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Coupledmode theory has been applied various fields of endeavor fro
waveguide shitters/combines and molecularsensing to lighinatter interactions.
Metamateriad, engineered periodic or aperiodic structures, are employed to sense
molecular vibrational fingerprints in the mid to long infrared wavelengths.
metasurfacea 2D metamaterial, can be desgglsuch thait hasa resonance a
molecular vibratioal frequency Mode splitting results from the coupling of two
electromagnetic field distributienp or modes spatially andbr temporally
Metamaterial and molecular resonaroeipling is a result of near field araction.

Fano resonances have an asymmetricdimgpe that results from the coupling of a
continuum and a discrete state in a quantum description or a bright and dark mode
in a classical descriptio®nalogousto the atomic system, a bright mode exhihits
broad resonance or short lifetime that couples strongly with incident far field

radiation while on the other hand, a dark mode prosgideshap quality factor,Q,



resonanceor a long lifetime that couples weakly witAn excitation far field.

Polaritons are quasiparticles that result from strong coupling of light and matter.
Surface plasmopolaritons(SPP$ result from the coupling between plasmoois

free electrons in a noble metahd electromagnetwaves. The SPP mode exists as

a tightly bound transverse magneti¢TM) surface mode on a metal/dielectric

interface. However, SPPs only exist in a spectrum from the ultraviolet to the near
infrared (IR) for a noble metal. For polariton applicat®mn the mid to long
infraredrangephonon poldtons are required. Surface phonon polaritons (SPhPs),

similar to SPPs, are a surface TM mode on a polar dielectric/dielectric interface.
However, SPhPs only exisin a gectral regionknown as thereststrahlerband

where thepolar dielectric acts like a mtal, i.e, negative real permittivity

Hexagonal boron nitride (hBN) is a van der Waals crysttdl naturally occurring

hyperbolic dispersionhat has been shown to support phonon polaritons in two

distinct reststrahlerbands. The uppereststrahlerband, ranging from 1630c¢h

(6.135 em)t(t7. 31586 0c nom p r o aconfthedsphohong h|l y v
polaritons. The lowereststrahlerband, ranging from 826m*( 1 2. 12 em) t o 7
cm*( 13. 16 ¢ mgnegatieexiidexb(or negative dispersion) grdvides

ultrarslow subdiffraction volumeconfined phonon polaritons. The subdiffraction
confinement and ultralow nature of the type | hyperbolic phonon polaritons

(HPhP$ are desirable properties for mid to longMlavelengthsensing.



In this dissertton, a carbonyloxide bond vibrational resonance moly(methyl

methacrylate) (PMMA) will be used as analyte A wide-field-of-view perfectly

absorbing metamaterial (PAM) is then designed such that the metamaterial
resonane couples to a molecular vibrational resonance in the analyte. Tuning the
relationship between internal (absorption) and external (scattering) damping or loss

in the PAMM results in bothelectromgnetically induced transparency (EIT) and
electromagnetically induce@dbsorption (EIA) response in the PAM-analyte

coupled systemNext, Fano resonance metamatesigFRMM) coupled to the

PMMA molecular resonancare investigated FRMMO sasymmetric reflection

spectum is a result ofhybridizationof symmetric (bright) andsymmetric (dark)

pl asmon modes supported bTthe dadditen omthd a mat er
analyte resultsinmudinode coupling between the FRMMOG
resonanceMulti-mode couplingvia a FRMM has advantages irselectivity and

sensitivity bythe tailoring of the metamaterial resonance prior to the introduction

of the molecular resonance.

In addition to metamateridlased sensingjifferent hybrid phononic waveguide
geometriesareinvestigatedn this dissertatn. The first geometryconsidereds a
4H-SIC (silicon carbide)substrate with a GaN spacer material and GaAs tracer.
The results presented in this dissertation using eéS#Hsubstrateare the first
practicalanalysisof a hybrid phononic waveguide in th&d to long IR.The 4H

SiC enhanced hybrid waveguide geometry is then usedetdetwo fundamental

\Y



optical waveguidingdevices: an optical directional coupl@@DC) and a Mach-
Zehnder interferometgiMZI). The phonon polariton enhanced ODC and MZI in
the mid to long IR presented in this dissertation laoth original contributions
Hyperbolic phonon polariton enhance waveguides using hBN in the mid to long IR
of similar confidentof approximately5x10%(ay/2)* have been shown to provide
propagation length of 58 a and 20 & for type | and Il HPhP enhanced
waveguiding respectivelyyniqueand novekoupling between ultraslow negatively
dispersive type | HPhP modard positive dispersive high index wavegumledes

are analyzed. The coupling between the type | HPhP modes and high index
waveguide modes result in upper hybrid modes with forward and backward
propagating modes that inherited the

velocities ranging from 0.0@€50 0.03.
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Chapter 1: Introduction

1.1 Motivation

The field of nanophimnics, the study of light interactiowith nanoscale objects

and control on the nanometer scllg has an array of applications including, but
not limited to optical communicatidf,3] and spectroscopy4]. Two mechanisms

for achievingthe nanoscale control of liginiclude usng a metamaterial formed

from periodic or aperiodic building block elements kmoas metaatoms|[5,6]) or

using metal optics[7]. Applications for metamaterials include cloaking, optical
filters, optical antennas, lenses, photovoltaics, and sef&ary. The contribution

of each metatom results in exotic bulk material propertteat are not found in
naturethat can be engeered or tailoredA metasurface is a special case of a
metamaterial where the metéoms are arranged in a sheet or planar suféts].
Metasurfaces are appealing to fabricate in comparison to a volumetric metamaterial
when using conventional CMOS fabiication and thiffilm techniques.
Metamaterials and/or metasurfaces have been used in different forms of biological,
molecular, and material sensirg.infrared(IR) spectroscopyinteraction between

IR radiation and mattas used in the detection ofddogical markers or fingerprints

in matter like DNA, proteins, and molecular vibrations. The introduction of a

metallic surface can enhance the resonance signature of a mdledfel 7]asin



the case of surface enhance@nkan spectroscopYSERS)18-24] or surface
enhancedR spectroscopy(SEIRS)[11,2528]. It has been reported that typical
field enhancemestof IR based nanoantenna for spectroscopy applications range

from 1 to 4 orders of magnitud29-32].

Metal optics allows for the narsrak confinement of lightwhich hasanappealing
application in photonic integrated circuits (PI{33,34] The perpetual need for
minimization and reduction in SWAP (size, weight and poweas motivated the
need for ultraconfined optical interconnects thean supporseveralGbps (gigabits
per secondylata links on silicon chips [2,35]Surface plasmon polaritons (SPPs),
guasparticles that result from lighimatter coupling, are tightly bound surface
waves on metaldielectric interfaces which lends SPPsnanescale confinement
applications T]. However for mid to longwave infrared application, SPPs in
noble metals are no longer supported [#jerefore, otheplasmonic materials or
dielectric materials areequired in place of SPP supporting noble nistdn the
case of the latter, polar dielectrisgth polar optical phonon interaction in the mid
to longwave IR can support phonon polaritons in a bandrefjluenciesetween
longitudinal (LO) and transverse optical (TO) phonon frequencies called the
fre st st r all & théreststmmed band thelative permittivityof the polar
dielectric is negative, and can be desativth a Lorentz oscillatomodel[4]. The
mid- to longwave IR spectral regiorhas applicationin free space optics/remote

sensing due to thatmospheric transmission winddyetween &mto 12em, and

2



in spectroscopywith the wealth of molecular fingerprints in thgpectral region

[4,30,36]

1.2 Method

1.2.1: ANSYSHigh Frequency Structurair8ulator (HFSS)

ANSYS high frequency structar simulator (HFSS) is aommercially available
full-wave finite element method (FEM) solverh a t is used to solywv

equationg37,38]. The basic four steps im&EM analysis are dsllows [39]:

1. Divide the problem space in discrete elements. mBisation of the
geanetry is also known as meshingn example of typical meshing
elements used in HFSS is shown in Figure 1.

2. Determinethe equations for the meshing elements.

3. Assemble the elements to be solved.

4. Use the system of equations determined to solve fofiglteat the given

nodal points using the appropriate boundary conditions.

Figure 1. Fournode tetrahedrgmode numbers labeletly default is used as the
meshing elema in ANSYS HFSS.
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In discretization of the geometriglFSS has an automatic adaptive meshing process
which starts with an initial mesh that is then iteratively refined in places with high
field gradient [37,38]. The adaptive meshing process continuesawtitvergence
criteria, Sparameters for driven model and resunftequency delta for eigen
mode, is met or theumber of adaptive passes are met [37,38]. Also, HFSS
providesfimeshop e r a t n whiclstlie user dtates the meshing element sizes
directly, as opposed tthe automatic adaptive meshing [37,38j.general, FEM is
more versatilegiven its ability to solven inhomogeneous media and irregular
shaped structures [39%econd the system ofequatiors that governthe meshing
elementsare determired A relationship between the nodal field values @agdh
meshing elements determined.Next, each element in the solution region is
assembled, and matrix relating the nodal fields to each other is obtaihedtly,

the assembled matrix is solved using boundary conditiometErminethe nodal
fields of the meshing elementk HFSS, the resulting solution is chedagainst

the convergence criteria inputted by the users. Ifctivevergence criteria are not

met then HFSS would refine the mesh and resolve for the nodal solutions.

Figure 2 shows the use of periodic boundaries in the setup of a metamaterial and
waveguide structuren driven modelin HFSS The driven solution uses ports or
incident field to exci the simulated structunshich is used for determining-S

parameters and field solutiariBhe slave boundarg linked to a master boundary
4



and a phase delaygefining the phase shift between the boundaries. The
master/slave ports shown in Figure 2.a de@neinfinite array in two directions.

The Floquetporf{40] is usedto excite a plane wavef an infinite arraywhere the

phase delay in the slave port can be used to define the incidence angle of the
excitation The waveguide crossection shown in Figure.b with the master/slave
boundariesis used inan eigen model todefine a infinite waveguide in the
propagation directionThe eigenmode solution in HFSS is used to determine
natural resonances of the structureldfisolutions, and quality factor ohe
resonanceThe phase delay in the slave pmrtused to calculate the propagation

phase constant:

0= ten Q0 (L.1)
wherep is the phase delay defined in the slave boundasythethickness of the
waveguide crossection kg is the free space phase constant, agds the effective
index of the waveguidd-or a given phase delay a complex resonance frequency is

calculated using the eigenmode solver.



a) Floquet Port b)

—

_Slave

Master
—

Figure 2. a) Metamaterial unit cell with masterésle periodic boundaries, ai
waveguide crossection using master/slave periodic boundareshown

1.3 Dissertation Contribution

Mode coupling give rise to normal mode splittif#p-28,4145] as can be seen in
Figure 3. In mode coupling two uncoupletbdes (cyan and red dashed lines in
Figure 3)interactwith a coupling strengtly . The result 58 mode repulsion that
forms hybrid modes (solid blue and black lines in FigurdrBpoth metamaterial
molecular coupling and phonemhanced hybrid waveguidingrode coupling is
involved. In the following section resonacoupling between a PAMM3,26,46

50] or FRMM[51-57] and molecular vibrational resonances will be discussed.
Next, phonorenhanced hybrid waveguiding and optical devices will be discussed
[3,35]. Here, apractical surface phonon polariton (SPhP) enhanced waveguide
architectureusing 4HSIC substratein the mid to long IRis analyzed.Then an

optical directioml coupler and MaciZzehnder interferometer using the SPhP hybrid
6



waveguide is numericallgnalyzel [61,62]. Lastly,ahybrid waveguide geometry is
explored with hyperbolic phongoolaritons(HPhPs) from hexagonal boron nitride

(hBN).

MNormal Mode Splitting

0.2
0.15
0.1
0.05

-0.05
0.1

Peak Wavelength (um)

-0.15

0.2

0 95k I I I | | I . .
0.25 -02 0.15 01 -0.05 0 0.05 01 0.15 02 025
Metamaterial Resonance Wavelength (um)

Figure 3. An example of an antirossing dispersiodiagram that describes level
repulsion.

The contributions in this dissertation are as follows:

1 A widefield-of-view PAMM coupled to a molecular resonance
investigatedto showmode couplingbetween the two resonances the

unique mode splittip signatire. Temporal coupké mode theory was used



in analyzing the resulting couplin@oth reflective spectrasignaturesof
electromagnetianduced transparencfEIT) and electromagnetic induced
absorption(EIA) are shownto be related to the internal (absorption) and
external (scattering) loss of the PAMM.

Nanorodnanoslot metamateria with Fano asymmetric
transmission/reflection speatare numericallyanalyzedand shown to be
the result of brightdark mode couphg. Then ananalyte PMMA, with a
molecubr resonance at 52 THz istroducedand multimode couplingis
observedThe resulting coupling, like in the case of the PAMM, provides a
unique mode splitting signature, but unlike the PAMM the FRMM IR
resonance that couples the molecular resonance is the dark mode of the
FRMM that has a higher Q factor resonance. This higher Q factor resonance
allows for selectivity advantages as couple to the PAMM.

The first practicalmid- to longwave IR hybrid waveguide enhancduy
phonons in a polar dielectric 4H-SIC, silicon carbide,is numerically
analyzed It is shown that propagation lengttong the waveguiden the
order of 7ay with confinement factors of less than 5%{(&/2)° are
achievablevhereas= 1 2 .. Phe results presented show a hybrid mode
areain the mid to longwavelR that is more confined & the free space

diffraction limited areaand the high index dielectric waveguidedearea



while maintaimng a propagation distandéat isseveral time bigger than

the wavelength.

Both an optical directional coupler (ODC) and MachZehnder
interferometer (MZIl) were made using the 43iC enhanced hybrid
waveguideand are numericdly analyzed It is shown that the output port
powers conform to coupdemode theory as descriloein conventional
dielectric waveguides.Thus, using the hybrid surface phonon polariton
waveguide, fundamentally integral devices such as the ODC and the MZI
were designed, which paves the way for future devices like modulators,
opticalfilters and waveguide based sensors.

Hexagonal boron nitride (hBN) has tweststrahlen bands: an upper (type
II) and lower (type I). Bothreststrahlen bandsf the hBN for the first time

are employedin hybrid waveguidingconfiguratiors and are compared
Type Il HPhP hybrid waveguideare shown to mantain propagation
lengtls along the waveguidef 20ey with confinements ofess than 5x10
%(av/2)? achievable wherey = 6.6 mThe type | HPhPsenhancechybrid
waveguide retam the ultraslow group velocity propertyf the type |
HPhPswhile maintaiing propagation length of s with confinement

factors of less thaR.25x10%(ay/2)’ atap= 1m3. ¢



Chapter 2: Perfect Absorbing Metamaterial

2.1 Introduction

PAMM, as the name impliess a metamateriaghatcan be designed such that, in an
ideal scenario, there is a frequency where there is 100% absorption of the incident
radiation. In the case of a widBeld-of-view PAMM which is ®nsideed, the
absorption of the incidemtidiationis independent of angle of incidenp#8]. The
resulting perfect absorption has been desdrii® having anmpedance match
between free space and a resamaetamaterial in a transmission and nanocircuit
model[13,49]. For a PAMMwith a ground plane, there is not a fully detirne

matrix [48]. Therefore, the @fect absorption phenomenon is better désctin

terms of critical coupling where Ohmic (absorption) and radiative (scattering)

|l osses of t he PAMM §8.ePolynethyh methacrylateli mat ¢ h e
(PMMA) has been used as a standanalyte in several exampl§26,29,47,63]

This is due to PMMA hving an IR active carbeoxygen molecular stretch
vibrationin the mid IRregionat 52 THz (5.74um or 1733 cnT). PMMA is alsoa
convenient material as it is a weknown commerciallyavailable offthe-shelf
photoresisin micro/nano fabrication. IRIli psometry64] was used to measure the

complex optichpropertiesof PMMA, asshownin Figure 4
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Figure4. PMMA complex refractive index, imaginary (top) and real part (bottom),

showingthe C=0O molecular bondesonanceat 52 THz (1733 cif).

2.2 Single Input Uncoupled System (SUS)

Temporal couplé mode theory(TCMT) will be used to showhe impedance
matching conditiorbetween the Ohmiéinterna) and radiative(externa) losses
i.e. p = %, in the metamaterialesultsin perfect absorptionf incidence radiation
Figure 5 shows a circuivisualization for a PAMM as analogous toa single
resonatorcoupled to a single input waveguiflé74858]. This single resonator
coupled toa waveguide can be described by tbowing couplel mode equation

[29,47,58,60]
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,§b=hod') fo+lq@+]| Y (2.13
Y = @Y + (2.1b)

wherea is the normalized energy of the resonatog,is the resonant frequency

where the PAMM is "perfectly" absorbing,is the internal los of the resonaton.

is the external losshat describes the energy that does not "couple" into the

resonatorS’ is the inputfield excitation onto the resonator, aBds the reflected

field. The constanté) d, and,c need to be determined.

v _ Resonator
A S .~ T
) I
— I
Zo | |
\ I
Z,

Figure5. Circuitdescriptionfor a SFUS.

With the use of the principdeof time reversal and energy conservatitrcan be

shown thaf58]:

1= 2q (2.29
Q= 2q (2.2b
0= ',ﬁz 1 (2.29

Therefore, Eq2.1 can bevritten as:
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D = TQc)(:) o+ g+ TQY (2.39
W= Y+ A (2.3
Next, impedance matching results when the reflectioefficient iy, is zerg

where the scattering matrix in general is:

1 ="of 24

Therefore, it can be seen thiat a SHUS, there is only one element in the matrix:

Qo o +0 10

Y= 3 ' 2.
Qo+lo (0 1 0) 23
When at resonanc#é can be seen that:
la To
N = 2.6
M1l o ot o (2.9

It can be seen that whew= o theniny; 1 ¢ = 0, which has been described as an
impedance matched condition or criticatlupled, wherecoupling is described in
terms ofthe incident field coupling into the PAMM. Undeand overcoupled in
terms of losshave been descrilgeas 2 < 3 and o > oy respectively. Figure 6
provides a visualepresentatiom theform of a Loci diagranin Figure 6.§68] and

a log curvethat indicategshe under andovercoupled region with theatio of a9/

at the resonated frequenay in Figure 6.b[29,47] The bluestars indicatehe

comnon point between the twrepresentation
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Excitafion atResonance

FEC

1mi, 1

Figure6. a) Loci diagram of the reflection coefficient as seefbB]. The critical
circle is indicated in black. Increasing frequency is with clockwise rotation on the
respedve circle. Zero'@ (iy;), indicated with a black line, is when the incident
wave reson@s with the resonatord™). Each daséd line circle on tle Loci is a
value to theratio of a/%. b) Visualization of underand overcouping of the
incident field at resonator resonarj28,47]. The Hue stasin a) and b) indicatéhe
same point for reference. As the Loci moves to PEC or PMC Jithigblue stas
become indistinguishable from each other. The uraletovercoupled regiosare
indicated in orang&nd red respectively

2.3Resonaat Coupling Between PAMM and Molecular

Resonance

The TCMT description is expanded to include another equatiorintatporats

the introduction of amolecular resonance. In the framework of absorption, the
intention of coupling a PAMM to a molecular resonance is to enhance the
absorption signaturef the bare molecular resonant® comparison to the PAMM
the PMMA alsorption is very smbunder excitation.fla dark modésubradiantis

defined asa high Qfactor resonance that weakly couples ttee incident
14



excitatior]29,47], then a dark mode would lanalogougo a molecular resonance.
Converselythe PAMM resonancehat interacs strongly to the incident excitation
would be defined as a bright mo@iperradiant[29,47] Theinterferencebetween

a bright and dark mode results in a Fano resofjah&®,54,65Jand produces the
typical asymmetrical line shape and $eahg crosssection,i, as shown in Figure

7 [66].

Fano Resonance Scattering Cross Section

—_—q=0
—_—q=1
—lim(@) - =}

: I I :
(-)l -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Frequency

Figure 7. The typical asymmetdal scattering cross sectiaf Fano esonances
shown as a function of frequency f@henthe asymmetry paramete, is equals
one (red solid line) The limiting cases off = 0 andq = D (solid blue and black
respectively arealsoshown for reference.
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Using a TCMT description, Fano resongl®de54,55] polaritonic systemgs7-69],
and electromagnetically induced transparency (ET absorption (EIA)70-73],
phenomena&an be descrilik The TCMT equations are as followshere Figure 8

shows a circuit realizatioaf the PAMM-PMMA coupled systenj47, 54, 55, 58

67]:

ol 14T @Y
i <, I o ~, o 2
%=Qz(& [ 20y + ‘@G &7

Y = BY + 'y
wherea; is the PAMM (bright) resonance, is the molecular (dark) resonanag
is the PAMM resonant frequency is the internal loss of the PAMMy is the
external loss of the PAMMy, is the absorptive losses of the molecular resonance,
andV is the coupling strength between the PAMM and molecular reson@&naed

S are the inputted field excitation and reflected field of the PAMBpectively

Resonator

Zo

Resonator

Figure8. Circuit visualization for a single input couple resonator system.
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Using a matrix notatigrthe scattering matrix can be determined

() =9+" 2.9
In the case of the single input couplegsonancesystem (SICS), then it can be

seen that the scattering matrix is as follgpWE67]:

L N Q@ 12 +r12] O
i Yo _ @ 0, 0 0 (2.9
Y1 Y 0 O det[ ]

The determinationof the matrixq providesthe anticrossing(level repulsiof
dispersion relation that is plotted in Figure 4. Due to the single input, onlgithe

parameter is of intereghereforegl47,67}

1QQ 1, +0

~ — 7 _ _ : 21
LEQ T Ty 0 1, o & (219
where[47, 58, 67]
o
1¢=11;2+§[F1+F0+r2]
(2.12)

2 %,

1 ] 2 r+r' r s Q
1 12 (1t T2 +(.\)2+§Dl 1202 (1+79]

2 2

It can be seen from Figure 4 aBd. 2.11 that under the condition =¥, =¥, the
maximum sfitting or repulsions denoted by2q ; therefore 2q = f¥.+(¥o)- ¥-(¥ o)
> 0, which leads to the resyl4-76]:

f1+Tq [2

5 (2.12
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Due to the no#trivial nature of nodinear and nororthogonal modgg7,78] the
challenge beconsadetermining constants d, andU as suchprimary resultsare
derived. A similar procesasin the case of SUS, ofapplyingenergy conservation
and time reversals used58] and itis assumed that the coupling strengthis a

real constant with afrequenciesThe power in each resonator isf@lfows [58]:

Qo; ., , ) QQ ol 5 .
oY T T 2 ittt e e
o~ i~ (2.13
S N S Fatled o
D 2o T 2 vtz 11202

Using time reversal, it can be seen that the energy that is scattered is a result of the
energy in the bright resonator and timergy coupled from the dark resonator with

S’ turned off and no internal losses wheredditerms, for example , denote time
reversal terms.

(o) gml Q@ , 20° ¢
2 oW1 2
® ® . ® %+ 1 11

50, = $YE (2.14
From Eqg. 2.7, the normalizd bright and dark resonator amplitudes can be solved
as:

. _ YQ 1, +1,

@ Q 12+012Q 11 +(1+7Q + &P

. & Y
Ty 7, 41, Q@ 11 +(1+l0 + P

(2.19

and assuming the detunin@4], 1 kIl 1 1 »|, iIs zero, the time reversd

excitations] =1 ; 0y andno internal loss; then:
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Y

=
2q 1+ﬂ

- 2.1
_ @ Y (2.19
23 1+ %25

Given att' = 0, |&| =la: | and §1] =S, | then:

ot 2 , 207 , , 267 ,
Y =20+ S 91 . 5 Wy = 2 oo + TS Q} , 5 Wy (2.17)

Combiring the results oEq. 2.16and Eq 2.17, and leaving as a function of

resultsin:

R TSI PL
N T , (2.13
¥ dolroz izizig 1,2 o

Next, solving ford; fromEq. 2.7 it can be seen that:

"Y1 =Qd (2.19
when §7| = q therefore:
o g
¢ = 105109 = 2 S+ o dnd @20
6t 1 11
where:
., WP
wéz'r%ﬂ 152 (2.21

which leads to:
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— o 2
Ql= 21 (2.22
Q1= do t fr e 7 g

Using conservation of energy to solve tarthe net powers thencouplal into the
resonatorOne can be either be dissipated or coupled into the second resaqpator (

addng to the energy rate of buildup:

Qo
SYE SYE =+ A1l + Qa0 + WY S (223

The nature okpsis revealed lateiSolving for dWi/dt similar to Eq. 2.13 it can be

seen that:
o, , 2 07 , v ez
——= 2[1+tlqW® w+ |0 + 2.2
D 17 la @ 3 1, 2+2 1+ 1Y+ Y @l (2.29

and from squaring the last equatiorEq 2.7:

SE= XS A 2T oy i+ €Y | Y Y ]

YS = oW1 ] T22_'_r221(*4121 ) | ) W (2.25
SYE = QFSYE+ Py + RALYE + Y @l

After combining the two equatisin Eq. 2.25 it follows that:

. * . . 2 ,0F .
SYS L& +oyy 1 +0; QT g : 122+F2+Q2
2 2 (2.29
VG YD Dsstes=0
It can be seen frofaqg. 2.26 tha{58,67,68]
x $ 8
= — 2.2
W oo (2.27)
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The mathematical model used similarto that in references[29,47,48] in
parameter fitting the numerical results. Previous paperse reported work in
PAMM, and resonatedoupling has been reported ifr5,7981]. However,the
silicon cavity thickness was on the order of the wavelength in the caxhigh
leads to thick films of over im. From aprivate communication with collaborators
at the Infrared Systems Lab at University of North Carolina at Charlb&esavity
film thickness was too large fabricatereliably. Therefore, a suWwavelength

cavity or spacer structure was investigated.

2.4 Numerical Modeling of PAMM and Resonated @upling

2.4.1: Nano Patch Metasurface PAMM

A metallic nano patch metasurface with subwavelength spacerof an
ellipsometricallymeasurefb4] amorphous Si (i) spaceion a gold ground plane
is seen in Figure 9. Aovercoat ofa dispersionless layer of PMMA wasitially
placal on the structure to removany red or blueshifing of the P AMMOG s

resonancelue to thalispersionles;dex on the PMMAas seen in Figure 9
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Figure9. A dispersionles®MMA overcoated on top of a PAMM made of a gold
patch metasurface separated from a ground plane by an amorpiumrs sphacer.

Both TE and TM at two orientations and various incidence angles are considered.

The SHUS mathematical analysithat wasapplied to the structure in Figure 9 is
shown in Figure 10. Figure 10.a commammulated results tahe parametic

fitting of Eq. 2.5 where the values are tabulatedTiable 1. Figure 10.b confirms

the over, critically-, and undecoupled relationship in terms of a Loci diagram.
Figure 10.c shows the linear relationship between the exteghaind internal &)

loss as a function of spacer thicknef®9,47,48] The patch length and unit cell
weretunead sothat the center resonance was approximately at the same frequency.
Figure 11 is the spectral and angular resolution for the absorption for the CC case
for both incicent modes seen in Figure 9. It can be seen that the design patch

metamaterial providesolarizationthat isinsensitiveto transverse electrical (TE),

22



transverse magnetic (TM), or eith@ode orientationwvhile providing awide field

of-view [48].

Tablel. SFUS model fit parameterssedin Eq. 2.5.

fo[THZ] 2.[THZ] %[THZ]
OoC 53.4 3.81 1.44
CcC 53.5 2.07 2.07
ucC 52.4 1.14 2.65

Using the numerical tool, the PAMM field enhancement can be extracted as a
function of frequency of the owvercritically-, and undecoupled casess seen in
Figure 12. The maximum fielénhancements at the frequency of maximum
absorption as to be expected’he maximum field enhancement is located on the
edges on the gold naipatch [47].Similarly, from plotting the magnitude of the H
field in Figure 13, a magneticdipole can be seetocated in the spacewhich
agrees with the reports [48]. The magnetic dipole is responsible for the perfect
absorption nature of the PAMM [48Next, the PMMA molecular resonance
introduced to the overcritically-, and undecoupled cases. The developedC3

mathematical modes$ used to analyze mode spitting.
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Figure 10. a) Numerical, stars (*), and mathematical model, solid line, are shown
for a case obver, critically-, andundercoupled case b) The Loci diagram for
these cases are shown. c) The linear relation between the exdgraald(internal

(%) loss is shown where the criticaltpupled case is at 90 nm amorphous Si
spacer thickness.
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Figure 11. Normalized absorption spectra and anguiaresolvedspectrafor the
critically-coupled cases as seen in gy 9. Both TE (a,b) and TM (c, d)
polarizations are shown for both moalgentatiors.
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Figure 12. Field enhancementEja/Eof’, for the over, critically-, and under
coupled case of the nano patch PAMM.
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Figurel13. The relative intensity magnitude thieH field in the modeled PAMM.

2.4.2: RenantCoupling to a Nano PatdhAMM

The molecular resonance is then introduced to PAMMich results in mode
splitting or repulsiof#5,47,73,82]and superscatterifj,83,71,72]in the over

coupled case. Figuredla showshe numerical and mathematical model parameter
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fitted for Eq. 210 for resonated coupling for the three saskover, critically-,

and undercoupled. The parameters used for the mathematical model fit are
tabulated inTable2. For comparison, the Loci diagram generated fimm?2.10 for
resonated coupling is shown Kigure 13.b. The loop in the Loci indicatdse
nonlinear nature of mode coupling that is occurring. It can also be thaén
limw . YA Y1(9)] < 1, which is out of bounds of the limit oY} "Y1(5)] .

In the parametric fitting oEq. 2.1Q it is assumed that the coupling strength is a
real constant for all frequencigg4-76]. However, if coupling strength is due to the
near field which in turn is related to storagjeld andfield enhancementhen the
frequency dependence of the couplirgirength should mirror the field
enhancement. Howeveit can be seen in Figure 13.a and in other references
[51,54] that the mathematical model deviates from the simulation results in a
similar fashion.For the CC and UC casesode splitting or EIT[55,73] is
observed. On the other hand, t¥C case superscattering or HEIR,84] is
observe ascan beseen in Figure 14Figure 14.b showthe avoidance crossing
dispersion relation where the variation of only th&iAspacer thicknesgsults in

changinghe PAMM resonance or absorption maximum.
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Figure 14. Absorption spectra for PAMM resonantly coupled to a molecular
resonance at 52 THz (white dashed line) for OC (a) and UC (b) casesitarsA-
Si spacer thickness ¢) Numercal, stars (*), and mathematical modsdlid line,
are shown foresonantoupled cases @ver, critically-, and undercoupled case

Table2. SFCS model fit parameters usigg. 2.10.

fi[THz] | 9.[THZz] | 9,[THZz] | f,[THz] | 2,[THz] | V[THZz]
ocC 52.0 1.93 4.26 51.9 0.22 0.71
CC 52.1 2.34 2.12 51.8 0.20 0.70
uc 51.5 2.87 1.16 51.9 0.14 0.70

2.5Conclusion

Mode coupling between the senances of a widield-of-view PAMM and a

vibration resonancén PMMA at 52 THzis observed.The PAMM is analyzed
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using TCMT, and the critical coupling conditiowhere the internal and external
losses are equal or impedance matched is shtiws.shown in Figure 14 how
transition from undercoupled tovercoupléd design of the PAMM results in
transition from a transparepavindow centeedat 52 THz to an absorption peak at
52 THz which provids evidence of mode coupling between tRAMM and
vibratioral resonancesMode coupling based metamaterial devipesvide benefits
in selectivity as can be seen in Figure 14.a and 14.b. As the resonance of the
metamaterial is tunedia the silicon spacethe metarataial molecular vibration
coupledsysten decouplesand the resonanseeturn to theiruncoupled state In
the case of a critically or undercoupled desiganiqguemode splitting signature is
produced andis used for identification purposdsy increasd absorption of

metanaterial molecular vibationcoupledsystem
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Chapter 3: Fano Resonance Metamaterial

(FRMM)

3.1 Introduction

Fano resonan{g6] is evidenced by an asymmetric line shegmeseen in Figure 7.
This line shape in a classical sense can be dedcabéhe interaction between a
bright and dark mode. A Fano resonanetamaterial (FRMMp1,55,85,86]is a
metamaterialwhose structure supports an asymmetraflection or transmission
spectrum. In the application of biosensing and/or molecular detedtRMM
provides a high Qfactor dark resonancehich can provide aelativelylarge field
enhancement. In this section, TCMT and numeacallysisvith HFSSareused on
FRMM sensorsThen PMMA's molecar resonancés introduced to observaode
coupling bet we e n t he PMMAG s mo the metdmateriat e s on an
resonanceand the effect of breaking the symmetry of the metasurfaces seen in
Figure B is investigated with a discussion on the role of medtupled resonances.

In the conclsion thereis a disassion ofelectromagnetic induced transparency

(EIT) and absorption (EIA) and their relationship to FRMM design.
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Figurel5. A FRMM as modeled in HFSS fay) a dual nano rod ana) adual nano
slot.

3.2 Reflection Spectrum

3.2.1: TCMT Mathematical Model for FanResonance

Given that in Figure @there is no ground plana new TCMT model neado be
developed with two pds. A single input single output coupled system (SISO

CS)67,77,78]is as follows

E ‘*l _ 0, (T1+T9 @, (kl N l11 112 Y
D W @y, N, 1, @ a2 l22 vy G
o G Y, Q @ |
Y @ Wy "yt Qy Dy @
whereEqg. 3.1 can be written in general matrix form as:
+= 4" 3.2

§ =
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JO 51 +(ri+re) Viz

where = . . )
Vo1 jO 5, +ry

From the general

scattering matrix irEq. 2.8, it follows forS; and S;, for a twoeterminal coupled

system that:

Yil =Gyt
1 20Q2°Q T4+ M1+l H1 Q1 Q 12+ T2 Q1Qo6 +1 2Q1G,] (333
det( )
Y1 =Gt
| 2022 °Q 11+ T+l +1 101 Q T2+ T2 Q1o +1 21 Q@] (3.3)
det( )
Exploiting the dark mode definition fop é.e. (1 =Us» = 0) leads to:
. I T O Th © N R S PR O FER O PY¢: %)
Y1l =@t det( ) (3.4.3
- & L 11 T2+ T2 Qe (3.4.0)

“¥1 —| - 1 det ( )

It can be seen th&q. 3.4 reduces to the €1S casekq. 2.9, whendi, = dy; = dpo =

v, + Resonator = Vi
O— = e
— ¢
Zo % St S Z

Resonator

Figure 16. Two-port coupledresonantircuit system that cansea Fano resoma
metamaterial (FRMM).
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3.2.2: FRMM SimulatedResults

Both unit cels shown in Figurel5 are simulated without and with RNWA's
molecular vibrationatesonance. Figuré7.eand18.eshow the dual nano rod and
slot metasurface unit cell. Both unit salvere designed such that the transmission
coefficient exhibits the Fano line shapes seen in Figuré7.aand 18.aas well as
the phase distributions of the-field and Hfield for the nano rod and slot
respectivelyas seen in Figurel7.bd and 18.bd. The conclusion of this chapter

exploresthe resits of whetherthe reflection coefficient exhibits the Fano line

shape.
lpoo== Fememas] =-=-Transmission
N TN -+= Reflection
v [ — Absorption
v T o
0.5 v el
a) ~~~~~~~~~
o s
45 46

Figure 17. a) Transmission, reflection, and absorption of the dual nano rod
metamaterial structure where the transmission exhibits typical asymmnestitant
responsgwhich can be contributeto Fanelike resonat coupling b-d) are E field
phase distributios that show a parallel (bright) and aptrallel (dark) field
distributiony €) Top view of symmetric dual nano rod unit cell (matam).
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Figure 18 a) Transmission, reflection, and absorption of the dual nano rod
metamaterial structure where the transmission exhibity/pical asymmetric
resonated responsehich can be contributeto Fanclike resonat coupling b-d)

are H field phase distributisrthat show an anarallel (dark) and parallel (bright)
field distributiorny €) Top view of symmetric dual nano rod unit cell (matem).

3.3Normal Mode Splitting with an FRMM

With the use of the hybridization models forane resonance in
nanostructurd54,87], the FRMMresultsfrom the coupling between two existing
modes a dark and a bright modehich are bothsupported by the metamaterial.
Therefore with the introduction of the PMMA's photon resonance, rmekonate
coupling would occur.The phononresonace of the PMMA is introduced to the
FRMM. Then theasymmetryof the metasurface is tuneds seen in the inset of

Figurel9.a and20.a. The percent aisymmetryis defined as:
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| = 100%(1 30/0) (3.5
whereql andL are shown in the inset of Figwi®.a and20.a. Figurel9.a shove
the nano rod FRMM without PMMA and the effect of tuning ésgmmetryof the
metasurface where the black solid line is the symmetrical case for reference. With
the FRMM with PMMA's molecularesonancethe typical mode splitting in the
symmetrical casean be seem Figure19.b. It can be seem Figure19.b thatby
tuning the asymmetric parametethere is arenhancemenrdt both resulting hybrid
mode resonances at around 51.4 THz and 52.6 Where enhancement is defined
as a decrease in reflection. Similar results can be seen in R@uatethe hybrid
modes frequency 51.4 THin the case of the maslot FRMM where an
enhancement can be seen wibeeakingthe symmetryof the FRMM.The addition
of breaking the symmetry of the FRMM adds an add#iategree of freedom of
tunability as can be seen in Figure 19.aand 2lhae i ntroducti on of
vibrational resonanceesults in themode splitting signatureThe mode splitting
signature reflectance can hether reducear enhancethus allowing better signal

to noise ratio for refleabin based spectrometry.
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Figure19. a) Nano rod metasufagathout PMMA phonon resonance with varying
asymmetryas depicted inthe inset b) The resulting mode splitting as a result of
varying asymmetryof the metamaterial unit cell with the introduction of the
PMMA molecular resonance.
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Figure20. a) Nano slot metasuface without PMMA phonon resonance with varying
asymmetryas depicted in insgtb) The resulting mode splitting as a result of
varying asymmetryof the metamaterial unit cell with the introduction of the

PMMA molecular resonance.

3.4Complementary Fano Resonated Metamaterial
As evident in Figures 1@ and 18a the transmission spectrum of both FRMMs,

nanorod and nanoslothave Fano resonance lineshapeHowever, if a

complemerdry metasurfaca.e., metasurface where the metallization is inverted
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(e.g. nanopatch metasurface complement would be a nanohole metasudace),
consideed then the resulting transmissiogpectrum isinverted similar to that
reported in[71,8894]. Figure A.a shows theesults of a nano rod FRMM where

the reflection coefficient exhibits the Fano resonated line shape as evident by the E
field phase distribution shown in Figu?d.c to21.e. The results in Figurzl.b are

the same as in Figure 17.a for comparison. Considering only the symmetric case,
Figure21.f shows the mode splittingesultsin the reflection spectrum. Figug®
shows the transmission coefficient with theesenceof the PMMA's molecular
resonance The results in the transmissidmve beenexplaired in terms of
electromagnetic induced transparer(®&T) and absorption (EIAY1,72] where

EIT and ElAareevident in the solid and dashed blue liespectivelyin Figure22.

Other work on this topic ihades the nano slot EIT/EIA pair. Also, considey a

field enhancement frame of mind with the use of the hybridization mdan be
predicted that the overall field enhancement of the uncdygiéesmonicdark mode

increass with the coupling to thelasmonidoright mode.
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Figure 21. a) Nano slot complement, i.ano rod metasurface with Fafike
resonance reflection coefficiert) The result in Figure 17.a for comparison where
a Fanolike resonance transmissiocoefficient exists; c-e) are E field phase
distributiors that show a parallel (bright) and aptrallel (dark) field distribution.

f) The resulting mode splitting reflection coefficient when PMMA's phonon
resonance is introduced.
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Figure22. The resulting modepltting signature in the transmission coefficient for
electromagnetic induced transparerfEyT) and absorption (EIA) ithe solid and
dashed blue lireerespectively.

3.5Conclusion

Nanorod andnanalot metamterials which exhibit asymmetric transmission
specta wereexplored for mode coupling with a molecular resonance of PMMA at

52 THz. The asymmetric transmission spectrum present is akin to a Fano resonance
lineshape which results from thetermaction of a boad spectral symmetric
resonancdbright modé¢ and a highQ factor asymmetric resonan@eark modg.

Both field distributionsfor a bright and dark mode are present as evidence in
Figure 17.bd and B.b-d, and coupling arises due to temporal overlap bibog

by the broad spectral wide of the bright modéth the addition of the molecular
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vibration, a third resonance is introduced to the coupling system. The stronger
coupling between the dark mode and vibraioresonance results ithe mode
coupling signatureThe high Qfactorn at ur e of t he REINMOS dar
spectral line with of less than 1 THalows for advantages in seledtyw as
compare to the specthalbroad bright moddike in the case of the PAMMhere

the spectral widt is approximately8 THz Symmetry breaikg of the metasurface
leads to an enhancement or reduction of the reflectance in the mode splitting
signature which provideadvantage to signal to noise ratios in reflective based
sensing. Finally, a complementarymetasurface to the naslot, i.e. nanood
metasurface with an inverted transmission and reflection spedsumestigated

In the case of the PAMM, an under and overcoupled metamaterial results in EIT
and ElArespectively A similar analogue is drawn tveeen a metasurface and its
complement coupled to a molecular resonance. Figure 22 complaees t
nanorodnanoslot metasurface cass with inverted transmission/reflection
spectr ums. nmetasurfateohas ageductmhitd transparencyEIA) at
theresonance 52 THz as compéiteo t h e A cwhitiphhseamiacneasi

its transparency(EIT). T h e fi ¢ o mpmetasufacehtis@n advantagewhen
transmissiorbasel spectroscopy is employetiie to thencrease in transparency in

the couplal system.
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Chapter 4: Phonon Polariton Enhanced

Hybrid Waveguide via 4H-SIiC Substrate

4.1 Surface Phonon Polariton Theory

Surface plasmompolaritons (SPPs), see Figu?8.a, result from the coupling of
electromagnetic radiation to free electrons in methich resuls in oscillation of
electron charge density at the boundary of a metal and dielgG8%]. SPPs result

in high field enhancemenivhich aids in spectroscopy and biosensing applications
[7]. Typically, SPPs occur in a band of frequencies betwean infrared (NIR) to
ultraviolet (UV). For applicationin moleculr detecton in the midIR (MIR) to
long-IR (LIR), SPPéfield enhancement becomaegligible. A solutionto this is

the use of surface phonon polaritons (SPHE3),96] as seen in Figur@3.b.
SPhPs are a result of coupling between transverse optical (TO) phonons in the IR
and THz regime[30,97] SPhPs have been demonstrptgd8-100] and have
applicatiors ranging from long propagation length waveguidiimg the IR to
biosersing[3,4]. Large field enhancements of over tdie to localized hot spot in

an IR dipole antenna feed gap usBihPhave been reported iB(Q].
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Figure23. lllustration of a) free electrons in metal, or b) molecular digprent in
polar material resulting in optical phonons, oscillated with exciting radiation
forming a) SPP or b) SPhP modes.

Mathematically, SPPs and SPhPs are treated identically with Maxwell's equations
and boundary conditian It has been shown[7Ahat SFP and SPhP propagation
supports only TM surface modess A starting poinfor determimng the dispersion
relation of a SPRor SPhF, the single surface interfacase of a SPP (or SPhH}$
consideredFigure24 shows the geometry of a single interface between a plasmon
supporting noble metal (or a polar dielectric) and a dielectric with complex

permittivity ( and ), respectively.
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Figure 24. SPP and SPhP single interface propagation structure Whewrsd U,
representdielectric andmetalor polar dielectric) complex relative permittivity
respectivelyof the two half spaces

It has been shovi], that TM solution field equations fox > 0 (dielectrichalf

space) are:

Q, 4 = 0,0 aeQ Y
N ~ 62 ~ TR~ 2 L7 N
Q, 0 = QN BIQ AW
Q¢ 1 'o"QQz 4.7)
01

Qpyr; KR DEQ A,

Q4 =

1 -0m0

and forx < 0 (metal or polar dielectricalf space) are:

Q, 4 = 0, Radg Ao
y ~ 61 ~ s T L7 N
Qa4 = o1t QdRaig e
Q= R (42)
(“) ~ AN . A 7 )
Q4 = — Qg Tl A,

1 -07a

whereksphpis the complex propagation constant for the surface polariton mode, and
kdkn are the wavevecta perpendicular to the material interfaces, aafA, are

complex constants determined from boundary conditibnsm thecontinuity of
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the boundary ax = 0, it can be seen froid,(2) thatA; = Ay, and therefore from

E.(2), it can be seen that:

RiB_ 4.3
4
From the formul ation of the TM from Maxwe

the propagation constarkty, is in the two regions as ti@lowing [7]:

G =G
Gy + = 0.

Solving forksp using Egs. 4.3 and 4.4ivesthe dispersion relationship fd8PP or

(44)

SPhPasfollows [4,30]:
¥ 7 _dG )_'Q
¥y = 41’2 (4.9
BER 0
ThepropagatiordistanceLm, of the TM moden thez directioncan bedetermined

usingEq.4.5in terms of power ointensityas:

1
Oom = m (4.9
The nature of the TM polariton mode is that ofemponentially decayindjeld in
the transverse directipi directionas shown in Figure 249 the propagation into
the metal (or polar dielectric) and dielectrregions i.e., evanescentvave The

decaying exponential terms can be determined by substitttjng.5 intoEq. 4.4

resulting in:
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(4.7)

(e} Fo I}

Similar to propagation distanca skin degt concept can be applied the TM

surface modes penetration depthithin the two regionss defined as:

1
(]'Qz o x,
20{Q}
. A (48)

where the total modal extent of the TM surface miadae transversdirectioncan

be defined as:

Too=Na+Nal (4.9
Using Upp andLpy, a figure of merit (FOM) can be established similar to the case of

hybrid plasmonic waveguide$QM = L,/ A&, whereA, is the modal are§3])

whichis:

U
O = 1—“0 (4.10
V)

The FOM in Eqg. 4.10is used to guide the design of the hybrid wavegundthe
following section.The FOM in Eq. 4.10provides away to compute an optimum
tradeoff between mode confinement and propagation distance as a function of
frequencyof the polariton modeThe optimum F® will provide a frequency

range in which to design the hybrid phonon polariton waveguide.
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4.2 4H-SiC Phonon Polariton Hybrid Waveguide

Optical interconnects in the MIR to LI€an be achieved viapolar dielectric with

a highly reflecting metalliclike material ((b)p < 0), which is known as the
reststrahlerband([4]. Silicon carbide (SiC) is a polar dielectric with a multitude of
polytypes or crystalline structurgs01-104]. The 4HSIC polytype seen in Figure
25, is commercially availablas asubstrate4H-SiC reststrahlen band anahiaxial
complexpermittivity tensor componerts05] can be seen in the insaft Figure26.
4H-SiC is difficult to patternor etch into a tracer waveguide however other
polytypes such as3C-SiC, aluminumnitride (AIN), andgallium nitride GaN) thin

films can beheteroepitaxially growonto a 4HSIC sulstrate[106].

a) b)
T<0001>

<1100> <1120>

<« @

Figure 25.(a) Simple 2D projectionof the unit cell of the 4F6IC with crystal
ordination plane vector directions.@-SiC 3D zigzag crystalplanewith unit cell
shown. [101]
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Figure26. 4H-SiC uniaxial anisotropic complex dielectric tensor compondiits.
top shows the real part of thelative permittivity and the bottom shows the
dielectric loss tangent of 48iC. Thereststrahlen band is highlighting the inset of
the real part of thpermittivity[105].
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The hybrid waveguidgeometry thats considereds shownin Figure27. GaN isa
low-loss dielectricm thereststrahlen band of the 451C, as seen in Figur2s, in
which a heteroepitaxial thin film can be grown on-8K. The hybrid waveguide
shown in Figure27, which is feasible to fabricate, providedamg propagang
waveguide withhighly confinedmodesin the mid to longwave IR bandwidth.
The amorphous silicor(A-Si) tracer is a square with width &b resting on a
heteroepitaxiathin film of a GaN spacer of thicknegh, 6 wdgrowrhon a 4H

SiC substrate.

Air A-Si Trace

GaN Spacer
L

&)

€1

Figure 27. Geometry of the 4¥8iC enhanced hybrid phonon polariton hybrid
waveguideA square tracer of &i with dimensionsl x d is separated a distanbe

from a 4HSIC substrate by a GaN spacer. The principal axes anisotropic crystal of
the4H-SiC substrates labeled with theirespectiveelative permittivity
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