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ABSTRACT

RESONANT OPTICAL NANOANTENNAS AND
APPLICATIONS

Murat Celal KILINC»

M.S. in Material Science and Nanotechnology

Supervisor: Assist Prof. Dr. Mehmet Bay³nd³r

August 2010

Being one of the fundamentals of electrical engineering, anantenna is a metal-

lic shape structured to transmit or receive electromagnetic waves. Thanks to

the recent advances in nano fabrication and nano imaging, metallic structures

can be de¯ned with sizes smaller to that of visible light, wavelengths of several

nanometers. This opens up the possibility of the engineering ofantennas working

at optical wavelengths. Nanoantennas could be thought of optical wavelength

equivalent of common antennas. Today physics, chemistry, material science and

biology use optical nanoantennas to control light waves. Optical nanoantennas

are tailored for many technological applications that include generation, manip-

ulation and detection of light. The near ¯eld enhancement of resonant optical

nanoantennas at speci¯c wavelengths is their most promising advantage that

attracts technological applications. In this thesis, we study the resonance char-

acteristics of optical nanoantennas and investigate the governing factors by nu-

merical calculations. We also evaluate radiated electric ¯eldfrom the resonating

nanoantenna. Finally, we employ the resonant near ¯eld enhancement in optical
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nonlinear generation. The fabrication of nanoantennas with FIB milling is also

explored.

Keywords: Nanoantenna, Plasmonics, Optical Nonlinearity, ChalcogenideGlass
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ÄOZET

OPT_IK DALGA BOYLARINDA C»ALIS»AN, REZONE EDEN

NANOANTENLER VE UYGULAMALARI

Murat Celal KILINC»

Malzeme Bilimi ve Nanoteknoloji BÄolÄumÄu YÄuksek Lisans

Tez YÄoneticisi: Yar. Do»c. Dr. Mehmet Bay³nd³r

Aģustos 2010

Elektrik mÄuhendisliģinin temel yap³ta»slar³ndan olan antenler elektromanyetik

dalgalar³ yaymak ve almak i»cin tasarlanm³»s metal »sekillerdir. Nano fabrikasyon

ve nano boyutta gÄorÄuntÄuleme tekniklerinin geli»smesi ilebirlikte metal »sekillerin

gÄorÄunÄur ³»s³ģ³n dalgoboyundan kÄu»cÄuk boyutlarda, nanoboyutlarda, dahi fabrike

edilmesi mÄumkÄun hale gelmi»stir. Nano boyutlu metal »sekiller sayesinde op-

tik dalga boylar³nda »cal³»san antenlerin mÄuhendisliģininÄonÄu a»c³lm³»st³r. Nano

antenler radyo antenlerinin optik dalga boylar³nda »cal³»san e»sdeģeri say³labilir.

BugÄun, ¯zik, kimya, malzeme bilimi ve biyoloji nanoantenleri ³»s³k dalgalar³n³

kontrol etmek i»cin kullanmaya ba»slam³»st³r. Nanoantenler ³»s³ģ³n Äuretiminin,

manipÄulasyonunun ve alg³lanmas³n³n yer ald³ģ³ teknolojik uygulamalar i»cin

dÄuzenlenmektedirler. Optik nanoantenlerin rezone ettikleri dalga boylar³ i»cin,

yÄuzeylerinde ve yÄuzeylerine yak³n yerlerde, dikkat »ceken elektrik alan art³»s³

gÄozlenmektedir. Bu elektrik alan art³»s³ teknolojik uygulamalar a»c³s³ndan olduk»ca

Äonemlidir. Bu tezde nÄumerik hesaplamalar yoluyla optik nanoantenlerin rezonans
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karakterleri ve rezonanslar³n³ etkileyen etkenler »cal³»s³lm³»st³r. Bunun yan³nda, re-

zone eden nanoantenlerin radyasyon karakterleri incelenmi»stir. Son olarak, re-

zone eden nanoantenlerin yak³n³ndaki yÄuksek elektrik alan lineer olmayan optik

uygulamalar i»cin kullan³lm³»st³r. Odaklanm³»s iyon demeti yoluyla nanoantenlerin

fabrikasyonlar³n³n sonu»clar³ da sunulmu»stur.

Anahtar Kelimeler: Nanoanten, Plazmonik, Lineer Olmayan Optik, C»alkojen

Cam
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Chapter 1

INTRODUCTION

In the parlor of electrical engineering, an antenna is a metallic rod, wire or other

shape structured to transmit or receive electromagnetic waves[10]. Recent ad-

vances in nano fabrication, electron microscopy imaging andnear ¯eld microscopy

allowed metallic structures to be de¯ned and characterized with sizes comparable

or smaller to that of visible light, wavelengths of several hundred nanometers,

opened up the possibility of optical radio engineering: Nanoantennas are opti-

cal wavelength equivalent of common antennas [11]. Today, awide spectrum of

scientists, ranging from physicists, chemists and materials scientists to biologists

use optical antennas to control light waves. Optical nanoantennas are tailored for

many technological applications that include generation,manipulation and de-

tection of light. For instance, nanooptical microscopy, single molecule absorption

spectroscopy, extreme ultraviolet light generation, infrared photodetection, solar

energy conversion and even photothermal tumor therapy exploit the bene¯ts of

optical nanoantennas [5{8,12{14]. The near ¯eld enhancement of optical nanoan-

tennas at speci¯c wavelengths is their most promising advantagethat attracts

those technologies.
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In this thesis, we study the resonance characteristics of opticalnanoantennas

and investigate the governing factors. Furthermore, we evaluate the nanoantenna

radiation at resonance. Finally, we employ the resonant near ¯eld enhancement in

optical nonlinear generation. The fabrication of nanoantennas with FIB milling

is also explored.

Our contributions can be summarized as follows:

² We show that resonance characteristics of optical nanoantennas for a spe-

ci¯c incident wavelength is governed by substrate, antenna length along the

polarization direction of the incident electric ¯eld and theantenna shape.

² We also show that we can account for theEx
2, Ey

2 and Ez
2 components

of nanoantenna radiaton at resonance by taking into account the electron

acceleration due to speci¯cE and B components of the incident optical

¯eld.

² Furthermore, we also employ the near ¯eld of the resonant optical nanoan-

tenna for lowering the required large incident electric ¯eldfor optical non-

linear generations.

² Finally, we show that the fabrication of nanoantennas with FIB milling is

fast yet substrate dependent.

In Chapter 2, we ¯rst provide theoretical preliminaries that are necessary

for the development of the thesis work. Chapter ¯rst addresses thecounterpart

concepts in the ¯eld of radio antenna engineering. Then it reviews the electro-

magnetics of metals for understanding the optical phenomenaof metallic nano

structures and ¯nally, the chapter presents the optical antenna characteristics

and applications in the literature. In Chapter 3, we ¯rst compare and contrast

the near ¯eld response of various nanoantennas for a speci¯c wavelength incident

optical radiation. Then, we describe the interaction of the optical ¯eld, resonant

2



optical nanoantenna and the substrate. Finally, we concentrate on the nonlinear

optical interaction of the resonant nanoantenna near ¯eld with a nonlinear (op-

tical) substrate. Next, Chapter 4 presents fabrication of gold nanoantennas with

FIB milling. We conclude and list future research areas in the Chapter 5.
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Chapter 2

BACKGROUND

In order to survey fundamental concepts pertinent to nano optical transceivers,

in this chapter, we start by reviewing counterpart concepts in the well established

¯eld of radio antenna engineering followed by a brief discussionof the electromag-

netics of metals which is also essential in understanding optical phenomena of

metallic nano structures. Finally, we review the optical antenna research litera-

ture, including both the nanoantenna characteristics and promising technological

applications.

2.1 Antenna Fundamentals

An antenna is a device for receiving or radiating electromagnetic energy [10].

When incoming radiation causes a dynamic current distribution to occur on an

antenna, it is said to be a receiver, when an externally drivendynamic current

distribution on the antenna causes radiation it is said to be a transmitter. Most

antennas are reciprocal meaning that they both receive or transmit. Moreover,

some antennas focus incoming electromagnetic waves, receiving and transmitting

simultaneously.
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When an electric charge accelerates it radiates energy in the form of electro-

magnetic waves [15]. Thus, Hecht de¯nes the condition for radiation from an

antenna as acceleration or deceleration of free charges on the antenna. In other

words time varying current on the antenna provides radiation into the surround-

ing medium. The resulting radiation ¯eld is transverse to chargevelocity. A

source with a particular electronic circuitry generates time varying current and

a particular guiding device is responsible for appropriate current transport from

source to antenna.

Antennas are generally described with characteristic performance parame-

ters: radiation pattern, radiation power density, radiationintensity, beamwidth,

directivity, gain, bandwidth, polarization, input impedance [10].

The radiation pattern represents directional variation of performance param-

eters in a transmitter antenna. A trace of electric or magnetic ¯eld at a constant

distance from the antenna is the amplitude ¯eld pattern whereas a similar trace

of electric or magnetic power density is the amplitude power pattern. The ra-

diation pattern is usually has bulging portions called lobes.Radiation lobes are

high intensity directions surrounded by weaker radiation directions. The major

lobe includes the direction of maximum radiation which is the desired radiation

direction. Any lobe other than the major lobe is a minor lobe. The radiation

pattern of an antenna changes depending on the distance from the antenna. This

change in ¯eld pattern results that the space surrounding the antenna divided

into three ¯eld regions: reactive near ¯eld, radiating near ¯eld(Fresnel) and far

¯eld (Fraunhofer). The reactive near ¯eld region starts from the radiating sur-

face of the antenna and terminates about a wavelength of the transceived wave.

In this region the energy decays very rapidly with distance from the radiating

surface (energy decays with the third and fourth power of the distance) and the

¯eld pattern is nearly homogeneous although there are localized energy °uctua-

tions. The radiating near ¯eld region is between reactive near̄eld and far ¯eld

5
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Figure 2.1: A typical radiation pattern of an antenna.

regions. In this radiation ¯eld region the ¯eld pattern dependson the distance

from the antenna and it begins to form lobes. If the antenna dimensions are

very small compared to wavelength, the radiating near ¯eld region diminishes.

The boundary between radiating near ¯eld and far ¯eld regions is de¯ned as the

distance 2D 2=¸ where D is the largest dimension of the antenna. Beyond this

distance is the far ¯eld region where the ¯eld pattern is well formed and does not

vary with distance from the antenna. Here the energy decays with the square of

distance from the radiating surface.

The radiation power densityW of an antenna is the time average Poynting

vector whereas the radiation intensityU is the directional power radiated from

the antenna per unit solid angle. Radiation intensityU is a far ¯eld parameter

and obtained by multiplying the radiation power density by distance square,

U = r 2W.

The beamwidth of an antenna is is a quantity associated with theradiation

pattern. The angular distance between two identical points on opposite sides of

the ¯eld pattern is de¯ned to be the beamwidth. As a convention, half power

6



beamwidth (HPBW) is de¯ned to be the angle between two sides of the ¯eld

pattern where the radiation intensity is half of its peak value in the direction of

maximum antenna radiation. Furthermore, ¯rst null beamwidth (FNBW) is the

angle between ¯rst nulls of the ¯eld pattern. Figure 2.1 demonstrates radiation

pattern, lobe and beamwidth concepts.

The directivity D of an antenna is the ratio of the radiation intensity U

in a particular direction to the radiation intensity averaged over all directions

U0 = Prad =4¼. If a particular direction is not speci¯ed, it is taken to be thethe

direction of maximum radiation.

D =
U
U0

=
U

Prad =4¼
(2.1)

The gain G of an antenna is the ratio of the radiation intensityU in a partic-

ular direction to the antenna input power intensity averagedover all directions.

Again, if a particular direction is not speci¯ed, it is taken to be the the direction

of maximum radiation. A constant called radiation e±ciencyecd is de¯ned in

order to relate input and radiated power intensitiesPrad = ecdPin . Radiation

e±ciency embodies conduction and dielectric losses of the antenna. It does not

include the mismatch loss between source and guiding device couple and the

antenna. Thus directivity and gain can be related.

G =
U

Pin =4¼
= ecdD (2.2)

The bandwidth of an antenna is the range of frequencies wherethe antenna

performance parameters individually have an acceptable value compared to those

at the antenna center frequency.

The polarization of an antenna is the electromagnetic polarization of the

radiated wave in a particular direction. If a particular direction is not speci¯ed,
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it is taken to be the the direction of maximum gain. Polarization is categorized

as linear, circular and elliptical. If the electric or magnetic ¯eld vector of the

radiated wave at a point is always directed along a line at every instant of time,

the ¯eld is said to be linearly polarized.

The input impedanceZA of an antenna is the impedance presented by the

antenna at its terminals, ZA = RA + jX A . Here RA is the input resistance and

embodies power dissipations due to radiative and ohmic losses.X A is the input

reactance and represents reactive power losses.

As a consequence of reciprocity theorem, radiation pattern, radiation power

density, radiation intensity, beamwidth, directivity, gain, bandwidth, polariza-

tion and input impedance of an antenna are identical during transmission and

reception.

Common radio antenna, half wavelength linear dipole (l = ¸= 2) is a standing

wave antenna because the dynamic current distribution on the antenna has a

standing wave pattern. For l = ¸= 2 the input reactanceX A of the antenna

vanishes and the antenna is said to be resonant in analogy with a resonant RLC

circuit [16]. At resonance the input impedance of the antennais purely resistive

and reactive losses due toX A are neglected.

2.2 Electromagnetics of Metals

Maxwell's equations are su±cient to describe the interaction of metals with elec-

tromagnetic ¯elds [17]. Even if the metal is nanometer sized, quantum mechanics

is not required. This is a result of the high density of free electrons in metals.

High density of free electrons ensures very close electron energy levels and even

nanometer sized metals can be explored classically.
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Metals re°ect electromagnetic waves for frequencies up to about visible. In

this frequency regime metals are highly conductive and onlynegligible electro-

magnetic wave penetrates into the metal. At higher frequencies dielectricity

of metal becomes noticeable and wave penetration increases. This dispersive

character of metals is described with the complex dielectricfunction "(! ) since

all electromagnetic phenomena depends on"(! ). Furthermore, the underlying

physics behind this dispersive character is the phase di®erence between electro-

magnetic wave and free electron oscillation which arises due to the particular

electron relaxation time¿ of the metal.

Plasma model is a valid approximation over a wide frequency range for ex-

plaining dispersive characteristics of metals [17]. In this model free electron gas

of number densityn is assumed to be moving against ¯xed background of posi-

tive ion cores. The electron motion is a damped oscillation dueto collisions with

collision frequency° which is due to the particular relaxation time of the metal,

° = 1=¿. ¿ is in the order of 10¡ 14 s at room temperature, corresponding to

° = 100 THz. A simple representation of metallic band structure is also incorpo-

rated into the e®ective electron massm. Thus plasma model equation of motion

for an electron subjected to an external time harmonic electric ¯eld E is

mÄx + m° _x = ¡ qE(t); (2.3)

where x is the electron displacement andq is the electron charge. For

E(t) = E0e¡ i!t driving ¯eld, a particular solution to the equation of motion

for an electron is

x(t) =
q

m(! 2 + i°! )
E(t): (2.4)
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The complex amplitude ofx(t) absorbs the phase di®erence between driving

¯eld and electron displacement. Thus the macroscopic polarization P = ¡ nqx

becomes

P = ¡
nq2

m(! 2 + i°! )
E: (2.5)

Embedding polarizationP to the electric °ux, D = ²0²E = ²0E + P yields

D = ²0

µ
1 ¡

! p
2

! 2 + i°!

¶
E; (2.6)

where ! p
2 = nq2

²0m is the plasma frequency of the particular metal. Hence the

complex dielectric function of a metal²(! ) = ²1(! ) + j² 2(! ) is obtained where

²1(! ) = 1 ¡
! p

2¿2

1 + ! 2¿2
; (2.7)

²2(! ) =
! p

2¿
! (1 + ! 2¿2)

: (2.8)

The plasma frequency! p=2¼ and the corresponding plasma wavelengtḩp

of common metals are 3570 THz / 85 nm for Al, 1914 THz / 156 nm for Cu,

2175 THz / 138 nm for Ag and 2175 THz / 138 nm for Au [18]. The collision

frequency° of common metals are 175 THz for Al [19], 14 THz for Ag [20] and

6 THz for Au [21].

At frequencies ! < ! p and ! ¿ ¿¡ 1, metals are so conductive that only

negligible electromagnetic wave penetrates. Here²2 À ²1 and ²1 is negative.

Thus, the real and the imaginary parts of the complex refractive index ~n =
p

² =

n(! ) + j· (! ) becomes comparable in magnitude with

10



n ¼ · =

r
²2

2
=

r
¿! p

2

2!
: (2.9)

The absorption coe±cient® in Beer's law describes how the intensity of the

electromagnetic wave propagating into a medium attenuates.Since® = 2·!
c , the

absorption coe±cient for ! ¿ ¿¡ 1 becomes

® =

p
2¿! p

2!
c

(2.10)

The intensity of the electromagnetic wave penetrating into the metal decays

with e¡ z=±, where± = 2=®is de¯ned as the skin depth of the particular metal.

At frequencies! < ! p and ! À ¿¡ 1, ²(! ) is practically real, ²2(! ) ¼ 0, and

²(! ) = 1 ¡
! p

2

! 2
: (2.11)

However, in this frequency band interband transitions cause metals behave

di®erently. At higher frequencies! > ! p, the dielectricity of metal becomes so

high that this is described by an extra dielectric constant,²1 (1 · ²1 · 10)

²(! ) = ²1 ¡
! p

2

! 2 + i°!
(2.12)

Figure 2.2 shows real²1(!= 2¼) and imaginary ²2(!= 2¼) parts of the complex

dielectric function of gold. The material data is taken fromPalik's Handbook of

Optical Constants and used by Lumerical FDTD for numerical calculations.
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Figure 2.2: Real²1(!= 2¼) and imaginary ²2(!= 2¼) parts of the dielectric function
of gold.

2.3 Resonant Optical Nanoantennas and Appli-

cations

Concentrating light in the nanometer scale, using subwavelength sized metallic

structures, has recently developed into a new branch of photonics called plas-

monics, or more descriptively nanophotonics which eponymously announces the

overcoming of the di®raction limit. Plasmonics is a resonant phenomenon that

is based on the interaction of light with conduction electrons in nanostructured

metals [17]. It has the promise of merging photonic capacities with that of re-

duced size integrated electronics. [22].

Nanoantennas enable optimum conversion of propagating lightinto subwave-

length localized optical ¯elds [1,2,4,23{27]. Concentrating light leads to electric

¯eld enhancement [28]. Thus optical antennas allow manipulating light matter

interaction in the reactive near ¯eld of the nanoantennas rendering them in-

dispensable in many technological applications such as °uorescence microscopy,

absorption spectroscopy, control of single molecule emission, extreme ultraviolet

light generation, infrared photodetection, solar energy conversion and photother-

mal tumor therapy [5{8,12{14]. Hence nanoantennas are expected to ¯nd many

applications in greatly improving the e±ciency of the optoelectronic devices [23].
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B1

B2

Figure 2.3: (A) Variation of WLSC power with antenna length, ¯lled squares.
Solid curve represents calculated near ¯eld intensity response without a y-axis.
(B1 to B2) Calculated spatial near ¯eld on 10 nm above the dipolenanoantennas
at ¸ = 830 nm. (B1) At resonance (B2) Out of resonance [1].

Incident light induces oscillations of the metal's free electrons. Thus upon il-

lumination several harmonic current waves with di®erent amplitudes and phases

are created within the antenna skin depth. At resonance interference of those

current waves results in a standing wave. In other words, at resonance a collec-

tive charge oscillation is created on the antenna which produces the enhanced

reactive near ¯eld. The enhancement of the ¯eld is determined by the resonance

properties. Unlike radio antennas, the reactive near ¯eld of nanoantennas are

of importance because incident light is said to be con¯ned in thereactive near

¯eld of the nanoantenna. Since current electronics is speed limited, the result-

ing current wave on the nanoantenna cannot be manipulated byan electronic

circuitry.

The pioneering work of MÄuhlschlegelet al in 2005 introduces the solid frame

of optical antenna research [1]. They show that resonance depends on the antenna

length and the polarization of the incident light. This is proved with numerical

calculations and experimental demonstration. Gold dipole antennas fabricated

on glass substrate are illuminated with picosecond linearly polarized laser pulses

at ¸ = 830 nm. The enhanced near ¯eld of the resonant nanoantennas are used to

boost nonlinear phenomena. The antennas lying along the polarization direction

13



Figure 2.4: Measured WLSC spectra of a resonant dipole nanoantenna for three
di®erent average power levels of the pulsed Ti:sapphire laser, excitation wave-
length ¸ = 830 nm [1].

and of particular length generate white light supercontinuum (WLSC) radiation.

WLSC generation is due to the third order optical nonlinearity of glass substrate

and the optical power coming from the laser and su±ciently enhanced by the

nanoantenna. Figure 2.3A shows WLSC power and near ¯eld enhancement for

di®erent dipole lengths. Figure 2.4 shows WLSC spectra coming from a resonant

dipole, only short wavelength wing of the spectra is consideredthough.

Ghenucheet al illustrate the modes and the modal ¯eld distributions of res-

onant nanoantennas [2]. In analogy with the standing currentwave modes of

the linear dipole radio antenna (l = n¸= 2, n being an integer) [10], the modes of

the nanoantenna are associated with the resonances using the relation between

the antenna length L and the e®ective wavelengtḩ ef f : L = ( n + 1=2)¸ ef f

(n being an integer). As shown in ¯gure 2.5 additional weaker ¯eldmodulations

along the sides of the nanoantennas address higher order resonant modes, namely

3¸ ef f= 2 and 5̧ ef f= 2 resonances. The 3¸ ef f= 2 resonance of the 500 nm long

stripe antenna occurs aţ = 710 nm (n=1 with ¸ ef f = 333 nm). However, the

same mode of the dipole consisting of 500 nm long stripes with 40 nmgap shifts

to ¸ = 730 nm. That 5¸ ef f= 2 mode of the 1¹m long stripe appears aţ = 760

nm (n=2 with ¸ ef f = 400 nm). Furthermore, authors explain the resonance

14



Figure 2.5: (a) Calculated spatial near ¯eldj E j and (b) j E j4 of the three types
of antennas at their respective resonance wavelength. (c) is obtained by convo-
luting the j E j4 maps with a 200 nm waist 2D Gaussian pro¯le and integrating
over the third dimension. [2].

Figure 2.6: (a) Luminescence map of the dipole nanoantenna for di®erent wave-
lengths. (b) Calculated convolutedj E j4 distribution over a dipole nanoan-
tenna [2].
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Figure 2.7: Far-¯eld scattered electric-¯eld amplitude calculated on the side of
the dipole nanoantenna. The scattering resonance shifts with di®erent materials
¯lling the gap. "SiO 2 = 2:36"0, "Si3N4 = 4:01"0, "Si = 13:35"0 [3].

bandwidth of the optical antennas. Gold dipole nanoantenna fabricated on glass

substrate is illuminated with femtosecond laser pulses to promote nonlinear ef-

fects. The wavelength is scanned from 710 to 770 nm in steps of 10 nm. Since

the measured luminescence is the signature of the resonant ¯eld enhancement,

bandwidth of the dipole has been determined. The results are compared with

numerical calculations as shown in Figure 2.6.

In addition to antenna length, nanoantenna resonance can be tuned by a

mechanism similar to impedance matching [3]. Alu and Engheta, by means

of numerical modelling, show that the response of dipole nanoantennas can be

tailored dramatically by changing the material inside the dipole gap. Filling a

few nanometer cube volume of the gap with materials of higherpermittivities

causes the optical dipole resonance to shift towards higher wavelengths. Figure

2.7 represents the tuning phenomena for a silver nanoantenna,h = 110 nm,

r = 5 nm, g = 3 nm. However, the near ¯eld response is not given instead it is

converted to far ¯eld. More complex tuning is achieved by ¯lling the gap with

parallel or series combinations of di®erent permittivities as shown in ¯gure 2.8.
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Figure 2.8: Far-¯eld scattered electric-¯eld amplitude calculated on the side of
the dipole nanoantenna. The scattering resonance shifts with di®erent materials
¯lling the gap. In the series combination of silicon andSiO2 the thicknesses
of the nanodisks aretSi = tSiO 2 = 1:5 nm; in the series combination ofSiO2

and gold,tSiO 2 = 1:83 nm and tAu = 1:17 nm; in the parallel combination of
silicon and SiO2,r in = 4:61 nm; in the parallel combination of silicon and gold,
r in = 4:56 nm [3].
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Figure 2.9: (a) The cross resonant optical antenna structure. Gold nanoantennas
on glass substrate have a cross section of 20nm £ 20nm and a tip to tip distance
of 10 nm. (b) The reference frame used. [4].

a) b)

Figure 2.10: Calculated spatial near ¯eld (a) In a plane at midheight of the
structure, z = 10 nm (b) 5 nm above the upper antenna surface,z = 25 nm [4].

Optical antennas should lie along the polarization direction of the propagat-

ing electromagnetic wave in order to resonate. However, a symmetrical geometric

design can be used to eliminate this limitation [4]. Numerical calculations demon-

strate that a structure consisting of two perpendicular dipole nanoantennas with

a common feed gap is capable of resonating with any arbitrary polarization state

carried of a propagating electromagnetic wave. Figure 2.9 shows this symmet-

rical structure. The cross resonant nanoantenna is illuminated with a circularly

polarized light at ¸ = 800 nm, ¯gure 2.10 shows the obtained near ¯eld proving

that the cross resonant nanoantenna can be used as a local and enhanced source

of circularly polarized photons.
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Figure 2.11: System for EUV generation. Ar, argon atom; CW, chamber window;
FL, focusing lens; VLSG, varied-line-spacing grating; PM, photon multiplier.
The laser is at ¸ = 800 nm with 100 kW peak power and 1.3 nJ pulse energy,
producing intensity of 1011 Wcm¡ 2 when well focused. [5].

d

Figure 2.12: (a) The bow-tie antenna structure and the reference frame used.
h = 175 nm, d = 20 nm, t = 50 nm, µ = 30± (b) to (c) Calculated spatial near
¯eld of the resonant optical bow-tie (d) SEM image of the nanostructure used.
Antennas are arranged as an array of area 10¹m £ 10¹m . Edge lines are seen
blurred due to high magni¯cation. [5].
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Figure 2.13: Open sleeve dipole structure. (a) Top view, dipole antenna is ori-
ented in the y direction and two line electrodes (sleeves) are oriented in the x
direction. (b) Cross section through line 1. (c) Cross section through line 2. [6].

The local ¯eld enhancement of resonant nanoantennas has the potential to

reduce the required high optical intensities of some applications. One such ap-

plication is the high harmonic generation by focusing a femtosecond laser onto a

gas and producing coherent extreme ultraviolet (EUV) light. However, the pro-

cess requires high pulse intensities, greater than 1013 Wcm¡ 2, which is normally

achieved via complex optical ampli¯cation techniques. Kimet al exploit the

near ¯eld enhancement of bow-tie nanoantennas to obtain EUV light [5]. Their

system is shown in ¯gure 2.11. Gold bow-tie nanoantenna array fabricated on

sapphire substrate is illuminated with femtosecond laser pulses of intensity 1011

Wcm¡ 2 while facing the argon gas jet. As seen in ¯gure 2.12, resonant bow-tie

increases incident intensity by two orders of magnitude; hence, the threshold

required to generate high harmonics is easily obtained. As a result, constructive

interference of the emitted high harmonics from the individual antenna elements

forms EUV radiation in the 22-124 nm wavelength range.

A photodetector with smaller active region is faster and has low capacitance.

This results in high frequency operation with high output voltage. However,

minimizing the photodetector size causes lower responsivity due to the di®rac-

tion limit. Miller and colleagues overcome this challenge with the open-sleeve

dipole antenna [6]. As seen in ¯gure 2.13, a dipole gold nanoantenna is used

to concentrate incident near infrared light into germaniumactive material. The
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Figure 2.14: Calculated spatial near ¯eld on 25 nm above theSiO2 substrate
surface, (a) to (d) y polarized illumination. (a) Dipole with an air gap, resonant
at ¸ = 904 nm. (b) Dipole with the gap ¯lled with germanium, resonant at
¸ = 1271 nm. (c) Open sleeve dipole, resonant aţ = 1345 nm. (d) Open
sleeve. (e) Open sleeve dipole, x polarized illumination. [6].

sleeves are used to extract the photocurrent. The measured photocurrent for y

polarized incident light is 20 times higher than that forx polarized light at a very

low bias voltage at ¸ = 1310 nm wavelength. Calculated near ¯eld, shown in

¯gure 2.14 predicts this polarization response and proves how the sleeves change

antenna characteristics.

Nanoantennas resonating at infrared wavelengths have the potential to collect

the infrared energy either coming from the sun or reradiated from the earth. How-

ever, this is impossible for the time being due to the lack of terahertz recti¯cation

of the induced current on nanoantennas. Nevertheless, Kotteret al fabricate in-

expensive, °exible and large area periodic array of square loopgold nanoanten-

nas resonating at infrared wavelengths [7]. Figure 2.15 showsthe nanoantenna

collector sheet. Thus, with the improvement of proper terahertz recti¯cation

techniques nanoantennas can be used to extend the limits of conventional pho-

tovoltaic technology.
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Figure 2.15: (a) SEM image of the square loop antenna array. (b) Nanoantenna
collector sheet. [7].

Nanoantennas are also used in biological sciences for example byutilizing

them in photothermal tumor therapy [8]. Polyethylene glycol (PEG) coated

gold nanorods (NR) resonating aţ = 810 nm are synthesized, shown in ¯gure

2.16(A). PEG-NRs are stable in biological media and are passivelyaccumulated

in tumors through permeability. 72 hours after injection tomice, PEG-NRs

disappear from blood circulation. After vascular disappearance of PEG-NRs,

tumors of mice are irradiated with a laser of intensity 2W=cm¡ 2 at ¸ = 810

nm for 5 minutes. The calculated temperature for three di®erent tumor depths

of PEG-NR injected mice and the measured thermographic trace is shown in

¯gure 2.16(B) and (C). Thus laser illumination causes PEG-NRs toheat up

by means of the electric ¯eld enhancement discussed priorly and ablate the tu-

mor tissue. Figure 2.17 presents the experiment results including the response

of control groups. This promising work demonstrates tumor ablation by using

nanoantennas as tumor speci¯c catheters.
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Figure 2.16: (A) TEM image of 13nm £ 47nm synthesized gold nanorods. (B)
Calculated temperature for three di®erent tumor depths of PEG-NR injected
mice. (C) Thermographic imaging of laser irradiated PEG-NR injected mice. [8].

Figure 2.17: Response of di®erent treatment groups (A) Volumetric changes in
tumor sizes after laser irradiation at¸ = 810 nm, 2 W=cm¡ 2 intensity, for 5
minutes. (B) Survival of treatment groups after laser irradiation (C) At 20 d
after laser irradiation, PEG-NR injected mice is tumor free. [8].
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A. Type Substrate A. Length Mode Wavelength Ref.
Dipole Glass 255 nm (20 nm gap) ¸ ef f= 2 830 nm [1]
Stripe Glass 500 nm 3¸ ef f= 2 710 nm [2]
Dipole Glass 1040 nm (40 nm gap) 3¸ ef f= 2 730 nm [2]
Stripe Glass 1000 nm 5¸ ef f= 2 760 nm [2]
Dipole Glass 380 nm (60 nm gap) ¸ ef f= 2 904 nm [6]

Table 2.1: Antenna type, substrate, antenna length, resonant mode and wave-
length of the incident light in references tabulated.

Table 2.1 lists antenna type, substrate, antenna length, resonant mode and

incident wavelength within the aforementioned referencesfor comparison. Here

we ¯rst infer the directly proportional relation between the incident wavelength

and the required antenna length foŗ ef f= 2 resonant mode (¯rst resonance).

This characteristics proves that freely accelerating electrons of the nanoantenna

are driven by the incident harmonic electromagnetic ¯eld andresonate for a spe-

ci¯c antenna length. In accordance with the macro antenna theory, the relation

between incident wavelength and resonant antenna length is explained with the

dynamic current distribution on the antenna, and longer incident wavelengths

require longer antennas. Secondly, we deduce that the resonance characteris-

tics of a dipole nanoantenna is governed by individual nano stripes forming the

dipole. Neglecting the small coupling e®ect between individual nano stripes, the

dipole behavior is attributed to the stripe nanoantennas dueto their individual

current distributions in response to the driving ¯eld. The coupling due to the

small gap increases the resonating wavelength of the individual stripe or in e®ect

increases the e®ective wavelength (¸ ef f ). Finally, we realize that ¸ ef f of higher

order resonant modes (i.e. 3̧ef f= 2 and 5̧ ef f= 2 modes) are longer. We can

imagine higher order modes as series combinations of nanoantennas resonating

at ¸ ef f= 2 mode. However, that series combination has the maximum coupling

between those serial elements and thereby lengthens¸ ef f of higher order modes.
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Chapter 3

NUMERICAL CALCULATIONS

In this chapter, nanoantenna and optical ¯eld interaction isinvestigated using

industry standard commercial simulation software (Lumerical FDTD). Here we

demonstrate the capability of nanoantennas in localized enhancement of light de-

pending on their size, shape and surface properties. We ¯rst provide the near ¯eld

response of various nanoantennas for¸ = 1:5 ¹m linearly polarized incident op-

tical radiation. Then, we describe the interaction of the optical ¯eld ( ¸ = 1:5 ¹m

incident radiation), resonant stripe nanoantenna andAs2Se3 (arsenic selenide)

substrate. Finally, we investigate the electromagnetic ¯eld interactions with a

resonant stripe nanoantenna placed on a nonlinear (optical)As2Se3 substrate,

concentrating on the nonlinear optical interaction of the antenna near ¯eld with

the substrate. Lumerical FDTD software allows implementationof the third or-

der susceptibility term Â(3) and solves nonlinear FDTD. SinceAs2Se3 is a highly

nonlinear material (Â(3) = 6:84£ 10¡ 19 at ¸ = 1:5 ¹m ), higher order e®ects such

as the generation of new frequencies and harmonics, which require very large

electric ¯elds to become observable, can be induced with the electromagnetic

enhancement achieved via resonant nanoantennas.
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Figure 3.1: Setups and reference frame used in numerical calculations, L is the
antenna length,w is the antenna width.

3.1 Optical Nanoantennas at ¸ = 1:5 ¹m

In this section, we investigate stripe, dipole and single bow-tie gold nanoantennas

for various antenna lengths. Steady state time averaged near ¯eld response of

these three antenna types is calculated at the bottom face of the antennas for

two di®erent cases: when the antenna is in vacuum and when the antenna is

on As2Se3 (arsenic selenide,n = 2:78 at ¸ = 1:5 ¹m ). Calculated spatial

near ¯eld intensity is normalized with respect to the incident optical ¯eld. The

incident light is a transverse electric ¯eld linearly polarized in the x direction at

a wavelength of¸ = 1:5 ¹m with 100 nm bandwidth. Figure 3.1 demonstrates

setups and reference frame used in simulations. The blue surface represents the

near ¯eld monitor at ¸ = 1:5 ¹m . L refers to antenna length andw refers

to antenna width. All the calculations are made for ¯xed antenna width of

w = 50 nm, except for the bow-tie nanoantenna wherew = 100 nm is employed.

Antenna thickness is always taken as 50 nm. Furthermore, 2 nm mesh size is used

in all directions. In order to prevent re°ections from the simulation boundaries,
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Figure 3.2: Electric ¯eld peak intensity calculated for various lengths of the stripe
nanoantenna in vacuum.

perfectly matched layers are utilized. Proper convergenceis assured for each of

the calculations.

The length of the stripe nanoantenna is scanned from 100 nm to 1300 nm

with steps of 30 nm. Simulated dipole nanoantenna is comprisedof two identical

stripes with a constant 40 nm gap; therefore the dipole length is scanned from

240 nm to 2640 nm with 60 nm steps for comparison with the stripe antenna

characteristics. Finally, the bow-tie response is calculated for the antenna lengths

beginning from 100 nm up to 700 nm again with 30 nm steps.

Here we ¯rst provide the calculation results of the nanoantennasin vacuum.

Figure 3.2 shows that the stripe nanoantenna in vacuum provides near ¯eld

enhancement for a band of antenna lengths ceiling at aboutL = 430 nm which is

shorter than ¸= 2. Therefore, an e®ective wavelength whereL = ¸ ef f =2 = 430 nm

can be de¯ned. Another near ¯eld intensity enhancement peak forL = ¸ ef f is not

observed as predicted by Ghenucheet al [2]. Spatial near ¯eld distribution for

L = 430nm shown in ¯gure 3.3 suggests that the ¯eld enhancement is a resonant
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Figure 3.3: Electric ¯eld intensity distribution of the stripe nanoantenna in vac-
uum for antenna length ofL = 430 nm. First resonant mode is presented for
two di®erent intensity scales.

28



500 1000 1500 2000 2500
0

1000

2000

3000

4000

5000

6000

7000

8000

Dipole Length (nm)

E
2

Dipole in vacuum

Figure 3.4: Electric ¯eld peak intensity calculated for various lengths of the
dipole nanoantenna in vacuum.

one. At resonance, up to three orders of magnitude intensity enhancement and

strong ¯eld con¯nement is observed.

Calculated dipole nanoantenna consists of two identical stripes with a 40

nm constant gap. HereL refers to the total length of two identical stripes

and gap. Figure 3.4 indicates that the dipole nanoantenna invacuum holds

near ¯eld enhancement for a band of antenna lengths ceiling atabout L = 820

nm. This implies that the dipole response is governed by the characteristics of

individual stripes forming the dipole nanoantenna which is aresult arrived at

table 2.1 as well. However, resonant antenna length of the individual stripes is

slightly lowered due to the coupling between them. Furthermore, spatial near

¯eld distribution for L = 820nm shown in ¯gure 3.5 suggests that the dipole

design contributes to higher near ¯eld intensities than of a single stripe inside

the gap.
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Figure 3.5: Electric ¯eld intensity distribution of the dipole nanoantenna in
vacuum for antenna length ofL = 820 nm. First resonant mode is presented for
two di®erent intensity scales.
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Figure 3.6: Electric ¯eld peak intensity calculated for various lengths of the
bow-tie nanoantenna in vacuum.

Simulated bow-tie nanoantenna is a single isosceles triangle with height L

and base lengthw = 100 nm. Figure 3.6 indicates that the bow-tie nanoantenna

in vacuum presents near ¯eld enhancement for a band of antenna lengths ceil-

ing at about L = 430 nm, which is the same resonant length for nano stripe in

vacuum. This implies that the resonance is related to the length of the antenna

along the polarization direction of the incident light. As inthe case of its radio

equivalent, bow-tie nanoantenna is said to be middle bandwidth meaning that

the range of frequencies producing resonance like behavior is wider than a lower

bandwidth antenna [10]. This can be explained with the following analogy: the

bow-tie nanoantenna behaves like a parallel combination ofstripe nanoantennas.

As a result, ¯gure 3.6 includes more number of antenna lengths producing reso-

nance like behavior and thereby near ¯eld intensity enhancement. Furthermore,

the near ¯eld intensity enhancement of the bow-tie nanoantenna is an order of

magnitude higher than the nano stripe. This is attributed to the sharp tip of

the bow-tie. Figure 3.7 presents spatial near ¯eld distributionfor L = 430 nm.

Hence for an application where a single tiny optical spot of veryhigh intensity

is required, a resonant bow-tie design could be employed.
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Figure 3.7: Electric ¯eld intensity distribution of the bow-tie nanoantenna in
vacuum for antenna length ofL = 430 nm. First resonant mode is presented for
two di®erent intensity scales.

32



200 400 600 800 1000 1200
0

500

1000

1500

2000

2500

3000

Stripe Length (nm)

E
2

Stripe on As
2
Se

3

Figure 3.8: Electric ¯eld peak intensity calculated for various lengths of the stripe
nanoantenna onAs2Se3 substrate.

Regarding the case of nanoantennas onAs2Se3 (arsenic selenide) substrate,

¯gure 3.8 reveals that the stripe nanoantenna onAs2Se3 grasps near ¯eld en-

hancement for several bands of antenna lengths ceiling at about L = 190 nm,

L = 670 nm and L = 1150 nm. The dielectricity of the As2Se3 substrate

(n = 2:78 at ¸ = 1:5 ¹m ) opposes the dynamic charge distribution on the

metal surface and introduces additional capacitance thereby lowering the reso-

nant length of the nanoantenna. Hence we observe higher order resonant modes

of the stripe which require longer antennas for the antenna lying in vacuum

case. First resonance, so called the fundamental antenna mode, occurs at about

L = 190 nm, where we can de¯ne an e®ective wavelength,L = ¸ ef f =2 = 190 nm.

Second resonance, 3¸ ef f =2 mode, occurs at aboutL = 670 nm and third reso-

nance, 5̧ ef f =2 mode, occurs at aboutL = 1150 nm, all similar to the de¯nition

in the work of Ghenucheet al [2]. In accordance with table 2.1,̧ ef f of higher

order resonant modes are longer. Furthermore, the dielectricity of the substrate

also reduces the strength of resonance and thus decreases the intensity enhance-

ment factor compared to the stripe lying in vacuum. Figures 3.9, 3.10 and 3.11
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Figure 3.9: Electric ¯eld intensity distribution of the stripe nanoantenna on
As2Se3 substrate for antenna length ofL = 190 nm. First resonant mode is
presented for two di®erent intensity scales.
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Figure 3.10: Electric ¯eld intensity distribution of the stripe nanoantenna on
As2Se3 substrate for antenna length ofL = 670 nm. Second resonant mode is
presented for two di®erent intensity scales.
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Figure 3.11: Electric ¯eld intensity distribution of the stripe nanoantenna on
As2Se3 substrate for antenna length ofL = 1150 nm. Third resonant mode is
presented for two di®erent intensity scales.
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Figure 3.12: Electric ¯eld peak intensity calculated for various lengths of the
dipole nanoantenna onAs2Se3 substrate.

present spatial near ¯eld distributions for three di®erent modes.The fundamen-

tal resonant mode is more e±cient than higher order modes but its shorter length

requires more stringent fabrication methods. Spatial near ¯eld distributions sug-

gest that higher order modes can be imagined as series combinations of antennas

resonating at the fundamental mode.

Figure 3.12 indicates that the dipole nanoantenna onAs2Se3 provides near

¯eld enhancement for several bands of antenna lengths ceilingat about L = 360

nm,L = 1380 nm andL = 2340 nm. As in the case of dipole lying in vacuum, we

calculated near ¯eld response of two identical stripes with a constant 40nm gap.

The dipole response is again governed by the characteristics ofthe individual

stripes on As2Se3. The resonant antenna length of the individual stripes is

slightly lowered due to coupling. Furthermore, higher refractive index substrate

makes three di®erent resonant modes observable albeit lowering the resonance

strength. Dipole nanoantenna onAs2Se3 characteristics is in accordance with

the results that we arrive at dipole in vacuum and stripe onAs2Se3 cases. Figures

3.13, 3.14, 3.15 present spatial near ¯eld distributions for three di®erent modes.
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Figure 3.13: Electric ¯eld intensity distribution of the dipole nanoantenna on
As2Se3 substrate for antenna length ofL = 360 nm. First resonant mode is
presented for two di®erent intensity scales.

38



Figure 3.14: Electric ¯eld intensity distribution of the dipole nanoantenna on
As2Se3 substrate for antenna length ofL = 1380 nm. Second resonant mode is
presented for two di®erent intensity scales.
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Figure 3.15: Electric ¯eld intensity distribution of the dipole nanoantenna on
As2Se3 substrate for antenna length ofL = 2340 nm. Third resonant mode is
presented for two di®erent intensity scales.
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Figure 3.16: Electric ¯eld peak intensity calculated for various lengths of the
bow-tie nanoantenna onAs2Se3 substrate.

Figure 3.15 presenting the third resonant mode should also be noted due to

several optical spots of high intensity with nanometer resolution.

Figure 3.16 shows that the single bow-tie nanoantenna onAs2Se3 substrate

holds near ¯eld enhancement for several bands of antenna lengths ceiling at about

L = 190 nm and L = 670 nm which are expectedly the same resonant antenna

lengths for the nano stripe onAs2Se3. This demonstrates that the resonance

depends on the antenna length along the polarization direction. However, the

dielectricity of the substrate reduces the intensity enhancement factor compared

to the bow-tie nanoantenna lying in vacuum. Figures 3.17 and3.18 present

spatial near ¯eld distributions for two di®erent modes. The optical spots of high

intensity in the second order mode are also identical to the second order mode

of the nano stripe thereby implying the resonant antenna length as independent

from the antenna shape.

Cubukcu et al investigates the response of stripe, dipole, single and double

bow-tie nanoantennas on glass substrate for¸ = 830 nm incident electric ¯eld

linearly polarized along the antenna length [9]. The resultsin ¯gures 3.19 and
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Figure 3.17: Electric ¯eld intensity distribution of the bow-tie nanoantenna on
As2Se3 substrate for antenna length ofL = 190 nm. First resonant mode is
presented for two di®erent intensity scales.
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Figure 3.18: Electric ¯eld intensity distribution of the bow-tie nanoantenna on
As2Se3 substrate for antenna length ofL = 670 nm. Second resonant mode is
presented for two di®erent intensity scales.
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Figure 3.19: Electric ¯eld peak intensity calculated for various lengths of stripe
and dipole nanoantennas on glass substrate are compared. For the dipole, an-
tenna length is the length of the stripe forming the dipole andthe gap is 20
nm [9].

3.20 are in agreement with our numerical calculations. However, the resonant

lengths of the stripe (dipole) and single bow-tie (double bow-tie) nanoantennas

do not coincide due to the curvature of the simulated structures. The ends of

stripe along its length are rounded with a 20 nm radius of curvature, and the tip

radius of curvature for bow-tie is taken to be 10 nm with an apex angle of 60±.

As a result of the above numerical calculations we show that resonance char-

acteristics of nanoantennas for a speci¯c incident wavelengthis governed by sub-

strate, antenna length along the polarization direction of the incident electric

¯eld and the antenna shape. The refractive index of the substrateis inversely

proportional with the resonant nanoantenna length and the near ¯eld intensity

enhancement factor at resonance. This result is compatible with table 2.1, which

tabulates simulation results for resonant nanoantennas on glass substrate. Fur-

thermore, a speci¯c incident wavelength causes resonant modes only for speci¯c

nanoantenna lengths. This result is also compatible with table2.1 which man-

ifests a directly proportional relation between the incident wavelength and the
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Figure 3.20: Electric ¯eld peak intensity calculated for various lengths of single
and double bow-tie nanoantennas on glass are compared. For the double bow-tie,
antenna length is the length of the single bow-tie forming thedouble bow-tie and
the gap is 20 nm [9].

resonant antenna length. Finally, the nanoantenna shape doesnot alter the res-

onant antenna length fundamentally as long as the antenna length along the

polarization of the incident ¯eld is preserved. However, the shape prominently

a®ects near ¯eld intensity enhancement and antenna bandwidth.
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Figure 3.21: Electric ¯eld peak intensity calculated for several distances from
the antenna dielectric interface for the fundamental resonance mode of the stripe
nanoantenna onAs2Se3 (arsenic selenide) substrate.

3.2 Resonant Stripe Nanoantenna on As2Se3

This section describes the interaction of the optical ¯eld, stripe nanoantenna at

the fundamental resonance mode (¸ = 1:5 ¹m , x polarized incident radiation)

and As2Se3 substrate.

The interface between the resonating antenna and dielectricsubstrate is ex-

posed to high electric ¯eld intensities albeit the penetrationof that ¯eld into the

dielectric is limited. As seen in ¯gure 3.21, the near ¯eld enhancement of the

resonating antenna vanishes about 90 nm away from the interface. This result is

consistent with the rapid energy decay rate of the reactive near ¯eld region and

demonstrates strong ¯eld con¯nement inside several cubic micrometers instead

of propagation. Therefore, the resonating nanoantenna is a means for optimum

conversion of propagating light into subwavelength localized optical ¯eld.
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We also investigate components of the electric ¯eld intensity calculated at the

antenna dielectric interface in order to understand nanoantenna radiation in gen-

eral. Figure 3.22 shows ¯eld components of the resonating stripenanoantenna.

Interestingly, all three of Ex
2, Ey

2 and Ez
2 have similar peak intensities albeit

their distributions are di®erent. This phenomenon can be described by a simple

model assuming electrons of the antenna as freely accelerating and driven by the

incident harmonic electromagnetic ¯eld. This assumption vanishes the friction

term ° in equation 2.3 (that is proportional to velocity) without fundamentally

changing the resonance phenomena. Furthermore, in order to qualitatively dis-

cuss the phenomena we should only consider ¯rst order e®ects due to the electric

and magnetic ¯eld components of the incident ¯eld on the acceleration of the

free charges. Here we ignore secondary interactions due to the charge radiation

¯eld and charges themselves. FDTD solutions take into account this secondary

and higher order interactions due to the induced ¯elds to obtain a converging

solution.

As indicated in chapter 2, the electromagnetic radiation from a freely ac-

celerating charge, for example in a plasma, known as the Larmor radiation, is

directed perpendicular to the acceleration direction and shaped like a toroid cen-

tered around the symmetry axis of the particle's acceleration direction. There-

fore, for x polarized incident electric ¯eld, the direction of resonant nanoantenna

radiation should be around a toroid centered along the antenna axis. This leads

to very large Ey and Ez components, and a small but ¯nite contribution from

Ex . In ¯gure 3.22 we already see prominentEy
2 and Ez

2 components. How-

ever we should also be able to account for reasonably largeEx component. This

can be attributed to the y polarized magnetic ¯eld component of the incoming

¯eld. The magnetic force on the charges moving along thex axis is along thez

direction because of the Lorentz force relation
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F = ¡ q_x £ B(t): (3.1)

Therefore, asx polarized incident electric ¯eld accelerates the charges along

the x axis, y polarized magnetic ¯eld bents the charge motion towards the surface

and bottom of the antenna harmonically, resulting acceleration along thez axis

as well. An acceleration in thez direction is also accompanied with radiation

¯eld components Ex and Ey. However, magnetic forces are several orders of

magnitude smaller than electric forces. Therefore, exact computation of ¯eld

components requires detailed numerical calculations.

It is interesting to note that the Ex
2 and to an extent Ey

2 components in

¯gure 3.22 have another very weak pairs of hot spots at the center of the nanoan-

tenna in distinction to the Ez component suggesting that the source of this hot

spots are di®erent. Furthermore, the higher order resonant modes mentioned in

the previous section mainly have enhancedEy and Ez type hot spots which is

suggesting that the resonance behavior of the nanoantenna is due to the main

resonance along the antenna length.

The relative strengths of the ¯eld components depend on many factors a®ect-

ing the resonance condition, i.e. antenna length and also width. Field strengths

and computation eventually require simulation software. However, via our toy

model, we show that we can account for theEx
2, Ey

2 and Ez
2 components by

taking into account the electron acceleration due toEx and By components of

the incident optical ¯eld.
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Figure 3.22: Electric ¯eld intensity distribution in terms of ¯eld components for
the fundamental resonance mode of the stripe nanoantenna onAs2Se3.
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3.3 Resonant Stripe Nanoantenna on As2Se3

and Nonlinear E®ects

This section describes the interaction of high intensity optical ¯eld, stripe

nanoantenna at the fundamental resonance mode (¸ = 1:5 ¹m , x polarized

incident radiation) and nonlinear (optical) As2Se3 (arsenic selenide) substrate.

Local optical ¯eld enhancement of resonant nanoantennas can be used for

boosting nonlinear phenomena in the nano scale [1,2,5]. Sincenonlinear e®ects

require very large electric ¯elds to become observable, the near ¯eld enhance-

ment achieved around several cubic micrometers of resonant nanoantennas can

be exploited for the generation of new frequencies and harmonics. As2Se3 is a

highly nonlinear (optical) material (Â(3) = 6:84£ 10¡ 19 at ¸ = 1:5 ¹m ) especially

used in nonlinear ¯ber devices [29]. Here we investigate nonlinear optical inter-

actions within the near ¯eld of a resonant stripe nanoantenna placed onAs2Se3

substrate.

Lumerical FDTD allows implementation of the third order susceptibility term

Â(3) and solves nonlinear FDTD. Here, the calculation is performedwith inci-

dent transverse electric ¯eld (at¸ = 1:5 ¹m ) polarized along the antenna length.

The incident ¯eld is a single pulse of peak amplitude 1e8 V/m with duration in

the order of femtoseconds. The electric ¯eld intensity at the antenna dielectric

interface is monitored during the pulse transition, and then transformed into the

frequency domain by fast fourier transformation. As a result, position and wave-

length dependent electric ¯eld intensity plots of the antennadielectric interface

are obtained.

Figures 3.23, 3.24, 3.25 and 3.26 present electric ¯eld intensity spectrum along

a line, in the x direction, grazing the top left corner of the antenna. Therefore,

all of the plots are given for the samey = 25 nm position. The 190 nm long and

50



-160

-140

-120

-100

-80

-60

-40

-20

0

500
1000

1500
2000

-4

-3

-2

-1

0

1

2

x position (nm)

150fs pulse length

wavelength (nm)

lo
g(

E
x2 )

Figure 3.23: Ex
2 spectrum calculated at di®erentx positions. The source has

150 fs pulse length at 1.5¹m . Ex
2 is normalized with respect to the source peak

intensity.

50 nm wide resonant nanoantenna lies betweenx = ¡ 95 nm andx = 95 nm x

and y = ¡ 25 nm andy = 25 nm y positions of the simulation area. Since near

¯eld response of the nanoantenna is symmetrical in thexy plane with respect to

the antenna center, electric ¯eld intensity spectrum at di®erent x points along

the top edge of the antenna up tox = 0 is su±cient to analyze the phenomenon.

The wavelength spectrum is restricted in the 400 nm to 2000 nm range, and

normalized with respect to the peak intensity of the incident ¯eld. The calcula-

tions are made for two di®erent pulse lengths of 150 fs and 300 fs.Furthermore,

Ex
2 and Ey

2 spectrum are given separately for each of the di®erent incidentpulse

lengths. Since the third order optical nonlinearity ofAs2Se3 is isotropic, su±cient

¯eld intensity provided by the source and enhanced by the resonant nanoantenna

produces nonlinear e®ects in terms of bothEx and Ey ¯eld components.

51



-150

-100

-50

0

500
1000

1500
2000-4

-3

-2

-1

0

1

x position (nm)

150fs pulse length

wavelength (nm)

lo
g(

E
y2 )

Figure 3.24: Ey
2 spectrum calculated at di®erentx positions. The source has

150 fs pulse length at 1.5¹m . Ey
2 is normalized with respect to the source peak

intensity.

Figure 3.23 showsEx
2 spectrum in the logarithmic scale for 150 fs incident

pulse length. At points far from the antenna edge (x < ¡ 95) electric ¯eld en-

hancement is not su±cient for nonlinear generations. At pointscloser to the

antenna edge, more than two orders of magnitude intensity enhancement is nat-

urally observable at 1500 nm, which is the resonating wavelength of the nanoan-

tenna. Due to su±cient resonant ¯eld enhancement, nonlinear interactions give

rise to new frequency components in the neighborhood of the antenna edge where

near ¯eld intensity enhancement is maximum. Third harmonic ofthe resonating

wavelength, 500 nm, also clearly appears atx = ¡ 95 nm and decays away from

the antenna edge. Hence the appearance of new frequencies around 1500 nm and

the third harmonic generation at 500 nm shown in the spectral plot are in accor-

dance with the x polarized resonant near ¯eld enhancement. Since the antenna
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Figure 3.25: Ex
2 spectrum calculated at di®erentx positions. The source has

300 fs pulse length at 1.5¹m . Ex
2 is normalized with respect to the source peak

intensity.

does not have a resonating mode other thaņ= 1500 nm, nonlinear generations

are not ampli¯ed.

Figure 3.24 showsEy
2 spectrum in the logarithmic scale for 150 fs incident

pulse length. SinceEx
2 and Ey

2 intensity enhancement distributions of the reso-

nant nanoantenna are di®erent as described in the previous section, Ey
2 spectrum

representing they polarized nonlinear generations di®ers from theEx
2 spectrum

in this respect. For instance, the generated third harmonic at500 nm does not

decay with distance from the corner of the antenna as fast as in ¯gure 3.23.

Therefore, near ¯eld of the resonant nanoantenna can be used as position depen-

dent and polarized source for nonlinear interactions.
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Figure 3.26: Ey
2 spectrum calculated at di®erentx positions. The source has

300 fs pulse length at 1.5¹m . Ey
2 is normalized with respect to the source peak

intensity.

Regarding the results for 300 fs incident pulse length, shown in¯gures 3.25

and 3.26, we ¯rstly observe higher peak intensities in theEx
2 and Ey

2 spectrum

due to longer excitation. Hence, the third harmonic at 500 nm is more prominent.

Since longer pulse length narrows the bandwidth of the incident electric ¯eld, the

antenna resonance becomes sharper with a higher peak intensity. This e®ect is

comparatively shown in ¯gure 3.27.

It should be noted that none of the nonlinear e®ects are observedwithout

the resonant nanoantenna albeit same pulses of peak amplitude 1e8 V/m are

employed. As a result, we show that near ¯eld of the resonant nanoantenna can

be used for lowering the required large incident electric ¯eldfor nonlinear in-

teractions. Furthermore, the resonant nanoantenna providesposition dependent

and polarized nonlinear generations.
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Chapter 4

FABRICATION

In this chapter, our e®ort for fabrication of gold nanoantennas is presented. Here

we provide scanning electron microscope (SEM) images of gold nanoantennas

de¯ned on several substrates and investigate the e®ect of substrate dependence

on nano fabrication.

Today nano structures can be de¯ned by either electron beam lithography,

focused ion beam (FIB) milling or nano imprint lithography [30]. Of the three

methods, we exploit FIB milling due to its versatility. FIB mil ling is the fastest

way of nano scale prototyping. It does not require any resist spread, lift-o®

or etching. Milling is achieved via accelerated Ga ions; therefore, ion beam

parameters such as current, voltage and dwell time should be optimized for the

speci¯c milling process.

Here the results obtained with FEI's Nova 600 NanoLab DualBeam system

are demonstrated. We ¯rst provide SEM images of gold nanoantennas fabricated

on As2Se3 (arsenic selenide). Figure 4.1 presents the fabrication setup.We be-

gin fabrication procedure with evaporating about 1¹m of As2Se3 thin ¯lm on

appropriately cleaned glass substrate. On top ofAs2Se3, 50 nm of gold is de-

posited by thermal evaporation. Finally, FIB milling of gold is performed where
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Figure 4.1: Gold nanoantenna fabrication onAs2Se3 evaporated glass substrate.

optimized ion beam parameters are speci¯ed experimentally. Asa result, stripe

nanoantennas at the fundamental resonance (¸ = 1:5 ¹m incident radiation) on

As2Se3 are realized. The antenna array is shown in ¯gure 4.2.

The same gold nanoantenna array is de¯ned on bare glass substrate for com-

parison. Figure 4.3 shows that gold nano stripes on glass have better shapes

albeit they are not perfect. This di®erence can be attributedto the softness of

As2Se3. While milling gold selectively, high energy Ga ions sputter and pass

through the soft As2Se3 material causing unintentional and random milling.

Since lower energy Ga ions require longer dwell times for gold milling, thereby

increasing inadvertent gold removal, lower accelerating voltage and beam current

is not a solution. High resolution FIB milling of the interface between hard and

soft materials is problematic.

Furthermore, the SEM images in ¯gures 4.2 and 4.3 are blurred due to charg-

ing caused by the insulatingAs2Se3 and glass substrates. Charging is the worst

e®ect experienced in FIB milling and electron beam lithography which prevents

high resolution fabrication and imaging. This can be overcome with low vacuum

operation albeit it is not appropriate for high resolution milling and imaging. An-

other way of eliminating the charging e®ect is gas assisted milling which ensures

more accurate milling of speci¯c insulating materials.
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Figure 4.2: Gold stripe nanoantennas onAs2Se3.

Figure 4.3: Gold stripe nanoantennas on glass.

Figure 4.4: Gold stripe nanoantennas on silicon.
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Since silicon is both semiconducting and a relatively hard material, gold thin

¯lm on silicon substrate allows high resolution de¯nition of gold nanoantennas as

seen in ¯gure 4.4. However, low roughness and sharply de¯ned structures should

be achieved on all substrates, since near ¯elds associated with imperfections can

be detrimental for resonance.

Consequently, fabrication of nanoantennas with FIB millingis fast yet sub-

strate dependent. Soft materials cause more ion beam sputtering thereby unde-

sirable random milling. Since nanoantennas show near ¯eld enhancement for a

band of antenna lengths, accurate de¯nition of antenna shape iscrucial.
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Chapter 5

CONCLUSIONS AND FUTURE

WORK

In conclusion, we propose that resonance characteristics of optical nanoantennas

for a speci¯c incident wavelength is governed by substrate, antenna length along

the polarization direction of the incident electric ¯eld and the antenna shape.

This saves us from the burden of numerous simulations and givesus a starting

point. We also claim that we can account for theEx
2, Ey

2 and Ez
2 compo-

nents of the resonant nanoantenna radiation by taking into account the electron

acceleration due to speci¯cE and B components of the incident optical ¯eld.

Furthermore, we also employ the near ¯eld enhancement of the resonant optical

nanoantenna for lowering the required large incident electric ¯eld for optical non-

linear generations. This could be very promising in the ¯eld of nonlinear optics.

Finally, we show that the fabrication of nanoantennas with FIB milling is fast

yet substrate dependent.

Our future work will consist of realizing the numerical calculation results with

near electric ¯eld measurements of the resonant nanoantenna including the non-

linear generations. Thus, obtaining the ability of near electric ¯eld measurement
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technique, we will be able to try new horizons in the realm of resonant optical

nanoantennas.
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