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ABSTRACT

Optical Nanoantennas for visible and infrared radiation can strongly enhance the
interaction of light with nanoscale matter by their ability to efficiently link propagating
and spatially localized optical fields. This ability unlocks an enormous potential for
applications ranging from nanoscale optical microscopy and spectroscopy over solar
energy conversion, integrated optical nanocircuitry, opto-electronics and density-of-
states engineering to ultra-sensing as well as enhancement of optical nonlinearities.
Thus, the useful results prompt us to implement a more systematic and further
exploration on nanoantennas of some specific configurations of interest. This
dissertation is the study of various works in the field of optical nanoantenna, thereafter

design and analyse optical nanoantenna.

The focus of this thesis is put on the investigations of single and multiple
dielectric nanoparticles for their near-field optical and far-field radiation properties. In
particular, we elaborately design and carefully analyse such structures to perform their
functions as the nanoantennas operating in the optical range. Nanoantennas have been
found capable of producing strong enhanced and highly localized light fields. The
Generalized Kerker’s conditions are studied in detail to understand scattering of light by
nanoparticles of various shapes and size. Concept of Fano Resonance which has been
well explored and implemented in metallic nanoantenna and only recently being
extensively studies and implemented in dielectric materials is studied. In the present
work, both the theories for directional scattering by dielectric nanoparticle have been

exploited.

A study on the accurate behavior of single dielectric nanoparticle is done as to
how the scattering of incident field by the nanoparticle enables it to exhibit
unidirectional scattering at wavelengths where the First and Second Generalised
Kerker’s Conditions are fulfilled. Fano resonance is seen when multiple dielectric
nanoparticles are used. In the work for this dissertation linear quadrumer is considered
for designing an optical nanoantenna based on directional scattering at the Fano

resonant wavelength.



An appropriate numerical approach with use of FEM is developed for a more
effective calculation of nanoantennas covering the broad frequency range including
visible and infrared region. Comprehensive investigations are carried out and presented
in detail on various factors which have significant impacts on the nanoantenna's
performance in the optical range. The software used is COMSOL MULTIPHYSICS
whose operation is dependent on the finite element analysis method. The software
calculates scattering cross section, far-field pattern, and directivity for the optical
nanoantenna MATLAB is also used for mathematical computation as and when

required.

Vi



TABLE OF CONTENTS

Abstract Y
Table of Contents vii
List of Figures IX
List of Tables Xi
Chapter — 1 Introduction
1.1 Briefbackground............cooiiiiiiii e 1-2
1.2 MOtIVATION . . ettt et e e e e e et 2-3
1.3 ThesiS ODJeCtiVe. .. ..o, 3
1.4 TheSiS OUtline.......o.ouiuititit it 3-4
Chapter — 2 Optical Nanoantenna
2.1 INtroduCtion. ......o.iueini it 5-6
2.2 Review of Studies on Nanoantenna Theory..................ooviiii 6-7
2.3 Types of Nanoantenna. ...........ooeveiiuiiiiiiiiii i eieeanan, 8
2.3.1 Metallic Nanoantenna. ..............c..ceoeeeererinenneninennenenennn. 9-11
2.3.2 Metal-Dielectric Nanoantenna..................oeeeeeeneenennnn. 11-12
2.3.3 Dielectric Nanoantenna..............ooeeveeiiiiiiiiinieiieannnnnennn. 12
2.4 Characteristics of Optical Nanoantenna.....................cooeeevnnn.. 13-16
2.5 Application of Optical Nanoantenna...................ccooeiieiinnn... 16-21
2.6 Fabrication Techniques of Optical Nanoantenna........................... 22
Chapter — 3 All Dielectric Optical Nanoantenna
3.1 INtrodUCHION. ...ttt 23
3.2 Huygen COmMPONENT. ......ouuiniitiitteteieeteeee et eeeaanns 24-25
3.3 Optical Magnetism in Dielectric Nanoparticle........................... 25-26
3.4 Unidirectional Scattering in Dielectric Nanoparticle....................... 27
3.4.1 Generalised Kerker’s Condition.................c.ceoeviiiinne.. 27-28
3.4.2 Fano ReSONANCe..........cocvuiiuiiiiiiiiiiiiiiiiiiieiieiens 28-29

vii



Chapter — 4 Calculation Method and Software Tools

4.1 Finite Element Method...........cooiiiiiii 30
4.1.1  IntroduCtion.........o.oieiniieiieiii i 30
4.1.2 The FEM Technique.........covviviiiiiiiiiiiiiieiiiiienens e, 31-32

4.2 Software Tools Used.........ccovuiiiiiiiiiii i 33
4.2.1 COMSOL MultiphySiCS....c.uvviriiiieiiiiiiieiieeeeeaenn, 33-36
422 MATLAB. ..o 37

Chapter — 5 Design and Analysis of Optical Nanoantenna

5.1 Cuboidal Dielectric Optical Nanoantenna..................ooeeeveineennnnnn. 38
.11 MOtIVATION. ..ttt 38
5.1.2 Design and Approach.............oooiiiiiiiiiiiiiiii, 39
5.1.3 Scattering Analysis...........ccoviviiiiiriiriiiiiiiiiaieeenannn, 39-40
5.1.4 Simulation and Results..............c.cooiiiiiiiiiii 41-42
5.2 Linear Quadrumer Dielectric Optical Nanoantenna........................ 43
9.2.1  MOtIVATION. ..ttt 43
5.2.2 Designand Approach............cooovviiiiiiiiiiiiiiiiiiin., 43-44
5.2.3 Simulation and Results............ccooviiiiiiiiiiiiiiie, 44-59
9.3 INTETENCES. .. .ueieii e 60
Chapter — 6 Conclusion and Future Scope
6.1  CoNCIUSION. . .euuitit e 61
6.2 FULUIE SCOPE. .. et 62
RETEIENCES. . ..ottt 63-72

viii



2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

2.9
2.10
211
3.1
3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3
5.1
5.2
5.3
5.4

LIST OF FIGURES

The Whole Electromagnetic SPeCtrUM.........ccevveieeieiie e 5
The Basic Principles of Nanoantenna Operation............ccccoeveveneneninesnennen. 6
Schematic of Plasmonic/Metallic Nanoantenna............ccccoevvereneneninnenennen, 9
SEM Image of Plasmonic/Metallic Nanoantenna............ccccceevevverecvesinennenn, 10
Monopole NanOanNteNNa............ccveiveiieiiece e 11
Schematic of Metal-Dielectric Nanoantenna.............ccoceeoveveveienenencncsenn 12

Directivity Diagrams for A Yagi-Uda Nanoantenna...............................14

A Wide Range of Applications Are Driving the Current Research in Optical

ANTENNGS. ... e 17
Difference Between Conventional and Near Field Microscopy................ 18
Surface Enhanced Raman Spectroscopy (SERS)...........ocoiviiiiiiininns. 19
The Procedure of Optical Lithography...................cocooii, 20
Schematic View of Two Types of All-Dielectric Nanoantenna.................23
Ilustration of Huygens Guideline...............cooovviiiiiiiiiiiiiiieeee, 24
HUuygen COmPONENT........oiii i 25
Schematic of Field LineSINSRR..........cooiiiiiiiiee 26
Unidirectional scattering due the electric and magnetic dipole moments.......28

Plot of scattering cross-section versus normalized energy for various values of

the parameter q illustrating the asymmetric Fano line-shape.............c.ccocu...... 28
FIOW Chart OF FEM.......cooiiiiiiieeeee e 31
Meshing done USINg FEM...........coo oo 32
COMSOL DashDOAI. .......c.oiieiieiesiesiee e 33
Schematic Diagram of Cuboidal Nanoparticle..............ccoooveiiiinnicienen 39
SilicoN NaNOPArtICIE. .........coviiie e 41
Germanium NanOPartiCle..........ccoveiviie et 42
Schematic of Si reducing size quadrumer with d = -10NM.........ccccoocvrerienenn, 44
@ Narrow peak in the magnetic response with broad electric
TESPONSE. ...ttt ettt ettt 45
(b) Fano dip seen at A = S00NM........ccccecvirierierieeierieie s 45
(c&d) At A =500nm Polar plot and 3D polarisation..............ccccceeueenen. 46
(e&f) At A =450nm Polar plot and 3D polarisation.................c..c..c...... 46



5.5

5.6

5.7

5.8

5.9

Schematic of Si reducing size quadrumer with d = 0........ccccooveevveivcieceeen, 47

@) Narrow peak in the magnetic response with broad electric
FESPONSE. ..ttt ettt 47
(b) Fano dip seen at A = S00NM.........ccocovrvierrieiieiereeee e 48
(c&d) At A =500nm Polar plot and 3D polarisation...............c.ccccueenue.n. 48
(e&f) At A =450nm Polar plot and 3D polarisation.................c..c......... 49
Schematic of Si reducing size quadrumer with d = +10NM.............cccvvvenne. 49
@) Narrow peak in the magnetic response with broad electric
=T o[0T SRR 50
(b) Fano dip seen at A = 500NM.........ccocceviiirieiiiiiecrieieceeereeee e 50
(c&d) At A =500nm Polar plot and 3D polarisation.................c.ccuenu..n. 51
(e&f) At A =450nm Polar plot and 3D polarisation..............cc.ceeeennenn. 51
Schematic of Si same size quadrumer with d =-10NM.........c.cccoeeeivevicieenn, 52
@) Narrow peak in the magnetic response with broad electric
(=] 010 TSP TR 52
(b) Fano dip seen at A = S00NM.........cocovirieirieiieieiee e 53
(c&d) At A =500nm Polar plot and 3D polarisation.................c..c......... 53
(e&f) At A =450nm Polar plot and 3D polarisation..............ccccccuvennenn. 54
Schematic of Si same size quadrumer wWith d = 0........cccooiiiiiiiniiinie 54
(@ Narrow peak in the magnetic response with broad electric
12T o[0T 55
(b) Fano dip seen at A = S500NM..........c.ccoveieiieieiene e 55
(c&d) At A =500nm Polar plot and 3D polarisation.................c.cc....... 56
(e&f) At A =450nm Polar plot and 3D polarisation.............cceceeeenenn. 56
Schematic of Si same size quadrumer with d = +10NM...........ccccovevveveinennnn 57
@) Narrow peak in the magnetic response with broad electric
LC 0[O ST PTTTRPT 57
(b) Fano dip seen at A = 500NM.........cccoriiiiiiiiiiiieeeeeeeee 58
(c&d) At A =500nm Polar plot and 3D polarisation...........c.cccccecerueennnn. 58
(e&f) At A =450nm Polar plot and 3D polarisation..............ccccervennenn. 59



5.1

LIST OF TABLES

Table for directivity of various deSigns..........cccevveveiieiiene s

Xi



