DESIGN AND OPTIMIZATION OF NANOANTENNAS FOR NANO-OPTICAL
APPLICATIONS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

GOKTUG ISIKLAR

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

SEPTEMBER 2020






Approval of the thesis:

DESIGN AND OPTIMIZATION OF NANOANTENNAS FOR
NANO-OPTICAL APPLICATIONS

submitted by GOKTUG ISIKLAR in partial fulfillment of the requirements for the
degree of Master of Science in Electrical and Electronics Engineering Depart-
ment, Middle East Technical University by,

Prof. Dr. Halil Kalip¢ilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. ilkay Ulusoy
Head of Department, Electrical and Electronics Engineering

Assoc. Prof. Dr. Ozgiir Ergiil
Supervisor, Electrical and Electronics Engineering, METU

Examining Committee Members:

Prof. Dr. Mustafa Kuzuoglu
Electrical and Electronics Engineering, METU

Assoc. Prof. Dr. Ozgiir Ergiil
Electrical and Electronics Engineering, METU

Prof. Dr. Giilbin Dural
Electrical and Electronics Engineering, METU

Prof. Dr. Ozlem Aydin Civi
Electrical and Electronics Engineering, METU

Prof. Dr. Vakur Behget Ertiirk
Electrical and Electronics Engineering, Bilkent University

Date: 02.09.2020



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all

material and results that are not original to this work.

Name, Surname: Goktug Isiklar

Signature

v



ABSTRACT

DESIGN AND OPTIMIZATION OF NANOANTENNAS FOR
NANO-OPTICAL APPLICATIONS

Isiklar, Goktug
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozgiir Ergiil

September 2020, [105] pages

In this study, design and simulation of plasmonic nanoantenna structures to obtain
high power enhancement capabilities at optical frequencies, as well as utilization of
nanoantennas for imaging and sensing applications are presented. Plasmonic charac-
teristics of nanoantennas, which depend on many parameters, such as material, fre-
quency, geometry, and size, are investigated in detail via computational analyses of
various nanoantenna structures. Numerical solutions of electromagnetic problems are
performed by using surface-integral-equation formulations that are suitable for plas-
monic objects, while the simulations are accelerated, where necessary, by employ-
ing the multilevel fast multipole algorithm. Various nanoantenna designs, including
slitted structures and novel geometries obtained via shape optimization, are studied
and compared with each other and with examples from the literature. Numerical
analyses demonstrate superior properties of different nanoantenna designs depending
on the frequency. In order to exemplify the applications that nanoantennas can be
used for practical purposes, plasmonics structures with high optical sensitivities are
designed by using bowtie geometries for particle sensing and nano-optical imaging

applications. In this context, computational analyses of detection of nanoparticles



with different shapes, sizes, and electrical properties are presented. Numerical results
demonstrate the feasibility of particle detection and identification with both nanoan-

tenna arrays and improved nano-holes.

Keywords: Nanoantennas, Plasmonics, Nano-Optical Sensors, Nano-Optical Imag-
ing, Electromagnetic Scattering, Method of Moments, Multilevel Fast Multipole Al-
gorithm, Genetic Algorithms
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0z

NANO-OPTIK UYGULAMALAR ICIN NANOANTEN TASARIMI VE
OPTIMIZASYONU

Isiklar, Goktug
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Ozgiir Ergiil

Eyliil 2020 , [105]sayfa

Bu calismada, plazmonik nanoanten yapilarinin optik frekanslarinda yiiksek gii¢ arti-
rimi kabiliyetinin elde edilmesi dogrultusudan tasarimlar1 ve benzetimleriyle birlikte,
nanoantenlerin goriintiileme ve algilama uygulamalari i¢in kullanilmas1 sunulmugtur.
Malzeme, frekans, geometri ve boyut gibi bircok parametreye bagli olan nanoanten-
lerin plazmonik 6zellikleri, ¢esitli nanoanten yapilarin hesaplamali analizleriyle aras-
tirilmistir. Elektromanyetizma problemlerinin sayisal ¢oziimleri plazmonik nesneler
icin uygun olan yiizey integral denklemi formiilasyonlariyla gergeklestirilirken, ge-
rektiginde benzetimlerin hizlandirilmasi ¢ok seviyeli hizli ¢oklu kutup algoritmasi ile
saglanmistir. Kesikli yapilar ve sekil optimizasyonu ile elde edilen 6zgiin geometriler
de dahil olmak {iizere cesitli nanoanten tasarimlari ele alinmig, bu yapilar hem birbir-
leriyle hem de literatiirdeki mevcut tasarimlarla karsilagtirilmigtir. Sayisal analizler,
frekansa bagh olarak, farkli nanoanten tasarimlarinin iistiin 6zelliklerini gostermek-
tedir. Nanoantenlerin pratik olarak kullanildig1 uygulamalara 6rnek olarak, parcacik
algilama ve nano-optik goriintiileme icin uygun ve optik hassasiyeti yliksek, papyon

geometrilerden olusan plazmonik yapilar tasarlanmistir. Bu kapsamda, farkl sekil,

vii



boyut ve elektriksel 6zelliklere sahip nanopargaciklarin saptanmasinin hesaplamali
analizleri sunulmugtur. Sayisal sonuglar, hem nanoanten dizileriyle hem de iyilestiril-
mis nano-delik tasarimlariyla parcacik algilama ve tanimlamanin miimkiin oldugunu

gostermektedir.

Anahtar Kelimeler: Nanoantenler, Plazmonik, Nano-Optik Sensérler, Nano-Optik G-
riintiileme, Elektromanyetik Sa¢cilim, Momentler Yontemi, Cok Seviyeli Hizli Cok-

kutup Yontemi, Genetik Algoritmalar
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CHAPTER 1

INTRODUCTION

When light interacts with metallic structures, strong oscillations occur due to the
movement of free electrons on metals. These oscillations, known as localized sur-
face plasmons, are studied extensively in the science of plasmonics. In recent years,
the increasing interest in plasmonics has been accompanied by rapid developments
in fabrication techniques, leading to a widespread study of unique characteristics of
nanostructures [1]. Thanks to their extensive ability of trapping and focusing electro-
magnetic waves in subwavelength regions, nanoantennas have been among the most
attractive of such metallic structures to manipulate light [2]. This light manipulation
can take two forms: Enhancing the localized electromagnetic eld intensity on metal-

lic surfaces, i.e., creating hot spots, or emitting light waves in particular directions.
Plasmonic nanoantennas can be used in many applications, such as energy harvesting
[3, 4], nano-optical focusing [5, 6], nano-optical wireless networks [7, 8], as well as
bio-sensing [9, 10, 11, 12]. Since nanoantennas' structural properties to achieve de-
sired plasmonic effects, while considering fabrication cost and feasibility are not well
known, extensive studies are needed to design them for given applications. In this
study, various nanoantennas are designed to obtain strong enhancement in hot spots

in the near-infrared and visible-light spectra.

Although nanoantennas are named after the conventional antennas due to their simi-
larities, there are many fundamental differences between them. Similar to their radio-
frequency counterparts, nanoantennas successfully achieve electromagnetic transmis-
sion in both near- eld and far- eld regimes. Besides, some well-known antenna
shapes can be used to design nanoantennas with similar operational properties. For

example, Yagi-Uda nanoantennas have the ability of directional radiation [5], while



bowtie-shaped nanoantennas are used for wideband responses [13]. On the other
hand, at optical frequencies, metals do not behave as perfect electric conductors [14].
Therefore, nanoantennas should be considered, analyzed, and modeled as penetrable
structures, unlike radio-frequency antennas. In addition, the penetrable model itself
depends on the frequency, which further complicates nanoantenna analyses. For ex-
ample, scaling a nanoantenna causes a shift in its resonance frequency, as in conven-
tional antennas, while it is not easy to predict its actual response due to rapid changes
in the electrical properties of metals with respect to the frequency. Consequently,
numerous simulations are required to design optimal nanoantennas; however, their
sensitive electromagnetic responses make nanoantennas challenging to analyze via

computational methods.

Considering the challenges brie y mentioned above, a full-wave electromagnetic
solver is developed in this study to simulate plasmonic behaviors of metals at op-
tical frequencies. Lorentz-Drude model [15] is used to represent metals as penetrable
structures with varying permittivity values in the frequency domain. Scattering prob-
lems are analyzed by using surface-integral-equation (SIE) formulations considering
piecewise homogeneous models of plasmonic materials. Among various formula-
tions, the modi ed combined tangential formulation (MCTF), which was developed
for accurate analyses of penetrable objects with negative real permittivity, stands out
in terms of both accuracy and computational cost [16]. Nanoantenna geometries and
MCTF are discretized by using the Rao-Wilton-Glisson (RWG) basis functions [17]
to obtain matrix equations. The multilevel fast multipole algorithm (MLFMA) [18]

is employed for accelerating solutions of problems involving large numbers of un-
knowns. By means of accurate simulations of nite structures, various design pa-
rameters, such as material, geometry, and dimensions, are investigated in detail for

reaching optimal nanoantenna con gurations.

Optimal arrangements of nanoantennas strongly depend on the selected shape, size,
and material of each nanoantenna, as well as the operating frequency [19]. In these
arrangements, it is usually aimed to increase the enhancement factor, which is de-
ned as the ratio of the power density localized inside a subwavelength region in the

vicinity of a nanoantenna to the power density of the incident light wave. Due to



their easier fabrication, basic bowtie structures are frequently used in the literature.
In fact, despite their relatively simple geometries, bowtie nanoantennas can create
intense hot spots at their feed gaps, thanks to their symmetrically located sharp tips
[20]. The chosen material and size of a nanoantenna directly affect the resonance fre-
guency range, where electromagnetic elds are sharply focused. In the case of bowtie
nanoantennas, the gap size between the tips is one of the main factors for the intensity
of hot spots. Although the principal purpose is to produce sharp-tip bowties, curved
tips are often encountered in fabricated samples, leading to deteriorated enhancement
factors. In addition to high enhancement factors that are commonly studied in the
literature, multiband and wideband frequency responses of nanoantennas are further
investigated in this study. Such nanoantennas with multiband or wideband character-
istics can provide extensive ability in molecule labeling for bio-sensing and in energy
harvesting for solar-cell applications. We show that, among alternative designs, slit-
ted structures demonstrate excellent multiband responses. Effects of slit position and
width on frequency responses are particularly investigated for better performance. As
a major contribution of this thesis, shape optimization is used to generate superior de-
signs with high enhancement factors for both single-frequency and multi-frequency
(including wideband) operations. For this purpose, the developed solver is integrated

into an in-house implementation of genetic algorithms.

Nanoantennas can be excellent tools to detect metallic and dielectric nanoparticles
for imaging and sensing applications [21]. Speci cally, with their strong near-zone
coupling properties, nanoantennas may enable tracking single nanoparticles, even of
subwavelength sizes, at optical frequencies. Basically, the electromagnetic eld in-
tensity in the hot spot of a nanoantenna can be sensitive to a nearby particle in the
same environment. Therefore, detection of a particle can be possible by observing
uctuations in the hot spots. In this study, we present computational analyses of
nanoantenna arrays when they are used to detect and identify nearby nanoparticles.
Similar to single nanoantenna problems mentioned above, solutions of frequency-
domain scattering problems are performed by using a SIE formulation that is suitable
for composite structures involving metallic, dielectric, and/or plasmonic objects. Ac-
celeration is further achieved via MLFMA developed for composite structures. Be-

sides the main parameters that affect the enhancement of a nanoantenna, the periodic-



ity in the arrangements of multiple nanoantennas is one of the most important factors
when designing effective arrays for detection. Hence, a nanoantenna design with a
xed geometry and material is used to examine distances between nanoantennas to
construct small-scale arrays. Numerical results demonstrate the feasibility of particle

detection and identi cation, even with sparse arrays with relatively large periodicities.

In typical single-particle sensing applications, it is desired to detect relatively low-
density nanoparticles, which can be achieved optically using scattering properties.
Unsurprisingly, in the literature, plasmonic properties of some metals at optical fre-
guencies have been used for this purpose to design highly sensitive nano-optical sen-
sors [22, 23]. For example, nanoantennas with strong power enhancement abilities
can be employed to detect nanoparticles entering into their focus regions [2, 9, 11, 12].
In dynamic and uncontrolled scenarios, however, such a sensing structure should be
physically convenient for nanoparticles to be collected at the desired locations with
reasonable probabilities. For example, a bowtie nhanoantenna can provide very high
enhancement factors inside the gap between its tips, while it may be dif cult to locate
nanoparticles at high-enhancement positions. Therefore, researchers are attracted to
dual structures, i.e., nano-optical traps, and their arrays to improve the reliability of
single-patrticle sensing. In this thesis, besides nanoantennas, computational design
and simulations of effective nano-optical traps are presented. Nano-holes that are not
only physically suitable for trapping but also optically sensitive to nanoparticles are
designed. This way, a nanopatrticle trapped in a designed nano-hole leads to remark-
able changes in its electromagnetic responses so that it can easily be detected and
even be identi ed. Extensive numerical simulations show that nano-holes with trian-
gular tips provide excellent results, in comparison to the conventional circular holes
[24].

This thesis is divided into chapters according to the studies brie y described above.
In Chapter 2, derivations of SIE formulations from Maxwell's equations, their dis-
cretizations to obtain matrix equations, and their solutions via MLFMA are explained.
Plasmonic modeling of metals at optical frequencies is considered and studied by
comparing numerical results of the conventional formulations in terms of accuracy

and ef ciency. In Chapter 3, effects of nanoantenna design parameters, like material,



shape, and size, on their performances are demonstrated through three-dimensional
computational simulations. Multiband characteristics of novel nanoantenna designs
achieved by slitting techniques are presented. In addition, shape optimization via ge-
netic algorithms is discussed, together with the resulting nanoantenna designs that
provide superior enhancement properties. To demonstrate their favorable properties,
our novel designs are further compared against available designs in the literature. In
Chapter 4, particle sensing using nanoantenna arrays and nano-hole structures is de-
tailed. Finally, in Chapter 5, we summarize the whole study and emphasize potential
future works.






CHAPTER 2

SIMULATIONS OF NANOANTENNAS

The details of the numerical solver to analyze electromagnetic problems involving
nanoantennas are presented in this chapter. For rigorous simulations of nanoantennas,

the most suitable techniques to model plasmonic structures are discussed.

2.1 Simulation Method

In this section, SIE formulations for three-dimensional problems involving penetra-
ble structures are derived from Maxwell's equations. To model nanoantennas in the
frequency domain, the use of effective complex permittivity values of metals at op-
tical frequencies are discussed. Furthermore, fundamental concepts related to the

discretization of SIE formulations, MOM, and MLFMA are explained.

2.1.1 Surface Integral Equations

Maxwell's equations in time domain can be written in differential forms as

r E(r;t)= % (2.1)
r H(r;t)= %+J(r;t) (2.2)
ro D(r;t)= (r;t) (2.3)
r B(r;t)=0; (2.4)

whereE (r;t) andH (r;t) are electric and magnetic eld intensitieB,(r ;t) and

B (r;t) are electric and magnetic ux densitiek(r ;t) is the electric current density,
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and ¢(r;t) is the electric charge density. In these expressiomspresents the posi-
tion vector, whilet represents time. Using the identityr f =0, the continuity

equation can be veri ed by taking the divergence of Equation 2.2 as
@e(r;t) )
@t -

For an isotropic, linear, and homogeneous medium, the relationships between ux

roJ(r;t)= (2.5)

densities and eld intensities can be expressed as
D(r;t)= E(r;t) (2.6)
B(r;t)= H(r;t): (2.7)
Maxwell's equations can be written only in terms of eld intensities by using consti-

tutive relations given in Equations 2.6 and 2.7 as
@ (r;1)

r  E(r;t)= —at (2.8)
r H(r;t)= @g)it) +J(r;t) (2.9)
r E(r;t)= 1 e(r;t) (2.10)
r H(r;t)=0: (2.112)

In the frequency domain, assumiegp ( i't ) time convention, Maxwell's equations

and continuity equation are given in terms of phasor quantities as

r E(r)=1i H(r) (2.12)
rH@)= ' E(r)+J(r) (2.13)
r E(r)= & e(r) (2.14)
r H(r)=0 (2.15)
roJ(r)=1 o(r): (2.16)

Maxwell's equations can be extended by adding the magnetic current d&hgity

and the magnetic charge density(r) as

r E()=1i H() M() (2.17)
FOH@E)= i E(r)+ J(r) (2.18)
FOEM= T ) (2.19)
rOH() = 2 ) (2.20)



Then, the continuity equations can be expressed for both electric and magnetic sources
as

roJ(r)=1 ) (2.21)
r M(@r)=1il ,(r): (2.22)

The eld intensities can be written in terms of vector and scalar potentials as
E()=1An(r) r o) }r Ae(r) (2.23)
H(r)=1i Ae(r) r  m(r) Er An(r): (2.24)
Using the Lorentz gauge, i.e.,

rAnp()=1i e(r) (2.25)
rAeg(r)=1 m(r); (2.26)

Helmholtz equations for potentials are obtained as

(2 U)K W)= T o) (2.27)
r2 )+ k% n(r)= 1 m(r) (2.28)
r2Aq(r)+ K2Ac(r)= M (r) (2.29)
r2An(r)+ K2AnL(r) = J(r); (2.30)
wherek = ! P— = 2 = is the wavenumber and is the wavelength. Solutions

of these equations for point sources lead to the homogeneous-space Green's function

given as

_exp(kjr  r9).
= 4ir rf

wherer andr° represent observation and source points, respectively. Using the

g(r (2.31)

Green's function as a kernel, scalar and vector potentials can be written in terms

of sources as

=1 abrr (2.32)
0= iy (2.33)
A= oM () (2.34)
An)= 93, (2.35)



Substituting the potential expressions above into Equations 2.23 and 2.24, and with

the help of continuity equations, eld intensities can be obtained in terms of sources

as
z 1
E(r)=ik dr®J(r9+ Ero‘](r()r g(r;r9
Z
ar% g(r:r9 M (r9 (2.36)
z 1
Hr)=ik ' d°M @9+ @' M (r%r g(r;r9
Z
+  dr%g(r;r% J(@r9Y; (2.37)
where = P= P- is the intrinsic impedance. Integro-differential operators can be
de ned as
z 1
TfXgr)=ik dr® X9+ Ero X9 g(r:r9 (2.38)
Z
KfXgr)= drX 9 r Yr;r9; (2.39)

leading to more compact expressions for eld intensities as

E(r)= TfJg(r) KfM g(r) (2.40)
H(r)= TfMg(r)+ Kfdg(r): (2.41)

The equivalence principle can be used to divide an electromagnetic scattering prob-
lem involving penetrable and metallic parts into subproblems by de ning equivalence
currents on surfaces. Arti cial surfaces can be de ned on actual surfaces and bound-
aries in order to bene t from physical boundary conditions. Consider a homogeneous
regionD, with permittivity , and permeability ,, bounded by a surfacg,. The
equivalence currents on the surface are de ned to support the continuity of the tan-

gential elds as
My=n, Eur)=n, EM@Er)+n, E=Yr) (2.42)

Ju=Ry Hyur)=n, HM™r)+n, HY(r); (2.43)

wheren , represents the unit vector on the surfde&® (r) andH ™ (r) are incident
elds created by external sources, aBd*‘(r ) andH :*°(r) are secondary elds due

to the equivalence currents. In these expressions, the secondary electric and magnetic

10



eld intensities can be written in terms of the integro-differential operators as
My=n, E™@)+ Ay TofJdugr) ny K M g(r) (2.44)
Ju=nfy HIM+ My TofM o)+ ny Kofdegr):  (2.45)

We note that the integro-differential operators in Equations 2.44 and 2.45 related to

regionD, can be written as

Z
T X g(r) = iky . dr® X (r9+ k—lgr O X (r9r gu(r;r9 (2.46)
KofX gr)= KPVEX g(r) 2 0 X (1) (2.47)
Z
KPVEX g(r) = drX (r% r %u(r;r9; (2.48)
PV;Sy

where | is the integral solid angle. In Equation 2.47, the limit part ofkheperator
is extracted, and PV indicates the principal value of the integral. By inserting these
operators into Equations 2.44 and 2.45, SIEs are obtained as
My=nfy EF()+ o AT fIug(r)
4
Ny KLVEM 4g(r)+ ny, 2 Ay M (r) (2.49)
=fy EQO(n)+ i Tufdug(r)

fy KEVEM o(r) M y(r) 4—“M u(1) (2.50)

Ju=ny, HMm+ b AT M o)
4 u

g KRG e 3u(r) (2.51)
= Ny H{?C(r)*' ulﬁu T ufM yg(r)
iy KEVEIG0() + Ju(r) 47 3u(r): (2.52)

By rearranging the terms in Equations 2.50 and 2.52, normal electric- eld integral
equation (N-EFIE) and normal magnetic- eld integral equation (N-MFIE) can be

found respectively as

JNu T ofdug(r) ny K{YEM g(r)

oMU = Ay B (2.53)
Je o TufM o)+ ny KEYVEIuo(r)
4—“Ju(r): Ay HM(r): (2.54)
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By evaluating cross products oft , with Equations 2.53 and 2.54, tangential electric-
eld integral equation (T-EFIE) and tangential magnetic- eld integral equation (T-

MFIE) are derived as

Ny Ay Tfdugn)+n, Ay KLVEM o(r)
4—“nu Myu(r)=n, n, EM() (2.55)
ny Ny TufMg(r) ny Ny KEVEI o)

+4—“r‘|u Ju(r)=ny Ay HM(r): (2.56)

2.1.2 Surface Formulations

Four integral equations derived in the previous part can be combined in many differ-
ent ways to form alternative surface formulations. In general, surface formulations
can be divided into three groups, i.e., tangential, normal, and mixed formulations. A
combination of T-EFIE and/or T-MFIE lead to a tangential formulation, while a com-
bination of N-EFIE and/or N-MFIE constructs a normal formulation. Mixed formula-

tions can be constructed by combining at least one tangential SIE and one normal SIE.

Consider a penetrable structure (reginyi represented by electrical parameters (j)

in a host medium (regiod,) with electrical parameters{ ,), where the excita-
tion exists. Since there is no source in region the right-hand sides of Equations
2.53 2.56 are zero for this region. Combination of tangential and normal integral
equations with scalar coef cients can be shown in the most general form as

2 3
aT-EFIE-O+ bT-EFIE-1+ eN-MFIE-O f N-MFIE-I

4 5; (2.57)
CT-MFIE-O + dT-MFIE-I  gN-EFIE-O+ hN-EFIE-I
Where EFIEs and MFIEs for bofh; andD, are considered. Considering operators,
this general form of formulations can be written in a compact form as
2 3 2 3 2 3

Z. Z J w
4 -1 S125 4 5()= 4 lg (r): (2.58)
Zy 2y M W
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where

Zu= aft A T, bin A T,
+en KPY fn KPPV (e+f)l =2 (2.59)
Zp=ar n KW+ on KPY
(@ bhn 1=2+e,n T, f .0 T, (2.60)
Zn= ot n KV dn n KPV

+(c dn =2 gt Te+hin T, (2.61)
Zp= c,Mh n T, d;'non T,
+gn KEY  hn KPPV (g+ h)l =2 (2.62)
wi=atr fn E™(r) en H™M(r) (2.63)
wo=cht AN H"™(r)+gn E™(r): (2.64)
In the above, ; = P =,and , = P o=, are intrinsic impedances of the inner

and outer regiong} is the outward unit vector for the inner medium, ands the
identity operator. In addition, the observation points are assumed to be located on
smooth surfaces so that the solid angle is s@t tdDifferent SIE formulations can be
derived by selecting scalar coef cients; some examples of conventional formulations

for penetrable structures can be written as follows.

Poggio-Miller-Chang-Harrington-Wu-Tsai (PMCHWT) formulation [25, 26,
27]:
a=1;b=1;c=1;d=1;e=0;f =0;9g=0;h=0

Combined tangential formulation (CTF) [28]:
a= ,Lb= ,%c= 5d= ;;e=0;f =0;9=0;h=0

Modi ed combined tangential formulation (MCTF) [16]:
a=1;b=1;c= ,;d= ,;e=0;f =0;9=0;h=0

Electric-magnetic current combined- eld integral equation (JMCFIE) [29]:
a= ,%4b= ,%c= 5d= j;e=1;f =1;9=1;h=1
PMCHWT formulation has both tangential and normal forms; however, only the tan-

gential one gives stable results by using the Galerkin scheme [18]. Since the Galerkin
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discretization is used in this study, T-PMCHWT formulation is presented in the above.
Using low-order discretizations, PMCHWT formulation is an accurate formulation,
especially compared to mixed and normal formulations, due to the cancellation of
the identity operator. Unfortunately, it suffers from ill-conditioning because of un-
balanced diagonal blocks [30]. CTF has a better-conditioned system than PMCHWT
thanks to its identical diagonal blocks, making it very suitable for ordinary penetrable
structures. However, CTF has inaccuracy issues for plasmonic cases, particularly as
the negative permittivity increases. JMCFIE leads to fast iterative convergences but
relatively poor accuracy due to the dominant identity operator in this formulation.
MCTF contains well-balanced diagonal blocks with reasonably balanced nondiago-
nal blocks, making it more resistant to the negative permittivity values in comparison

to CTF, while it is also more ef cient than PMCHWT in terms of iterative solutions.

2.1.3 Method of Moments and Discretization

Numerical techniques can be used to solve electromagnetic scattering problems in-
volving arbitrary geometries. Equivalent currents can be expanded with basis func-
tions by the discretization of both geometry and surface integral equations. Using
MOM [31, 32], matrix equations are constructed and solved in order to obtain un-

known coef cients of basis functions.

Any SIE formulations can be considered in a general form as

Lffg(r)=g(r); (2.65)

whereL is a linear operatof, (r) is the unknown vector function, argir) is the
known vector function. In this equation, the integro-differential and identity opera-
tors can be considered to form the linear operator, while the excitation is included
in the known vector function. In addition, the unknown vector function represents
equivalent currents to be solved. The unknown vector function can be expanded in a
series of known basis functiotg(n = 1;2;:::;;N) as

X
f(r) a[n]bn(r); (2.66)

n=1
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whereN is the number of discretization functions aajgh] represents the unknown
cof cient of nth basis function. Using this expansion, Equation 2.65 can be rewritten
as
a[n]Lfb,(r)g= g(r): (2.67)
n=1
Using a set of linearly independent testing functiobpgm = 1;2;:::;N), Equation
2.67 can be tested as
Z 3 Z
drt m(r) a[nlLfby(r)g= drt »(r) g(r): (2.68)

n=1
By rearranging the order of the summation and integration in Equation 2.68, we ob-
tain

3 Z Z
a[n] drtn(r) Lfby(r)g=  drt n(r) g(r): (2.69)
n=1
This equation can be expressed in a matrix form as
X
an]Zz[m;n]l=w[m]; (m=1;2::N); (2.70)
n=1
where
Z
Z[m;n]= drt ,(r) Lfby(r)g (2.71)
Z
w[m]=  drt ,(r) g(r): (2.72)

In electromagnetics is usually known as impedance matrix, which includes elec-
tromagnetic interactions between discretization elements,a vector of unknown
coef cients of basis to expand equivalent currents, and called excitation vector
that represents sources.

As a common option for the discretization of three-dimensional objects, the Rao-
Wilton-Glisson (RWG) [17] functions can be de ned on triangular domains. For this
purpose, all surfaces of an object can be discretized by using relatively small triangles

with respect to wavelength. An RWG function is de ned on a triangle pair as

8 I
n .
% 2Anl(r rnl), r 2 Snl
_ I
bn(r) = n : 2 (2.73)
n 2An2(rn2 r); r2Sy

0 rzSs,;
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wherel,, represents the length of the main edge, ApdandA,, are the areas of rst
(Sn1) and second$,,) triangles associated with the edge. The RWG functions are
divergence conforming and their divergence is nite everywhere, i.e.,

8 I
n
X 2S
% Anl r nl

r by(r)=

In
; r2S (2.74)
Anzl n2

0 rzs;:

The discretization of the tangentially and rotationally tested integro-differential oper-
ators can be written as

z z
Tominl=iky  drtm(r)  driu(r;r9ba(r9
. Z5n Z®
1 drtar)  dr% gu(r:r9r © ba(r9 (2.75)
Ku 2o Sz
TN m;n]= ik,  drito(r) 0 dr %, (r ;1 9b (r 9
. Z5 zZS
1 drta(r) n ar% gu(rir9r ° b, (ry  (2.76)
QJ Sm 7 Sh
K ;V;u[m;n] = drt m(r) dr%.(r9 r %u(r;r9% (2.77)
ZSm PV;?Z
K'F\,'V;u[m;n]: drt m(r) n dr%,(r9 r %u(r;r9: (2.78)
Sm PV;S,

Using the divergence-conforming RWG functions, we can modify Equations 2.75,
2.77,and 2.78 as

y y
Tominl=iky  drtm(r)  dr9u(r;r9ba(r9

_ Z5m Z
L drr tm(r)  dr%u(r;r9r © ba(r9 (2.79)
Bu s 7

K pyalminl = drt pm(r) ba(r) dr% %u(r;r9 (2.80)
ZSm PV;Sh 7

Kpyulminl=  dr (tm(r) 1) by(r) art Gu(r;r9:  (2.81)
Sm PV;Sy

Also, the identity operator can be discretized by employing the RWG functions as
Z
| "[m:n]=  drtm(r) ba(r) (2.82)
Z5

INm:nl=  drtm(r) A ba(r): (2.83)
Sm
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Consider the interaction of two half RWG functions; testing functfpif related to
theath triangle of themth edge and basis functidf}'® related to thesth triangle of

thenth edge. Equations 2.75-2.83 can be rewritten as

Z
Tolmima = ikeAman  dr(r reg) 1071
Zsma
4i 1
_A ma;nb dr I u (2.84)
ku fma
TO M a b = iKuAmans dr(r rma) n 107 )
Zsma
2i ;o
ku ’Z Sma
KeovaMmad= Anas  dr(t rma) (0 rop) 15° (2.86)
Zsma
KpyuMimal= Apane dr(r rma) 0 (0 1) 17 (2.87)
Sma Z
IT[m;n;a;b] = Amanb manb dar(r rma) (r rnp) (2.88)
ZSma
I N[m;n;a;b] = Amanb manb dr(r rma) Nt (r lnb); (2.89)
Sma
where
(N
Aanp = —— ; 2.
ma;nb 4AmaAnb ma nb» ( 90)
and
Z
1l= dr%(r;r9 (2.91)
anb
| (% o) = dr(r:r9r® rmp) (2.92)
ZSnb
17’ = dr% %(r;r9: (2.93)
Snb

In these equations;, andl, represent the lengths of tmeth andnth edgesAma
and A, represent the areas of the triangles, apd ma = 1, depending on the
direction of the testing and basis functions on triangles. Finally,, represents the

Kronecker delta.

2.1.4 Multilevel Fast Multipole Algorithm

MOM provides accurate numerical solutions of electromagnetic scattering and radia-

tion problems. However, the cost of these solutions can be prohibitive in terms of sim-
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ulation time and memory usage due to the dense matrix equations obtained by the dis-
cretization of SIE formulations. These matrix equations invoh@(@N ) unknowns

can be solved iteratively, and the required matrix-vector multiplications (MVM) for
iterative solutions can be performed directly wid{N 2) complexity. Consequently,
MOM becomes inef cient as the number of unknowns grows, i.e., when an object
is electrically large and/or it is densely discretized. In this study, MOM can still be
used for nanoantenna design and optimization trials for single nanoantennas, due to
typically small problem size. For the relatively larger problems, i.e., nanoantenna
arrays, MVMs must be improved in terms of ef ciency due to limitations in compu-
tational power and time. As well known in the literature, the fast multipole method
(FMM)[33] can provide more ef cient solutions in comparison to the direct MOM,

by reducing the complexity per MVM t© (N 3°2). As an improved method, MLFMA

[34] employs FMM recursively, reducing the complexity®dN logN ) [18] and en-

abling the solution of larger problems with limited computational resources and time.

An impedance matrix includes all interactions between basis and testing functions;
however, MLFMA categorizes these interactions in two groups as near- eld interac-
tions and far- eld interactions. While near- eld interactions are calculated directly,
MLFMA calculates far- eld interactions in a group-by-group manner without stor-
ing them in the memory. These calculations of far- eld interactions are based on the
Gegenbauer's addition theorem, which is used to factorize the Green's function. In
order to organize interactions, the object (scatterer) is placed into a cubic box and re-
cursively divided into sub-boxes to construct a tree structute®fO(log N) levels.

The recursive division of boxes continues until the desired box size is reached, while
all empty boxes are omitted during this process. The smallest boxes at the lowest

level are usually chosen proportional to the wavelength.

The group-by-group scheme for calculating far- eld interactions has three stages: ag-
gregation, translation, and disaggregation. These stages are performed consecutively
on the multilevel tree structure for each MVM. In the aggregation operation, radiated
elds of boxes are calculated in a level-by-level manner. At the lowest level, radiation
patterns of basis functions are shifted to the centers of the associated boxes. The radi-

ated eld of a box at a higher level is calculated by the combination of radiated elds
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of its sub-boxes. Once they are complete, radiated elds are transformed into incom-
ing elds by the translation operation. In the disaggregation, total incoming elds are
shifted from the highest to the lowest level. For each box, which is not located at
the highest level, the total incoming eld involves both translated elds and the ones
shifted from its parent box. As the nal process of disaggregation, total incoming

elds at the lowest level are received by testing functions.

2.2 Modeling Plasmonic Structures

In order to perform accurate and ef cient computational analyses of nanoantennas,
the unique plasmonic properties of metals must be modeled very carefully. Material
properties required for penetrable modeling can be extracted from measurement data
available in the literature. Then, SIE formulations can be utilized to solve benchmark
problems to examine the performances of the solvers for different material properties.
As shown below with selected examples, we consider accuracy and ef ciency of so-
lutions with different formulations in detail before attempting realistic nanoantenna

simulations.

2.2.1 Metals at Optical Frequencies

Harmonic oscillator models can be used to explain optical properties of different
materials. Among these, Drude model is usually used to de ne intraband electron
conductions in metals. This model is often extended by Lorentz oscillation model,
leading to Lorentz-Drude model, to obtain expressions for both intraband effect and
interband transition. Complex electrical permittivity derived by using Drude model

can be written as
1 2

p(!)=1 ﬁ; (2.94)
where! , is the angular plasma frequency of the given material, whitepresents
the damping effect. Using Lorentz-Drude model, this expression can be modi ed as

| 2 X f(k)! 2

1) = __'pP
LD(-) 1 |2+i|2+ 1 2 |1 2
. . k:2-k .

— (2.95)
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whereN is the total number of higher-energy mode oscillatb(k) represents weight-

ing coef cients, and  is the damping coef cient of th&th resonant mode. Drude

and Lorentz-Drude model parameters can be extracted from the paper of Rakic et al
[15].

Silver (Ag) and gold (Au) are often used as nanoantenna materials as they enable
high power enhancements. Complex relative permittivitiese( rr + i ;) of Ag

and Au are computed by using harmonic oscillator models (Drude and Lorentz-Drude
models). In order to compare the models, complex relative permittivities of Ag and
Au with respect to frequency obtained by using Drude and Lorentz-Drude models
are compared with measurement results from a well-known paper [35], as shown in
Figures 2.1 and 2.2. As the oscillation frequency approaches the plasma frequency
of Ag (f59 = 2178:6 THz) and Au (" = 2183:4 THz), the real part of the relative
permittivity for both Au and Ag goes to one, as expected. In these gures, both mod-
els provide promising results that are consistent with the measured values for the real
part of complex permittivity; yet, Lorentz-Drude model provides a better t for the
imaginary part for both Au and Ag. As a general trend, when the frequency drops, the
real part of the permittivity becomes increasingly negative, while the imaginary part
increases, becoming consistent with the perfectly conducting models. However, for
small-scale objects, like nanoantennas, it is not obvious where PEC models could be
used; in fact, for the nanoantennas considered in this study, we reach the conclusion

that penetrable models must be used in the entire range of the optical spectrum.

2.2.2 Comparison of SIE Formulations for Plasmonic Structures

Strong frequency dependency of optical properties of metals makes the selection of
SIE formulations critical for accurate and ef cient simulations. Conventional SIE
formulations mentioned in the previous part are generally utilized for ordinary pen-
etrable materials. Nevertheless, these formulations can directly be turned into plas-
monic solvers by rigorous selections of branches, considering complex wavenumber
and intrinsic impedance values. Unfortunately, large negative real permittivities of
metals, not seen in the ordinary materials, constitute a numerical challenge that must

be handled. In this section, some canonical problems are analyzed by using a selected
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Figure 2.1: Relative complex permittivity of Ag with respect to frequency.

set of traditional SIE formulations. Accuracy and ef ciency of simulations are dis-

cussed in the context of varying plasmonic properties of metals at optical frequencies.

As the benchmark scenario, a scattering problem involving a metallic (Ag) sphere
located in free space is considered. The sphere is illuminated kypafarized plane
wave with1 V/m electric eld intensity propagating iz direction. Excitation fre-
guencies in the range from 250 THz to 750 THz are considered in numerical sim-
ulations. Frequency-dependent complex permittivity values of Ag, which possesses
strong plasmonic properties, are found by using Lorentz-Drude model. In order to
observe the effect of numerical modeling, the electrical size of the sphere is xed,
i.e., its diameter set to, while the mesh size is selected a20 at each frequency.

The constructed MOM matrix equations are solved iteratively by using the general-
ized minimal residual (GMRES) method with no preconditioner or restart, and the

target residual error is chosenH3 4.
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Figure 2.2: Relative complex permittivity of Au with respect to frequency.

For the scattering problems described above, unknown equivalent surface currents
are computed by using PMCHWT, CTF, MCTF, and JMCFIE. Then, far-zone elec-
tric eld values are calculated &™ (; )=Ilmgn fR E(R;: )gforeach
formulation, and the results obtained on th& plane are compared with analytical
Mie-series solutions. Far-zone electric eld values obtained at frequencies from 250
THz and 750 THz with 50 THz steps are depicted in Figure 2.3, while the relative
permittivity values at simulation frequencies are listed in Table 2.1 in the form of
(f) = Rre(f)+ (). For a quantitative comparison of the formulations, the
relative error in far-zone electric eld is de ned as
iEcomp  Entieliz.

RE =~ (2.96)
iEwe iz
whereE (o, andE . are electric eld vectors of values at 360 samples inzhe

plane, andj jj. represent$? norm. Figure 2.4 includes these error values, along
with the number of GMRES iterations required in simulations. Based on the results
in Figures 2.3 and 2.4, we have the following comments on the accuracy and iterative

ef ciency of the formulations.
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Table 2.1: Real and imaginary parts of relative permittivity values of Ag obtained by

Lorentz-Drude model with respect to frequency.

f(THz) R iR f(THz) R iR

250 60.6667 4.3025 550 9.7990 0.8388
300 41.1725 2.8175 600 7.6164 0.7298
350 29.3884 2.0096 650 5.8881 0.6529
400 21.7165 1.5226 700 4.4815 0.6024
450 16.4347 1.2064 750 3.3030 0.5769
500 12.6344 0.9911

Figure 2.3: Bistatic far-zone electric eld values scattered from a Ag sphere with
diameter from 250 THz to 750 THz. The relative permittivity of Ag changes from
60:6667 + 43025 to 3:3030 + 05769.

Among the four formulations considered in these numerical tests, JIMCFIE is

the only combined formulation, involving the identity operator in the related
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Figure 2.4: The relative error (in percentage) in the numerical solutions depicted
in Figure 2.3 with respect to the corresponding Mie-series solutions (left) and the

required number of GMRES iterations (right).

impedance matrices. Therefore, at any frequency, the fastest iterative conver-
gence is achieved by this formulation, as expected. On the other hand, the pres-
ence of the identity operator decreases accuracy [36]. This is clearly visible as

error values even higher thdi®% at some frequencies, which is particularly

dramatic considering the canonical nature of the problems.

CTF behaves very differently, in comparison to its performance for ordinary
materials. This formulation is theoretically a rst-kind integral equation, lead-

ing to slow iterative convergence together with good accuracy. Interestingly,
for plasmonic problems, CTF is dominated by the inner T operator that con-
verges into an identity operator [16]. Consequently, this formulation becomes

iteratively ef cient but inaccurate, similar to JMCFIE.

An average error rate df85%and a maximum error rate @ makes PM-
CHWT suitable for accurate results. Unfortunately, the computational cost of
PMCHWT is beyond affordable as a result of the ill-conditioned nature of its

impedance matrices.

MCTF has a remarkably good accuracy as this formulation was particularly
developed for plasmonic problems; the error rate of this formulation remains
below 1% in the majority of the frequency range. MCTF is also much more

ef cient than PMCHWT, making this formulation suitable for accurate simula-
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tions of nanoantennas.

2.3 Concluding Remarks

This chapter is devoted to full-wave simulations of three-dimensional problems in-
volving metallic nanoantennas, which behave as plasmonic structures at optical fre-
guencies. Starting from Maxwell's equations, SIEs (EFIE and MFIE) are obtained
by employing equivalence surface currents. Surface formulations are derived by dif-
ferent combinations of tangential and normal EFIE and MFIE. Unknown surface cur-
rents are expanded by using the RWG functions to construct MOM matrix equations.
FMM and MLFMA methods are introduced to accelerate iterative solutions of dense

matrix systems involving large numbers of unknowns.

Although metals at lower frequencies can be modeled as PECs, nanoscale metals
should be modeled as penetrable objects in the visible light spectrum. The complex
electrical permittivity values for the conventional metals, such as Au and Ag, can be
extracted from measurement data or harmonics oscillator models. In order to solve the
resulting electromagnetic scattering problems involving metals with unique electrical
properties, surface formulations frequently used in the literature are implemented.
Surface formulations are compared in terms of computational cost and accuracy on
canonical problems. As shown in the sample results, JIMCFIE provides the fastest
iterative convergence; but MCTF, which can achieve the most accurate results with
a moderate computational requirements, stands out as the most suitable formulation

for nanoantennas.
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CHAPTER 3

DESIGN AND SIMULATION OF NANOANTENNAS FOR HIGH POWER
ENHANCEMENT CHARACTERISTICS

Nanoantennas with different properties in terms of material, shape, and size, are ana-
lyzed with the help of three-dimensional computational simulations. In these analy-
ses, we examine the effects of various design parameters on the power enhancement
ratio. Furthermore, wideband and multiband characteristics for strong hot spots are
investigated. In addition to manual design procedures, we present shape optimization
via genetic algorithms to obtain superior designs that achieve desired electromagnetic

responses.

3.1 Simulation Techniques

The details of the numerical solver used for the simulation of three-dimensional
nanoantenna structures and the genetic algorithm mechanism used for the shape op-

timization are described in this section.

3.1.1 Details of Simulation Environment

In this chapter, all simulations and optimization processes are performed by using
MOM in the frequency domain, since all nanoantenna designs are relatively small
with respect to wavelength. Problems including three-dimensional nanoantenna struc-
tures with plasmonic properties are formulated via SIEs, particularly with MCTF for
accurate analyses. Nanoantenna structures and formulations are discretized with the

RWG functions de ned on triangular domains. Consider a computational problem
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involving U + 1 regions labeled aB, for u = 0;1;2;:::, whereu = 0 is the host
medium,u = 1 is the plasmonic nanoantenna, ané 2;3; ::: represent additional
substrate layers that may be required for layers in composite models. Then, the con-

structed matrix equations (using MCTF) can be written in the form of

2 3 2 3 2 3
MCTF MCTF
4% 5 4 5_4V5. (3.1)
7 g/IlCTF 7 EIIZCTF aw W
where
ZMCTF —_ XJ TT. ZMCTF — XJ KT (3 2)
11 - ut u» 12 - u .
u=0 u=0
7 MCTF _— oK T. 7 MCTF _— XJ OTT (3 3)
21 - uu u:’ 22 - u u .
u=0 u=0
X X
vV = Vu; w = Wy: (3.4)
u=0 u=0

In the abovea; anday are arrays of expansion coef cients for equivalent elec-
tric and magnetic currents, respectively, whilge= b _u:p "4 Is the characteristic
impedance of mediura. In addition,u® represents the domain that shares the inter-
face with domairu, at which the testing operation is applied. The expressions for the
discretized tangential operatdfsg, andK | for mediumu are given in the previous
chapter [spesi cally in Equations (2.79) and (2.80)]. Contributions to the excitation

vectors in Equation 3.4 can be written as

Z
VIR — drt m(r) EM(r) (3.5)
Sm Z
Wu= g owmu  drtp(r) H™(r); (3.6)
Sm
wheret,(r) is the testing function,,,, = 1represents orientation of testing func-

tion, andE " (r) andH " (r) represent the incident electric and magnetic eld in-

tensity created by external sources located inBide
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3.1.2 Implementation of Genetic Algorithms for Shape Optimization

In electromagnetism, optimization tools are often used in design procedures to obtain
optimal shapes and con gurations that can provide the required electromagnetic re-
sponses. As nature-inspired techniques, genetic algorithms (GAs) [37][38] provide
excellent exibility for optimization procedures and they can easily be implemented
within electromagnetic solvers. On the other hand, an extensive number of trials may
be required to obtain desired results when using GAs. Since optimization problems
involve single nanoantennas, the bene ts of GAs outweigh their drawbacks in this
study.

In this study, shape optimization of nanoantenna structures for high power enhance-
ment responses at desired frequency or frequencies (in multiband and wideband ap-
plications) is presented. The iterative MOM solver is combined with an in-house GA
implementation to reach optimal geometries. A multigrid scheme is implemented to
deal with huge optimization spaces, where coarse details in a nanoantenna design
are transformed into ne details by utilizing grids. Speci cally, as a grid is re ned,

the effective optimization space is systematically expanded. Systematic expansion
of the optimization space enables easier observations of nanoantenna performances
with node movements. Moreover, the resulting nanoantenna designs are typically
more suitable for fabrication using the multigrid technique instead of a brute-force

(single-grid) technique.

The main purpose of an optimization trial is to deform a selected surface of the given
nanoantenna in a way that the enhancement factor at the gap center increases. As
the starting point, the surface to be deformed and the deformation limits are selected.
Consider a multigrid optimization involvin@ grids, whereg = 1;2;:::; G are per-
formed consecutively. Then, each GA individual has a chromosontNgfbits,
whereNg is the number of grid nodes aids the number of bits used to encode the
position of each grid node. The deformation range is divided 2to? intervals,

while 2°Ns corresponds to the total number of candidate solutions in the optimiza-
tion space. After computing equivalent currents represented by an individual (using

MOM, as previously mentioned), the corresponding cost function is chosen as the
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enhancement factor [see Equation (3.7)]. This cost function is used for evaluating
the success of the individual with respect to others. The selection process for the
best individual continues until the given number of maximum generations is reached.
Once an optimization process for a grid (that is not the nest one) is completed, nodal
representations of the most successful individual or individuals are constructed for
the ne grid (g + 1). In these constructions, new nodes are introduced by dividing
each grid triangle into four subtriangles. Incrementation in the number of grid nodes
(Ng) leads to longer chromosomes, while the optimization space expands accordingly.
When an optimization for a last grid is completed, the overall optimization is consid-
ered to be completed with the output of the most successful individual. Then, various
post-processing analyses are performed, including a frequency sweep to examine the

overall frequency characteristics of the optimal geometry.

3.2 Numerical Analyses of Design Parameters

We examine various nanoantenna design parameters in the context of achieving high
power enhancement capabilities in a range of frequencies. Particularly the effect
of the used material, shape, size, and substrate are investigated by the numerical
solver described above. Unless stated otherwise, the same simulation parameters
are used in the numerical simulations. Mesh sizes in discretizations are usually cho-
sen as 8 nm, i.e.= 50 at the highest frequency of the considered rang®{THz).
Frequency-dependent complex permittivity values of metals are extracted from the
Lorentz-Drude model. GMRES is used as the iterative solver, while the target resid-
ual error for a satisfactory iterative convergence is s€x@01in all simulations.
Nanoantennas are symmetrically located onxttyeplane (bottom/top surfaces are at

z = thickness2), while they are excited by light sources from top. A light excita-
tion is modeled a& V/m linearly polarized plane wave (the electric eld intensity is
polarized in the direction of the nanoantenna under exposure). Given an observation

pointr , the pointwise enhancement factor is calculated as

iSO JE(M) HM]]
S™()  E™(r) H™(r)

whereS(r ) represents the total complex power densStf (r ) is the complex power

enh(r) =

; (3.7)

density of incident light wave, andrepresents the complex conjugate operation. We
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note that the pointwise enhancement factor tends to be singular at the edges of a
nanoantenna, while we particularly consider gap centers, as in realistic scenarios,

which do not possess any numerical dif culty.

3.2.1 The Effect of the Material Used

As it is well known, the material type is a crucial factor for the enhancement ability

of a nanoantenna. For the nanoantenna geometry depicted on the left-hand side of
Figure 3.1, the effect of the material is brie y considered on the right-hand side of the
same gure. The enhancement factor is found at the gap of the nanoantenna, when the
material is selected as Ag, Al, Au, Cu, and Pt. Without strong plasmonic responses,
Al and Pt are not very suitable to obtain high power enhancement factors, while the
best performance in terms of achievable maximum enhancement is obtained with Ag.
We note that, Au may be preferred depending on the frequency, e.g., it provides more
than 40 enhancement factor at 400 THz, while the corresponding value is around 30

if Ag is used at the same frequency.

Figure 3.1: A bowtie nanoantenna (left) and power enhancement factor at its gap

when different materials are used (right).
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3.2.2 The Effect of the Nanoantenna Shape

Commonly used nanoantenna geometries with xed size and material (Ag) are con-
sidered in order to analyze the effect of the nanoantenna shape on the enhancement
capability. Each arm of nanoantenna geometries can tin a boxigth 100 20

nm dimensions, while the gap size (distance between the elements) isldatrin

Four different nanoantennas with triangular (leading to bowtie), cylindrical, hexag-
onal, and square elements and their frequency-dependent enhancement factors are
presented in Figure 3.2. Each nanoantenna geometry has a different resonance fre-
guency, in addition to their different enhancement factor values. Clearly, the bowtie
nanoantenna is the most successful design, considering the maximum power enhance-
ment capability. However, cylindrical and hexagonal nanoantennas can be used at the
higher frequency ranges speci cally abo%@0and490THz, respectively. Although

the square nanoantenna seems to perform worse than other designs, it can still be

preferred in some applications due to its easier fabrication.

Figure 3.2: Power enhancement factor with respect to the frequency is given when

different nanoantenna shapes are used.
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3.2.3 The Effect of Smoothing

In the previous examples, bowtie nanoantenna geometries have sharp edges, which
contribute to create powerful hot spots. Unfortunately, in realistic scenarios, it may
not be possible to achieve such sharp edges. We now consider the effect of these
unavoidable curved edges, which may occur involuntarily in fabricated samples, on
the enhancement factor. As an example, Ag bowtie nanoantenna with 10 nm gap size,
depicted in Figure 3.1, is considered. The edge blending process and the obtained
enhancement factor values with respect to frequency for each radius of curvature
(ROC) are shown in Figure 3.3. We observe that an increase in the ROC value leads to
a decrease in the maximum enhancement factor, as expected. Besides, the resonance
tends to shift to higher frequencies. However, the geometry 2wittn curvature still
outperforms the other geometries in Figure 3.2, even at their resonance frequencies.
The results in Figure 3.3 clearly demonstrates the importance of fabrication to achieve

high enhancement factors with classical types of nanoantennas.

Figure 3.3: Curved bowtie geometrildQ0 100 20nm arms andOnm gap size)
with minimum and maximum ROC values (left) and frequency-dependent enhance-

ment factor values for Ag nanoantennas wWif3; 4, and5 nm ROC values (right).
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3.2.4 The Effect of the Gap Size

Nanoantennas typically involve symmetrically located sharp tips with strong electro-
magnetic interactions, leading to high power enhancements at the gaps between them.
Consequently, the size of a gap is a crucial factor in obtaining powerful hot spots. The
effect of the gap size on the enhancement factor is investigated by using the Ag bowtie
nanoantenna witB nm ROC shown in Figure 3.3. The gap size is changed ftfm

nm to25nm, and the corresponding enhancement factors computed at gap centers are
presented in Figure 3.4. The results are similar to those obtained for curved edges;
the highest power enhancement factor values are obtained for the shortest apertures,
as expected. On the other hand, nanoantenna designs with different gap sizes have
similar resonance frequencies, i.e., gap size has little effect on the frequency range of
operation. As the results clearly indicate, the gap size should be as small as possible
to achive the best enhancement performance; unfortunately, the achievable gap size

can be very limited in typical fabrication setups.

Figure 3.4: Curved bowtie geometrig’d0 100 20nm arms2nm ROC, andlO
nm gap size) with minimum and maximum gap sizes (left) and frequency-dependent

enhancement factor values for Ag nanoantennas dth5; 20, and25nm gap sizes
(right).
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3.2.5 The Effect of the Thickness

The thickness of a metallic structure is an essential factor for its plasmonic properties,
e.g., plasmonic effects may disappear with increasing thickness. However, quite thin
metallic nanostructures an easily be fabricated with today's technology, making it
possible to produce high-quality nanoantennas. Ag nanoantenna withROC,

10 nm gap size, an@0; 30, and 40 nm thickness values are used to demonstrate
the effect of thickness on the enhancement factor. A visualization of the thickening
process and the obtained enhancement factor values with respect to frequency are
shown in Figure 3.5. Unsurprisingly, the maximum enhancement factor decreases
as the thickness increases, while the resonance frequency is shifted by more than
30 THz towards the blue-light frequencies as the thickness is doubled. Even though
their maximum enhancement values are smaller, the geometrie8Wittn and40

nm thicknesses seem to be more suitable for applications 4€6480 THz and
480630THz ranges, respectively.

Figure 3.5: Frequency-dependent enhancement factor values for Ag bowtie nanoan-

tennas with20; 30; and40 nm thicknesses.
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3.2.6 The Effect of the Size

In various examples considered above, the effect of each design parameter has been
demonstrated as isolated, i.e., when all other parameters are kept constant. In or-
der to continue in the same manner, the effect of the size on the enhancement factor
is examined with bowtie geometries for which only the upper and lower surface ar-
eas are scaled to avoid the contribution of the scaled thickness. However, it may
be misleading to study the effect of the size on enhancement characteristics using
only one type of metal. At radio frequencies, the resonance frequency of an antenna
shifts inversely proportionally to its size. Since electrical properties of metals at op-
tical frequencies depend on frequency (in fast, rapidly change in some frequency
ranges), frequency-dependent characteristics of nhanoantennas can change dramati-
cally depending on their sizes. As an example, three nanoantennas with different
sizes given in Figure 3.6 are simulated by considering both Au and Ag as the nanoan-
tenna material. Dimensions of a single arm for nanoantenna geometries, called B1,
B2, and B3 arl00 100 20nm, 125 125 20nm, and150 150 20nm,
respectively. The gap size is choser3@m for each geometry. The enhancement
factor values obtained for these geometries with two different materials are given in

Figure 3.7.

In Figure 3.7, we observe that, as the size of the nanoantenna increases, the resonance
shifts toward lower frequencies, while the maximum enhancement factor increases.
It can also be observed that smaller bowtie nanoantennas are more useful to obtain
higher enhancement factors in the visible-light spectrum. Considering different ma-
terials, the very similar maximum enhancement values are observed for Au and Ag
nanoantennas for when B3 is used. If the size of nanoantenna decrease from B3 to
B1 dimensions, the resonance frequency of the Au nanoantenna is shifted by almost
60 THz with a decrease in the enhancement factor value of aBow®r the same
dimensional changes, the resonance frequency of the Ag nanoantenna is shifted by
82 THz with a decrease in the enhancement factor value of ndaffherefore, the

type of the metal used, which is generally ignored in the radio-frequency antennas,

must be considered carefully in dimensional modi cations of nanoantennas.
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Figure 3.6: Bowtie geometries B1, B2, and B3 with single arm dimensioa8®f
100 20nm,125 125 20nm, andl50 150 20nm, respectively. The gap size
is xed to 30 nm.

Figure 3.7: Frequency-dependent enhancement factor values of Au (solid lines) and

Ag (dashed line) bowtie nanoantenna geometries B1, B2, and B3.
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For further investigation of the effect of size on nanoantenna characteristics, we con-
sider geometries with square elements. Each arm of nanoantenna geometries S1, S2,
and S3hava00 100 20nm,125 125 20nm, andl50 150 20nm dimensions,
respectively, while the gap size is choser8@sm for each geometry. All designs are
simulated with both Au and Ag materials. The generic shape of the nanoantennas is
depicted on the left-hand side of Figure 3.8, while the computed enhancement factor
values for all geometries and both materials are shown on the right-hand side of the
same gure. As we can see, enhancement factor curves for the nanoantennas with the
same dimensions but different materials are very similar with small frequency shifts.
For bowtie nanoantennas, enlarging the geometry enables higher enhancement factor
values, whereas this pattern cannot be observed for square nanoantennas. Among
square nanoantennas, S2 geometry has the most powerful resonance for both Au and
Ag materials. These results verify that the design of a nhanoantenna is a complex pro-

cess, where material, shape, size, and similar parameters must be considered together.

Figure 3.8: The generic shape of square nanoantennas (left) and frequency-dependent

enhancement factor curves for Au and Ag S1, S2, and S3 designs (right).
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3.2.7 The Effect of the Substrate

So far, nanoantennas are assumed to be oating in the free-space to reduce the com-
putational costs and to observe effects of design parameters without the interference
of complex interactions. However, in general, nanoantennas are fabricated on sub-
strates. Although substrates may have different materials and thicknesses, a silicon
substrate with 50 nm thickness, which can be fabricated in most setups, is consid-
ered in the following simulations. In addition, a chrome layer (always shaped in
accordance with the considered nanoantenna) is included in the simulations, as this
type of layers are often used to attach Au and Ag on substrates. Silicon substrates
and additional chrome layers are tested for B1, B2, and B3 geometries, when these
layers are scaled according to the nanoantennas. The resulting structure for B1 ge-
ometry is shown in Figure 3.9. With appropriate scalings, dimensions of substrates
are determined 8300 300 50nm,400 400 50nm, and500 500 50nm,
respectively, for B1, B2, and B3. The corresponding dimensions of chrome layers are
100 100 2nm,125 125 2nm,andl50 150 2nm. In orderto compare the
effects of the added layers separately for each geometry, enhancement factor values
are calculated and given in Figure 3.10. Since the electrical permittivity of silicon

is at considerable levels at these frequencies (complex relative permittivies changes
from 12+0i to 31+3.4i), we can observe improved focusing properties for all designs.
However, the chrome layers that are added to make fabrications easier decrease plas-

monic properties to some extent. Another remarkable effect of the substrate layers is

Figure 3.9: B1 nanoantenna geomettY@ 100 20 nm) with silicon substrate
(300 300 50nm)and chrome layedP0 100 2nm.
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that frequencies for the maximum enhancement values shift towards lower frequen-
cies. In fact, for B3 geometry, maximum enhancement frequency is out of the range.
In general, the resonance frequency of a nanoantenna geometry designed in vacuum
is expected to be shifted when it is located on a substrate (e.g., when it is fabricated
and tested). Also, as shown in Figure 3.10, weak resonances tend to appear at higher

frequencies due to interactions of nanoantennas with silicon and chrome layers.

Figure 3.10: Frequency-dependent enhancement factors of Au bowtie nanoantennas

B1, B2, and B3 with silicon substrates and chrome layers.

3.3 Numerical Analysis of Slitted Nanoantenna Designs with Multiband Char-

acteristics

In the previous section, it is shown that quite wideband power enhancement char-
acteristics at optical frequencies can be achieved with relatively simple nanoantenna
designs. However, generating strong hot spots at multiple frequencies can provide
extra advantages in some applications, such as energy harvesting and biosensing. In
antenna applications, slitted antennas are frequently used to create multiband oper-
ations; this type of strategies are also adopted in our designs at optical frequencies.
Since many factors are affecting the enhancement factor value, simulations with dif-

ferent slit parameters are performed to investigate the response of the designed slitted
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nanoantennas.

The effect of slit parameters on the enhancement factor is examined by using nanoan-
tennas B1, B2, and B3. First, the slit width is considerEs] 25, and35 nm slits are
opened at the center of each arm of Ag B1 geometry. A description of geometries and
the computed enhancement values with respect to frequency are given in Figure 3.11.
Second, the slit position is examined by placing the mid-point of the sRE#C;
and75nm away from the tips. A description of B1 geometry with slits at different
positions and the corresponding enhancement factors for Ag material are given in
Figure 3.12. Finally, B1 geometry with a symmetrically located slit of witfinm

is scaled to construct slitted B2 and B3 geometries, when their slit widths3af&

nm and22:25 nm, respectively. In these trials, the slit orientation is also investigated
by using slits on the same side and on opposite sides of the arms, which are called
BSS and BOS, respectively. Both Ag and Au materials are considered to observe the
effect of different materials. BSS1 and BOS1 geometries are illustrated on the left-
hand side of Figure 3.13, while the enhancement factor curves for different designs
and materials are given on the right-hand side of the same gure. Our comments

on frequency-dependent enhancement factors of slitted nanoantenna designs (Figures

Figure 3.11: Slitted B1 geometry with varying slit width (left) and frequency-

dependent enhancement factor values of slitted and ordinary Ag B1 geometries
(right).
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Figure 3.12: Slitted B1 geometry with varying slit positions (left) and frequency-

dependent enhancement factor values of slitted and ordinary Ag B1 geometries
(right).

3.11-3.13) are given below.

In general, a secondary enhancement factor peak is achieved in almost all cases,
i.e., whenever a slit is opened on an original nanoantenna. We can say that
a well-known method at radio frequencies to create multiband frequency re-

sponses can be used for optical antenna designs.

As shown in Figure 3.11, slits located at the centers of arms shift the peak fre-
guency to lower frequencies. Also, the shifted primary resonances are stronger
than the original one in terms of the maximum enhancement factor value. The
magnitude of the enhancement factor in the second resonance is inversely pro-
portional to the width of the slit. This may be due to the fact that a slit reduces
the overall area of the illuminated surface of the nanoantenna. In addition, weak
resonances are observedb80 THz, while they do not seem to be signi cant

in terms of power enhancement.

As shown in Figure 3.12, a secondary resonance does not occur when slits are
located very close to the tips, while even three resonances occur when they are
located near the edges. In all cases, the main peak is shifted towards lower fre-

guencies; in fact,the amount of the frequency shift is directly proportional to the
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Figure 3.13: Same-side slitted (BSS1) and opposite-side slitted (BOS1) geometries
(left) and frequency-dependent enhancement factor values of slitted Ag and Au B1,

B2, and B3 geometries (right).

slit position. For the slits &5nm from the tips, the primary enhancement abil-

ity becomes even stronger in comparison to the original geometry. Although it
demonstrates lower enhancement values compared to the original geometry, the
slitted geometry with slits at5nm from the tips has three different resonances

with similar strengths.

As shown in Figure 3.13, when the size of the slitted geometry increases, the
primary resonance shifts to lower frequencies such that it may even fall outside
the interested frequency range. In addition, structures with Ag have stronger
rst and secondary resonances in comparison to Au structures. While the slitted
Au nanoantennas show almost the same electromagnetic responses for different
slit orientations, it is observed that the secondary resonances of Ag nanoanten-

nas are stronger when using same-side slits rather than opposite-side slits.

To further investigate slitted nanoantenna designs with multiband characteristics, square
nanoantenna structures, which are relatively easier to fabricate, are also considered.
Opposite-sided slits are placed at the centers of the arms of S1, S2, and S3 geome-

tries. The dimensions of the each arm of the resulting SS1, SS2, and SS3 geometries
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are1l00 100 20nm,125 125 20nm, and150 150 20nm, while they
havelbs, 1875, and2225nm slits, respectively. In addition, usi®® nm slit depth, a

new geometry (SDS) with symmetrically located double slits on S3 is also designed.
Using both Au and Ag (except for SDS design) materials, simulations are performed
for slitted square nanoantennas, leading to the results given in Figure 3.14. The main
resonance frequencies for SS2, SS3, and SDS geometries are all out of the frequency
range. Since their secondary peaks are not suf cient enough, these designs are not
as ef cient as slitted bowties. Similar to the single-slitted geometries, SDS geometry
has only a moderate second enhancement peak in the frequency range, which does

not provide an alternative bene t.

Figure 3.14: Opposite-side slitted square geometry SS1 and double-side slitted square
geometry SDS (left), and frequency-dependent enhancement factor values of slitted
Au SS1, SS2, SS3, and SDS geometries and Ag SS1, SS2, and SS3 geometries (right).

3.4 Shape Optimization of Nanoantennas

It has been shown in the previous section that the shape of a nanoantenna stands
out as one of the most critical factors affecting its enhancement factor. Based on
this observation, it is aimed to obtain improved power enhancement characteristics

by making suitable alterations on simple nanoantenna geometries. Considering that
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even small changes in the designs may have signi cant impacts on the enhancement
factor, the multigrid scheme implemented with GAs is used to obtain the most suc-
cessful geometries. Although the main goal in these optimization trials is to increase
the enhancement value at any selected frequency, multiband or broadband responses
are also sought by performing optimization simultaneously at multiple frequencies.
In the following examples, geometries B1 and S1, which are easier to fabricate than
others, are chosen as the primary geometries for which optimization trials are applied.
Since nanostructures made of Au are more resistant to external factors, this material
is selected for optimized designs, where even small details are important. The se-
lected Au B1 and S1 geometries have relatively smaller power enhancement values
compared to other designs; therefore, the impact of optimization can be shown more
clearly on them.

The selected optimization surfaces for geometries B1 and S1 are given in Figure 3.15.
Due to geometrical advantages, we perform side-surface optimization for the square
nanoantenna and top-surface optimization for the bowtie nanoantenna. While defor-
mation limits for optimization trials vary, the maximum deformation limits for top
surface (az = 10 nm) of the bowtie nanoantenna and side surfacg @t 50nm)

of the square nanoantenna are givef af0; 20]nm and[ 25;15]nm. The number

of bits, the number of individuals for each generation, and the maximum number of
generations are chosen®3 40, and10Q respectively, for all optimization trials. For

a single-frequency optimization, the cost function is determined as the calculated en-
hancement factor value at the gap center, as given in Equation 3.7. The cost function
for a multi-frequency optimization is chosen as the multiplication of the enhancement

factor values computed at all target frequencies.

First, we describe in detail the optimization sets based on the bowtie nanoantenna
(B1). Single-frequency optimization trials are performe®@@ 415 and500THz,

where the original B1 design has a moderate, high, and low power enhancement val-
ues, respectively. Besides, it is aimed to increase the bandwidth with multi-frequency
optimization trials by usingtO0 and 430 THz, which are very close to the reso-
nance frequency. Three different optimization sets using different parameters are

constructed to increase the enhancement values at the given frequencies. The rst
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Figure 3.15: Selected deformation surfaces; upper surface a0 nm shown with
orange color for B1 (left) and side surfaceyat 50 nm shown with orange color
for S1 (right).

optimization set is constructed by usi@gyrid nodes, while deformation limits are
chosen agy = [0; 20] nm for the top surface of the nanoantenna. In the second op-
timization set, the deformation limit range is widenedzas= [ 10; 20] nm, while

the number of grid nodes is kept constant. In the third optimization set, deformation
limits of the second set are used, but the optimization space is expanded by increasing

the number of grid nodes .

In the following, the most successful geometries obtained by optimization trials are
named as B@,, where BO represents the optimal bowtie geometry, m is the index
of the optimization sefl; 2; 3), and n is the optimization frequency indexB&; 3,

and4, corresponding t86Q 415 500 and400430THz. The obtained cost function
values with respect to generations (on the left-hand sides) and the nal optimal ge-
ometries (on the right-hand sides) for optimization trial3&@ 415 500 and400-430

THz are given in Figures 3.16, 3.17, 3.18, and 3.19, respectively.

Considering the results, we can rst examine the relationship between the selected
optimization set and the enhancement values obtained. We effectively increase the
dimensions of the optimization space from the rst optimization set to the third op-
timization set; therefore, the highest enhancement values (the multiplication of the
enhancement values for the multi-frequency optimization) are obtained by the third
optimization set for all cases, as expected. The second optimization set shows bet-

ter results in comparison to the rst optimization set with the advantage of wider
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Figure 3.16: Cost function values versus generations for three optimization sets at
360THz (left); trimetric and side views of the optimal geometries;3@0O,;, and
BOs,, respectively, from top to bottom (right).

Figure 3.17: Cost function values versus generations for three optimization sets at
415THz (left); trimetric and side views of the optimal geometries;B®0O,,, and

BOs,, respectively, from top to bottom (right).
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Figure 3.18: Cost function values versus generations for three optimization sets at
500THz (left); trimetric and side views of the optimal geometries;3@0O,3, and
BOs3, respectively, from top to bottom (right).

deformation intervals. However, the rst optimization set generally has the fastest
convergence rate to its maximum cost function value since it has a smaller optimiza-
tion space with smaller deformation limits. If we consider different optimization
sets at each frequency, there is a great similarity between the optimal geometries.
Speci cally, elevations and depressions in the nal designs obtained with different
optimization sets demonstrate speci ¢ characteristics depending on the optimization
frequency. This is particularly obvious for the optimization trial®@® THz, where
thickening occurs at arm centers. Considering the increase in the enhancement values,
the highest increment is surprisingly seen forgQvhich is an optimal geometry at

360 THz, where a shift in the resonance frequency is also observed. Although the
achieved values are still low &00THz, we can see that the original enhancement

value of3is increased considerably with B@geometries.

Since the cost function values in Figures 3.16-3.19 provide information only on the
enhancement values at the optimization frequencies, it is generally dif cult to make a

comment on the characteristics of optimal geometries at other frequencies. Therefore,
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Figure 3.19: Cost function values versus generations for three optimization sets at
400430 THz (left); trimetric and side views of the optimal geometries;B@O.,,
and BQy, respectively, from top to bottom (right).

to gain more insight, frequency sweeps are performed for each geometry to investi-
gate its overall frequency-dependent behavior. Enhancement factors at the gap center
are computed for optimal geometries and compared with those of the original geom-

etry in Figure 3.20.

The graphs in Figure 3.20 represent the results for the geometries obtained from
the rst, second, and third optimization sets, from left to right, respectively. It can

be seen in the graph, the rst optimization set that the optimized geometrggat

415 and400430THz frequencies behave very similar to each other. However, if
we look at the corresponding geometry images in Figures 3.16-3.19, we can actually
observe signi cant discrepancies between the designs. While the resonance frequen-
cies of these geometries remain nearly the same as the resonance frequency of the
original geometry25% increase in the enhancement factor is achieved. Consider-
ing the same set, we observe that the optimization triab@fI THz leads to a shift

in the resonance frequency 460 THz, while the enhancement factor 300 THz

is signi cantly increased. On the other side, considering the second and third opti-
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Figure 3.20: Frequency-dependent enhancement factor values for optimal geometries
of the rst optimization set (left), the second optimization set (middle), and the third
optimization set (right) , in comparison to the enhancement of the original B1 geom-

etry.

mization sets, the maximum enhancement values are observed at 86)iridz for

BO,; and BQy; geometries, while the original resonancéabTHz completely van-
ishes. Also, these geometries have the highest maximum enhancement factor values
among all optimization trials made for B1 geometry. The second and third optimal
geometries obtained 41.5THz (BO,, and BQ;) have stronger hot spots at the target
frequency 415THz) in comparison to the original nanoantenna; at the same time, for
the third optimization set, the resonance frequency is shifte@IHz. While the
second optimal geometry for the multi-frequency optimization {B@as a higher
peak value, the optimal geometry obtained in the third optimization set has a wider
frequency band. In addition to all these, B@eometry shows a small resonance at
around380THz, probably due to the interesting sharp jumps at the two corners of the

geometry.

As already mentioned above, shape optimization is also applied to S1 geometry in-
volving square elements. This time, the deformation surface is chosen as the side
surface located at = 50 nm. While the maximum number of generations and
the number of bits are not changed (sefl86and10) in comparison to the bowtie

optimization trials, the number of grid nodes is chosea@snd deformation limits
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are settq 25, 0]nm for single-frequency optimization trials. These single-frequency
optimization trials are performed 360 415 and500THz, leading to optimal geome-

tries called S@ SO,, and SQ, respectively. As usual, the cost function is selected as
the enhancement factor value at the gap centers. In Figure 3.21, in the top row from
left to right, SQ, SO,, and SQ geometries are depicted, while the corresponding

cost function values with respect to generations are shown in the bottom row.

Figure 3.21: Trimetric views of the optimal geometries;S80,, and SQ (top); cost
function values with respect to generations for the optimal geometries with the same

order (bottom).

Considering the results shown in Figure 3.21, the rst discussion that can be made
on the optimal geometries is that the applied modi cations are relatively simple, and
they are developed in a way that does not cause extreme dif culties in terms of fab-

rication. When the variation of the cost function with respect to generations is exam-
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ined, it can be seen that the optimization trial for the, $@ometry is the fastest in
terms of convergence to the optimal value. The enhancement factor values provided
by the original geometry at the optimization frequencies are multiplie@:6y3:4,
and1:8 with SO,, SG,, and SQ, respectively. S@geometry, which demonstrates

the greatest improvement, also stands out as the optimal geometry with the highest

enhancement value obtained.

Similar to the bowtie nanoantenna, multi-frequency optimization is also applied to
the square nanoantenna. In this case, deformation limits are expanfe25d5]

nm, while the other optimization parameters are unchanged. Optimization trials are
performed a#00-430THz, 350480 THz, 380450 THz, and475565THz, and the
corresponding optimal geometries are named ag SQ;, SQ;, and SQ, respec-

tively. While frequenciegl00-430 THz and380450 THz are used to increase the
bandwidth of the main resonancg50-480 THz is chosen to create new alternative
peaks with possibly moderate values. On the other gid@565THz is chosen to in-
crease the enhancement factor in orange and green lights, considering that the original
enhancements at these frequencies are very low. Optimal geometries obtained with
the multi-frequency optimization trials, and the corresponding cost function values
are given in Figure 3.22. It is seen that the modi cations in the optimal geometries
obtained in these optimization trials are more complex compared to the rst three
optimal geometries (in Figure 3.21), due to the relaxation of deformation limits. The
optimization trials, in which SQand SQ geometries obtained, show faster conver-
gence trends than the trials for the other two geometries. Quantitatively, the enhance-
ment factor values at the optimization frequencies are multipliett &%, 4:52; 9:56,
and1:87by using SQ, SG;, SQ;, and SQ, respectively.

The enhancement responses of optimal geometries in the entire frequency range are
obtained and compared with the response of the original geometry for a more detailed
examination. The enhancement factor values at the gap centers computed for S1 and
optimum geometries are given in Figure 3.23. Since both cost functions and defor-
mation limits are different, single-frequency and multi-frequency optimization trials
are given in separate groups. On the left-hand side, frequency-dependent enhance-

ment factor values for S1, SOSO,, and SQ nanoantennas are shown, while on the
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