to the corresponding measured data with 

phase variation. 

 

The topography (SEM image) and measured near-field amplitude signal can 

be seen for the dipole-coupled CPS loaded with a single folded dipole antenna in 

Fig. 2.8 (a) and (b), and a folded dipole antenna with a stub in Fig. 2.8 (f) and (g) at 

their short-circuit resonances. The magnitude of the vertical |EZ | is found by Re(EZ 

)=|EZ |  cos(φZ ), where |EZ | is the near-field amplitude and φZ is the phase [94, 95]. 

The near-field amplitude signal |EZ | in this measurement configuration can be 
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observed in the line scan plots in Fig. 2.8 (d) and (i), showing the standing wave 

along the CPS transmission line. In order to visualize the distribution of the surface 

near-field phase variation at the open-circuit resonance at λ= 10.6 µm, φZ is shown 

in Fig. 2.8 (c) and (h). The corresponding open-circuit model line scan analysis 

along the CPS lines are shown in Fig. 2.8 (e) and (j). We also investigate the 

impedance multiplication for the IR antenna at the short-circuit resonance by using 

near-field measurements. In Fig. 2.9 (a) and (c), the SEM images are shown for the 

double- and triple-folded dipole antennas designed at the short-circuit resonance. 

The corresponding near-field amplitude |EZ | along the conductors are presented in 

Fig. 2.9 (b) and (d). 

                        

Fig. 2.9 SEM images of (a) double-folded and (c) triple-folded dipole antenna. Measured s-

SNOM signals along CPS for (b) double-folded and (d) triple-folded dipole antenna. 
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The magnitude of EZ along the transmission line represents a standing wave, 

which results from the interference of optical wave coupling into the CPS from the 

dipole antenna end and the load antenna end. This superposition is described by a 

geometric-series expansion to account for all the reflections at the impedance 

mismatched loads, 

                        𝑒0 = 𝑒(−(α+iβ)L)                                                                   (2.5) 

                                    𝑒1 = 𝑒(−(α+iβ)(L−x))                                                             (2.6)              

                                    𝑒2 = 𝑒(−(α+iβ)x)                                                                   (2.7) 

𝐸𝑍(x) = 𝐸𝑑(𝑒0𝑒1Г𝐿 +
(𝑒0

3)(Г𝐿
2)Г𝑑𝑒1

(1−(𝑒0
2)Г𝑑Г𝐿)

+ 𝑒2 +
(𝑒0

2)Г𝐿Г𝑑𝑒2

(1−(𝑒0
2)Г𝑑Г𝐿)

) + 𝐸𝐿(𝑒1 +
(𝑒0

2)Г𝑑Г𝐿𝑒1

(1−(𝑒0
2)Г𝑑Г𝐿)

+

𝑒0𝑒2Г𝑑 +
(𝑒0

3)Г𝐿(Г𝑑
2 )𝑒2

(1−(𝑒0
2)Г𝑑Г𝐿)

)                                                                                             (2.8) 

where ГL is the reflection coefficient at the load terminal (for example: a folded 

dipole), and Гd is the reflection at the single dipole terminal. Ed and EL are the 

magnitude at dipole side and load side. L is the length of the transmission line. The 

origin is at the dipole antenna end, where x on axis is equal to zero. 

A non-linear fitting algorithm that minimized the sum of squares errors was 

applied to the measured s-SNOM signal line traces, as shown in Fig. 2.8 (d) and (i) 

for the folded dipole with and without a stub at the short-circuit resonance and Fig. 

2.8 (e) and (j) for the open-circuit resonance. Note that the red data points in Fig. 2.8 

(d) and (i) represent the variation of the near-field amplitude signal along the length 

of the CPS, averaged about the width of the CPS, contained within the white box 
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shown in Fig. 2.8 (b) and (g) respectively. The impedance of the AUT can be 

determined from the reflection expression, 

                           𝑍𝐿 = (
1+Г𝐿

1−Г𝐿
)𝑍0                                                                   (2.9) 

where Zo is the characteristic impedance of the CPS, ГL is the reflection coefficient at 

the load terminal which was determined from the fitting equation and ZL is the 

impedance of the load antenna. 

There is a slight asymmetry in the s-SNOM signal, especially in regards to 

the location of the nodes as seen in Fig. 2.8 and Fig. 2.9, which is attributed to the 

tilting of the orientation of the structure with respect to the incident beam. One can 

also see that the fit deviates slightly from the measured data near the ends of the CPS. 

This deviation is because the analytical expression assumes an abrupt termination at 

each terminal of the transmission line, while in the real fabrication and measurement 

both the dipole antenna and the folded dipoles provide field continuity at the physical 

connection with the CPS. The resulting experimental values including estimates of 

their uncertainties based on the above considerations, are summarized in Table 2. 
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TABLE 2.  MEDIAN ATTENUATI ON (Α)  AND PHASE CONSTANT (Β)  OF 

MEASURED AND SIMULAT ED ANTENNA-COUP LED CPSS . 

                 
 

As seen in Table 2, the impedance prediction for the folded dipole antennas 

with and without a stub at both the short-circuit resonance and open-circuit 

resonance from simulation and measurement are in good agreement. The simulated 

input impedance is computed by directly exciting the antenna at the feed gap in a 

driven model from Ansys HFSS, while measured results are extracted from near-

fields, as described above. The input impedance values of the multi-element folded 

dipole antennas are also listed in Table 2 in comparison with those of the single-

folded dipole antennas. Note that the increase of the input impedance for the triple-

folded dipole compared to the double-folded dipole is much smaller than the 

difference between the single-folded and double-folded dipole antenna which can 

be attributed to the IR metal loss and the increased electrical width of the folded 

structure. 

The differences between simulation and measured impedance values is due 

to the aforementioned deviation in the analytical fitting of the measured data. 
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Another factor is small but unavoidable perturbations of the antenna near-field 

through the s-SNOM tip. Also with increasing structural complexity of the 

antennas with increasing number of folds, the fabrication imperfections in length 

and width are compounded and may account for some of the corresponding 

increase in deviation between experiment and theory. However, except for the 

triple-folded, which is the most complex geometry investigated, all experimental 

values are within their uncertainties well predicted by the simulations, with in part 

excellent agreement especially for the simpler geometries. 

An impedance-based description of optical nanoantenna/load interactions 

provides a convenient framework for design and characterization. Coupling 

between two-level systems and optical antennas has been described through circuit 

theory. Lumped element nanocircuit descriptions for specific canonical structures 

such as nanospheres, nanorods [96], split-ring resonators [97, 98], and flat metallic 

surface plasmons [99] have been reported. For simple geometries it is possible to 

use analytical models to predict impedance. However a pragmatic approach to the 

design of impedance-matched optical nanoantennas/loads is contingent on the 

ability to experimentally assess impedance of arbitrary loads and nanoantennas. 

Here we have, for the first time, presented the experimental determination 

of optical nanoantenna impedance. Empirical demonstration of impedance 

multiplication in folded dipole nanoantennas reveals the feasibility of impedance 

tuning in optical nanoantennas. The targeted increase in input impedance provides a 

means of overcoming metallic losses such that the interaction between radiative 
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resistance and load is the dominant coupling mechanism. The experimental 

techniques that are presented are applicable to arbitrary antenna designs and loads 

so that the design space is not constrained, therefore complex geometries and 

impedance matching networks are attainable. 

 

2.4 Simulation results of different dimensions of Cr loads 

The previous work can be applied to determinate not only the impedance of 

an antenna, but only also the arbitrary size of a load.  

Fig. 2.10 gives the configuration of CPS connected with Cr load sitting on 

the Si substrate. Four different sizes of Cr load are considered, with length=110 nm 

across the CPS gap, and width=50 nm, 60 nm, 150 nm, 250 nm overlap the CPS. 

The 1.8 um long and 150 nm wide dipole is parallel to the y-axis, designed for 

resonance at 28.3 THz. The CPS conductors are 5 um long, 220 nm wide, 110 nm 

thick and are separated by 110 nm. The devices are illuminated by a Gaussian beam 

with electric-field strength of 1 V/m polarized parallel to the axis of the dipole. The 

beam is incident onto the device in the xz-plane, forming a 60o angle with the z-

axis. 
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Fig. 2.10 CPS terminated with Cr load. 

 

We can apply the same method to determine the impedance of different size 

of Cr load by fitting the analytical standing wave expression to the near-field data 

from simulation results. Fig. 2.11 shows the fitting with four different sized Cr 

loads to the complex magnitude of electric field, EZ, simulated from ANSYS HFSS. 

Red curves gives the simulated results, and blue curves represents analytical fitting. 

 

(a) 
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(b) 

                  

(c) 
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(d) 

                     

Fig. 2.11 Standing wave fit to different sizes of Cr load (various dimensions of overlap 

length) (a) W=50nm, (b) W=60nm, (c) W=150nm, and (d) W=250nm. 

 

Table 3 provides the impedance of the Cr load when the width (overlap 

along the CPS) equals 50 nm, 60 nm, 150 nm and 250 nm. The standing wave 

investigated here provides a means of characterizing the impedance mismatch 

between transmission line and the load. The numerical fitting of the standing wave 

described here provides a way to determine practical impedance of nanoscale loads, 

and thus serves as a design tool enabling determination of the impedance of 

infrared detectors and improving coupling efficiency. 

TABLE 3.  IMPEDANCE OF CR LOAD WITH DIFFERER NT WIDTHS . 

Width 

(nm) 
50 60 150 250 

Impedance 

(Ω) 
88.8+19.1i 70.9+21.9i 29+22.1i 19.1+22i 
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Chapter 3 

 

HYBRID SURFACE PHONONIC WAVEGUIDE 

 

This chapter deals with the design, analysis and simulation of surface 

phonon polaritons (SPhP) coupled dielectric waveguides. Surface polariton (SP) 

are electromagnetic surface wave propagating along the interface between one 

material with positive dielectric function and another material with negative 

dielectric function. Surface phonon polariton serves as an electromagnetic surface 

mode which is collected by a strong coupling of infrared light and optical phonons 

in polar crystals.  In this chapter, we propose a hybrid topology consisting of a high 

index material, a low index dielectric and a hyperbolic material for surface phonon 

waveguiding. It should be noted that there is another interesting excitation, named 

surface plasmon polariton (SPP), which happens when electromagnetic surface 

wave locates at the interface of metal and dielectric material at optical region. The 

main difference between SPP and SPhP is that the former one relies on the electron 

vibration at optical regime, while the latter one depends on the lattices vibration at 

infrared regime. However, both interactions still have some properties in common, 

for example, they have strong field enhancement and confinement at the location of 

the interface. Relying on this fact, both SPP and SPhP offers remarkable 

application potential for high density data storage, surface enhanced infrared 
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absorption or the development of materials with negative index of refraction. Due 

to the research interest, here, we only focus on exploring the application of SPhP.  

Although SPhP has been demonstrated by interaction of electromagnetic 

fields in IR frequency with noble metal objects, the ohmic losses are relatively high 

for highly confined SPhPs and they cannot be guided for long distance, and this 

suggests hybrid geometries to be used. In the present work we have considered 

materials that can support phonon waveguiding at LWIR spectrum range. The 

chapter starts with the hybrid phonon waveguide geometry and tuning. The second 

part of this chapter analyses the hybridization from the coupled-mode theory point 

of view and hybrid waveguide behavior at different frequencies.  

 

3.1 Geometry and modal properties 

 

Before attempting hybridization, we carried out initial calculations to 

estimate performance of h-BN as a SPhP supporting candidate. Fig. 3.1(a) depicts 

the in-plane dielectric function of h-BN near the phonon resonance where the real 

part of the permittivity assumes a negative value over a narrow frequency band. 

Fig. 3.1(b) depicts the computed dispersion curves of SPhP at a flat h-BN/air 

interface in the in-plane resonance band. Fig. 3.1(b, inset) shows the region of 

interest where the data markers represent the wavenumbers at 1400 cm-1, 1426 cm-1 

and 1483 cm-1(red marker for 1400 cm-1, purple marker for 1426 cm-1 and orange 

marker for 1483 cm-1). 
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(a) 

             

(b) 

               

Fig. 3.1 (a) Real and imaginary parts of the dielectric function of flat h-BN. (b) Dispersion 

of the SPhP mode of the flat h-BN-air boundary.  

 

(a) (b)



 38 

Fig. 3.2 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 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 

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

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

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

slab. Note that here we only consider the fundamental mode, since higher order 

modes will only exist in ultrathin h-BN. The h-BN based hybrid phononic waveguide 

with an air gap presented here can be implemented in suspended waveguide designs 

akin to those seen in [100]. 

                  

Fig. 3.2 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. 
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Fig. 3.3(a) and Fig. 3.3(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. The propagation length Lm and the modal area Am are calculated 

from, 

     𝐿𝑚 = [2𝐼𝑚(𝑘ℎ𝑦𝑏(𝑑, ℎ))]−1                                                                   (3.1)      

                         𝐴𝑚 =
𝑊𝑚

𝑚𝑎𝑥{𝑊(𝑟)}
                                                                                 (3.2)  

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

electromagnetic energy over the modal distribution. 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                                                (3.3) 

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.    
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(a) 

 

(b) 

 

Fig. 3.3 (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. 

 

(a) (b)
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Fig. 3.4 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 hybrid mode dominated by cylinder-like mode with optical energy confined in 

the dielectric cylinder. Conversely, a small diameter d results in a hybrid mode 

dominated by SPhP-like mode with very weak localization on the h-BN/air interface, 

suffering loss comparable to that of uncoupled SPhPs. 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 SPhP features i.e., its electromagnetic energy 

is distributed in the cylinder waveguide, the h-BN/air interface and inside h-BN slab. 

For h in nanometer scale, for example [d, h] = [1.4, 0.01] μm, the cylinder mode is 

strongly coupled to the SPhP 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 [101]. Also, the uncoupled SPhP and dielectric 

geometries amplify this effect by having dominant normal electric field components 

to the material interfaces.   
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(c) 

                        

(d) 

 

Fig. 3.4 Electromagnetic energy density distribution for (a) [d, h] = [2.5, 1] um, (b) [d, h] = 

[1.4, 0.25] um, (c) [d, h] = [1.4, 0.1] um and (d) [d, h] = [1.4, 0.01] um.  
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3.2 Coupling characteristics in the hybrid waveguide 

In order to explain the coupling between SPhP and dielectric cylinder 

modes, we analyzed the dependence of the hybrid mode’s effective index, nhyb (d, 

h) on d and h. Fig. 3.5 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 SPhP mode at the extremities of the plot. 

Meanwhile, the hybrid mode’s effective index is always larger than dielectric 

cylinder mode and SPhP mode, indicating that the SPhP 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 reduces. 
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Fig. 3.5 Effective index of the hybrid waveguide for different gap height h versus cylinder 

diameter d. The dashed line indicates the index of the SPhP mode nsphp.  

 

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 SPhP mode (without cylinder), 

        𝜓ℎ𝑦𝑏(𝑑, ℎ) = 𝑎(𝑑, ℎ)𝜓𝑐𝑦𝑙(𝑑) + 𝑏(𝑑, ℎ)𝜓𝑆𝑃ℎ𝑃                                                      (3.4) 

 

Here a(d,h) and b(d,h) are the mode amplitudes of the cylinder mode ψ_cyl and the 

SPhP mode ψ_SPhP , respectively, and with b=(1-|a|2)1/2. The coupled waveguide 

system can be described as, 

𝑛𝑐𝑦𝑙(𝑑)𝑎(𝑑, ℎ) + 𝜅(𝑑, ℎ)𝑏(𝑑, ℎ) = 𝑛ℎ𝑦𝑏(𝑑, ℎ)𝑎(𝑑, ℎ)                                        (3.5) 

(𝑑, ℎ)𝑎(𝑑, ℎ) + 𝑛𝑆𝑃ℎ𝑃𝑏(𝑑, ℎ) = 𝑛ℎ𝑦𝑏(𝑑, ℎ)𝑏(𝑑, ℎ)                                              (3.6) 
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where 𝑛𝑐𝑦𝑙(𝑑) and 𝑛𝑆𝑃ℎ𝑃  are the effective index of the cylinder mode and SPhP 

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) − 𝑛𝑆𝑃ℎ𝑃)(𝑛ℎ𝑦𝑏(𝑑, ℎ) − 𝑛𝑐𝑦𝑙(𝑑))                                (3.7) 

 

Fig. 3.6 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 

equals that of the SPhP mode, which can be seen analytically from Eq. (3.7). At a 

critical diameter dc for each gap height h, the coupling strength hits its maximum 

value when the cylinder mode and SPhP mode propagate in phase and the effective 

optical capacitance of the hybrid system is maximum. We can see from Fig. 3.6 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. Note that in Fig. 3.3(a), an uncharacteristic bump (d=dc) in modal area can 

be observed which could be attributed to maximum coupling strength between the 

dielectric cylinder and the h-BN slab modes, causing apparent volumetric loss in h-

BN which manifests itself as well confined hyperbolic polaritons (HPs). A 

corresponding small rise in propagation length (Fig. 3.3(b)) is also noted at this point 

of maximum coupling. 



 47 

 

Fig. 3.6 The dependence of coupling strength κ on cylinder diameter d and gap height h.  

 

As seen in the dispersion diagram of h-BN from Fig. 3.1(b), the SPhP mode 

holds a relatively high effective index and confines the fields tightly, which suggests 

that as the dispersion curve deviates from the light line, the SPhP 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 Fig. 3.7, where normalized electromagnetic field density is 

plotted for a fixed gap and cylinder diameter, for three different wavenumbers. We 

clearly see that for the largest wavenumber 1483 cm-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 1400 cm-1, the least amount of energy lies in the gap. 

 



 48 

(a) 

 

 

(b) 

         

1400 cm-1

y

z

0

1426 cm-1

1483 cm-1

y

z

0

(a) (b)

(c) (d)

1400 cm-1

y

z

0

1426 cm-1

1483 cm-1

y

z

0

(a) (b)

(c) (d)



 49 

(c) 

 

(d) 

        

Fig. 3.7 Normalized energy density along z axis at wavenumber (a) 1400 cm-1 (b) 1426 cm-

1 and (c) 1483 cm-1. (d) Normalized energy density at z = -d/2 for different wavenumbers. 
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Moreover when the coupling strength is maximum at the three different 

wavenumbers, as mentioned before, strong field penetration can be observed inside 

the h-BN slab, giving rise to apparent HPs, which is a sub-diffraction-limited 

phenomenon observed in h-BN. These HPs follow angular propagation along the y-

direction, seen in Fig. 3.8(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, 

     𝜃 =
𝜋

2
− arctan (

√𝜀𝑧(𝜔)

𝑖√𝜀𝑥𝑦(𝜔)
)                                                                      (3.8) 

Fig. 3.8(b) shows the dependence of HP propagation angle versus 

wavenumber, where the solid blue line is computed from Eq. (3.8). The data markers 

represent the propagation angles at different wavenumbers from the simulation 

results (θ1 at 1400 cm-1, θ2 at 1426 cm-1 and θ3 at 1483 cm-1), which are in good 

agreement with the corresponding computed propagation angles from Eq. (3.8). 

 

 

 

 

 



 51 

(a) 

     

(b) 

 

Fig. 3.8(a) Critical angle θ1 of the hyperbolic polaritons at 1400 cm-1 for [d, h] = [1.4, 0.1] 

μm. (b) Frequency-dependent directional angles of the hyperbolic polaritons, where θ1 is at 

1400 cm-1, θ2 at 1426 cm-1 and θ3 at 1483 cm-1. 
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3.3 Summary 

 

We have designed a hybrid surface phonon polariton waveguide using a 

dielectric Si cylinder placed at a height above a hyperbolic boron nitride slab on a 

substrate. The resulting hybrid mode can propagate distances of up to 100 λo, with 

normalized modal area of ~10-3 λo
2, which opens the way for various 

optomechanical applications in mid-IR such as nanoscale tweezers to trap 

nanoparticles (chemical species that have resonances in this region) analogous to 

those seen in the optical regime [101] and near-field optical imaging, waveguiding 

and focusing applications [45, 53]. Moreover, planar h-BN has proven easy to 

fabricate and incorporate on a variety of substrates; the air gap can also be 

substituted with a low loss, low index dielectric spacer which makes for easily 

realizable fabrications. Our work fulfills the apparent need for phononic 

waveguiding in integrated polaritonics and next-generation devices operating in the 

mid-IR spectrum. 
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Chapter 4 

COLLECTION EFFICIENCY FOR ANTENNA 

COUPLED DETECTION 

 

The goal in the design of an efficient and low-noise antenna coupled 

receiver is to achieve a maximal capture cross section for the incident 

electromagnetic radiation compared to the dimensions of the sub-wavelength sized 

sensor loading the antenna. Collection efficiency captures this concept of power 

output/input and is made up of several sub-efficiencies.  In the ideal case all of the 

available, incident power is collected and transferred to the load.  However, many 

of the fundamental limits of antennas are based on theory describing the 

transmitting mode, whereas certain questions remain open for receiving antennas.  

Textbook antenna theory predicts that only 50% of available incident power can be 

absorbed by an antenna, yet under specific conditions this limitation can be 

surpassed.  Two considerations are presented; (1) fundamental limits on antenna 

absorption, and (2) practical participation of dissipative media in achieving 

impedance matching between antenna and load, and the associated performance 

compromise.  Specifically we seek to determine whether antenna-coupled detectors 

can approach unity absorption efficiency under matched conditions.  Further, we 

identify practical conditions that must be met in order to overcome fundamental 
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limitations that inhibit total absorption.  Then antenna loss is split into radiative and 

dissipative terms in order to identify trade-offs between impedance matching and 

radiation efficiency. 

 

4.1 Impedance for half and full wave dipole antennas 

The dipole antennas have been simulated as 110 nm thick gold structure 

located on a 1.2 um thick benzocyclobutene (BCB) substrate over aluminum (Al) 

ground plane by using Ansys HFSS, which is based on the finite element method. 

The half-wave and full-wave dipole antennas are designed to operate at infrared 

frequency, the short-circuit resonances are at 28.3 THz and 20 THz, while the 

open-circuit resonances are at 44.75 THz and 30.5 THz,  respectively. Fig. 4.1 

gives the geometry of the dipole antenna on the substrate. Feeding the IR dipole 

antenna at its gap allows one to determine the input impedance, radiation power, 

reflection coefficient, and dispersive loss. In Fig. 4.2, we have plotted the radiation 

resistance and Ohmic resistance. It is noted that for the infrared dipole antenna, the 

peak of radiation resistance is located at the open-circuit resonance. Moreover the 

radiation resistance is much higher than the Ohmic resistance at the open-circuit 

resonance, while around the short-circuit resonance the Ohmic loss dominates 

radiation. 
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Fig. 4.1 Geometry of a dipole antenna, with excitation port. 

 

 

Fig. 4.2 Radiation and Ohmic Resistance for the IR dipole antennas 

 

4.2 Equivalent circuit for the full-wave dipole antenna  

Before we introduce the equivalent circuit for the full-wave dipole antenna, 

let’s first validate the impedance of full-wave dipole antenna in the free space. The 

dipole antennas have been simulated as 110 nm thick gold structure in free space, 

which are designed to operate in the long-wave infrared (LWIR) spectrum. The 

Feed Gap
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short-circuit resonances are at 18.5 THz, while the open-circuit resonances are at 

28.3 THz with the length of dipole 7.01 um. Figure 4.3 gives the geometry of the 

free space dipole. Feeding the infrared dipole antenna at its center feed gap allows 

one to determine the input impedance, radiation power, reflection efficiency, and 

Ohmic loss. In Figure 4.4, the radiation resistance and Ohmic resistance for the 

full-wave dipole antenna have been plotted. Note that the peak of radiation 

resistance is located at the open-circuit resonance, consistent with the results of the 

antenna on the substrate. 

              

Feed Gap

 

Fig. 4.3 Geometry of a dipole antenna in the free space. 

 



 57 

 

Fig. 4.4 Radiation resistance and Ohmic resistance for the full-wave dipole antenna in the 

free space. 

 

The Thevenin, or Norton, equivalent circuit can be used to model the 

transmitting and receiving antenna. When these models are applied to calculate the 

absorption efficiency for the receiving antenna, using either a constant voltage 

source or a constant current generator, it leads to the conclusion that the maximum 

absorption efficiency is 50% when the load is conjugate matched to the input 

impedance of the antenna. Here we define the absorption efficiency for the dipole 

antenna as, 

ε =
P(load)

P(load)+P(scatter)+P(ohmicloss)
                                                             (4.1) 

 

where P(load) is power absorbed in the matched load, P(scatter) is the power 

scattered from the antenna, and P(ohmicloss) is the power dissipated due to the 

metal loss. However, there is an extreme case that when the load is open 

(impedance of the load goes to infinity) there is zero current in the equivalent 
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circuit and zero scattered power from the antenna. This is true for small dipoles and 

loops. The concept can be extended to the half-wave dipole antenna since the half-

wave dipole antenna consists of two quarter-wave dipoles, when open circuited, 

and the quarter-wave dipole is a very poor scatterer. But when a full-wave dipole 

antenna is considered the traditional equivalent circuit breaks down because, for 

this special case, the full-wave dipole antenna consists of two half-wave dipoles, 

generating strong scattered field. 

 Here we propose the equivalent circuit for the full-wave dipole antenna 

shown in Figure 4.5. It is evident that we are neglecting the imaginary parts of the 

load and the antenna impedances because here we consider a resonant full-wave 

dipole antenna. The circuit model can easily be extended to include the complex 

impedance of the load with conjugate matching to the antenna, but here we are 

interested in resonant antenna performance.  
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Fig. 4.5 Full-wave dipole equivalent circuit. 

 

In contrast to the Thevenin equivalent circuit, the full-wave dipole 

equivalent circuit we proposed here has two sources; a voltage source and a current 

source. However, the load is still in series with the antenna, which is same as the 

Thevenin equivalent. This full-wave equivalent circuit can be analyzed by applying 

the superposition principle, as shown in Figure 4.6, which helps to break down the 

complex circuit into two simpler circuits each containing one source. The total 

output is the algebraic sum of the individual outputs from each independent source. 

It may be noticed that the full-wave dipole equivalent circuit takes into account 

when the dipole antenna is open circuited. Meanwhile, if the current flowing 

through the resistance of the antenna (Rohmic+Rrad) generated from the voltage 

source can be canceled from the current in the antenna produced by the current 

source, the load will absorb all the power from the sources. 
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Fig. 4.6 Equivalent circuits with one individual voltage and one individual current source. 

 

 

4.3 Circuit equations 

Circuit equations based on the model described above predict that when the 

impedance of the load is matched to the impedance of the antenna then maximum 
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power transfer is achieved, which gives the maximum absorption efficiency in the 

circuit. It is assumed that the voltage and current sources are both real quantities, 

and they are entirely independent of the load impedance R(load). Solving for the 

currents i1 and i22, and then calculating the total absorbed power in the load gives.  

                   i1 =
V

R(ohmic)+R(rad)+R(load)
                                                                   (4.2) 

               i22 =
R(ohmic)+R(rad)

R(ohmic)+R(rad)+R(load)
∗ i2                                                             (4.3) 

               P(load) = R(load) ∗ (i1 + i22)2                                                       (4.4) 

 

where P(load) is the power absorbed in the load. To find the optimum value 

corresponding to maximum/minimum power transfer to the load, we differentiate 

Eq. (4.4) with respect to R(load) and solve for the value of R(load) for which: 

                             
dP(load)

dR(load)
= 0                                                                            (4.5) 

 

After solving the equations above, we can get R(load)=R(rad)+R(ohmic), 

when the derivative of P(load) with respect to R(load) is zero. Then the second 

derivative of P(load) with respect to R(load) needs to be solved to see if it is 

maximum power absorbed in the load, when R(load)=R(rad)+R(ohmic), 

                                     
∂2P(load)

∂R(Load)2
< 0                                                                        (4.6) 
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This gives -2*(R(rad)+R(ohmic)) < 0 which always holds since the 

resistance of the full-wave dipole antenna is always bigger than zero. Therefore, 

maximum power transfer occurs when the load resistance equals the antenna 

resistance, which is the sum of the Ohmic resistance and the radiation resistance of 

the antenna. As discussed before, the voltage and current sources are independent 

of the load impedance, which implies that the total power should be independent of 

the load impedance, and since the full-wave dipole antenna is operating at the same 

frequency, the total power should be constant relative to the load impedance. Then 

we have another relation, 

                  
∂P(ToT)

∂R(load)
= 0                                                                                      (4.7) 

 

where P(ToT) is the total power in the circuit. Here we need to mention that the 

total power defined here is only the power circulating in the equivalent circuit, it is 

not the power effectively extracted by the full-wave antenna in its physical 

operation. Solving the Eq. (4.7), we can get, 

                V = (R(ohmic) + R(rad)) ∗ i2                                                           (4.8) 

 

The absorption efficiency can be calculated from Eq. (4.1) after substituting 

Eq. (4.8), giving, 

      ε =
4∗R(load)∗(R(rad)+R(ohmic))

(R(rad)+R(ohmic)+R(load))2                                                              (4.9) 
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It is interesting to notice that when R(load)=R(rad)+R(ohmic), the 

absorption efficiency ε=1. It is necessary to emphasize again that the total power by 

adding the power from the each elements is just the power circulating in the circuit. 

 

4.4 Antenna power absorption  

The configuration of a full-wave dipole antenna connected to a Ni stub 

microbolometer load is given in Fig. 4.7. The impedance of the Ni stub 

microbolometer can be tuned to match the input impedance of the dipole antenna. 

Note that the full-wave dipole antenna is designed to be resonant at 28.3 THz, with 

width 150 nm and thickness 110 nm. The whole structure is illuminated by a 

Gaussian beam with electric-field strength of 1 V/m polarized parallel to the axis of 

the dipole. 

                

Full-wave dipole antenna

Ni load

 

Fig. 4.7 Full-wave dipole with a tunable matched Ni load. 
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One example is given for the full-wave dipole antenna in the free space with 

a matched Ni load simulated by HFSS. The load resistance equals 500 Ω at 28.3 

THz, while the radiation resistance and the Ohmic resistance of the full-wave 

dipole antenna seen in Fig. 4.4 are 521 Ω and 113 Ω, respectively. The power 

absorbed by the Ni load, total scattered power and dissipative loss in the antenna 

are computed. The absorption efficiency can be calculated from Eq. (4.1), giving 

ε=68%, and it is worth mentioning that the absorbed power is three times bigger 

than total power scattered from the antenna (P(load)>P(scatter)), consistent with 

our circuit prediction that absorption can exceed the 50% limit predicted by 

commonly used models. The absorption efficiency can also be estimated by using 

Eq. (4.9), which also predicts greater than 50% absorption efficiency. However, the 

value is bigger than the simulation result, attributed to the fact that the total power 

circulating in the circuit is smaller than the total captured by the antenna in its 

physical operation. This missing power is attributed to the additional structural 

scattering with a matched load and the limitation of using equivalent circuit to 

calculate the total scattering power from the radiation resistance of the antenna. 

Another example is given to show a half-wave dipole antenna and a full-

wave dipole antenna connected to a Ni stub microbolometer load. The dipole 

antennas are made of gold, and simulated on the BCB substrate and Al ground 

plane. The lengths of the half-wave dipole antenna and the full-wave dipole 

antenna are 3.04um and 4.91um. The resonances of the half-wave and full-wave 

dipole antennas are designed at 28.3 THz with width 150nm and thickness 110nm. 
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The Ni loads for the half-wave dipole and the full-wave dipole are impedance 

matched to the input impedance of the two dipoles. The whole structure is 

illuminated by a Gaussian beam with electric-field strength of 1 V/m polarized 

parallel to the axis of dipole. 

 

 

Fig. 4.8 Half-wave dipole with a matched Ni load. 

 



 66 

 

Fig. 4.9 Full-wave dipole with a matched Ni load. 

 

Table 4. ABSORBTION OF IR ANTENNAS WITH THE MATCHED 

LOAD 

IR Antennas 

with Matched 

Ni Load 

Absorbed Parameters 

Normalized 

Absorbed 

Power(W) 

Absorption 

Efficiency (%) 

Half-wave 

dipole 
1 4.2 

Full-wave dipole 3.67 16 

 

Table 4 gives the normalized absorbed power and absorption efficiency for 

the half-wave dipole and the full-wave dipole with matched loads. An interesting 

corollary to this observation is that the absorbed power and absorption efficiency is 

consistently increased when loading the Ni load to the full-wave dipole, compared 

to the half-wave dipole, in the IR domain. This is attributed to the fact that when 

the Ni load is impedance matched to full-wave dipole antenna, the radiation 

resistance dominates the input impedance. 
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4.5 Conclusion for collection efficiency 

The absorption efficiency of full-wave dipole antenna coupled to a Ni stub 

microbolometer load has been investigated numerically and theoretically in the free 

space and on the substrate and ground plane. A novel equivalent circuit model is 

proposed to give insight into the physical interpretation of a full-wave dipole, 

which predicts the 100% absorption efficiency with a matched load, with the 

condition that the current flowing through the antenna resistance is canceled by the 

voltage source and the current source. This ideal case is achievable when material 

losses are negligible, a condition that diminishes as applications move to higher 

frequencies across the sub-millimeter and THz spectrum. An example is given to 

show that with impedance matching to the full-wave dipole antenna at 10.6 µm, the 

maximum absorption efficiency can be achieved around 68%, which is a significant 

improvement from 50% efficiency for the minimum scattering antenna, and 

tremendous improvement over designs in which matched conditions are not 

achieved. However, deviation between absorption efficiency predicted by full-wave 

simulation and the equivalent circuit model is noted and attributed to the absence of 

power associated with structural scattering in the circuit model.   The ability to 

collect greater than 50% of available power in a matched load is consistent with 

both the simulation and circuit model. Another example is given to explore the 

radiation resistance and Ohmic resistance of IR dipole antennas in the transmitting 

mode. The peak of radiation resistance is located at the open-circuit resonance, 

rather than the short-circuit resonance, an indication that a receiving IR antenna 

operated at the open-circuit resonance may absorb more power when impedance 



 68 

matched to the load. A full-wave dipole antenna with matched Ni load has been 

investigated, in comparison to the traditional half-wave dipole antenna. The 

absorbed power, as well as absorption efficiency, is significantly improved with the 

full-wave dipole, which can be attributed to the high radiation resistance in the IR 

antenna at the open-circuit resonance which dominates over the Ohmic loss 

inherent to optical metals. 
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Chapter 5 

OPTICAL MAGNETIC NEAR-FIELD THROUGH 

BABINET’S PRINCIPLE 

 

We theoretically analyze the properties of optical magnetic field with 

optical antennas extensively to control the light matter interactions. The slot 

antenna, as the complementary structure of the linear dipole antenna, provides a 

path to investigate the magnetic current in its dual structure. Meanwhile, by tuning 

the resonance length of the slot antenna, we can identify the fundamental and 

higher order modes at mid-infrared frequencies. It is shown that the complementary 

structures exhibit both a complementary spectral response and field distribution of 

the respective modes. Using combined far- and near-field spectroscopy and 

imaging, we confirm the applicability of Babinet’s principle over the mid-infrared 

spectral region. The duality of near field can be used to indirectly map resonant 

magnetic field around one structure by measuring the electric fields close to its 

complementary structure, since the magnetic field is extremely hard to achieve in 

the optical and infrared frequency regime. We find excellent agreement between 

the measurement and simulation results for the different near-field modes in the 

slot antenna and its complementary structure, the dipole antenna. Some results 

described in this chapter have been published in [89].     
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5.1 Basic theory of Babinet’s principle 

Babinet’s principle provides a theoretical connection between the electric 

field of an electromagnetic structure and the magnetic field of its complementary 

structure [79]. As illustrated in Fig. 5.1, Babinet’s principle describes the field 

diffraction of two complementary structures made of infinitely thin perfectly 

conducting material. The fields of the rod antenna and its complementary structure, 

the slot antenna, are presented by 
𝐸1

𝑐
= 𝐵2 and 

𝐸2

𝑐
= −𝐵1. Revoking the basic theory 

of the Babinet’s principle, it stated that the incident wave transmitted through a slot 

aperture in an infinitesimally thin screen immersed in a dielectric material plus the 

wave transmitted by its complementary structure is equal to the wave transmitted in 

an absence of screen [80]. Strictly speaking, to apply Babinet’s principle, the screen 

with the aperture need to be perfectly conducting and embedded with a symmetric 

boundary condition. However, in the reality, it is not the case, the material can 

never have perfectly conducting in the IR region, but achieve high losses as the 

conductivity degrading, simultaneously, it is impossible that the structure could lie 

in the air without any supporting. In general, the aperture and its complementary 

structure are often deposited on very thin or very large dielectric substrate, which 

do not affect their optical properties. By applying the above principle, we can 

spectroscopic and spatial access to the optical magnetic field of a structure by 

measuring the corresponding electric field properties of its complement. In this 

work, we determine the validity of the Babinet’s principle, when the conducting 

material with high loss property is considered, while the comparable thickness of 
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the substrate with the wavelength has also been investigated. Moreover, we also 

demonstrate the validation of Babinet’s principle throughout the entire IR/optical 

electromagnetic spectrum. 

                  

Fig. 5.1 The electromagnetic field of a rod antenna and a slot antenna is related by 

Babinet’s principle. 

 

5.2 Simulation results of the dipole and slot antenna  

The configuration of a dipole antenna and a slot antenna under IR 

illumination is shown in Fig. 5.2, together with the excitation of incident light 

polarization. As can be seen, the dipole antenna and the slot antenna are made of 

gold material and are suspended in the free space. The dipole antenna and the slot 

antenna are both excited by an incident wave of Gaussian beam, with the 

polarization direction along the y direction and x direction, respectively. The 

operational frequency in the simulation is set up as 28.3 THz.   

 

 

 

B

B E

E

Rod Antenna Slot Antenna

Babinet’s
Principle



 72 

(a) 

               

(b) 

                

Fig. 5.2 (a) dipole antenna and (b) slot antenna in the free space with IR incident wave 

illumination 

 

Fig. 5.3 shows the energy spectrum of absorption loss in the dipole antenna 

and slot antenna. We observe resonances as spectrum peaks for the slot and dipole 

have a slightly phase shift, if the polarization of the illuminating plane wave 

interchanged with 90o degrees. The first peaks for slot and dipole antenna are the 

fundamental mode (m=1 mode), meanwhile the second peaks give the higher mode 

(m=3 mode). It is obvious that the behavior of resonance shift between these 

E
k

IR Light

x
y

IR Light

E

k

x
y



 73 

antennas becomes significant when goes to higher frequency, which can be 

potentially attributed to the conductivity loss in the IR frequency. 

             

Fig. 5.3 Plot of absorption loss of dipole and slot antenna. Red curve gives spectrum for 

slot antenna and green curve presents for dipole antenna.  

 

Fig. 5.4 and Fig. 5.5 give the field distribution of the gold slot antenna and 

the gold dipole antenna with different modes. The length is 2.4 um, width is 150 

nm and thickness is 50 nm. As stated in the Babinet’s principle, the fields’ 

distribution from complementary structure should follow the duality property, 

which means the Ez field distribution from the slot antenna should be the same as 

the Hz field distribution from the dipole antenna. In Fig. 5.4 gives the field for the 

fundamental m=1 mode, and Fig. 5.5 gives the field for m=3 mode, which are just 

different eigen-solutions. And comparing to the distribution of Ez field from slot 

antenna and Hz field from rod antenna in m=1 mode and m=3 mode, they both 

have a good agreement with each other. 
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(a) 

                  

 

 

(b) 

                

Fig. 5.4 Ez field distribution of slot antenna (a) and Hz field distribution of dipole antenna 

(b) in m=1 mode. 

 

 

 



 75 

(a) 

               

(b) 

                  

Fig. 5.5 Ez field distribution of slot antenna (a) and Hz field distribution of dipole antenna 

(b) in m=3 mode.  

 

And then we introduce a substrate to form the dielectric boundary with the 

metal layer. It has already been shown that the validity of Babinet’s principle in the 

nondiffracting region for thin layers on a dielectric interface by a modified 
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expression [80]. However, when the thickness of the substrate becomes comparable 

to the wavelength and the refractive index becomes higher, the behavior between 

the boundaries gets more complicated. 

Fig. 5.6 shows the shift between the resonances of the gold slot and rod 

antenna slightly in m=1 and m=3 mode. The simulation with a perfect conductor 

(PEC) on the same substrate has also been done to get rid of the conductivity loss 

effect of the metal layer, which exhibits the same behavior with the resonant peaks 

shifting. The reason for that can be mainly attributed to the effect of the dielectric 

substrate, which affects in a different way the resonant frequency of the slot and the 

dipole antenna. 

(a) 
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(b) 

              

Fig. 5.6 The spectrum of the energy in the slot (Red curve) and volume loss in the dipole 

antenna (Green curve) with m=1 (a) and m=3 mode (b). The slot and dipole antenna locate 

on the Kbr substrate.  

 

Our investigation of the effect of the substrate and the golden layer in the IR 

region with highly conductivity loss enable us to apply Babinet’s principle to even 

asymmetric structures. With some tolerance of the accuracy, the duality of the 

principle still holds. 

 

5.3 Fabrication and results 

To achieve the optical magnetic field of a dipole antenna, we fabricated and 

measured the corresponding electric field of it complement, a slot antenna. Slot 

antennas were fabricated with a 50-nm thick gold film on KBr and on silicon by 

using focused ion beam (FIB). The slot antenna lengths are from 500 nm to 2.6 um 

with width 150 nm. The antenna thickness is selected bigger than the optical skin 

depth of gold in the IR region.  
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The electric field of slot antennas was measured by scattering-type scanning 

near-field optical microscopy (s-SNOM) based on an atomic force microscope 

(AFM), as described in Fig. 5.7 [89]. The incident IR light was generated by 

difference frequency generation (DFG) in a GaSe crystal of the signal and idler 

beam from a fan-poled LiNbO3-based optical parametric oscillator (OPO) pumped 

by a Ti:sapphire oscillator. As similar in the simulation, the incident light is 

polarized normal to the slot orientation. The incident field is focused to a nearly 

diffraction limited spot at the tip and sample region with side illumination, using a 

25.4 mm working distance 900 off axis parabolic (OAP) reflector. The near-field of 

slot antenna is collected by the same parabolic mirror in a backscattering geometry 

and filtered by a vertical polarizer before being directed to a MCT detector. The 

near-field of s-SNOM imaging provides a map of electric near field at z 

component, Ez.  

(a) 
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(b)  

                          

Fig. 5.7 (a) Scanning electron microscopy (SEM) image of a slot antenna, (b) s-SNOM set 

up for the measurement. 

 

To compare with the simulation results for slot antenna at m=1 and m=3 

modes, we measured the corresponding near-field spatial distribution for these two 

modes. Fig. 5.8 gives topography and s-SNOM image for the slot length L=2.2 um 

corresponding to the m=1 mode [89].  
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(b) 

                           

Fig. 5.8 Optical near-field Ez of slot antenna for m=1 mode (a) topography (b) s-SNOM 

result.  

 

 Due to the limitation of our measurement, the m=1 mode of the slot antenna 

was measured at wavelength of λ=8.7 um. In Fig. 5.9, the m=3 mode was measured 

a slot antenna with length L=1.6 um with an excitation wavelength of λ=5.7 um 

[89]. 
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(b) 

                           

Fig. 5.9 Optical near-field Ez of slot antenna for m=3 mode (a) topography (b) s-SNOM 

result.  

 

  In order to understand the resonant condition of the slot antenna, we 

perform the far-field transmission spectroscopy over a wide IR spectrum. Fig. 5.10 

gives the measured transmission spectrum of a L=2.4 um slot antenna on KBr 

substrate [89]. In the spectrum, the red curve gives the measured data, while the 

dark dashed line presents the simulation results of an equal length slot antenna. 

Both results give a good agreement at different resonant frequency.  At 

wavenumber=1370 cm-1, the measured spectrum and the simulated spectrum 

exhibits the first resonance, and then the following peaks give the higher order 

modes of the slot antenna.  
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Fig. 5.10 Measured and simulated data for the slot antenna at different resonant 

wavelengths. 

 

From the spectrum, it is obvious that the red curve and black curve have 

different line width, which may be contributed to losses from surface roughness 

and different effective gold dielectric constant between the simulation and 

measurement data. In Fig. 5.10, three peaks corresponding to three modes have 

been observed. These modes are the essential first three magnetic resonant 

eigenmodes of the slot antenna. Note that the second peak (mode) is usually 

referred as dark mode and is normally excluded for plane wave excitation at normal 

incidence. There are some small misalignments in peak positions between the red 

curve and black dashed line, which may be due to geometry difference and 

Measured data

Simulated data
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imported dielectric function deviation between the simulation and measurement 

results.     

Fig. 5.11 shows the measured resonant modes of a slot antenna for different 

length from L=0.5 um to 2.4 um [89]. The peak points in transmission spectrum in 

each length of slot antenna is normalized with respect to the transmission spectrum 

of L=2.4 um slot antenna. The dashed line presents the right shift with decreasing 

the slot length, while higher order resonant modes moves correspondingly and 

decreases in amplitude. 
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Fig. 5.11 Transmission spectrum for measuring different length of slot antennas. 

 

For an optical antenna suspended in free space, the resonance occurs when 

the length of the antenna is approximately λ/2. However, when the antenna is 

located on an infinite large dielectric substrate, we have to include additional factor 

to consider the substrate effect, as well as the finite conductivity of the metal of the 

antenna in the optical/IR frequency. The length scaling can effectively be described 

as: 

             𝐿 + ∆𝐿 = 𝑚 × 𝜆𝑒𝑓𝑓/2                                                                (5.1) 
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Where L is length of a slot antenna, ∆L is included to account for the material loss 

in the antenna and substrate effect, m is different mode of the antenna and λeff is the 

effective wavelength. 

Fig. 5.12 shows the dependence of resonant wavelengths achieved from the 

pick positions as the function of slot length for the first two modes [89]. The blue 

circle gives the m=1 mode, while red diamond presents the m=3 mode from 

experiment and simulation results. It can be seen that resonance wavelength from 

experiment and simulation scale linearly with slot length, which can be described in 

Eq. (5.1). 

                      
Fig. 5.12 Resonant wavelength as the function of slot antenna length from experiment and 

simulation.  
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5.4 Summary 

In this work, we demonstrate the validity of Babinet’s principle in the IR 

regime by combining the near-field s-SNOM image results and far-field 

spectroscopy. We also compare the measured near-field images and the simulated 

results in HFSS, which gives a good agreement between these two methods. By 

applying Babinet’s principle, we develop a new approach to measure the magnetic 

field of one structure by probing the electric field of its complementary structure. 

By observing the fundamental mode of a slot antenna, we develop a formula to 

calculate its effective wavelength, in contrast to the optical dipole antenna. And 

with the help of far field spectrum at different resonant frequency for higher order 

modes of the slot antenna, we can establish a method to numerical predict the 

resonance frequency for different magnetic eigenmodes. This approach of 

measuring the magnetic near-field and the resonance of the higher order modes of 

the antenna provides a way to characterize optical antennas and metamaterials to 

understand their magnetic response to the light matter interaction at the nanoscale.    
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Chapter 6  

CONCLUSIONS  

 

This dissertation has worked on four but closely related topics, which 

includes demonstrating the concept of IR/optical antenna by leveraging the concept 

of RF antenna, developing a hybrid waveguide to improve the confinement and 

propagation length, exploring the collection efficiency for antenna coupled 

detection in IR/optical frequency, and investigating the Babinet’s principle in 

realistic application to consider the magnetic field of an interested structure.    

Chapter 2 has focused on realizing an IR/optical antenna impedance. We 

use s-SNOM to establish the novel method to measure the superposition of the 

waves generating from both the dipole antenna and the unknown antenna along the 

CPS transmission line. Then the standing wave generated by the reflection of the 

propagating wave from two terminals can be measured by the s-SNOM. By fitting 

the superposition of the standing wave to the measured near field amplitude and 

then determining the complex reflection coefficient, the unknown optical/IR 

antenna impedance is obtained. 

Chapter 3 has concentrated on phononic waveguide. Surface plasmons is a 

sophisticate area and manipulation at nanoscale, such as amplification and 

overcoming the diffraction limit in optical regime. However, in the infrared 
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frequency range, surface phonons is more enhanced than surface plasmons. This 

chapter has centered on obtaining characteristics of phononic waveguide using 

hyperbolic boron nitride. The new structure allows to obtain mode coupling by 

placing a wire above boron nitride under the critical circumstance. The strong 

coupling between the dielectric mode from the cylinder waveguide and surface 

phonon polaritons from h-BN has been intensely studied, which enhances the 

confined field up to 10-3 λo
2 (λo is free-space wavelength) and enables propagation 

distance up to 100 λo. 

Chapter 4 has the goal in the design of an efficient and low-noise antenna 

coupled receiver to achieve a maximal capture cross section for the incident 

electromagnetic radiation. We first analyze the input impedance of a half wave 

dipole antenna and a full wave dipole antenna. By comparing the radiation 

efficiency, radiation resistance, we find out the full wave dipole antenna will obtain 

a higher collection efficiency with impedance matching the load and the input 

impedance of the antenna. Then, we provide an equivalent circuit for the full-wave 

dipole antenna, which is a modified circuit from the general Thevenin, or Norton 

equivalent circuit. Finally, we numerical demonstrated the new equivalent by 

simulating a full wave dipole antenna with a matched load, which we achieve more 

than 50% absorption efficiency.    

Chapter 5 have concentrated on identifying the magnetic dipole and higher 

order mode resonances at mid-infrared frequencies. We demonstrate 

experimentally and theoretically the application of Babinet’s principle in the 
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infrared to gain insight into the spatio-spectral properties of magnetic resonances 

by comparing a dipole antenna and a slot antenna. We show that by using Babinet’s 

principle we could achieve the optical magnetic field from the study of the electric 

field of a complementary structure. The electromagnetic duality can be used to 

access the optical magnetic field and its structural resonance of an optical dipole 

antenna as the dual to a slot antenna in both its far-field spectral and near-field 

spatial response. 
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