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ABSTRACT

RIGOROUS DESIGNS OF NANO-OPTICAL COUPLERS AND
ABSORBERS WITH PHOTONIC CRYSTALS INVOLVING IRREGULAR
ARRAYS AND NONIDENTICAL ELEMENTS

Yazar, Sirin
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Ozgiir Ergiil

September 2021, [[TT]pages

This thesis presents design and analyses of compact and effective nano-optical cou-
plers and absorbers based on photonic crystals. Single-input and double-input nano-
optical couplers that provide electromagnetic wave transmission in desired directions
are designed, and important parameters regarding their transmission efficiency are
investigated. These designs are further cascaded by adding one after another to cre-
ate nano-optical transmission systems, whose transmission characteristics are also
examined. In addition, nano-optical logic-gate couplers that perform certain logic
operations, as well as nano-optical isolators that transmit electromagnetic waves only
in the forward direction are designed and analyzed. On the other track, nano-optical
absorbers are designed by combining metal plates with anti-reflective coatings made
of photonic crystals. Anti-reflective absorber designs, which both confine high power
density within themselves and prevent back reflections that are potentially harmful to
other objects and sources, are successfully obtained. For all these nano-optical struc-
tures, electromagnetic simulations are performed by using an efficient implementa-
tion of the multilevel fast multipole algorithm. In addition, all designs are achieved

by performing heuristic optimization via genetic algorithms. The numerical results



show that it is possible to design and further improve efficient nano-optical couplers
and absorbers with relatively simple geometries based on the principles of photonic

crystals.

Keywords: photonic crystals, nano-optical couplers, nano-optical absorbers, nano-

optical isolators, genetic algorithms, multilevel fast multipole algorithm
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0z

NANO-OPTiIK BAGLASTIRICILARIN VE SOGURUCULARIN DUZENSIZ
DiZILER VE OZDES OLMAYAN ELEMENTLER ICEREN FOTONIK
KRISTALLER ILE KAPSAMLI TASARIMLARI

Yazar, Sirin
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Ozgiir Ergiil

Eyliil 2021 , sayfa

Bu tezde, fotonik kristallerin ¢alisma prensibine dayali, kompakt ve etkin nano-optik
baglastiricilarin ve sogurucularin tasarimlari ve analizleri sunulmustur. Istenilen yon-
lerde elektromanyetik dalga iletimini saglayan tek girdili ve cift girdili optik baglas-
tirrcilar tasarlanmig, 6nemli parametrelerin iletim verimine olan etkisi incelenmistir.
Bu tasarimlarin arka arkaya eklenmesiyle nano-optik iletim sistemleri elde edilmis,
bu sistemlerin de iletim 6zellikleri incelenmistir. Bunlarin yaninda, belirli mantik is-
lemlerini gerceklestirebilen nano-optik mantik kapr baglastiricilar: ile elektroman-
yetik dalgalar1 sadece ileri yonde ileten nano-optik izolatorler tasarlanmis ve analiz
edilmistir. Diger taraftan, fotonik kristallerin yansima engelleyici kaplamalar olarak
kullanilip metallerle birlestirildigi optik sogurucular tasarlanmistir. Hem kendi i¢inde
yiiksek giic yogunlugu hapseden hem de diger cisimlere ve kaynaklara zararh ola-
bilecek geri yansimalar1 onleyen yansima-karsiti sogurucu tasarimlari basarili olarak
elde edilmistir. Biitiin bu nano-optik yapilarin elektromanyetik benzetimleri, cok se-

viyeli hizli cokkutup algoritmasinin verimli bir uygulamasiyla gerceklestirilmistir.
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Ayrica, tiim tasarimlar genetik algoritmalarin kullanilmasiyla gergeklestirilen kesif-
sel optimizasyonlarla elde edilmistir. Sayisal sonuglar, fotonik kristal prensiplerine
bagl olarak gelistirilen gorece basit geometrilerle, verimli nano-optik baglastirict ve

sogurucularin tasarlanabileceginin miimkiin oldugunu gostermektedir.

Anahtar Kelimeler: fotonik kristaller, nano-optik baglastiricilar, nano-optik soguru-
cular, nano-optik izolatorler, genetik algoritmalar, cok seviyeli hizli cokkutup algorit-

masi
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CHAPTER 1

INTRODUCTION

Manipulating and directing an electromagnetic wave in intended directions and with
desired patterns are crucial for proper functioning of most electronic devices that
we use today. Photonic crystals, which are periodic arrays of dielectric unit cells
have been utilized in lots of applications in electromagnetics for over 25 years [1].
They can be used to control and direct electromagnetic waves as desired which make
them attractive for especially coupling and switching applications [2—7]. Due to their
typically non-complex geometries, photonic crystals are usually easy to design and
manufacture. They are used at optical frequencies and their sizes are comparable with
the wavelength [8]. Speci cally, their dimensions change from 100 nanometers to
several micrometers, which make them suitable for designing and constructing small
and compact optical structures. Moreover, there is a quite wide range of available
materials that can be used to build photonic crystals [9]. These merits of photonic
crystals make them excellent candidates for designing small, compact, and easy-to-

fabricate nano-optical structures.

In photonic crystals, it is not possible for electromagnetic waves to propagate in a
frequency range called forbidden gap of photons [10]. If an incident wave is within
this frequency range, it is not transmitted and re ected back. Preventing the trans-
mission of an electromagnetic wave in this frequency range can be explained by
Wulff-Bragg's interference condition. When the wave incident onto a photonic crys-
tal reaches the structure, the incoming wave is divided into different components as
a result of diffraction and scattering, and when these components come together, if
they interfere destructively, transmitted wave may vanish [11]. Therefore, the direc-

tion and phase of a wave within a photonic crystal structure are important parameters



that determine whether the wave continues to propagate through the structure. Conse-
quently, by providing a control on electromagnetic waves photonic crystal structures

operate almost like waveguides.

Photonic crystals made of dielectric elements are much preferable to be used at op-
tical frequencies, in comparison to metallic waveguides that become lossy at high
frequencies [11]. For this waveguiding behavior of photonic crystals to be observed,
dielectric structures must be arranged periodically, and the periodicity must be com-
parable with half of the incoming wavelength, often depending on the dielectric con-
stant of the structure. For example, in this study, the distance between the centers of
nearby dielectric rods is kept at 300 nm'j). If well adjusted, defects created in a
photonic crystal structure can localize electromagnetic energy, leading to resonances.
Consequently, design parameters, such as geometry, periodicity, and materials can
be used to design various photonic crystals to control propagation of electromagnetic
waves in desired directions and to increase electromagnetic elds and power at de-

sired locations, while inhibiting propagation in undesired directions.

Optical couplers are used for coupling electromagnetic power from input(s) to desired
output(s) in nano-optical systems. Transmitting input power to desired output ports
with high ef ciency is naturally one of the most important criteria that should be con-
sidered during the design of such couplers. Also, there is an increasing need for more
compact optical couplers due to the continuous demand in decreasing sizes of elec-
tronic devices. Fortunately, it is possible to both improve transmission and coupling
abilities of optical couplers and make them small with the help of computational
analysis and optimization [12]. In the rst part of this thesis, we present compact
and highly ef cient nano-optical coupler designs based on photonic crystals, each
of which provides different coupling characteristics. Speci cally, these nano-optical
couplers are designed by numerical analyses and optimization of dielectric rods to
construct ef cient photonic crystals. Shapes, permittivities, and arrangements of di-
electric rods are rigorously selected to ef ciently transmit input electromagnetic elds

to desired output ports. The coupling ef ciency is maximized via on/off optimization,

either directly or when combined with length optimization applied to dielectric rods.

As particular examples in this thesis, forward-transmitting couplers and 90-degree



rotating couplers with single input and single output are designed, while various pa-
rameters are investigated to improve their operation. In addition, cascaded structures
are obtained by combining these structures one after another. Optical coupler designs
with double inputs are also discussed. In addition to these designs, couplers that op-
erate as optical logic gates are studied. Given alternative sets of input excitations,
a logic-gate coupler is expected to behave in accordance with pre-determined rules.
In all-optical systems, the design of such logic gates are particularly important as
they can provide essential capabilities like switching, data transferring and process-
ing with high speeds. In this study, small, compact, and ef cient optical AND and

OR logic-gate couplers are designed and presented.

In addition to electromagnetic coupling in one direction, optical isolation is a crit-
ical property in optical coupling devices. Particularly, optical isolators are used in
cases where ef cient transmission of electromagnetic waves is needed to be unidirec-
tional or circular in one direction. In other words, due to their non-reciprocal nature,
these structures allow the transmission of wave in one direction, while preventing
propagation in the reverse direction. To date, various non-reciprocal optical isolator
designs have been proposed, including non-linear optical structures and magneto-
optical isolators [13—16]. However, for such isolators that provide high contrast be-
tween forward and reverse transmissions, the output power in the forward direction is
decreased at the expense of the higher margin between forward and backward trans-
missions [13-15]. In addition, due to their sizes, they are not usually suitable to be
used in nano-optical devices. Photonic crystals, on the other hand, with their small
sizes are very suitable for the design of compact nano-optical isolators that can pro-
vide high-quality forward transmission and minimized backward transmission. In the
second part of this study, we show several nano-optical isolator designs made of pho-
tonic crystals that meet the expected ef ciency and size requirements for nano-optical

devices.

Designing nano-optical couplers throughly requires a full-wave electromagnetic solver
for accurate numerical analyses. We use the multilevel fast multipole algorithm
(MLFMA), which is an ef cient and accurate solution technique for numerical anal-
yses of three-dimensional (3D) complex problems [17]. During the design processes,

several critical parameters including shapes, dielectric properties, and arrangements



of dielectric rods, are considered. Hence, each design process involves a lot of can-
didate solutions that approximate the optimal nano-optical coupler for given require-
ments. Since analyzing all possible solutions is not practical considering computa-
tional costs, we design and employ an ef cient optimization tool based on an inte-
grated combination of genetic algorithms (GAs) and MLFMA [18]. The optimiza-
tion tool is used to design ef cient and effective couplers and isolators composed of

different arrangements of dielectric elements to control and guide optical waves.

Optical anti-re ecting coatings (ARC) are structures that enable minimum re ection

of electromagnetic waves from where they are used. In the most basic form, electro-
magnetic waves re ecting from an ARC must destructively interfere with each other
to minimize total re ection. For this purpose, the effective refractive index, shape,
and thickness of each layer of an ARC design are all important. In addition, the
direction of the excitation and the observation angles to minimize re ection should
be speci ed to design an effective coating. Optical ARC designs are used in many
areas, especially in solar cells, anti-glare coatings, corrective lenses in eyeglasses,
and coatings on camera lenses [19-22]. Both single-layer dielectric and multi-layer
dielectric-metallic structures are used to design ARCs, while the designs to date suf-
fer from various issues, such as narrow bandwidth, high fabrication costs, complex
geometries, and lack of exibility [21, 23, 24]. In this thesis, novel ARCs are de-
signed based on the principles of photonic crystals, i.e., using carefully located air
holes in dielectric slabs. The designed coatings are combined with metallic layers
to design optical absorbers. Speci cally, by combining ARCs with metallic layers

to further prevent forward propagation, we design effective optical absorbers. The
designed optical absorbers are intended to con ne high power density distributions
within themselves, while preventing scattering, particularly backward re ections to-
ward the excitation that may overheat and damage the source and other nano-optical
structures. In order to increase absorbance and decrease re ections, fundamental pa-
rameters, such as the shape, size, and periodicity of air holes, are investigated to reach
optimal designs. The optimization tool aforementioned above, based on MLFMA and
GAs, is used for this purpose, while the parameters of the tool itself are also exam-
ined for ef cient optimization [18]. Consequently, in the second part of the thesis, we

propose ef cient and compact optical absorber designs with anti-re ective properties



operating in relatively wide frequency bands.

This thesis is divided into chapters according to the studies summarized above. First,
in Chapter 2, the full-wave numeric solver used in electromagnetic analyses of nano-
optical structures is described. The details of formulations based on surface integral
equations (SIEs) and MLFMA are presented. Next, in Chapter 3, the simulation
environment and three different optimization environments, including their essential
parameters, are explained. In Chapter 4, various optical coupler designs with different
features, as well as their characteristics depending on some parameters are examined.
Then, in Chapter 5, optical ARC designs and optical absorbers are investigated. Fi-

nally, this thesis ends with concluding remarks in Chapter 6.






CHAPTER 2

NUMERICAL SOLUTIONS OF ELECTROMAGNETIC PROBLEMS
INVOLVING PHOTONIC CRYSTALS

In this chapter, full-wave numerical solutions of nano-optical structures involving

photonic crystals are explained starting from the basics.

2.1 Maxwell's Equations

Assuming the existence of magnetic sources, the differential form of Maxwell's equa-

tions in time domain can be written as

r E(r;t)= % M (r;t) [Faraday's Law] (2.1)

r H(r;t)= % + J(r;t) [Ampere's Law] (2.2)
r D(r;t)= o(r;t) [Gauss's Law for Electricity] (2.3)
r B(r;t)= n(r;t) [Gauss's Law for Magnetism]  (2.4)

whereE (r;t) is the electric eld intensityH (r ;t) is the magnetic eld intensity,
D (r;t) is the electric ux densityB (r, t) is the magnetic ux density] (r ;t) is the
electric current densityyl (r ;t) is the magnetic current density(r ; t) is the electric
charge density, and, (r ;t) is the magnetic charge density. EvenM, (r;t) and

m(r;t) are not physical, they are used as equivalent sources in generalized models

of electromagnetic problems.
For a simple (homogeneous, isotropic, and linear) medium, the relationship between
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eld intensities and ux densities can be written as

D(r;t)= E(r;t) (2.5)
B(r;t)y= H(r;t); (2.6)

where is the permittivity and is the permeability of the medium.

An equation and it's time derivative in time domain can be expressed in phasor do-

main as
f(r;t) =Reff (r)exp( it )g (2.7)
@(@r;tt) = il Reff(r)exp( i't)g; (2.8)

where! is the angular frequency. Using this convention, Maxwell's equation in pha-

sor domain can be written as

r E@)=i H() M(r) (2.9)
r H(@r)= i E(r)+J(r) (2.10)
COEM)= T ) @.11)
rH(r)= 1 m(r) (2.12)
where
roJ(r)=1i ) [continuity equation fod (r)] (2.13)
r-- M(@r)=1i" n() [continuity equation foM (r)]: (2.14)

2.2 Surface Integral Equations

Taking the curl of both sides of Equation 2.9, an equation for electric eld intensity
can be derived as

rr E()=11 r H(()r M (r) (2.15)

m E@) r 2E()=1i (il E(r)+J(r)) r M (r) (2.16)
}r e(r) r 2E(r)=12 E(@)+i J(r) r M (r) (2.17)
r2e(r)+ k’E(r)= i J(r)+}r (r)+r1  M(r): (2.18)



Repeating similar steps by taking the curl of both sides of Equation 2.10, an equation

for magnetic eld intensity can be obtained as

reH(r)+ k®H (r)= il M (r)+ Er m(r) r J(r): (2.19)

:lp_

In the abovek is the wavenumber.

Using vector and scalar potential functions, electric and magnetic eld intensities can

be written as
E()=1An(r) r or) }r Ac(r) (2.20)
H()=1Ae(r) r m(r)+ Er An(r); (2.21)

whereA ¢(r) is the electric vector potentia§ ,, (r ) is the magnetic vector potential,

(1) is the electric scalar potential, ang (r) is the magnetic scalar potential.

Then, Helmholtz equations for potentials can obtained as

r2Ae(r)+ K*Ae(r) = M (r) (2.22)
r2An(r)+ K*An(r)= J(r) (2.23)
2K )= ) (2.24)
r2 mr)+ k% o(r)= 1 m(r); (2.25)
where the Lorentz gauge
r Ag(r)=1 m(r) (2.26)
r An()=1 e(r) (2.27)

is applied.
The solution of Helmholtz equations for a point source gives the homogeneous-space
Green's function, which can be written as

exp(kjr r9)
4 jr r§

g(r;r9= (2.28)
wherer is the source point and’is the observation point.

Then, using Green's function, vector and scalar electric and magnetic potentials can
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be expressed as

A= (oM (9 (2.29)
Am(r)= ’ dr%(r;r%J (r9 (2.30)
=1 @ Lo (2.31)
0= aE e (2.32)

Based on these expressions, eld intensities can be written in terms of current sources

J(r)andM (r) as
Z

E()= ik dr® 39+ 5 ® I g(rir) (2.33)
PRV (2.34)
HO= ik T o m (s BT OM (9 g(rir) (2.35)
+Z dr% g(r;r) J(r9 (2.36)

where is the intrinsic impedance and equalQo_z P ~. In more compact forms,

E (r) andH (r) can be written in terms of integro-differential operators as
E(r)= TfJg(r) Kf M g(r) (2.37)
H(r)= TfMg(r)+ KfJdgr) (2.38)

where these operators are de ned as
Z

TIXg(r)= ik drOX(rO)+i%2r0 X (9r g(r;r9 (2.39)

KiXgr)= drX (9 r %(r;r9 (2.40)

According to the equivalence principle, equivalence currehtandM , are de ned
on surfaces of dielectric and metallic parts such that a given electromagnetic prob-
lem is divided into equivalent sub-problems. Even if these surfaces can be de ned

anywhere, they usually correspond to actual physical boundaries.

For a surface bounday,, shown in Figure 2.1D , andD ,, are homogeneous pene-
trable regions bounded 8, andS,, whilett; andrt, are inward unit normal vectors

for S, andS,, respectively. Then, eld intensities in these regions can be written as
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Figure 2.1: Boundary between two regions

combinations of incident eld& "° andH "° due to external sources and secondary

elds E ;°*°andH ¢ created by equivalent sources, i.e.,

Eu(r)= EJ°(r)+ EFr)

_ (2.41)
Hu(r)= HES() + HEr):

For each region, the integro-differential operatdgsand K, can be de ned as in
Equations 2.39 and 2.40. When the limit§f, operator is extracted, its principal
value is obtained. HencK,, can be decomposed as

Kof X g(r) = KEVEX g(r) 44 “he X (r); (2.42)

where | is the solid angle. Taking the continuity of tangential elds into account
to satisfy the boundary conditions at the interface betw2grandD ,, and applying

equivalence principle, equivalent surface currents can be de ned as

Mu(r)=ny Eur)= v Eu(r)=M(r)
Ju(r)=ny Hyr)= ny Hyr)= J(r):

(2.43)

Then, equivalence surface curredtg(r) andM (r) can be written in terms of
integro-differential equations as
M y(r)= 1y Eil:]c(r)‘i' oty T o fJ,0(r)

(2.44)
e K VM ug(r) M y(r)+ 4—”|\/| u(r)

Ju(r) = ny Hiunc(r)+ ulﬁu T fM yo(r)
(2.45)
+ 1y K JVEIag(r) + Ju(r) 4—uJu(r)1

Rearranging Equations 2.44 and 2.45, normal electric- eld integral equation (N-EFIE)
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and normal magnetic- eld integral equation (N-MFIE) can be obtained as

Je T ufdug(r) Ay K DVEM ug(r)+ =M y(r)
4 (2.46)

= Ny Eiunc(r)

u

My TufMg(r)+n, K BVidug(r) —23u(r)
4 (2.47)

= f, H™(r)

If the left-hand and right-hand sides of Equations 2.46 and 2.47 are multiplied with
rty, tangential electric- eld integral equation (T-EFIE) and tangential magnetic-

eld integral equation (T-MFIE) can be obtained as

Je Ay T ofdug(r)+ny ny K VEM yg(r)
(2.48)

7 M Mu)=n, fy EF()

'y ny TofMug(r) ny ny K \VEdug(r)

u

, - (2.49)
+4_nu Ju(r)="ny 1y HJ(r)

2.3 Surface Formulations

For a homogeneous penetrable region inside a homogeneous medium, the electro-
magnetic problem can be divided into two sub-problems: inner problem and outer
problem. SIEs are applied to both of these sub-problems. If the excitation is only in
the outer region, when N-EFIE, N-MFIE, T-EFIE, and T-MFIE for the inner problem
are considered, the right-hand side of Equations 2.46, 2.47, 2.48, and 2.49 are set to
zero. On the other hand, considering N-EFIE, N-MFIE, T-EFIE and T-MFIE for the
outer problem, the right-hand sides involve tested incident elds as indicated in the
same set of equations. For example, N-EFIE can be decomposed into N-EFIE-in and

N-EFIE-out, which can be written as

nt T nfdo(r) n K PVEM g(r)+ 4—"‘|v| (ry=0 (2.50)

ot Towfdg(r) n K PVEM g(r)+ 4°“t|v| (ry= " E™(r); (2.51)
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respectively, where j, is the inner solid angle and,; = 4 in IS the outer

solid angle. Similar expressions can be written for the other integral equations.

Different combinations of N-EFIE, N-MFIE, T-EFIE, and T-MFIE for inner and outer
problems result in various surface formulations. Such combinations can be divided
into three groups. Tangential formulations include only tangential SIEs, normal for-
mulations include only normal SIEs, and nally, mixed formulations include at least

one tangential and one normal SIEs.

Any combination of SIEs can be written in general as
2 3

4 aT-EFIE-out+ bT-EFIE-in+ eN-MFIE-out f N-MFIE-in 5 (2.52)
CcT-MFIE-out+ dT-MFIE-in  gN-EFIE-out+ hN-EFIE-in '

Different values of the constants; b;c; d;e;f; g; Iy lead to different surface for-
mulations, such as Poggio-Miller-Chang-Harrington-Wu-Tsai (PMCHWT) formula-
tion, combined T formulation (CTF), modi ed combined T formulation (MCTF), and

electric-magnetic current combined- eld integral equation (JMCFIE).

In this thesis, two different formulations are used, considering different materials of
the structures. Nano-optical couplers and isolators consist of photonic crystal struc-
tures that are made of silicon nitrid8i§N,). On the other hand, nano-optical ab-
sorbers are formed of metal tungsten (W) plates and silicon-based photonic crystals.
In the numerical solutions of nano-optical couplers and isolators, JIMCFIE formula-
tion is used, while MCTF is preferred for analyses of optical absorbers. The reasoning

behind this choice will be clari ed in Section 2.7.
The values of a; b; c; d; e; f; g; ly for IMCFIE and MCTF are given as

a= b= . lLc= ou;d= n;e=1;f=1;g=1;h=1 (2.53)

out? in 1

a=1;b=1;c= o4 n;d= ouw in;€=0;f =0;9=0;h=0; (2.54)

respectively. In any case, surface formulations can be written in a compact form as
2 3 2 3 2 3

4211 Z125 4 J(I’) 5(|’ :4W1(r) 5
Zy Zy M (r) Wo(r);

(2.55)
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where the right-hand side can be expressed in terms of incident elds as

2 3 2 3
w(r an n EM™(r) en HM™(r
wo(r) cd n H™r)+gnt E"(r):
The elements o matrix can be written using the constants in 2.52 as
Zi1= aouft N Tow bt f Ty
(2.57)
+en KEY fn KDV (e+f)l =2
Zp=ar n Kiy+m n KV
12 out in (2.58)
(@ bn 1=2+e N Tou f 0 T
Zn= ot n KLY dan n KPPV (2.59)
+ (C d)ﬁ I :2 g Outn T out + h in ﬁ T in
Zyn= Cogft N To d, ' n Ty (2.60)
+gft KEY hn KPPV (g+ h)l =2
Here,l is the identity operator de ned as
I X g(r)= X (r): (2.61)

2.4 Method of Moments

Method of moments (MoM), a well-known solution technique, can be used to con-
vert integral equations into linear matrix equations that can be solved numerically. In
MoM, the unknown function is expanded into basis functions with unknown coef -
cients. Then, by using testing functions, matrix equations are constructed and solved
to obtain the unknown coef cients. To demonstrate how MoM works, a linear oper-
atorL , an unknown vector functioh(r), and a known vector functiog(r ) can be

considered as
Lffg(r)= g(r): (2.62)

SIEs are related to Equation 2.62lasf (r), andg(r) correspond to integral op-
erators, unknown electric and magnetic currents and incident electric and magnetic

elds, respectively.
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After de ning basis function®, (r ), the unknown functior (r) can be expanded in

terms of them via unknown coef cientsn] as

b\
f(r) a[n]on(r); (2.63)

n=1
whereN is the number of unknowns. To obtain unknown coef ciemsequations
are needed, which can be obtained by testing both sides of 2.62 with testing functions

tm(r) as
z W z

drt m(r) a[nlLf b,g(r)= drt ,(r) g(r): (2.64)
n=1

By changing the order of summation and integration, Equation 2.64 can be modi ed

as 7 7

an] drt,(r) Lfbyg= drt ,(r)g(r): (2.65)

n=1

Equation 2.65 can be written in a matrix equation form as

X
a[n]Z[m;n] = w[m] (2.66)
n=1
where
Z
Z[m;n]= drt ,(r) Lfbyg(r) (2.67)
Z
wlm] = drt ,(r) g(r): (2.68)

Considering an electromagnetic problerh, w, anda in Equation 2.66 represent

impedance matrix, excitation vector, and coef cient vector, respectively.

2.5 Discretization of Surface Formulations

For numerical solutions of electromagnetic problems, there may be different choices
of basis and testing functions. In this thesis, Galerkin Method is applied by using
the same set of functions as basis and for testing. Among alternative choices, Rao-
Wilton-Glisson (RWG) functions on triangular domains are used by using small tri-
angles with respect to the wavelength [25]. Two examples of discretized objects are

given in Figure 2.2.
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Figure 2.2: Discretization of a 3D cylinder and a sphere with triangles

For each pair of triangles sharing an edge, one RWG function is de ned. For the
triangle pair in Figure 2.3, the RWG function and its divergence can be written as

o (1) -

by (r) =

WAV ARV 00 T VAW AW 00

>

nl

In

In (r

rni); 2 Sm

(rn2 r); I 2 Sy

0O rzS;;
rZSnl
rZSnz

r S,

(2.69)

(2.70)

wherel,,, Ah1, andA,, represent the length of the common edge, areg pfriangle,
and area of5,1, triangle, respectively. It can be veri ed by Equation 2.70 that the

divergence ob (r) is nite and the total charges on the triangles have the same

magnitude but in opposite signs. Hence, the total charge is zero for an RWG function.
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Figure 2.3: Demonstration of an RWG function

By using the RWG functions, integro-differential identity operators can be discretized.
Discrete forms of the tangentially-tested integro-differential operators can be ex-

pressed as

z
Tomnl=  drtm(r) Tyfbag(r)
v v
=ik,  drtm(r) dr%, (r;r9b, (r9 (2.71)
ZSm an
+ drt m(r) dr% g, (r:r9r ° b, (r9

i
§J Sm Sn
K pyalmin] = drt m(r) KEY fbag(r)
V4 YA (2.72)
= drtp(r) drbon (r) v %u(rir?
ZSm PV;Sn
IT[minl= drt(r) by(r): (2.73)
Sm
Normally-tested int%;ro-differential operators can be written as

TU[minl=  drit(r) A Tf byg(r)
z z
=iky  drtn(r) n dr %y (r;r9 by (r9 (2.74)
- ZSn Z5
+ L drt () n dr% gu(r;r9r ° by (rd
54 Sm Sh
K Ev;u[m;n] = drt n(r) n K EV fbhg(r)
v yd (2.75)
= dritn(r) B drh (rd r % (r;r9

ZSm P V,Sn

INm:n]=  drtm(r) B ba(r): (2.76)
Sm
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Discretization of integro-differential and identity operators with the interactions of
two half RWG functions (as commonly used implementations) can be written for the
ath triangle of themth edge, and thith triangle of thenth edge as

Z Z
Tolmimat = ikeAmae  Or (F Foa) dro(r® rop)gu(rir9
Zsma Z Snb
4
k_A ma;nb dr dr Ogu (r i r ()
u Sma Shb
(2.77)
Z Z
Tl':'[m;n;a;b] = KuAmanb dr [(r rma) 1] dr O(ro I nb) Ou (r;rC)
Zsma ZSnb
2
u Sma Shb
2.78
. (2.78)
K ;V;u[m; n;a; b = Amanb dr (r rma)
Sma 7 (2.79)
(r  rmp) dr % Ogu(f;f%
7 PV:Shp
K SV;u[m; n;a; bl = Amanb dar [(r rma) 1]
Smz (2.80)
[r rnb) drorogu(r;r(b
PZ;Snb
| T[m; n; a; b] = Ama;nb ma;nb dr (r rma) (r rnb) (2-81)
Zsma
I N [m;n;a; b = Amanb manb dr (r rma) ft(r M b) (2-82)
Sma
where manb iS Kronecker delta anf a.np is de ned as
Amanb = & (2.83)

4AmaAnb ma. nb:
2.6 Multilevel Fast Multipole Algorithm

MoM is an ideal numerical solution method for relatively simple electromagnetic
problems; however, it is not effective alone considering the required computational

loads in general. To reduce the load, matrix equations constructed by MoM can
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be solved iteratively. This way, a solution of an electromagnetic problem involving
N unknowns ha®©(N 2) complexity per matrix-vector multiplication (MVM). This
means excessive solution times and memory usage for problems with large numbers
of unknowns. Various methods have been put forward to reduce solution time and
memory load, one of which is the fast multipole method (FMM). Speci cally, apply-
ing FMM, the complexity per MVM can be reduced @(N 3%?). MLFMA, which

puts forward the idea of using FMM recursively, further reduces the complexity of
the problem. Speci cally, using the factorization of the Green's function by employ-
ing the Gegenbauer's addition theorem, as well as diagonalization via plane waves
at multiple levels, the complexity per MVM is reduced ®@N logN). Thus, us-

ing MLFMA, complex problems with many unknowns can be solved ef ciently with
remarkably less computational load in comparison to MoM and FMM.

In MLFMA, electromagnetic interactions are performed in a group-by-group man-
ner. A computational box, which encloses the object under interest, is divided into
sub-boxes subsequently at different levels to create a tree structure. The number of
boxes to divide the object, consequently the number of levels, typically increase as
the number of unknowns increases. Of these boxes, only those that contain a part of
the object (discretization elements) are considered, while the others are automatically
eliminated. The interactions are categorized as near- eld, far- eld, and very far- eld
applying a one-box buffer scheme. Accordingly, a MVM for an impedance matrix

can be decomposed into terms involvmg'jIF andz " as

X X X
Z[m;n]a[n] = z"" [m; n]a[n] + z [m; n]a[n]
- =1 n=1 (2.84)

(m=1;2:::;N):

Near- eld interactions are calculated directly and kept in memory. Far- eld interac-
tions are computed on the y at each iteration and are not kept in memory. In the
computation of such far- eld interactions, aggregation, translation, and disaggrega-
tion steps are followed. In the aggregation step, radiated elds are calculated from
the lowest level to the highest level of the tree structure. At the lowest level, radiation
patterns of the basis functions are shifted to the centers of the boxes. At the higher
levels, radiated elds are shifted between box centers based on child-parent relation-

ships. Then, in the translation step, radiated elds are converted into incoming elds
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between far-zone boxes at the same level. Finally, in the disaggregation step, incom-
ing elds are calculated from the highest level to the lowest level. At the lowest level,

incoming elds are nally received by the testing functions to complete the MVM.

2.7 Comparison of Different Surface Formulations

Each surface formulation has advantages and disadvantages, mainly depending on the
constitutive parameters of the analyzed object and the frequency of the electromag-
netic problem at hand. For example, PMCHWT, which is a tangential formulation,
provides accurate and reliable results using a conventional Galerkin discretization
with low-order (such as, RWG) functions [26]. CTF, which is another tangential
formulation, usually provides accurate solutions of ordinary dielectric objects with
moderate permittivity and permeability values [27]. However, both PMCHWT and
CTF are not ef cient in terms of iterative convergence [28]. Moreover, their accu-
racy can be unstable as the frequency and the characteristics of the medium change.
JMCFIE is a well-conditioned mixed formulation for ordinary dielectric objects and

it often leads to fewer numbers of iterations, making it a good choice particularly
for low-contrast media with positive permittivity and permeability values [29, 30].

In the design of nano-optical couplers, the photonic crystals are madeNf ®Biat

has a relative permittivity of approximatey{31]. This is the reason why we prefer

JMCFIE for numerical analyses of photonic crystals made §¥.Si

Modeling metals at optical frequencies requires the use of harmonic oscillator mod-
els. Drude model, which is the most common harmonic oscillator model, can be used
to represent frequency-dependent permittivity of most metals. An extension of Drude
model is Lorentz-Drude, which may better represent frequency-dependent permittiv-
ity, considering refraction and re ection properties of metals. Using Lorentz-Drude

model, the relative permittivity of a metal can be expressed as

()=o) (285)
LD \: D\: j |2 I j2 + ]l j ' .
wherej is the number of the resonant mode, wilg ! ;, ; are amplitude, resonant

frequency, and damping coef cient of theh mode, respectively. Herép is the
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relative permittivity value found by Drude model, which can be further expressed as
|1 2

"p(!)=1 ﬁ; (2.86)

where is the mean collision rate of electrons.

In this study, to model tungsten at optical frequencies, Lorentz-Drude model is used.
According to this model, the complex permittivity of tungsten betws@dTHz and
600THz is plotted in Figure 2.4.

Figure 2.4: Relative complex permittivity of tungsten according to Lorentz-Drude

model

Considering the characteristics in Figure 2.4, using either JMCFIE or CTF is not a
good choice, as these formulations may suffer accuracy and ef ciency issues for large
imaginary permittivity values [28, 32]. For this kind of problems, MCTF can provide
accurate and reliable solutions for a wide range of frequency and permittivity values
with reasonable numbers of iterations. The value of the real part of the permittivity
does not signi cantly affect the accuracy of MCTF. Therefore, to solve composite

nano-optical absorbers including both W and Si, MCTF formulation is preferred.

To demonstrate the accuracies of IMCFIE for dielectric objects with moderate elec-
trical parameters and MCTF for composite metallic-dielectric objects at optical fre-
guencies, respectively, we can consider spherical problems whose analytical Mie-

series solutions are available. First, an electromagnetic problem involving a sphere
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of SizN, is studied. The sphere is discretized with a mesh size= @0 and it is
illuminated by a plane-wave with V/m electric eld intensity a200THz. The rel-

ative permittivity of SN, is de ned as 4. The problem is solved by using IMCFIE
with a residual error ofl0 # to compare with the reference Mie-series solution. A
comparison of the bistatic far-zone electric eld intensity values is given in Figure
2.5. According to this result, IMCFIE solution involves otl§% maximum relative
error, which indicates a quite accurate numerical solution. The computation of the

relative error can be written as

far far
Relati E ENumeric EMie 2 587
elative error= .
KEEL K, (2.87)

wherekk,, El .. andE[ represent? norm, far-zone electric eld intensity com-
puted by using a SIE formulation and far- eld electric eld intensity obtained via

Mie-series solutions, respectively.

Figure 2.5: Far-zone electric eld intensity scattered from a sphere;df,Si

Similarly, a sphere of tungsten, having a radius of 600 nm is considered. Discretiza-
tion with a mesh size of 27 nm is illuminated with a plane wave with 1 V/m electric
eld intensity, propagating in the direction and polarized in the direction. By
using MCTF with a residual error df0 4 as well as Mie series, the backscattered
far-zone electric eld of the sphere is obtained fr&®0THz to 600THz. The com-
parison is given in Figure 2.6, which shows accurate solutions by MCTF that provides

maximumQ:453%relative error in the entire range.
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Figure 2.6: Far-zone electric eld intensity scattered from a sphere of tungsten with

600nm diameter in the backscattering direction

Figure 2.7: Far-zone electric eld intensity scattered from a composite structure with

Si core and tungsten layer

The accuracy of MCTF for the solution of composite problems can also be exempli-
ed. For this purpose, a sphere of radi80nm (core) is placed into another sphere
of radius540nm (shell). The core is made of Si and the relative permittivity of Si
is assumed to be constant and equal2pwhile the shell is made of tungsten and
its frequency-dependent relative permittivity is obtained by Lorentz-Drude model.
The structure is illuminated by a plane wave WitNW/m electric eld intensity. The

backscattered electric eld intensity is calculated both with Mie series and MCTF.
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The comparison is presented in Figure 2.7, where the accuracy of MCTF is clearly

demonstrated, as well as veri ed by maximun@3%error in the entire range.

2.8 Concluding Remarks

This chapter presented important details about the full-wave electromagnetic solver
used for numerical solutions and analyses of optical structures based on photonic
crystals. Starting from SIEs, application of MoM with the RWG functions is de-
tailed. Since a fast and effective solution method is required for large and complex
problems, MLFMA is presented as the major solution tool. While IMCFIE is pre-
ferred in the design and analysis of optical couplers, MCTF is proposed to analyze
optical absorbers. Suitability of these formulations for related electromagnetic prob-
lems are demonstrated with examples before their application to more challenging

problems in the next chapters.
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CHAPTER 3

SIMULATION AND OPTIMIZATION ENVIRONMENT OF
NANO-OPTICAL STRUCTURES

In this study, nano-optical coupler, isolator, and absorber designs are obtained by us-
ing photonic crystals and their optimization via GAs. The following sections provide
details about geometric features, electromagnetic excitation, optimization environ-

ment, and eld and power calculations of these design procedures.

3.1 Electromagnetic Excitation

The incident elds in Equation 2.41 are created by external sources. Different types
of excitations can be simulated to create these incident elds, such as a plane wave,
Hertzian dipole, and complex-source-point beam (CSPB). In this study, CSPB exci-
tations are mainly used in the simulations of nano-optical couplers and isolators, as
these excitations provide excellent represents of lasers in nano-optical systems. De-
pending on parameters, CSPB can be a highly focused source, and our aim in coupler
designs is to maintain this high density electromagnetic power in the output ports.
Thus, when we cascade these couplers by adding an optimized structure at the end of
another optimized one, we reach an effectively operating system. CSPB is obtained
by locating a Hertzian dipole at a location with complex coordinates. For a CSPB
source with a dipole momen, located atp = rpg + irp;, wWe can express the

created incident elds as

peXPIkR) 1 (3.1)

H™(0) = 1o 4R R
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exp(kR) [ 1

inc — il o
E™(@r)=1! iR Ip 1+kR 2R? 52
L RR 1+ 3 |
b kR k2R2

whereR=r1 rp = RR.

In the simulations of nano-optical absorbers, plane wave excitations are preferred,
while both far-zone scattered elds and near-zone power densities are examined in

this study. Incident elds for a plane wave excitation can be written as

E"(r) = 2E, exp(kK r) (3.3)

H"(r) = e E™(r)= K éEexp(ikQ r); (3.4)

whereé andKk are the direction of polarization, and the direction of propagation,

respectively, which are perpendicular to each other.

3.2 Optimization Procedure

In the design of ef cient nano-optical structures, multiple parameters exist, whose
effects on the design must be examined carefully. Hence, a typical design procedure
requires large numbers of electromagnetic simulations. Therefore, a fast and ef cient
method is needed to speed up and facilitate solutions. In this study, the optimization
module and the full-wave electromagnetic solver are integrated for the design of nano-
optical structures. GAs are used as suitable heuristic algorithms for optimization,
while MLFMA is preferred as the full-wave solver due to its accuracy and ef ciency

in terms of computational load. The reason for which GA optimization is preferred is
that GAs enable adjustable tness functions, and can lead to successful results even

for large optimization spaces [33, 34].

In Figure 3.1, a diagram of the developed GA optimization tool is given. In a GA
optimization, a tness function is de ned a priori such that the goal of the optimiza-

tion is to minimize/maximize the value of this function. From this perspective, the
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Figure 3.1: Flowchart of GA

de nition of the tness function is very important as it greatly affects the outcome
of the optimization. When necessary, it can be determined by experimenting with
different parameters before actual optimization trials. In order to complete an opti-
mization, the total number of generations can also be de ned at the beginning, or a
certain threshold for the value of tness function can be determined such that the op-
timization can be stopped once the threshold is reached. In the optimization trials of
this study, the maximum number of generations is xed as the termination criterion.
For example, in an optimization with maximusl generations, the optimization ends

at the50Qth generation, and the best individual of the nal population is considered as
the optimization result. In the rst generation of an optimization, a random pool of
40individuals, each of which has a chromosome that represents a possible solution,
is created. Parameters of the optimization are encoded in terms of bits into chro-
mosomes. For example, in a typical on/off optimization, using binary encoding,
(on) can be used for the presence of a rod, wbileff) represents the absence of the

associated rod. The design corresponding to each individual at any generation is eval-
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uated by the electromagnetic solver (MLFMA). Once all evaluations are completed
for a generation, all individuals are sorted according to their tness values, and the
two best individuals are transferred to the next generation via elitism. Thus, during an
optimization, the maximum value of the tness function never deteriorates, remaining
the same in two subsequent generations in the worst case. Following the elitism of
two individuals, the remaining8 individuals of the next generation are determined

by applying GA operations, such as mutation and crossover on parent chromosomes
(tournament selection is used). According to the mutation rates determined at the
beginning, the bits of the chromosomes are randomly inverted. Thus, it is aimed to
increase the variety of the population and obtain chromosomes that potentially change
the value of the tness function in the desired direction. In crossover operations, new
individuals are obtained from their parents by crossing over their chromosomes. This
cycle continues until the last generation, and the best chromosome, i.e., the most suc-
cessful individual, that provides the best tness value is considered as the output of

the optimization, i.e., the optimal design.

Figure 3.2: Flowchart of the optimization mechanism involving the GA module and
MLFMA

For each calculation of the tness function for an individual, a full-wave electromag-
netic solution is performed by MLFMA. Figure 3.2 shows the overall optimization

mechanism based on the integration of GAs with MLFMA. As shown in the diagram,
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after an electromagnetic solution is completed with MLFMA, the value of the t-
ness function is computed via post-processing considering far-zone and/or near-zone
characteristics. Then, according to tness values of individuals, new individuals are
formed by the GA module (as described above), and the process continues with new
MLFMA simulations, until the last generation is reached and the optimal design is

nally achieved.

In this study, different kinds of optimizations are designed and are performed: on/off
optimization, length optimization, and depth optimization. In all these, the princi-

ple of operation is the same, but the variables are different. In nano-optical coupler
designs, on/off optimization and length optimization are preferred and used. On the

other hand, optical absorbers are mostly designed via depth optimization.

In an on/off optimization, dielectric rods are used as basic unit cells, and by making
these rods present (on) or absent (off), we aim to reach optimal designs. For the
designs considered in this thesis, a 1@ array of dielectric rods is initially built, as

shown in Figure 3.3.

Figure 3.3: 10 10 array of dielectric rods discretized with triangles: top view (left)

and trimetric view (right)

A 10 10 matrix is created for each 1Q0 rod array in a way that each matrix ele-
ment (eithelO or 1, which further corresponds to a bit in the associated chromosome)
represents one rod in the array. Speci cally, in such a matrix, which corresponds to
an individual, the presence/absence of each rod in the array is represented by 1/0.

Figure 3.4 shows a sample rod con guration and the matrix that represents it. An op-
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timization continues by applying GA operations of selection, mutation, and crossover
onto the matrices, as described above, so that new matrices of the next generation, i.e.

individuals, are obtained.

Figure 3.4: A sample array of dielectric rods: top view and the corresponding binary

matrix to be used in on/off optimization

In a length optimization, rods of 4 different lengths shown in Figure 3.5 are used.
Here, as in on/off optimization, each rod is still represented by a number, but the rods
of length 1500nm, 2000nm, 2500nm, and3000nm correspond td, 2, 3, and4,
respectively, while 0 means that there is no rod. This way, eacHLQ0Onatrix that
consists of number@ 1, 2, 3, and4 represents an individual, as exempli ed in Figure
3.6. By following the conventional steps of GA optimization, the most optimal design
is obtained as a structure involving rods of different lengths.

Figure 3.5: Dielectric rods used in optimization of rod lengths
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Figure 3.6: A sample array of dielectric rods: trimetric view (left), top view (middle),

and the corresponding matrix representation to be used in length optimization

Finally, in a depth optimization, we particularly consider 1D air holes with vary-

ing depths drilled into dielectric slab, as shown in Figure 3.7. To obtain a nano-optical
absorber, a metal plate is placed below the dielectric slab. Periodic air holes on a di-
electric slab results in photonic crystal characteristics, and the combination of the slab

with a metal plate leads to an ef cient nano-optical absorber design.

(a) Trimetric view (b) Top view (c) Side view

Figure 3.7: Dielectric slab + metal plate to construct a nano-optical absorber, where

holes are opened into the dielectric slab to achieve absorbing characteristics

In a typical depth optimization for a nano-optical absorber, the depth of each hole
is expressed as a number. Speci cally, holes véihnm, 80 nm, 100nm, 120 nm,

and 140 nm depths correspond @ 1, 2, 3, and4, respectively. Thereby, a 1A0
matrix involving a combination of numbe6s 1, 2, 3, and4 represents an individual

(candidate design), as exempli ed in Figure 3.8. Similar to the on/off or length op-
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timization, GA operations lead to the most optimal design with air holes of different

depths into the dielectric slab.

(a) Matrix representation (b) Trimetric view

Figure 3.8: A nano-optical absorber involving holes with different depths opened
into a dielectric slab backed by a metal plate, together with the corresponding matrix

representation of the design

3.3 Concluding Remarks

In this chapter, simulation and optimization parameters used for electromagnetic de-
sign of nano-optical structures based on photonic crystals were presented. Plane-wave
excitations used for optical absorbers and CSPB excitations used for optical couplers
were explained. Important steps of GA optimization, such as mutation, crossover,
and elitism have been emphasized. Integration of the GA module with MLFMA
was visualized with owcharts. Three different optimization types to design various
nano-optical structures were introduced: on/off optimization, length optimization,
and depth optimization. These optimizations were explained, and the main principles

were illustrated via examples.
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CHAPTER 4

DESIGN AND OPTIMIZATION OF NANO-OPTICAL COUPLERS

This chapter focuses on ef cient designs of different nano-optical couplers that are
obtained by optimizing a photonic crystal structure made of an array of dielectric rods.
Coupler designs with both single and double input ports are considered. The function
of such a design is to transmit an incoming electromagnetic wave ef ciently to the
desired output port, while minimizing transmission to other output regions. Speci -
cally, by examining the effects of various variables, it is intended to obtain maximum
electric eld intensity at the desired output port, while achieving as low electric eld
intensity value as possible at undesired output regions. The effects of parameters
and variables, such as the tness function used in the optimization, the material of
which photonic crystals are made, the cross section and length of each element in
the photonic crystal array, as well as the distance between the elements of the array,
are investigated in detail. Among alternatives, forward-transmitting nano-optical cou-
plers, 90-degree nano-optical couplers, and their cascaded designs are considered in
this thesis. Also double-input nano-optical couplers, isolating couplers (also known
as nano-optical isolators), and logic-gate couplers are designed, and their transmis-
sion characteristics are investigated. On/off optimization and length optimization de-
scribed in Section 3.2 are used in the design of these structures. We note that a length
optimization includes an on/off optimization by allowing zero-length rods in order to

improve the ef ciency of the designs.
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4.1 Determination of Fitness Function

In any GA optimization, a tness function should carefully be de ned, as previously
mentioned in Section 3.2. Since the aim in a nano-optical coupler design is to maxi-
mize the electric eld intensity value at the desired output port and minimize it at the
other output regions, it is critical to de ne the tness function in a way that enforces
this condition. Therefore, this study is started by experimenting to nd a tness func-
tion that can provide the best results in the design of nano-optical couplers. As men-
tioned before, a photonic crystal structure is created by placing dielectric rods with
square cross sectionsii@ 10array with300nm center-to-center distance between
them, as shown in Figure 4.1. The array is centered at the origin and it extends from
X = 1425 mandy = 1425 mtox = 1:425 m and y=1:425 m. Output
Port-1 is located at the right edge of the array frpm  0:125 mtoy =0:125 m

atx = 1:400 m. Undesired transmission regions include the top edge, bottom edge,
as well as those boundaries around the output port on the right edge.

Figure 4.1: Desired and undesired transmission regions for a forward-transmitting

coupler

In an optimization of a forward-transmitting coupler, the aim is to make the elec-
tric eld intensity value maximum at Output Port-1, which is the desired output port
de ned on the structure, while minimizing the electric eld intensity values at other

output regions (undesired regions). In the following design results, the operating fre-
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guency is selected as 200 THz. CSPB, previously detailed in 3.1, is used to excite
the structure and placetbOnm away from the structure at= ( 1:875 5i) m,

y =0 m,z =0 min complex coordinates, while the incident wave from this
source is polarized in the direction. MLFMA and JMCFIE are used for numerical

analyses during optimization trials, as well as for post processing.

Table 4.1: Simulation parameters and their speci cations

Parameters Speci cations
Material of Dielectric Rods SkN4s (", =4 and , =1)
Dimensions of Dielectric Rods| 150 nm 150 nm 2850 nm(Square Prism
Spacing Between Dielectric Rods 150 nm
Frequency 200 THz
Excitation Source CSPB (450 nm away from the rod array)
Numerical Solver MLFMA
Formulation JMCFIE
Mesh Size =10
Iterative Solver GMRES
Residual Error 0:001
Optimization Type On/Off optimization
Nano-Optical Coupler Type Forward-transmitting coupler
Number of Generations 50

A total of three different tness functions, namely Fitness Fungti(fiF;), Fitness
Function (FF,), and Fitness Functigr{FFs3), are de ned as

FF, =Max(Desired Fields=-Max(Undesired Fields (4.1)
FF, =Max(Desired Fields Max(Undesired Fields (4.2)
FF; =Max(Desired Fields Mean(Undesired Fields (4.3)

and using these functions, the optimization trials are carried out with the simulation
and optimization details given in Table 4.1. Here, "Desired Fields" is the electric eld
intensity values (dBV/m) at the desired output region (Output Port-1) and "Undesired

Fields" is the electric eld intensity values (dBV/m) at the undesired output regions.
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For all three tness functions, mean electric eld intensity values at Output Port-1
and at undesired output regions at the end of the optimization trials for a forward-
transmitting coupler are given in Table 4.2. According to these resultsinAEqua-

tion 4.3 provides the highest mean electric eld intensity at the desired output port
(34:4 dBV/m) while leading to the lowest mean electric eld intensity at undesired
regions 0.0 dBV/m). Moreover, the margin between the mean electric eld inten-
sity at the desired port and undesired region4ig dB, which is much higher than
those obtained via the other two tness functions. Therefore, for the following on/off

optimization trials, FE, is preferred.

Table 4.2: Mean electric eld intensity values obtained via optimization trials using

different tness functions

. .| Mean E-Field Intensity at Mean E-Field Intensity at
Fitness Functior

Output Port-1 (dBV/m) | Undesired Regions (dBV/m)
FF 28.9 21.1
FF, 32.9 21.2
FFs 34.4 20.0

4.2 Design of Forward-Transmitting Nano-Optical Coupler

The need and importance of well-designed nano-optical couplers can be understood
better if they are compared against full arrays of dielectric rods, for which no design
process is needed. In the following results, CSPB is generated by placing a Hertzian
dipoleatx =( 1:875 5) m,y=0 m,z=0 mincomplex coordinates, while

the electric eld intensity is polarized in thedirection. The near-zone electric eld
intensity, magnetic eld intensity, and power density distributions are numerically
calculated in thex-y plane ¢ = 0) fromx = 22 mandy = 22 mtox =

2.2 mandy = 2:2 m. For the generated two-dimensional (2D) near-zone plots,

the same rectangular area is selected, if not stated otherwise. The near-zone power
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density is calculated as

Power densityr ) = JE(r) [H (r)] j; (4.4)

whereE (r) andH (r) are the electric eld intensity and magnetic eld intensity
values at the observation point

Near-zone electric eld intensity, magnetic eld intensity, and power density distri-
butions obtained when there is no nano-optical coupler or any other structure, i.e.,
CSPB alone, are given in Figure 4.2.

Figure 4.2: Near-zone electric eld intensity, magnetic eld intensity, and power
density distributions for a CSPB

Figure 4.3: Near-zone electric eld intensity, magnetic eld intensity, and power
density distributions when the full array of dielectric rods is excited by the CSPB in

Figure 4.2
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In Figure 4.3, the near-zone electric eld intensity, magnetic eld intensity, and power
density distributions are given when the fld 10rod array is excited by the CSPB
in Figure 4.2.

A design of forward-transmitting coupler is achieved via on/off optimization using
FF;. The value of the tness function with respect to generations and the resulting
rod array con guration are given in Figure 4.4. When investigating the variation of
the tness function as the generations continue, it can be noticed that, at some point,
the value of the tness function is saturated, and there is not much change for many
generations. Based on this and similar results, it is decided to perform subsequent
optimization trials with maximum 50 generations, particularly considering computa-

tional costs.

(a) Fitness function (b) Rod con guration

Figure 4.4: Fitness function and the resulting (optimized) rod con guration for a

forward-transmitting coupler

The 2D near-zone electric eld intensity, magnetic eld intensity, and power density
distributions which are obtained for the forward transmitting nano-optical coupler are
given in Figure 4.5. Here, we note that while during optimizations, the geometries are
discretized with a mesh size ef 10for lower computational load, the nal near-zone
distributions presented throughout this chapter are obtained when the same geome-
tries are discretized with a mesh size 0, for better accuracy. Looking at Figure

4.5, we observe that the coupler successfully transmits electromagnetic waves in the
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forward direction, i.e., towards Output Port-1.

Figure 4.5: Near-zone results for the forward-transmitting coupler

Table 4.3: Electric eld intensity values when forward-transmitting coupler is used,
in comparison to no-coupler and full-array cases

Mean E-Field Intensity at Mean E-Field Intensity at
Output Port-1 (dBV/m) | Undesired Regions (dBV/m

Case

N

Forward-Transmitting

344 200
Optical Coupler
No Coupler 26:1 223
Full Array of Rods 289 220

Table 4.3 compares the performance of the designed nano-optical coupler with the
cases when there is no any structure (coupler) and when the full array of dielectric
rods is used. The electric eld intensity values are computed at the top, bottom, and
right edges of the array. We recall that Output Port-1 (desired output port) is located at
the right edge of the array frojm= 0:125 mtoy = 0:125 m. The mean electric

eld intensity at the desired output port when the nano-optical coupler exiS&4s
dBV/m which corresponds t6:25 times of the mean electric eld intensity value at

the undesired output regiordX0 dBV/m). Moreover, when the nano-optical coupler
exists, the mean electric eld intensity at Output Port-12i6 times of the mean

electric eld intensity (at the same location) when there is no coupler and alhrfbst
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times of the mean electric eld intensity (at the same location) when the full array is
used. The mean electric eld intensity value at the undesired output regions is also
lower when the optimized nano-optical coupler is used. All these results indicate that

the nano-optical coupler optimized with £F#works effectively.

4.3 Design of 90-Degree Nano-Optical Coupler

Electromagnetic wave transmission through sharp bends and corners requires the use
of ef cient nano-optical couplers [7,35]. In this study, a 90-degree coupler is designed
by performing on/off optimization using EF The value of the tness function with
respect to the number of generations, and the resulting rod array con guration are
given in Figure 4.6. The designed coupler is expected to transmit the incoming wave
(in the form of CSPB) to Output Port-2 while minimizing the electric eld intensity at

the undesired regions shown in Figure 4.6b. Output Port-2 is located at the top edge
of the array fronx = 0:125 mtox =0:125 maty =1:400 m.

(a) Fitness function (b) Rod con guration

Figure 4.6: Fitness function and optimized rod con guration for 90-degree nano-

optical coupler

The near-zone electric eld intensity, magnetic eld intensity, and power density dis-

tributions obtained for the 90-degree coupler are given in Figure 4.7.
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It can be observed in Figure 4.7 that, while the intensity and density values at Output
Port-2 are maximized, transmissions towards other regions are minimized, as much
as possible. The mean electric eld intensity value at Output Port33:8dBV/m,

while the mean electric eld intensity value at the other output regio@2BdBV/m,
corresponding td 1:6 dB difference between them. We conclude that the optimized
90-degree coupler can successfully couple incoming waves to Output Port-2, despite

of the challenging nature of the operation.

Figure 4.7: Near-zone results for 90-degree nano-optical coupler

4.4 Effect of Material

It is known that the material used in a nano-optical coupler design can signi cantly
affect the transmission ef ciency. Speci cally, as the effective refractive index deter-
mines re ection, refraction, and diffraction characteristics of a structure, the dielectric
constant of the rods becomes an important parameter to decide in rod arrays. Itis de-
sirable to maximize the eld intensity at the desired port via constructive interference
of waves propagating in different directions. However, propagation towards undesired
regions should involve destructive interference so that intensity and density values in
those regions can be minimized. In this context, nano-optical coupler designs are
initially obtained when the relative permittivity of the rods4sand then, two sep-
arate scenarios are examined, in which the relative permittivity is reduc2érna

increased t®& for both forward-transmitting coupler and 90-degree coupler designs.
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In the new optimization scenarios, the relative permittivity is the only variable that is
changed compared to the previous nano-optical coupler scenarios, i.e., other simulation-
related variables are kept the same. The obtained near-zone electric eld intensity
distributions for these cases are given in Figure 4.8. These new designs are further
compared with the coupler designs using rods with relative permittivity equak®
tabulated in Table 4.4.

(a) r =2, Forward-transmitting coupler (b) ; =8, Forward-transmitting coupler

(c) r =2, 90-degree coupler (d) =8, 90-degree coupler

Figure 4.8: Rod con gurations and near-zone electric eld intensities for forward-
transmitting (top) and 90-degree (bottom) nano-optical couplers made of dielectric
rods with , = 2 (left) and , = 8 (right)

According to the results in Table 4.4, for forward-transmiting coupler, the best results
seem to be obtained when the relative permittivity.igarticularly, for this relative
permittivity value @), the mean electric eld intensity at the desired output port be-
comes higher, while difference between the desired and undesired output regions is

also larger. Similarly, for 90-degree optical coupler, the best result is obtained when
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the relative permittivity is4, considering higher mean electric eld intensity at the
desired output port. These results show that the selection of material is crucial in the
design of nano-optical couplers. Moreover, taking fabrication process into account,
the selected material should not only provide the desired transmission characteristics,
but also be feasible for use in the fabrication of couplers. If, as in our study, in the
design of different couplers, a single material is used, the one that ensures desired
transmission characteristics for all designs should be preferred. According to Table
4.4, both forward-transmitting and 90-degree couplers operate successfully when the
relative permittivity is4. One of common materials with this relative permittivity

of 4 at our operating frequency @00 THz is SgN,4. In fact, SiN,4 is an excellent
choice for ef cient nano-optical structures due to its fairly light weight, as well as
its exibility owing to its good exural strength (850 mPa) that makes it favorable in

fabrication processes [36].

Table 4.4: The mean electric eld intensity distributions obtained for two types of
nano-optical coupler designs using different dielectric constants for the rods

Case Mean E-Field Intensity at Mean E-Field Intensity at
Desired Regions (dBV/m) Undesired Regions (dBV/m))
Forward Coupler = 2 30:2 20.8
Forward Coupler = 4 344 200
Forward Coupler = 8 323 195
90-degree Coupler= 2 27.9 222
90-degree Coupler=4 338 222
90-degree Coupler=8 334 211

45 Effect of Cross Section

Next, we investigate the effect of cross section of the characteristics of the nano-
optical structures. Speci cally, new forward-transmitting couplers are designed by
using rods with triangular and hexagonal cross sections, instead of square ones. The

length and material properties of the dielectric rods used in these designs and the other
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parameters of simulations are the same as those used for dielectric rods with square
cross sections, as listed in Table 4.1. Againg iH~used, and each optimization is
carried out for 50 generations. In Figure 4.9, triangular and hexagonal prisms (rods)

are given with their dimensions.

Figure 4.9: Prisms (rods) with triangular (equilateral) and hexagonal cross sections

Figure 4.10 shows the nal rod con gurations for forward-transmitting couplers ob-
tained at the end of the optimization trials involviag 10 grids of rods and the
resulting near-zone electric eld intensity distributions for these designs. As these
results con rm, the geometric properties of the dielectric rods (speci cally their cross
sections) used can be critical to obtain ef cient operation (in this case, forward trans-
mission). In Table 4.5, the performances of these designs are quantitatively compared
with the performance of the corresponding coupler involving dielectric rods of square

Cross sections.

Table 4.5: The mean electric eld intensity distributions obtained for different

forward-transmitting couplers using rods of different cross sections

.| Mean E-Field Intensity at Mean E-Field Intensity at
Cross Sectiory

Output Port-1 (dBV/m) | Undesired Regions (dBV/m)
Square 344 200
Triangular 304 20:8
Hexagonal 325 196
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(a) Rod con guration (b) Electric eld intensity (c) Power density

(d) Rod con guration (e) Electric eld intensity (f) Power density

Figure 4.10: Optimization results when the rods have triangular (top) and hexagonal
(bottom) cross sections

According to these optimization results, all three coupler designs provide good re-
sults, indicating that ef cient designs can be obtained via GA optimization when rods
of different cross sections are used. However, the original square prisms lead to the
best result among the three types of dielectric rods. Speci cally, using square prisms
provides higher electric eld intensity at Output Port-1 and higher difference between

Output Port-1 and other output regions.
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4.6 Effect of Spacing Between Dielectric Rods

In addition to the parameters described above, the effect of the distance between
dielectric rods on the performance of the nano-optical couplers is examined. For ex-
ample, using the rod con guration of the original design of the forward-transmitting
coupler, where the distance between the rods is 150 nm, the distance between the
rods is reduced to 100 nm or increased to 200 nm in two separate trials. Thus, an
operational design is tested by changing its one of major parameters to observe how

its performance is affected.

(a) Smaller spacing (100 nm) (b) Larger spacing (200 nm)

Figure 4.11: Near-zone electric eld intensity distributions for forward-transmitting

couplers using different spacings between the rods

Electric eld intensity distributions for the cases where the distance between the ele-
ments is madé00nm and200nm can be found in Figure 4.11. According to these
results, when the distance between the rods is reduc&ddam, the mean electric

eld intensity at the desired output port becon&35 dBV/m, while the mean elec-

tric eld intensity at the undesired output regionsli&7 dBV/m. On the other hand,
when the distance between the rods is increas@0@mm, the mean electric eld in-
tensity at the desired output port becor32®9 dBV/m, while the mean electric eld
intensity at the undesired output regiond &6 dBV/m. Hence, both the mean elec-
tric eld intensity at the desired output po34:4 dBV/m) and the difference between

the desired and undesired regiofig:4 dB) are higher for the original value of spac-
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ing. These results support the fact that geometric parameters, such as rod shapes and
distances between them, should be xed before an optimization, and certain changes
on the optimized geometries may deteriorate the performances of the structures (or

re-optimization is required).

4.7 Cascaded Nano-Optical Couplers

We now discuss cascaded nano-optical couplers, where it is aimed to construct trans-
mission systems by combining the designed nano-optical couplers one after another.
In particular, to demonstrate working principles, we consider combinations involving
two couplers. The rst coupler is excited with CSPB, while the subsequent coupler
uses the output of the rst coupler as input to operate as it is designed. Two speci ¢
con gurations obtained by adding two forward-transmitting couplers and adding a

90-degree coupler at the end of a forward-transmitting coupler are given Figure 4.12.

(a) Cascaded forward-transmitting couplers

(b) Cascaded forward-transmitting and 90-degree couplers

Figure 4.12: Rod con gurations for cascaded couplers
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(a) No coupler

(b) Cascaded forward-transmitting couplers

(c) Cascaded forward-transmitting and 90-degree couplers

Figure 4.13: Near-zone electric eld intensity distributions without and with cascaded
couplers shown in Figure 4.12

The near-zone electric eld intensites are numerically calculated inxtlgeplane
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(z=0)fromx = 37 mandy= 22 mtox=3:7 mandy=2.2 m and their
plots for CSPB alone (without any couplers) and for the cascaded couplers are given
in Figure 4.13.

Without nano-optical couplers, that is, only with CSPB, the mean electric eld inten-
sity value obtained at the locations of Output Port-23% dBV/m, while the mean
electric eld intensity value when using the cascaded system in Figure 4.12a is in-
creased t80.1 dBV/m. Similarly, when only CSPB exists, the mean electric eld
intensity value obtained at the locations of Output Port21i2 dBV/m, which is in-
creased t@6.5 dBV/m when the cascaded system in Figure 4.12b is used. According
to these results, we conclude that the designed nano-optical couplers can successfully
be cascaded to transmit electromagnetic power to desired directions in a controlled
manner. It is remarkable that the couplers designed for CSPB excitations operate well
when they are excited via another coupler, which makes the cascade operation pos-
sible. Nevertheless, we also note that the overall operation of a transmission system
depends on its primary source, and a single source may not provide suf cient power

to be transmitted to any desired location.

4.8 Double-Input Nano-Optical Couplers

In addition to nano-optical couplers that are excited with single inputs, double-input
couplers are also designed and examined in this study. This type of couplers are par-
ticularly useful at a junction of a nano-optical system, where it is critical to direct
incoming waves from multiple input sources to the desired output port, while inhibit-

ing power from propagating towards the undesirable output regions.

The dielectric rods used in the following designs, as well as simulation and optimiza-
tion parameters are the same as those in the design of single-input couplers. The only
difference is the use of a second CSPB source. For the rst design, one CSPB is
placed inx = ( 1:875 5i) m,y=0 m,z=0 minthe complex coordinates,
while the other one is placedat=0 m,y=( 1:875 5) m,z=0 m. Inboth

cases, the incident wave is polarized in ghdirection. Output Port-1 is located at the

right edge of the array from=0:125 mtoy =0:125 matx =1:400 m.
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Figure 4.14a shows the positioning of CSPB sources and the rod con guration ob-
tained as a result of the on/off optimization. In the optimization, the electric eld
intensity at Output Port-1 is maximized while it is minimized at other output regions.
In Figure 4.14b and 4.14c, near-zone electric eld intensity and power density distri-
butions are shown. The mean electric eld intensity at Output Port36:8dBV/m,

while the mean electric eld intensity at undesired output region24® dBV/m,

with a difference ofLl28 dB. Hence, with this design, electromagnetic transmission

is successfully established towards Output Port-1.

(a) Rod con guration (b) Electric eld intensity (c) Power density

Figure 4.14: Optimization results for the rst design of double-input nano-optical

coupler

In the second and third designE) 20 dielectric rod arrays are used, unlike the

rst double-input nano-optical coupler using the standddd 10grid. The positions

of the CSPB sources in the second and third designs are shown in Figure 4.15a and
Figure 4.15c, respectively. The nano-optical couplers are centered at the origin and
they cover a rectangular area extending fromx  2:925 m,y = 2:925 mto

X = 2:925 m,y = 2:925 m in thex-y plane. In the second design, one CSPB
source is positioned at = 1425 m,y = 1875 5 m,z = 0 m, while

the other CSPB is positioned at= 1:425 m,y = 1.875 5 m,z=0 m.

Both excitations generaiepolarized waves, which are intended to be combined and
transmitted to Output Port-1 in Figure 4.15a. This port is positioned at the top edge
of the rod array fronx = 1625 mtox = 1:.375 maty = 1:400 m. In the

50



third design, one CSPB source is positioneckat 3:375 5 m,y =0 m,

z = 0 m, while the other one is positioned mat= 3:375+5 m,y = 0 m,

z = 0 m. Similar to the previous case;polarized waves emerging from these
sources are to be collected at Output Port-1 in Figure 4.15c, which is positioned as
in the previous case. The resulting rod con gurations and near-zone electric eld
intensity plots are given in Figure 4.15. The difference between the mean electric eld
intensity at Output Port-138:0 dBV/m) and mean electric eld intensity at undesired
output regions Z4:0 dBV/m) for the second design 4 dB. For the third design,

the difference between mean electric eld intensity at Output Port3big dBV/m,

while the mean electric eld intensity at undesired output region256 dBV/m,
leading to a difference df(:1 dB. Consequently, we conclude that all three designs
provide successful results in terms of optimization aims and they are functional by

providing the desired results for given input and output locations.

(a) Rod con guration (b) Electric eld intensity

(c) Rod con guration (d) Electric eld intensity

Figure 4.15: Optimization results for the second (a,b) and third (c,d) designs of

double-input nano-optical couplers
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4.9 Nano-Optical Isolators

Nano-optical isolators are non-reciprocal coupling structures that allow electromag-
netic waves to propagate in one direction and prevent them from propagating in the
opposite direction. This study aims to design a structure that both focuses the electric
eld intensity from the source to the output port and attenuates re ected waves that
return back to the source. This way, high forward transmission is achieved, while the

source is protected from re ected waves.

Figure 4.16 shows the particular scenario to be analyzed, where the location of the
source and output ports' positions for forward and backward transmission cases are
illustrated. What is desired in the forward transmission is that the nano-optical iso-
lator, which is excited with CSPB-1, transmits the electromagnetic wave forward,
maximizing the electric eld intensity at Output Port-1. In the case of the reverse
transmission, the same isolator, which is this time excited with CSPB-2, reduces the
electric eld intensity at Output Port-2 by attenuating the electromagnetic wave gen-
erated by CSPB-2. We require the forward transmission to become at least 7 times
of backward transmission, which means alibttiB difference between forward and
backward transmissions. Then, a suitable tness function is required to design an
ef cient structure that can behave as desired in both cases by satisfying the best con-

ditions for electric eld intensity values.

(a) Forward direction (b) Backward direction

Figure 4.16: Excitation and output of a nano-optical isolator in forward and backward

directions
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CSPB-lisplacedat = ( 1875 5) m,y=0 m,z =0 minthe complex
coordinates and the incident wave from this source is polarized iz theaction.

CSPB-2 is placed at = (1:875+5) m,y =0 m,z =0 min the complex
coordinates, while the incident wave from this source is algmlarized. Output
Port-1 is placed at the right edge of the array frpm  0:125 mtoy = 0:125 m

atx = 1:400 m. Output Port-2 is placed on the opposite sidex(at 1:400 m)

fromy = 0:125 mtoy =0:125 m.

Four different tness functions, namely Fitness Function-1 (FF-1), Fitness Function-2
(FF-2), Fitness Function-3 (FF-3), and Fitness Function-4 (FF-4), are de ned as

FF-1=Max(DF;) MeanUF;) Mean(UF,) (4.5)
FF-2=Max(DF;) Max(UF;) MeanUF,) (4.6)
FF-3=Max(DF;)=Max(UF,) (4.7)
FF-4=Max(DF;) Max(UF,) (4.8)

for the optimization of the optical isolator. Here, DIS the electric eld intensity
value (V/m) at Output Port-1, while UFs the electric eld intensity values (V/m) at

the undesired output regions when the isolator is excited with CSPB-1. In addition,
UF; is the near-zone electric intensity value (V/m) at Output Port-2 when the isolator
is excited with CSPB-2.

Using the tness functions de ned above, a 100 dielectric rod array is designed

with on/off optimization. The dielectric rods in the previous nano-optical coupler
designs, i.e., rods made of;8l,; in the shape of prism with 150 nnil50 nm 2850

nm dimensions are used. The rod array is again centered at the origin. Simulation and
optimization parameters other than the positions of CSPB sources and output ports

are kept the same as those listed in Table 4.1.

In Figure 4.17, the values of tness functions are plotted with respect to generations
for the design of the nano-optical isolator, when the maximum number of generations

is xed as 50.
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(a) Fitness Function-1 (b) Fitness Function-2

(c) Fitness Function-3 (d) Fitness Function-4

Figure 4.17: Fitness value versus generation in different optimization trials for the

nano-optical isolator

According to Figure 4.17, there is no progress after some point in the optimization
with FF-2, which may indicate that this tness function is not effective. On the other

hand, when FF-1, FF-3, or FF-4 is used, it is observed that the value of the tness
function is consistently improved as the generations continue, especially, in the last

two cases.

In order to better compare FF-1, FF-3, and FF-4, the mean electric eld intensity
values obtained at Output Port-1 and Output Port-2 as optimization results are listed

in Table 4.6. As shown in this table, the difference between Output Port-1 and Out-
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put Port-2 of the isolator optimized with FF-1 is less than the differences obtained
with the other two tness functions. Therefore, taking the port-to-port difference into
consideration, FF-1 can be assumed less successful, even though this tness function

leads to much higher intensity values at Output Port-1.

Table 4.6: The comparison of different tness functions for nano-optical isolator op-

timizations
Mean E-Field Intensity at Mean E-Field Intensity at ___
Case Difference (dB)
Output Port-1 (dBV/m) | Output Port-2 (dBV/m)
FF-1 34:9 30:3 4:6
FF-3 264 3.8 226
FF-4 314 9.9 215

Figure 4.18 and Figure 4.19 present the near-zone electric eld intensity distributions
in forward and backward transmission modes of the successful isolator designs ob-
tained with FF-3 and FF-4. These plots can be evaluated together with the values in
Table 4.6.

(a) Rod con guration (b) CSPB-1: On, CSPB-2: Off  (c) CSPB-1: Off, CSPB-2: On

Figure 4.18: Rod con guration and near-zone electric eld intensities for the nano-

optical isolator optimized with FF-3
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(a) Rod con guration (b) CSPB-1: On, CSPB-2: Off (c) CSPB-1: Off, CSPB-2: On

Figure 4.19: Rod con guration and near-zone electric eld intensities for the nano-

optical isolator optimized with FF-4

For the isolator designed with FF-3, the electric eld is successfully directed to Out-
put Port-1, while being minimized at other output regions in the forward-transmission
mode. It is also the best nano-optical isolator in terms of the difference between
the values of the electric eld intensity at the ports in forward and backward trans-
missions. FF-3 also results in the lowest backward transmission; but FF-4 provides
the highest electric eld intensity at Output Port-1 in the forward-transmission case,
while the forward-backward margin created by this isolator is drilydB less than

that created by FF-3. Therefore, for nano-optical transmission applications requiring
high forward transmission, the isolator designed with FF-4 is more preferable, while

FF-3 can be more useful for applications that require lower backward transmission.

4.10 Design and Improvement of Nano-Optical Coupler Designs with Length

Optimization

Up to this part of the thesis, rod arrays consisting of identical dielectric rods are used
within on/off optimization to achieve nano-optical coupler structures that provide the
best performances in terms of desired electromagnetic characteristics. The effects of

some parameters, such as material, spacing between rods, and cross sectional geome-
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try, on the performances of these successfully designed structures are examined. One
of the most important parameters affecting the transmission ef ciency of nano-optical

couplers is the length of the dielectric rods used. Since a physical beam, such as rep-
resented by a CSP, has a 3D radiation, dramatic effects of rod heights to the response

of a structure is plausible and predictable.

Table 4.7: Parameters and their speci cations in length optimization

Optimization Parameters Speci cations

Optimization Type Length Optimization

Number of Generations 100

Material of Dielectric Rods SkN4s("r =4 and ,=1)
Dimensions of Rod-1 150 nm 150 nm 1500 nm(Square Prism
Dimensions of Rod-2 150 nm 150 nm 2000 nm(Square Prism
Dimensions of Rod-3 150 nm 150 nm 2500 nm(Square Prism
Dimensions of Rod-4 150 nm 150 nm 3000 nm(Square Prism
Spacing Between Dielectric Rods 150 nm

Numerical Solver MLFMA

Formulation JMCFIE

Mesh Size =10

Iterative Solver GMRES

Residual Error 0:001

In this part of the study, we make the length of the rods an optimization parame-
ter to further improve the performances of the designs towards compact nano-optical
couplers. Speci cally, in length optimization trials, we aim to design nano-optical
logic-gate couplers, as well as to improve the couplers designed previously via on/off
optimization alone. The major parameters in these length optimization trials are sum-
marized in Table 4.7.

Details of length optimization and descriptions on how it works are given in Chapter
3. To summarize brie y here, we again consider the 10 dielectric rod array used

previously in on/off optimization, while the length of each rod of this array is now
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an optimization parameter. To do this, four different rod lengths are determined, i.e.,
1500nm (Rod-1)2000nm (Rod-2)2500nm (Rod-3), an@000nm (Rod-4). In other
words, discrete rod lengths are used, corresponding to minimu@nt maximum 2

. Each rod length is represented by an integer,1%00nm, 2000nm, 2500nm, and
3000nm correspond ta, 2, 3, and4, respectively, while O corresponds to the absence
of any rods. Thus, a 1010 matrix that consists of various elements with valOgs
1, 2, 3, and4 represents a possible design involving rods with different lengths. As
usual, in a length optimization, the design with the highest tness function value, i.e.,

the most successful one, is selected among such alternative designs.

4.10.1 Nano-Optical Logic-Gate Couplers

Logic gates are structures that possess various transmission properties for logic oper-
ations on different excitations. Designing ef cient logic-gate couplers is essential in
many nano-optical systems especially for all-optical systems, since all components in
such systems should successfully operate with high speeds. A designed nano-optical
logic-gate coupler must meet the transmission condition for each excitation case in
order to be a successful design. In this study, nanometer-sized, compact, and effective
optical logic-gate couplers are aimed to be designed and constructed by using only

dielectric rods.

For the design of both AND and OR logic-gate couplers, the dielectric rod array is
centered at the origin and CSPB-1 is placeata ( 1:875 5i) m,y =0 m,

z = 0 m in the complex coordinates with a polarization in thdirection, while
CSPB-2isplacedat =0 m,y =( 1875 5) m,z =0 minthe complex
coordinates with the same polarization. Output Port-1 is located at the right edge of
the array fromy = 0:125 mtoy =0:125 matx =1:400 m.

4.10.1.1 Nano-Optical AND Logic-Gate Coupler

The desired transmission conditions for an AND logic-gate coupler are summarized
in Table 4.8. When an AND logic-gate coupler is excited by two input sources, CSPB-
1 and CSPB-2, the electric eld intensity value must be high at the output (Output
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Port-1), while it must be low when only one of input sources exists or when there is

no input source at all.

In Table 4.8, the de nitions of "high” and "low” are decided by investigating the

difference between the values for different excitation scenarios.

Table 4.8: AND logic-gate coupling conditions

CSPB-1| CSPB-2| Electric Field Intensity at Output Port-1
On Off Low
Off On Low
On On High
Off Off None

In this study, to be considered "high" when both of the sources exist, we expect that
the electric eld intensity at Output Port-1 to be at least 3 dB greater than the same
value at the same location when only one of the sources exists. To enforce this con-

dition, the tness function is de ned as

Fitness Functior ( min(Output) maxOutput, + Output): (4.9)

Here, we have the following de nitions.
Output: Electric eld intensity along Output Port-1 when both CSPB-1 and CSPB-2

exist
Output,: Electric eld intensity along Output Port-1 when only CSPB-1 exists
Output: Electric eld intensity along Output Port-1 when only CSPB-2 exists

At the end of 100 generations, the AND logic-gate coupler with the highest tness
value is obtained. Figure 4.20 shows the matrix representation and the rod con gura-

tion of the optimized array.
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(a) Matrix representation (b) Rod con guration for the AND logic-gate coupler

Figure 4.20: Optimized nano-optical AND logic-gate coupler

(a) CSPB-1: On, CSPB-2: Off (b) CSPB-1: Off, CSPB-2: On (c) CSPB-1: On, CSPB-2: On

Figure 4.21: Near-zone electric eld intensity distributions for the designed nano-
optical AND logic-gate coupler

The near-zone electric eld intensity distributions for the designed coupler in re-
sponse to single and double inputs are plotted in Figure 4.21. According to these
results, the mean electric eld intensity value at Output Port-2G% dBV/m when

there is only CSPB-1 antB.7 dBV/m when there is only CSPB-2. On the other hand,
the value of the intensity at the output becor2®s dBV/m when both CSPB-1 and
CSPB-2 exist. Accordingly, the eld intensity value when both input sources are
present is even higher than the direct sum of the intensity values obtained with single

inputs, indicating that the AND logic-gate coupler meets the operation requirements.
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4.10.1.2 Nano-Optical OR Logic-Gate Coupler

The expected transmission conditions for an OR logic-gate coupler are summarized
in Table 4.9. When an OR logic-gate coupler is excited by at least one of the two

input sources, CSPB-1 and CSPB-2, the electric eld intensity value must be high at

the output (Output Port-1).

Table 4.9: OR logic gate coupling conditions

CSPB-1| CSPB-2| Electric eld intensity at Output Port-1
On Off High
Off On High
On On High
Off Off None

Here, "high" electric eld intensity is de ned as the intensity greater than that at the
output port when there is no nano-optical coupler. In this study, we expect that there
should be at leagt dB difference between the cases when the nano-optical OR logic-

gate coupler exists or not.

The tness function used in the optimization of nano-optical OR logic-gate coupler

is de ned as
Fitness Functior min(Output; Output,; Output): (4.10)

Here, we de ne the parameters as follows.

Output: Maximum electric eld intensity along Output Port-1 when both CSPB-1
and CSPB-2 exist

Output,: Maximum electric eld intensity along Output Port-1 when only CSPB-1
exists

Output: Maximum electric eld intensity along Output Port-1 when only CSPB-2

exists

At the end of 100 generations, the nano-optical OR logic-gate coupler with the highest

tness value is obtained. Figure 4.22 shows the rod con guration of the optimized
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array, while near-zone electric eld intensity distributions for single and double inputs

are plotted in Figure 4.23.

(a) Matrix representation (b) Rod con guration for the OR logic-gate coupler

Figure 4.22: Optimized nano-optical OR logic-gate coupler

(a) CSPB-1:0n, CSPB-2:0ff  (b) CSPB-1:0ff, CSPB-2:0n  (c) CSPB-1:0n, CSPB-2:0n

Figure 4.23: Near-zone electric eld intensities for nano-optical OR logic-gate cou-

pler

Table 4.10 summarizes the mean near eld electric eld intensity values obtained by
the designed OR logic-gate coupler, where the values obtained with the coupler are
compared to those without the coupler. According to these results, the mean electric
eld intensity value at Output Port-1 823 dBV/m when there is only CSPB-30:7
dBV/m when there is only CSPB-2, ad:8 dBV/m when both CSPB-1 and CSPB-2

exist. While all these values are much larger than the corresponding values without
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the coupler, it is also remarkable that any of two single-source cases with the coupler

leads to a higher intensity value than the double-source case without the coupler.

Table 4.10: The mean electric eld intensity at Output Port-1 for the OR coupler

Cases With Coupler (dBV/m)| Without Coupler (dBV/m)
CSPB-1 32.3 26.1
CSPB-2 30.7 20.9
CSPB-1 and CSPB-2 34.8 29.0

4.10.2 Forward-Transmitting Nano-Optical Coupler

Using length optimization, the designs of forward-transmitting nano-optical couplers
considered earlier are aimed to be improved. Simulation and optimization parameters
are the same as those listed in Table 4.7. The goal of the length optimization is to
create an array of 1010 dielectric rods with different lengths in order to direct the

electromagnetic wave from a CSPB source to Output Port-1 shown in Figure 4.16a.

(a) Matrix representation (b) Top view (c) Trimetric view

Figure 4.24: Matrix representation and the resulting forward-transmitting coupler
design obtained via length optimization

Using FR in Equation 4.3, the best rod con guration is obtained after 100 genera-

tions, as described in Figure 4.24.
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(a) Electric eld intensity (b) Power density

Figure 4.25: Near-zone results for the forward-transmitting coupler obtained with

length optimization

Near-zone electric eld intensity and power density distributions for the forward-

transmitting coupler obtained by length optimization are given in Figure 4.25.

Comparing the new forward-transmitting coupler design with the previously designed
one obtained via on/off optimization, it can be said that the length optimization pro-
vides a better design. Numerical comparisons of the electric eld intensity values are
listed in Table 4.11. According to these results, changing the rod lengths clearly im-
proves the design as the mean electric eld intensity at the output is increa36d to

dBV/m and the difference between the mean electric eld intensity values at Output

Port-1 and undesired output regions is increaseibtbdBV/m.

Table 4.11: Comparison of on/off optimization and lenght optimization to design

forward-transmitting couplers

Case Mean E-Field Intensity at Mean E-Field Intensity at
Output Port-1 (dBV/m) | Output Port-2 (dBV/m)

On/off Optimization 344 200

Length Optimization 357 20:6
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4.10.3 90-Degree Nano-Optical Coupler

Length optimization is also used to improve the design of 90-degree nano-optical cou-
pler obtained previously by on/off optimization. The CSPB source and output port
(Output Port-2) is positioned as in the previous case illustrated in Figure 4.6b. Itis
aimed to create an array of 1Q0 dielectric rods with different lengths such that the
structure directs the electromagnetic wave from the CSPB source to Output Port-2,
i.e., maximizes port, using the optimization parameters given in Table 4.7 For this
purpose, Fkin Equation 4.3 is used, and the matrix representation and the corre-
sponding rod con guration for the optimal design are achieved after 100 generations
which are given Figure 4.26.

(a) Matrix representation (b) Top view (c) Trimetric view

Figure 4.26: Matrix representation and the resulting 90-degree coupler design ob-

tained via length optimization

Near-zone electric eld intensity distributions for length optimization are given in
Figure 4.27. As can be seen from this plot, the design of 90-degree nano-optical
coupler obtained with length optimization guides the electromagnetic wave better.
Numerical comparison of the designs obtained with the on/off and length optimization
are summarized in Table 4.12. Applying length optimization, the mean electric eld
intensity at Output Port-2 is increased3d4 dBV/m, while the mean electric eld
intensity in the undesired output regions2&7 dBV/m resulting in a difference of

11:7 dB. Accordingly, allowing change in rod lengths contributes to the improvement

of the design.
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(a) Electric eld intensity (b) Power density

Figure 4.27. Near-zone results for the 90-degree coupler obtained with length opti-

mization

Table 4.12: The comparison of on/off and length optimization trials to design 90-

degree nano-optical couplers

Case Mean E-Field Intensity at Mean E-Field Intensity at
Output Port-2 (dBV/m) | Output Port-2 (dBV/m)
On/off Optimization
338 222
with FFR;
Length Optimization
344 227
with FFR;

4.10.4 Nano-Optical Isolator

Applying length optimization, it is further aimed to design a nano-optical isolator,
which may perform better than the isolators previously designed with on/off opti-
mization. What is expected from the length optimization is to achieve higher electric
eld intensity at the output port in forward direction, while the transmission is desired
to be low in the backward direction. At the end of 100 generations, the optimized rod
con guration along with the relevant matrix representation obtained by length opti-

mization are shown in Figure 4.28.
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(a) Matrix representation (b) Top view (c) Trimetric view

Figure 4.28: Optimized matrix representation and the resulting nano-optical isolator
design

(a) Forward transmission (b) Reverse transmission

Figure 4.29: Near-zone electric eld intensity distributions for the nano-optical iso-
lator obtained via length optimization

In Figure 4.29, the near-zone electric eld intensity distributions for the designed
nano-optical isolator in forward and backward directions are given. For the opti-
mal isolator designed by the length optimization, the mean electric eld intensity at
Output Port-1 in the forward transmission38:.8 dBV/m. The mean electric eld
intensity at Output Port-2 in the backward directiori@&4 dBV/m. Numerical com-
parisons with the previously designed nano-optical isolators via on/off optimization

verify that the length optimization provides a higher forward transmission, increas-
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ing the mean electric eld intensity b§2% The difference between forward and
backward transmissions becorié4 dB, which means that the forward transmis-
sion is abouf7:4 times the backward transmission, still satisfying our condition for

difference between forward and backward transmissions.

4.10.5 Double-Input Nano-Optical Coupler

Finally, length optimization is used to design a double-input nano-optical coupler,
which again operates more ef ciently than the corresponding structure designed with
on/off optimization. Two CSPB sources are located as shown in 4.14a. The aim is to

maximize the electric eld intensity at Output Port-1 shown in the same gure.

(a) Matrix representation (b) Top view (c) Trimetric view

Figure 4.30: Optimized matrix representation and the resulting double-input nano-

optical coupler

At the end of 100 generations, the optimized rod con guration and the corresponding
matrix representation obtained by length optimization are shown in Figure 4.30.

The near-zone electric eld intensity distributions for the double-input nano-optical
coupler designed by length optimization are given in Figure 4.31. The mean electric
eld intensity at Output Port-1 i884 dBV/m, while the mean electric eld intensity

in undesired output regions 5.5 dBV/m. Comparing numerical results with those
obtained by the previously designed double-input coupler via on/off optimization, we

con rm that the length optimization provides higher transmission to Output Port-1.
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Moreover, the difference between the mean electric eld intensity at Output Port-1
and the mean electric eld intensity in undesired output regions is higher when length

optimization is performed.

(a) Electric eld intensity (b) Power density

Figure 4.31: Near-zone results for the double-input nano-optical coupler obtained

with length optimization

4.11 Concluding Remarks

This chapter was dedicated to design and analysis of nano-optical couplers based on
photonic crystals consisting of dielectric rods arranged in array forms. As remarkable
results of on/off optimization of a 1010 dielectric rod array, nano-optical couplers

that support transmission of electromagnetic waves in a desired direction and sup-
press waves in undesired regions can be designed. We showed that success of opti-
mization trials depends on initial experiments involving proper selections of tness
functions and other parameters. As the rst set of designs, a forward-transmitting
coupler and a 90-degree coupler were designed and investigated. The effects of pa-
rameters, such as material, spacing between rods as well as the shape of the rods, on
the ef ciency of nano-optical couplers were examined. It was also shown that electro-
magnetic transmission systems can be created by cascading these designs. In addition
to single-input nano-optical couplers, double-input couplers were also designed to be
used at junction locations in nano-optical systems. Furthermore, nano-optical AND

and OR logic-gate coupler designs were shown to be possible to obtain with the pro-
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posed design approach. Nano-optical isolators that transmit electromagnetic waves
in the forward direction but do not transmit them in the backward direction were
also designed. Finally, length optimization was introduced to improve the designs by
making the lengths of the rods parameters of optimization trials. As demonstrated via
numerous results, length optimization leads to more ef cient and effective designs in

all types of applications.
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CHAPTER 5

DESIGN AND OPTIMIZATION OF NANO-OPTICAL ABSORBERS

In this part of the thesis, nano-optical absorbers are designed using photonic crys-
tals, and the effects of some parameters on the ef ciency of these designs are ex-
amined. The designed absorbers are expected to con ne the incoming power within
themselves, while providing low backscattering values. The electromagnetic power
trapped by the absorber can be harvested for various purposes. At the same time,
minimized backward re ections are crucial in a plethora of applications, including
nano-optical systems, where such re ections must be minimized to avoid interfer-
ence of signals, minimize overheating of sources, and improve the ef ciency of com-
ponents. The range of operating frequencies for nano-optical absorbers in this study
is selected fron500 THz to 600 THz. The reason for this selection is that we aim

to design nano-optical absorbers not only to absorb incoming waves from lasers in
nano-optical systems, but also to be used in solar cells. When the solar radiation
spectrum is examined, it can be observed that the solar energy peaks at 306und
nm, which corresponds to 600 THz in frequency [37]. In addition, lower side of this
peak requires novel technologies to improve the absorption rate and bene t from the

solar radiation as much as possible.

To date, different nano-optical absorber designs containing metallic and dielectric
structures have been realized [38-41]. Nano-optical absorber designs with metal-
dielectric-metal layers form Fabry-Perot-type cavities, which are among the most
commonly used structures; but, these structures are usually dif cult to fabricate as
they require the use of several different materials as intermediate layers, leading to
rather complex designs [42—44]. In this study, our aim is to realize designs with only

two types of layers and two materials but that can effectively absorb power and op-
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erate in a frequency band up to 100 THz. Such an absorber that we propose consists
of an optimized ARC based on photonic crystals and a metal plate at the bottom. By
combining ARC with the metal plate, both an anti-re ective, while absorbing struc-
ture is obtained and the effects of some parameters are further observed by a detailed

analysis on the structure.

To design photonic-crystal-based ARCs, air holes are drilled on silicon dielectric
slabs. Silicon is selected as the substrate because it is the most widely used dielectric
material in nano-optical systems, widely available, low-cost, and also suitable to build
structures with different geometries [45]. For metal plates under the designed ARCs,
tungsten is selected as the material due to its high melting temperature and low ther-
mal expansion. Resistance to high temperatures is particularly essential considering

nano-optical absorbers.

First, given the dimensions and positioning in Figure 5.1a, a tungsten plate is exam-
ined alone. The plate covers an area fem 0:475 mandy = 0:475 mto

x =0:475 mand y=0:475 m in x-y plane, while having a height of 20 nm in the
direction. Then, the combination of the tungsten plate with a silicon slab is examined.
The slab also extends from= 0:475 mandy = 0:475 mtox = 0:475 m

and y=0:475 m in x-y plane, while having a height of 200 nm in thalirection.

The tungsten plate is positioned at the bottom of the silicon slab in Figure 5.1b. The
Lorentz-Drude model is used to determine the relative permittivity of tungsten in the
frequency range of operations. Speci cally, tungsten has a complex refractive index
in the interested frequency range; while the real part has a signi cant impact on the
re ection and refraction characteristics, the imaginary part, called extinction coef -
cient, determines absorption properties as it de nes how much attenuation occurs in
the material. The real and imaginary parts of the permittivity of the tungsten with
respect to frequency were previously given in Figure 2.4. For silicon, although there
are slight changes in its relative permittivity in the interested frequency range, it is
generally assumed to .0 at all frequencies. Both the isolated tunsgten plate and
the combination of the tungsten plate with the silicon slab are excited by a plane wave
(from 500 THz to 600 THz) with an amplitude of 1 V/m. All important details about
the simulations are provided in Table 5.1.
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Table 5.1: Simulation parameters and their speci cations

Simulation Parameters Speci cations
Material of Dielectric Slab Silicon(", =12 and , =1)

Material of Metal Plate Tungsten

Dimensions of Dielectric Slab 950 nm 950 nm 200 nm

Dimensions of Metal Plate 950 nm 950 nm 20 nm

Frequency 500600 THz
Excitation Source Plane Wave (1 V/m)
Numerical Solver MLFMA
Formulation MCTF

Mesh Size 27 nm
Iterative Solver GMRES
Residual Error 0:0001

(a) Tungsten plate alone
(b) Tungsten plate + dielectric slab

Figure 5.1: Tungsten plate (left) and the combination of the plate with a dielectric

slab

Figure 5.2 presents far-zone backscattering results for both models when they are
illuminated by plane waves polarized in tRedirection and propagating in thez
direction. According to these results, the silicon slab placed on top of the tungsten
plate reduces the backward re ection at some frequencies; but, this reduction is not
suf cient as it is for a limited frequency range. Hence, simply placing a dielectric slab

has very limited effects on the absorption characteristics, and well-designed structures
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are needed, as detailed in the next sections.

(a) Tungsten plate alone

(b) Tungsten plate + dielectric slab

Figure 5.2: Backscattered electric eld in the far zone for a tungsten plate and for its

combination with a dielectric slab

5.1 Initial Nano-Optical Absorber Design

To be used instead of a at silicon slab, photonic-crystal-based ARCs are designed by
drilling air holes into the slab to reach an effective nano-optical absorber design that
can both reduce backscattering and increase internal power density enhancement. Air
holes in the shape of square prisms with 80 nm edge lengths and 100 nm depths are
created in the initial design, as shown in Figure 5.3. These air holes are positioned

periodically at 190 nm intervals. Excitation is the same as the previous case, which
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is a plane wave propagating in the direction and polarized in thedirection. The

same excitation is used also for all designs.

(a) Trimetric view (b) Top view (c) Side view

Figure 5.3: Tungsten plate + ARC geometry

The far-zone backscattered electric eld intensity with respect to frequency for the
initial nano-optical absorber is plotted in Figure 5.4a. When these results are com-
pared with those obtained for the tungsten plate and silicon slab in Figure 5.2, we ob-
serve that the structure with ARC is more effective, as it leads to lower backscattering
values at all frequencies. As we also expect the nano-optical absorber to maximize
the internal power density, the maximum power density enhancement for the initial

design is given in Figure 5.4b. At each frequency, the power density enhancement is
calculated as

JE() M)

Power Density Enhancemén) = : ,
E II']C(r ) H Ir'IC(r )

; (5.1)

whereE ™ andH " are incident electric eld intensity and magnetic eld intensity,
respectively whileE (r) andH (r) are the total electric eld intensity and magnetic
eld intensity values at the observation pomtEquation 5.1 is calculated everywhere
inside the ARC and the maximum of it is plotted in Figure 5.4b.
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