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Abstract

Broadband plasmonic structures are emergent need for many practical
applications. However, plasmonic structures operating in a wide range of
frequencies are just a few in the literature. In the last years, there is a
tremendous effort to invent novel designs and physical mechanisms to supply
the increasing demand for broadband plasmonic structures.

This thesis intends to contribute to the literature via addressing the need
for broadband plasmonic structures for various emerging applications. To fill
this gap in the literature, several novel broadband nano-antenna designs are
introduced, their physical mechanisms are interpreted and several practical
applications are demonstrated.
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Özet

Genişbantlı plazmonik yapılar, bir çok pratik uygulama için, henüz
gelişmekte olan bir ihtiyaçtır. Ne var ki, geniş bir freakans arlığında çalışabilen
plazmonik yapılar literatürde oldukça azdır. Son yıllarda, geniş bantlı plaz-
monik yapılara artarak devem eden talebi karşılamaya yönelik, yenilikçi diza-
ynlar ve fiziksel mekanizmalar keşfedebilmek için yoğun çabalar harcanmak-
tadır.

Bu tez, gelişmekte olan çeşitli uygulamalarda kullanılmak üzere, geniş
bantlı plazmonik yapıları konu alarak literatüre katkıda bulunmayı hede-
flemektedir. Literatürdeki boş boşluğu doldurmak üzere, çeşitli özgün geniş
bantlı nano-anten dizaynları sunulmuş, sunulan dizaynların fiziksel mekanizm-
ları açıklanmış ve çeşitli pratik uygulamalardaki kullanımları gösterilmiştir.
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Chapter I

1 INTRODUCTION

1.1 Broadband Plasmonic Structures

It is well-known that metallic particles [9, 10] and nano-antennas [11, 12]

support narrowband surface plasmon resonances at quantized frequencies.

However in many emerging practical applications, such as thin-film solar

cells [13–16], single molecule spectroscopy [17–19], single molecule detec-

tion [17],nonlinear optics [5], near-field imaging [20], pulse shaping [21], op-

tical information processing [22], light bending [23] broadband plasmonic

structures are essential.

There have been many attempts to fill this gap and some broadband

plasmonic structures have been demonstrated in the form of single antenna [1,

5, 6, 24–27], plasmonic surfaces [2, 28], multi-layer structures [8, 14, 29–35],

metallo-dielectric composites [8, 31,35] and particle suspensions [36]. In this

section, some important examples of broadband plasmonic structures are

summarized.

There are recent studies to obtain broadband plasmonic structures in

the literature. These studies can be classified as: i) bringing particles with

different resonances into a single unit cell [1–5, 24, 25, 28, 32, 33, 37], ii) using

transformation optics [5–7,38], iii) using effective medium approach [8,31,35],

iv) designing structures that support coupling of multiple modes [34,39–41].



One of the common methods to obtain a structure supporting multiple

or broad surface plasmon resonance (SPR) is bringing different structures

with different SPRs into a single unit cell or close to each other so that the

individual response of the particles overlap or couple to result in a multiple or

broad SPR. One example of such structure is a snowflake nanoantenna [1] as

shown in fig. 1. A snowflake antenna contains six or eight particles which form

three or four dipole nano antenna with different lengths around a common

gap, respectively. The resonances of each dipole can be adjusted so that

when the structure is illuminated with circularly or elliptically polarized light

resonances of each dipole overlap and form a broad spectral response. Since

the dipoles are weakly coupled, resonances of each dipole can be identified. A

two dimensional close-packed array containing snowflake nanoantennas can

be constructed to form a broadband plasmonic surface [2, 28]. In these case

coupling between the particles is strong. Even a broad spectrum can be

obtained, individual resonances of individual dipoles could not be observed

due to that strong coupling [2].

In a recent work, a simple theoretical model is introduced to obtain a

broadband spectral response for an array of multi-width strips/patches sepa-

rated by a thin dielectric spacer from a ground plane as illustrated in fig. 2 [3].

This method is based on a simple single-resonance model for each strip/patch

of particular width and employs the series circuit model to predict to overall

response. Within this simple single-resonance model the surface impedance

of a single width strip/patch structure is defined as z ≡ (1+r)/(1−r), where

r = ER/EI is given by

z =
ωie

−i(ω − ω0) + ωio

(1)
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Figure 1.1: A sample snowflake nanoantenna and its spectral responce (uppur
row)[reproduced from ref. [1]], a sample honeycomb nanoantenna array and
its spectral response (lower row)[reproduced from ref. [2]].

Where ω0 is the natural frequency of the resonator, ωio = 1/τo and

ωie = 1/τe are finite lifetimes determined by Ohmic and radiative losses,

respectively. If period of each subunit is much smaller than the excitation

wavelength i.e. L =
∑

i

Li < λ and the propagation length liSPP < Li then

the impedance of the broadband strip/patch can be calculated as

z =
N
∑

i=1

ziLi/
∑

i

Li (2)

This method states that if the couplings between the particles are weak

enough in a unit cell, resonances of different strip/patch can overlap and

provide a broad spectral response.

One special case of bringing plasmonic particle into a single unit cell to

obtain broadband spectral response is using multi-dipolar structures which
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Figure 1.2: Simple Empedans model. A unit cell with three strips/patches
and its equivalent curcuit(left). Absorbtance and impedance of the structures
with two and three strips/patches in a unit cell.[reproduced from ref. [3]]

support dipolar resonances at different frequencies [1, 4, 5, 24, 25]. Some of

them have the ability of concentrating the incident radiation into single

hotspot [1, 5, 24, 25]. Some examples for this special case is given in fig 3.

Another theoretical approach to obtain a broad spectral response is trans-

formation optics [5–7,38]. Small nano particles generally sustains narrow and

quantized SPRs due to their finite size but if a nanostructure has a sharp

singularity then this structure can support a continuous broad spectral re-

sponse. This behavior can be understood via a conformal transformation

between an infinite size structure and a sharp edged structure. If such a

mapping is possible than the response of the structures are invariant under

this conformal transformation. A conformal transformation can be described

as a mapping between two complex plane such as z = x+ iy and z′ = u+ iv.

By using this approach some broadband structures are demonstrated such

as crescent-shaped cylinders [6,38], kissing cylinders [7], trapezoidal logperi-

odic antenna [5]. Due the nature of the structures a broad range of energy

can be localized into a single hotspot.

Another method to obtain broadband structures is designing composite

4



Figure 1.3: Multi-dipolar structures. [reproduced from ref. [1, 4, 5]]

mediums. Then average optical properties can be defined by effective medium

approach. By using effective medium approach, problem of designing a ma-

terial with an optical behavior over a broad spectral range can be reduced

to minimization of a functional [8].

I = ‖F [ε1 (ω) , ε2 (ω) , f,m]‖[ω1,ω2]
(3)

In eqn. 3 ε1 and ε2 represent dielectric permeabilities of metal and di-

electric in composite, respectively, fi is the volume fraction of the metal in

ith layer of the composite and m is the target value of optical parameter and

ω1 and ω2 are the boundaries in the frequency domain. A sample compos-

ite medium and sample spectral responses obtained by this method is given

in fig 5. For example, according to this approach a metamaterial with an
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Figure 1.4: Transformation Optics.[reproduced from ref. [5–7]]

ultra-low refractive index or high absorption efficiency can be constructed

via minimizing the following functional, respectively:

F =
{

Re[εeff (w, f)]
1/2 − nd

}2
(4)

F =
{

Im [εeff (ω, f)]
1/2 − c

ω
ηc

}

(5)

Last method to obtain broad spectral response mentioned in this brief

summary of broadband plasmonic structures is designing structures that sup-

port coupling of multiple modes [34, 39–41]. Boriskina and Dal Negro illus-
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Figure 1.5: Effective Medium Approach. [reproduced from ref. [8]]

trates that plasmonic and photonic modes can be simultaneously employed

to obtain a broad spectral response [39]. Some works have been shown that

coupling of individual plasmonic structures [40] or plasmonic layers [34, 41]

could result in splitting in the spectral response that could give a broad

spectral response.

1.2 Applications of Broadband Plasmonic Structures

1.2.1 Photovoltaic Applications

To compete with the conventional power production methodologies cost of

the current photovoltaic technologies should be reduced. In conventional

photovoltaic devices most of the cost comes from the active material used

in the solar cell design. One solution to decrease the cost of photovoltaic

is developing thin-film solar cells. On the other hand, efficient absorption

of light in the active layer of solar cells and recombination rate of charge
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carriers are two competing factors in conventional solar cell technology [13].

By increasing the thickness of active layer, light can be efficiently absorbed,

however, charge carriers travel a longer path in the active material due to

the increased thickness. This increase results in a high charge recombination

rate without contributing to the current generation [13,14], which reduces the

overall energy conversion efficiency. By employing thin film solar cells, charge

recombination can be improved at the expense of low absorption efficiency.

By decreasing the thickness of the active material layer, the distance that

light travels in the active material for efficient absorption is not met for a

wide range of photon energies close to the band gap [14]. This reduces the

absorption efficiency and energy conversion efficiency. Although it’s possible

to obtain high photocurrent efficiencies above 20% for some single crystalline

materials with a thickness of few hundreds of micrometers [42], high cost and

energy demand to fabricate c-Si motivates the research on thin film solar cells

with plasmonic structures for efficient absorption.

Plasmonic nanostructures have been shown to increase the absorption ef-

ficiency in thin film solar cells via various mechanisms [13–16, 43–69]. This

mechanisms include; (i) scattering of light by resonant plasmonic nanopar-

ticles in active material at large angles so that light is efficiently trapped in

the active layer [46], (ii) increasing field intensity by localized plasmon modes

around plasmonic nanoparticles embedded in active layer [14,56,59,62], and

(iii) trapping of light via coupling it into surface plasmon polaritons propa-

gating on the back metal-active layer interface [56,60]. Plasmonic structures

support resonances in a narrow spectral region. Therefore, broadband plas-

monic structures [14,29] operating on a wide spectral range, which conform to

the broad solar spectrum, are an emerging need for plasmonically improved
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photovoltaics.

1.2.2 Selective Absorber/Emitter Applications

Although noble metals such as gold, silver and copper are good reflectors in

the optical regime, it’s possible to obtain high absorbtion with these metals

via structuring their surfaces at the nanoscale. It was 1902 when Wood

reported for the first time the strange reflection behavior of light from metal

gratings [70]. Later it has been understood that this strange behavior is due

to the localized surface plasmons on the structured metal surface [71]. In

resonance conditions, incident light can be trapped at the metal surface [72–

79] and can be converted to heat due to the loss of the metal.

According to Kirchhoff’s law of thermal radiation, at equilibrium the

emissivity of a material equals its absorbtivity. Therefore thin film ab-

sorbers can be also used as thermal emitters [80]. There are many wide range

of applications of selective thermal emitter/absorber such as thermophoto-

voltaic [81, 82], photodetectors [79], sensors [83], filters [84], imaging [85].

In the literature, there have been shown many metamaterials exhibiting

perfect absorption behavior, such as split ring and a cut wire [78], electric ring

resonators [86], periodical metallic nanoparticles [87], sub-wavelength hole

arrays [88] were designed for perfect or near-perfect absorbers in different

spectral ranges. However, they are operating in a narrow spectral region.

Achieving a broadband absorption is important for the emission devices, such

as thermal emitters and thermophotovoltaic cells, as well as light harvesting

in thin film solar cells. There are also some metamaterials operating in multi

or broad spectral range [29,30,32,33, 72,81,86, 89–115].
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1.2.3 Femtosecond Pulse Shaping

As the desired pulse length gets shorter, its spectral distribution gets broader.

To achieve and better manipulate ultrashort pulses at the nanoscale, near-

field radiators that can localize light over a broad spectrum are essential.

Fourier transformation-based pulse shaping has been used for the ma-

nipulation of femtosecond pulses [116]. Phase and amplitude shaping of the

femtosecond pulses allow control and manipulation of quantum mechani-

cal systems [117–121]. Other potential applications include wideband data

transmission in optical communication, biomedical optical imaging, ultrafast

computing, high-power laser amplifiers, and laser-electron beam interactions.

A large majority of the studies in the literature focus on programmable pulse

shaping methods using Fourier techniques, as summarized in a review article

by Weiner [116]. Polarization-based pulse shaping methods in the literature

utilize optical lenses, which are limited by the diffraction limit of bulk optical

elements.

Nanostructures can be utilized to overcome the spatial limitation when

used with femtosecond pulses [122, 123]. Stockman et al. utilized phased

modulation of an illumination pulse to achieve coherent control of a spatial

distribution since the surface plasmon excitations of nanostructures are cor-

related with their phase [122,123]. Aeschlimann et al. [124] experimentally

demonstrated the feasibility of optical manipulation at the nanoscale through

adaptive polarization shaping of the incident beams. In their study, Aeschli-

mann et al. [124] utilized polarization-shaped ultrashort laser pulses, illu-

minating planar nanostructures to achieve subwavelength control of optical

fields. The optical near-field distribution of silver nanostructures was manip-

ulated through adaptive polarization shaping of the femtosecond pulses. In a
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more recent study Tok et al. [21] theoretically demonstrated that plasmonic

snowflake nanoantennas can be utilized in polarization-based pulse shaping.

In their work, they demonstrate that the plasmonic snowflake nanoanten-

nas [21] can provide control and manipulation of the ultrashort pulses at the

nanoscale using their ability to localize light over a broad spectrum. Other

studies on femtosecond pulse shaping in the literature utilized plasmonic tips

and nanostructures [125–130], asymmetric dipole antennas [131], sun-shaped

planar nanostructures [132], apertures [133], slit arrays [134], and metamate-

rials [135]. Related studies on the interaction of metallic nanoparticles with

ultrafast pulses include ultrafast active plasmonics [136], attosecond plas-

monic microscobe [137], laser-induced nanostructure formation and control

of metallic nanoparticle color via ultrafast pulses [138,139], femtosecond sur-

face plasmon pulse propagation on metal-dielectric waveguides [140], dynam-

ics of surface plasmon polaritons in plasmonic crystals [141], and Nanoscale

ultrafast spectroscopy [142].

1.2.4 Applications in Spectroscopy and Detection

Localized surface plasmons of metallic nanoparticles provides a new way to

detect small concentrations of target molecules due the sensitivity of the

those LSPs to surrounding environment [143]. In addition to this, metallic

nano particles or structured metallic surfaces have the ability of enhancing

and localizing electromagnetic energy at nanoscale regions. Via this ability

plasmonic structures can serves as optical sensors/detectors [26, 103, 144–

150] and substrate for surface enhanced spectroscopies [151–160] such as

surface enhanced Raman spectroscopy (SERS), surface enhanced infrared

absorption(SEIRA).
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Liu et al. demonstrate resonant antenna-enhanced single-particle hydro-

gen sensing in the visible region via placing a palladium nanoparticle, which is

highly chemically reactive with hydrogen, in the nanofocus of a gold nanoan-

tenna [145]. Field enhanced by the gold nanoantenna can sense the change in

the dielectric response of the palladium nanoparticle as it absorbs or releases

hydrogen. Liu et al. introduced a complementary metamaterial to obtain

EIR-like spectral response. Proposed metamaterial consists of dipolar and

quadrupolar strongly coupled slot nanoantennas which support bright and

dark modes respectively. Due to the interaction of bright and dark modes a

narrow EIR-like response can be obtained which can be used for NIR spec-

troscopy [147]. Knight et al. reported an active optical antenna device that

uses the hot electron-hole pairs arising from plasmon decay to directly gener-

ate a photocurrent, resulting in the detection of light [149]. For this purpose,

a nanoantenna on is fabricated on a semiconductor surface and a Schottky

barrier is formed at antenna-semiconductor interface. When the antenna is

excited with light it generates electron hole pairs and injects hot electrons into

the semiconductor over the Schottky barrier and and generates a detectable

photocurrent. In this way, photocurrent can be generated by photons with

energies below the band gap of semiconductor provided that the energies

of the photons is greater than the Schottky barrier. Miroshnichenko et al.

employed a nanoantenna array contains of nanorods with gradually varying

length [26]. This configuration provides a broadband spectral response and

unidirectional radiation pattern suitable for light emission and detection. But

due the arrangement of the nanorods light with different wavelength can be

localized at different locations. Liu et al. experimentally demonstrate a po-

larization independent, narrow band perfect absorber working as plasmonic

12



sensor in the infrared regime [103]. Different from existing LSPR sensors

which measure LSPR resonance shift, introduced plasmonic absorber sensor

measures detects relative intensity change at fixed wavelength via refractive

index change.

Brown et al. introduced a cross shaped nanoantenna structure for SEIRA

spectroscopy. Antenna structure provides single a hot-spot at the gap re-

gion for signal enhancement. They experimentally showed that zeptamolar

quantities of molecules can be detected via signal enhancement mechanism

provided by the antenna [159]. Wang et al. reported that by using a close-

packed hexagonal 2D array of nanoshells a subwavelength structured sub-

strate that simultaneously enhances two complementary vibrational spectro-

scopies, SERS and SEIRA, can be obtained [161] via a narrow band NIR

and a broad MIR resonance resulting from hybridization of quadropular and

dipolar modes of individual shells [152].

Directivity of the surface enhanced spectroscopy substrates is another

factor that further enhances the signal via directional emission and collec-

tion. There are some works demonstrating directional substrates for surface

enhanced spectroscopies [28, 155,156].

Although many plasmonic structures operates in a narrow spectral region

due to their resonant characteristic broadband plasmonic surface are emer-

gent need for spectroscopic applications in order to make spectroscopic mea-

surement in a broad spectral region. There are some plasmonic structures for

spectroscopic applications operating in a broad spectral region [18,19,25,162].

Chu et al. demonstrate a double resonance SERS substrate via coupling

LSPs and SSPs [157]. Aouani et al. introduced a log-periodic trapezoidal

nanoantenna design for multispectral SEIRA spectroscopy [25]. Bakker et
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al. proposed a multilayer metamaterial consist of consecutive metal and

dielectric layers arranged in a pyramidal configuration for broadband optical

microscopy [19]. Unlu et al. presented a broadband antenna design which can

be used in optical or IR spectroscopy by adjusting the antenna parameters [1].

In this design three or four dipole nano antennas are arranged radially around

a gap. The structure has ability to localize a broad spectrum of incident

light to this nano sized gap when illuminated with circularly or elliptically

polarized light. Depending on this antenna structure, Tok et al. presented

a close-packed antenna array on a hexagonal grid with broadband spectral

response and unidirectional radiation pattern. This antenna array surface can

be used as a substrate for surface enhanced spectroscopy applications [28].

1.2.5 Broadband Metamaterials

Since Veselago’s pioneering theoretical prediction [163] metamaterials have

attracted scientist due to their ability to display exotic properties that are

naturally unavailable [78], such as negative refraction [164], invisible cloak [94,

165–167], superlens [168, 169], perfect absorption [78, 86, 87, 170, 171]. Al-

though many of the metamaterials operate in a narrow spectral range [86,

87,90,171–176], there are some multi-band [40,88,109,114,170,177–181] and

broadband metamaterial structures [3, 8, 31, 33, 34, 94, 108, 111, 113, 115, 182,

183].

Goncharenko et al. proposed a method to obtain a broadband metama-

terial with the desired optical properties by combining dielectric and metal

in a special layered geometry where the metal content in each layer has to be

determined using a fitting procedure [8, 31]. To obtain a metamaterial with

broadband absorbance Wu et al. proposed an ultrathin MIM structure with
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a unit cell containing subunits with various sizes [3]. To obtain a broadband

metamaterial, a simple theoretical model is presented in which the response

of each subunit is described by a single-resonance model and the overall

response is described by a series circuit model. Liu et al. demonstrate a se-

lective thermal emitter based on a MIM metamaterial perfect absorber [33].

In this work it’s demonstrated that metamaterial emitters achieve high emis-

sivity over large bandwidths. To obtain a broadband selective emitter a unit

cell consists of multiple cross shaped resonators of various sizes is employed.

Valentine et al. presented a multilayer bulk fishnet structure to obtain

a low loss broadband response [34]. A negative refractive dispersion over a

certain frequency range is obtained. Broadband response of the structure is

attributed to the coupling spoof plasmons between the layers of the structure.

Alici et al. proposed a metamaterial to obtain a broadband perfect absorp-

tion at the NIR regime [94]. They used ”U” shaped split ring resonator

particle and a very thin layer of titanium to obtain a broadband perfect ab-

sorber in the NIR regime. Hedayati et al. obtained a broadband perfect

absorber at visible frequencies by using a metamaterial design composed of

a percolated nanocomposite as the top layer a dielectric spacer in which the

light is trapped and an optically thick metallic back reflector [108]. When the

density of the particles with difference sizes are optimized impedance of the

structure is matched to that of air and reflection is minimized. The counter

currents of the nanoparticles in the composite layer and metallic back reflec-

tor create magnetic dipoles and confines electromagnetic field in the dielectric

layer. Broad resonance is attributed to two effects; one is hybrid plasmonic

coupling between the broad Mie resonance of the particles and the plasmon

polariton of the metal film and the other is the induced plasmonic magnetic
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resonance within the spacer dielectric layer.

Sun et al. obtained a broadband absorbing metamaterial et the GHz

regime by using multilayer split ring resonator structure [183]. The physi-

cal mechanism of the broadband absorption is the destructive interference

of the reflected fields from the two surfaces of the metamaterial. Huang et

al. demonstrated a terahertz metamaterial with broad and flat high absorp-

tion band [111]. Metamaterial is a MIM structure; a top layer contains I

shaped resonators of two different size, a dielectric spacer and a metallic

back reflector. I shaped resonators with different sizes resonate at different

but close frequencies. Therefore the structure gives a broadband overall re-

sponse due to the combination of resonances of different resonators. Sun

et al. demonstrated a broadband metamaterial absorber at Ghz range by

using MIM structure [113]. The top layer of the MIM is a frequency selec-

tive surface containing crisscross and fractal square patch which couple with

each other. The coupling between the crisscross and fractal squares enhances

the bandwidth of the absorption. Cui et al. demonstrated ultra-broadband

light absorption by a sawtooth anisotropic metamaterial slab [115]. In that

structure light of shorter wavelengths are harvested at upper parts of the

sawteeth of smaller widths, while light of longer wavelengths are trapped at

lower parts of larger tooth widths.

1.2.6 Nonlinear Optics

In nonlinear optics broadband structures are needed for the broadband na-

ture of physical mechanism. Nonlinear conversion processes such as high

harmonic generation, two photon emission require high pulse intensities over

a broad range or multiple frequencies. Therefore optical nanoantennas oper-
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ating in a broad range of frequencies which are able to concentrate electro-

magnetic energy nanosize regions are emergent need for the field of nonlinear

optics. There are some broadband structures which can be employed for

these purposes such as [5, 24, 184–186]

Navarro-Cia et al. demonstrate third harmonic generation via introduc-

ing a Kerr medium at the gap of a broadband log-periodic trapezoidal an-

tenna [5]. The physical mechanism of broandband nature of the structure is

overlapping of different dipole resonances excited across the antenna. Aouani

et al. demonstrated that by using three broadband log-periodic trapezoidal

antenna arranged around a central gap with 120degree angular separations

a polarization independent broadband antenna can be obtained [24]. Broad-

band operation range of the antenna leads to simultaneous enhancement of

fundamental and harmonic fields hence high second harmonic conversion ef-

ficiency. Chettiar et al. demonstrate that by using two dipoles with different

resonances perpendicularly around a common gap second harmonic can be

efficiently generated [184]. For this purpose the resonances of the dipoles are

arranged so that one of them resonates at the fundamental frequency ω and

the other resonates at the second harmonic 2ω. Therefore an efficient field

enhancement for both frequencies can be achieved at the gap needed for sec-

ond harmonic generation. Nevet et al. have experimentally demonstrated for

the first time plasmon enhanced two-photon emission from semiconductors

by using a bowtie nanoantenna array [185].
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Chapter II

2 BROADBAND SNOWFLAKENANOAN-

TENNA

2.1 Snowflake Nanoantenna

As introduced in the introduction section, broadband nanoantennas or

broadband plasmonic surfaces are emerging need for many applications such

as thin film photovoltaics, thin film super absorbers and surface enhanced

spectroscopy techniques. However, generally the spectral responses of optical

nanoantennas have narrow spectral response due to their resonance behav-

iors. To adress the need of the broadband electromagnetic collector we intro-

duced a nano antenna structure, so called snowflake nanoantennna [1]. We

have shown that snowflake nano antennas can achieve broadband localized

field enhancement around subwavelength region.

A snowflake nanoantenna is composed of three or four metallic dipole

nanoantennas with different lengths, lying in the same plane, sharing a com-

mon gap and oriented in different angles around this gap, as shown in fig. 2.1.

If this antenna structure is illuminated with circularly or elliptically polarized

light a broadband hot spot can be obtained within the gap.
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Figure 2.1: (a) An oblique view of the six-particle common-gap plasmonic
antenna, which is illuminated with a circularly polarized diffraction-limited
incident beam propagating in the ẑ-direction. (b) Top view of the six-particle
common-gap antenna composed of three dipole pairs with lengths L1, L2, and
L3. (c) Top view of the eight-particle common-gap antenna.

2.1.1 Methodology

To analyze this problem, a 3-D frequency-domain finite element method is

utilized [187, 188]. The accuracy of the solution technique was previously

validated by comparison with other solution techniques [187, 188]. The to-

tal electric field ~Et(~r) is composed of the summation of two components

~Ei(~r) and ~Es(~r). The incident field ~Ei(~r) represents the optical beam in

the absence of the nanoantenna. Once the incident field interacts with the

nanoantenna, scattered fields ~Es(~r) are generated. The incident field is cho-

sen as plane wave. To obtain the scattered field ~Es(~r), we used a 3-D finite

element method (FEM) based full-wave solution of Maxwell’s equations. To

represent the scattering geometries accurately, tetrahedral elements are used

to discretize the computational domain. Simulation domain is chosen as cu-

bical box. For the radiation boundary conditions, perfectly matched layers

are utilized. The medium surrounding the antennas is air. On the tetrahedral

elements, edge basis functions and second-order interpolation functions are
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used to expand the functions. Adaptive mesh refinement is used to improve

the coarse solution regions with high field intensities and large field gradi-

ents. Once the scattered field is solved via FEM, the total field is obtained

by adding the incident field to the scattered field. The dielectric constants

of gold is chosen from the experimental data by Palik [189].

2.1.2 Results

Six-particle and eight-particle broadband plasmonic antennas, composed of

3 or 4 pairs of elongated particles, are illustrated in fig. 2.1. An oblique view

of a six-particle antenna is given in fig 2.1(a). The spectral response of the

broadband antennas depends on the spectral response of individual dipole

antennas of which the size and spatial placement are carefully selected to

tune the overall spectral response. The proposed antennas are illuminated

with a circularly polarized incident beam, which plays an important role in

expanding the bandwidth as discussed below.

The spectral response of a dipole antenna is sensitive to linear polariza-

tion. To excite a strong resonance on a dipole antenna by linear polarization,

one has to illuminate the dipole antenna while the polarization is aligned with

the long axis of the antenna. If the antenna is illuminated with a linearly

polarized electric field perpendicular to the long-axis, then there will be no

field enhancement in the gap region of the antenna. Figure 2.2(a) illustrates

the sensitivity of the spectral response of a dipole antenna to linear polar-

ization. The length, thickness, and width of the antenna are 100nm, 20 nm,

and 20 nm, and the gap is 30 nm. The dipole antenna is illuminated with

linearly polarized incident electromagnetic radiation, which can be expressed
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as

~E = x̂ cos
(

ωt− kz
)

(1)

As shown in the inset of fig. 2.2(a), a dipole antenna is oriented at an angle

of φ with respect to the x-axis. When the antenna is aligned with the x-axis,

i.e. φ=0, the intensity is maximum as expected. As the angle φ is increased,

the response of the nanoantenna drops sharply.
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Figure 2.2: Intensity distribution at the center of a nanoantenna as a func-
tion of orientation angle φ: (a) for linearly polarized light, (b) for circularly
polarized light.

When a dipole antenna is illuminated with a circularly polarized beam,

the antenna will respond to circularly polarization regardless of its orienta-

tion. The circularly polarized beam is given as

~E =
x̂√
2
cos

(

ωt− kz
)

+
ŷ√
2
sin

(

ωt− kz
)

(2)

where the amplitude is normalized to 1, similar to Eq. (1). As shown in

fig. 2.2(b) it does not matter whether the long axis of the antenna is aligned

with the x̂-axis, ŷ-axis, or in between the x̂-ŷ axis since the incident beam

is circularly symmetric. In other words, while a dipole antenna is rotation-

ally sensitive to linear polarization, it is rotationally insensitive to circular
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polarization. Due their insensitivity to circular polarization, the resonant

structures can be brought together at the common-gap and the spectrum of

the whole system can be expanded.

The resonances of the dipole antennas are very narrow as shown in fig. 2.2.

To address the narrow bandwidth of dipole antennas, the plasmonic antennas

shown in fig. 2.1 are used. Optical antennas with various lengths are studied,

as listed in table 2.1. Cases A to F correspond to six-particle antennas and

Case G corresponds to an eight-particle antenna. The gap size is selected as

30 nm, which results in the neighboring particles not touching each other.

The width and thickness of the antennas are both 20 nm. Each of the dipole

antenna pairs in fig. 2.1 resonate at different wavelengths. To achieve reso-

nance of different pairs at different wavelengths, a circularly polarized beam

of light is utilized since dipole antennas are rotationally insensitive to the

circular polarization. The tip of the electric field vector for linearly polar-

ized light sweeps a line as time progresses, therefore, it can not excite all

the dipole pairs in fig. 2.1. The tip of the electric field vector for circularly

polarized light, on the other hand, sweeps a circle in time. Therefore, it can

excite all three dipole pairs in Fig. 1.

Table 2.1: A list of nanoantenna lengths and corresponding FWHM.

Case ID L1 [nm] L2 [nm] L3 [nm] L4 [nm] FWHM [nm]
Case A 160 180 200 n/a 470
Case B 140 170 200 n/a 550
Case C 120 160 200 n/a 650
Case D 100 150 200 n/a 340
Case E 170 200 230 n/a 615
Case F 200 230 260 n/a 760
Case G 120 160 200 240 990

In figs. 2.3(a) and (b), the spectral response of various antennas are pre-
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sented when they are illuminated with the circularly polarization in Eq. (2).

The FWHM of the spectral responses are listed in table 1. Figure 2.3(a)

demonstrates how the spectral response is broadened and FWHM increases

by increasing the variation between the antenna lengths. Figure 3(b) demon-

strates how the spectral response is shifted by changing the antenna lengths.

For Cases A-C, the three spectra fall in the same width of the FWHM. When

the length variation among antenna pairs is large, such as Case D, then the

three spectra do not fall in the same width of the FWHM, reducing it. Fig-

ure. 2.3(c) illustrates that the spectral response can be further broadened

by using an eight-particle antenna, for which the added pair increased the

FWHM from 650 nm to 990 nm.

Multiple peaks observed in figs. 3(a)-(c) are unique to circular polarization

and the same results are not obtained with linear polarization. Figure 2.3(d)

compares the results of the antenna in Case D when it is illuminated com-

pared with circular polarization with 2 different linear polarizations. Fig.

3(d) illustrates the spectral response for polarization angles φ = 0◦ and

φ = 45◦. For φ = 0◦, the linear polarization expression was previously given

by Eq. (1). The mathematical expression for the polarization angle φ = 45◦

case is given as

~E =
x̂√
2
cos

(

ωt− kz
)

+
ŷ√
2
cos

(

ωt− kz
)

(3)

The results in fig. 2.3(d) shows that at most 2 peaks of the spectral resonance

curve can be excited with linear polarizations in Eq. (1) and Eq. (3).

An important aspect of the plasmonic antennas shown in fig. 2.1 is their

ability to focus light at different frequencies as illustrated in fig. 2.4. The
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Figure 2.3: Spectral response of various antennas illuminated with various
polarizations. The electric field intensity at the center of the gap is plotted as
a function of wavelength. (a) Spectral broadening by increasing the antenna
length variation for circular polarization. (b) Spectral shifting with changing
antenna lengths for circular polarization. (c) A comparison of six-particle and
eight-particle antenna responses for circular polarization. (d) A comparison
of a six-particle antenna, which is illuminated with circular polarization and
two linearly polarizations given by Eq. (1) and Eq. (3).
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electric field distribution on the x̂-ŷ plane is plotted at various wavelengths for

Case D. Figure. 2.4(a) illustrates the electric field distribution at λ = 400 nm.

Figure. 2.4(a) shows a very weak intensity at the gap region of the antenna

and none of the antenna components are at resonance. Figure 2.4(b) shows

the field distribution that corresponds to the first spectral peak in Case D,

i.e. at λ = 775 nm. A strong electric field distribution is observed in the

gap region in fig. 2.4(b). In addition, the horizontal oriented dipole shows a

strong absorption profile, which is associated with the plasmon resonance of

the dipole pair with the length L1 = 100 nm. The electric field distributions

that correspond to the second (λ = 975 nm) and third (λ = 1200 nm)

spectral peaks in Case D are illustrated in figs. 2.4(c) and 2.4(d), respectively.

At these wavelengths, the dipole pairs indicated with lengths L2 = 150 nm

and L3 = 200 nm resonate respectively, as shown in figs. 2.4(c) and 2.4(d).

Similar to other studies in the literature [39], the nanoantenna can focus light

at different frequencies. The antenna in fig. 4.1 may offer advantages, since

it is a compact device with sizes on the order of a few hundred nanometers.

In addition, the antenna in fig. 2.1 can be easily integrated with different

optical components, such as at the tip of a tapered fiber probe. For practical

use of this antenna in a solar cell application, unpolarized radiation needs to

be efficiently converted to various polarizations.

The strength of the spectral peaks is tailored through the ellipticity of

elliptically polarized light. For example, for Case D in fig. 2.3(a) the first

peak is weaker than the other two peaks. This can be adjusted by using an

elliptical polarized incident beam. By tuning the ellipticity of the incident

elliptical polarization, the spectral distribution can be manipulated as shown
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Figure 2.4: Electric field intensity distribution on the x̂-ŷ plane: (a) at λ =
400 nm, which corresponds to off-resonance, (b) at λ = 775 nm, first spectral
peak in Case D, (c) at λ = 975 nm, second spectral peak in Case D, and (d)
at λ = 1200 nm, third spectral peak in Case D.
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Figure 2.5: (a) Spectral response of the antenna for elliptically polarization
defined in Eq. (4). (b) A comparison of normal and oblique incidence for
circular polarization.
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in fig. 2.5(a). By using an elliptically polarized beam given as

~E = x̂
ξ

√

ξ2 + 1
cos

(

ωt− kz
)

+ ŷ
1

√

ξ2 + 1
sin

(

ωt− kz
)

(4)

The relative amplitudes of the spectral peaks are adjusted by tuning the pa-

rameter ξ in fig. 2.5(a). A similar effect can be obtained by using a circularly

polarized beam at an oblique angle of 45◦ as shown in fig. 2.5(b). At normal

incidence, circular polarization traces a circle on the x̂− ŷ in time, of which

the projection is an ellipse on the x̂− ŷ for oblique incidence.

2.1.3 Conclusion

In summary, a broadband spectral response was obtained from six-particle

and eight-particle common-gap plasmonic nanoantennas for circular polariza-

tion excitation. It was demonstrated that the broadband plasmonic antenna

is capable of focusing light at different frequencies over a large spectral band.

In addition, it was demonstrated that the spectral distribution can be tailored

using an elliptically polarized incident beam and by adjusting its ellipticity

or circular polarization at an oblique incidence.

2.2 Application: Femtosecond Pulse Shaping

In this part of the thesis, Fourier transformation based pulse shaping has been

used for the manipulation of femtosecond pulses via snowflake nanoanaten-

nas. As the desired pulse length gets shorter, its spectral distribution gets

broader. To achieve and better manipulate ultrashort pulses at the nanoscale,

near-field radiators that can localize light over a broad spectrum are essen-

tial. In this part of the thesis, we achieve polarization based femtosecond
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pulse shaping using plasmonic snowflake nanoantennas. Nanoantennas have

been previously utilized for light localization at the nanoscale for various ap-

plications as discussed in recent review articles [12,190]. As recently demon-

strated, light localization over a wide spectral regime has been achieved using

plasmonic snowflake nanoantennas [1]. The ability to manipulate the spec-

tral distribution of optical spots at the nanoscale has important implications

for tailoring ultrashort pulses. In this part of the thesis, we demonstrate that

the plasmonic snowflake antennas [1] can provide control and manipulation

of the ultrashort pulses at the nanoscale using their ability to localize light

over a broad spectrum.

Figure 2.6: A schematic representation of the eight-particle plasmonic
snowflake antenna illuminated with a femtosecond pulse.
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2.2.1 Methodology

An eight-particle plasmonic snowflake antenna is illuminated with a femtosec-

ond pulse as shown in fig. 2.6. The incident beam onto the nanoantenna is

diffraction limited. In this study, the incident femtosecond pulse is repre-

sented as

~Ei(~r, t) = ℜ
(

~P (~r) exp(i~k~r − iω(t− T/2))

(

1− 3

2

(

(t− T )

T

)2
))

(5)

where T is the duration of the envelope of the femtosecond pulse, the operator

ℜ (·) represents the real part, ω is the central frequency, ~k is the propagation

direction of the incident optical pulse, and ~P (~r) represents the polarization

dependent aspect of the femtosecond pulse. The incident beam defined by

Eq. (5) is similar to those in Refs. [122, 123] with the exception that the

chirping coefficient is set to zero; i.e. the effects of positive and negative

chirping are not taken into account. In this study the pulse duration is

T = 20 femtoseconds, ω = 1.2 eV, and the propagation direction of the

incident pulse is ẑ, which is normal to the antenna, as shown in fig. 2.6. The

amplitude of the incident beam is plotted in fig. 2.7(a) with these parameters.

In this study the polarization vector ~P (~r) in Eq. (5) is selected as

~P (~r) =
1

√

ξ2 + 1
x̂+

ξ
√

ξ2 + 1
ŷ (6)

which yields various alignments of the incident electric field vector.

To analyze the interaction of the incident femtosecond pulse in Eq. (5)

and the plasmonic nanoantenna, we first decomposed the diffraction limited
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incident femtosecond pulse into its spectral components

~Ei(~r, ω) =

∫

~Ei(~r, t) exp(−iwt)dt (7)

(a) (b)

Figure 2.7: (a) The amplitude of the incident beam as a function of time

| ~Ei(~r, t)|, and (b) the corresponding spectral amplitude | ~Ei(~r, ω)|.

For the incident femtosecond pulse ~Ei(~r, t) shown in fig. 2.7(a), the corre-

sponding spectral amplitude ~Ei(~r, ω) is plotted in fig. 2.7(b). To analyze the

interaction of each frequency component ~Ei(~r, w) with the nanoantenna, a

3-D frequency-domain finite element method is utilized [187, 188]. The inci-

dent field ~Ei(~r, w) represents the optical beam in the absence of the nanoan-

tenna. Once the incident field interacts with the nanoantenna, scattered

fields ~Es(~r, w) are generated. The total electric field ~Et(~r, w) is composed

of the summation of two components, ~Ei(~r, w) and ~Es(~r, w). To obtain the

scattered field ~Es(~r), we used a 3-D finite element method (FEM) based full-

wave solution of Maxwell’s equations [187, 188]. The scattering geometries

in the computational domain are discretized into tetrahedral elements. The

medium surrounding the antenna is selected as a vacuum. On the tetrahe-

dral elements, edge basis functions and second-order interpolation functions

are used to expand the unknown functions. Adaptive mesh refinement is
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used to improve the coarse solution regions with high field intensities and

large field gradients. Once the scattered field ~Es(~r, w) is solved, the total

field is obtained by adding the incident field ~Ei(~r, w) to the scattered field

~Es(~r, w). Once the solution for each frequency ω is obtained, the time do-

main response of the plasmonic antenna is obtained using the inverse Fourier

transformation.

2.2.2 Results

An ultrafast incident pulse has a broad spectrum, which necessitates that the

interacting structure has a wide range spectral response in order to manipu-

late the ultrafast pulses effectively. In fig. 2.8, we illustrate the femtosecond

manipulation of nanoscale optical spots using the polarization of the incident

beam and a plasmonic snowflake antenna with a wide spectral response. The

temporal evolution of the gap-field at the center of the nanoantenna is shown

in fig. 2.8 for various incident beam polarizations. The incident beam propa-

gates in the ẑ-direction, resulting in normal incidence onto the antenna. The

antenna dimensions are selected as L1 = 120 nm, L2 = 160 nm, L3 = 200 nm,

and L4 = 240 nm. Gold is selected as the nanoantenna material and the fre-

quency dependent material properties of gold are taken into account by uti-

lizing the experimental data by Palik [189]. Incident polarizations are varied

by selecting ξ values as -2, -1, 0, and 1 for which the tip of the incident field

~Ei(~r, t) traces different polarization lines in time. For ξ = −1, the polariza-

tion vector is aligned with the antenna denoted L4, whereas for ξ = 1 the

polarization vector is aligned with the antenna denoted L2. As illustrated

in fig. 2.8, the temporal distribution of the gap-field is significantly modified

by selecting different ξ values. The manipulation of the gap-field is due to
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Figure 2.8: Temporal evolution of the gap-field for various polarizations of the
incident beam : (a) ~Eo

x(~r, t) for ξ = −2, (b) ~Eo
y(~r, t) for ξ = −2, (c) ~Eo

x(~r, t)

for ξ = −1, (d) ~Eo
y(~r, t) for ξ = −1, (e) ~Eo

x(~r, t) for ξ = 0, (f) ~Eo
y(~r, t) for

ξ = −2, (g) ~Eo
x(~r, t) for ξ = 1, (h) ~Eo

y(~r, t) for ξ = 1.

32



the spectrally rich response of the plasmonic snowflake nanoantenna. Spec-

tral distributions under various polarizations are primarily controlled by the

antenna arm that is parallel to the incident polarization vector ~P (~r). The

coupling between dipole antenna pairs, i.e. coupling between L1, L2, L3, and

L4, is small. Changing the ξ values leads to the alignment of the incident

polarization vector with different antenna elements, which results in spec-

tral variations. These spectral variations cause differences in the temporal

response of the ultrashort gap-fields, which are localized at the nanoscale.

Figure 2.9: The spectral response of the nanoantenna with under various
incident beam polarizations.

In fig. 2.9, the spectral response of the nanoantenna under various in-

cident beam polarizations is presented. In fig. 2.9, H(w) is defined at the
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center of the antenna gap as H(w) = |Eo(w)|2/|Ei(w)|2, which is a unit-

less quantity. The spectral response of the nanoantennas demonstrates the

multiresonant characteristics of the antenna. Various peaks observed in the

spectral response correspond to the resonance of different dipole pairs with

differing lengths. The corresponding spectral peaks of individual dipole an-

tennas are highlighted at the top of fig. 2.9. Due to weak coupling between

different dipole pairs, there is a very small shift in the dipole pairs when they

are brought around the common gap. Since the length variation between the

dipole pairs is relatively small (40 nm), the resulting spectral peaks are close

to each other, resulting in a rich spectral response in the 150-350 Terahertz

range. In fig. 2.9, various ξ values correspond to different incident polariza-

tions, for which the tip of the electric field vector traces a different line as time

progresses. These alignment variations for various ξ values result in different

spectral responses. Although the alignment of the incident polarization with

various antenna components is a major factor, the antenna spectral response

alone does not determine the gap field spectrum and time dependent gap

field. The gap-field spectrum is also determined by scaling the antenna spec-

tral response with the incident beam spectrum in fig. 2.7(b). The incident

beam spectrum has a central peak around 290 THz with a spectral range

between 240 and 340 Terahertz. As a result, the peak corresponding to L2

has the strongest contribution to the temporal responses in fig. 2.8, whereas,

the spectral peaks corresponding to L1 and L3 are weaker and L4 is the most

suppressed.

The temporal shape of the ultrashort gap-fields in fig. 2.8 can be further

interpreted using fig. 2.9 and fig. 2.7(b) along with fundamental properties

of Fourier transformation. The temporal response of the antenna gap-field
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(a)

(d) (e)

(b) (c)

Figure 2.10: (a) Vectoral plot of the electric field as a function of time for
ξ = 0. The trace of the tip of the electric field vector in the intervals:
(b) t∈ [0, 19.5] fs, (c) t∈ [19.5, 30.5] fs, (d) t∈ [30.5, 38.5] fs, (e) t∈ [38.5,
51] fs.

35



Eo(t) is most similar to the input excitation when ξ = 0. This can be at-

tributed to a property of Fourier transformation, which states that as the

spectral response becomes broader and more uniform, the time response gets

narrower. For ξ = 0, the spectral response of the gap-field Eo(w) is more

uniformly distributed compared to the other cases. When the antenna spec-

tral response in fig. 2.9 is scaled with the input spectrum in fig. 2.7(b), it

results in an even more uniform distribution for ξ = 0 when compared to the

other ξ values. A broad and uniform spectral response causes a narrow time

response, which results in the preservation of the output response in a con-

volution operation. Another important property of Fourier transformation

establishes a relationship between the width of the temporal and the associ-

ated spectral distributions. As the ultrashort pulses get shorter, the incident

beam spectrum becomes broader. This implies that the broad antenna spec-

trum in fig. 2.9 has the capability of manipulating much shorter pulses due

to its broad spectrum. The spectral response of the snowflake antenna can

be controlled by changing the dimension and the number of particles of the

antenna. The spectral peaks corresponding to different antenna pairs can

be shifted to higher or lower wavelengths by increasing or decreasing the

corresponding antenna length. The spectral response can be broadened by

increasing the variation between the antenna lengths. The number of peaks

in the spectrum can be increased or decreased by adding or removing the

antenna pairs around the common gap.

Figure 2.10 (a) illustrates a vector plot of the electric field as a function

of time for ξ = 0. The electric field polarization shows different behaviors in

various intervals. Figures. 2.10(b), (c), (d), and (e) show the trace of the tip

of the electric field vector in the intervals t∈ [0, 19.5] fs, t∈ [19.5, 30.5] fs,
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t∈ [30.5, 38.5] fs, and t∈ [38.5, 51] fs, respectively. Different polarizations can

be identified in various time intervals. In fig 2.10(b), the electric field is ellip-

tically polarized with its major axis aligned in between the x-y axis. In this

interval, the polarization does not change and the intensity increases as time

progresses. Polarization of the electric field does not change in fig 2.10(e),

while the intensity decreases as time progresses. In figs.2.10(c) and (d), the

tip of the electric field vector shows substantial variations as the polarization

changes between different elliptical states.

One of the features of the nanosystem in fig. 2.6 is its ability to concen-

trate the ultrafast incident beam to a nanoscale spot beyond the diffraction

limit. Spatiotemporal graphs in figs. 2.11 and 2.12 illustrate the temporal

evolution of the optical fields that are confined around the gap region of the

nanoantenna on the x̂-ŷ plane. The colorbar in figs. 2.11 and 2.12 indicates

the strength of the electric field compared to that of the incident beam. The

electric field distributions in figs. 2.11 and 2.12 are plotted on a logarithmic

scale. Figures 2.11 and 2.12 correspond to ξ = 1 and ξ = −1, respectively.
For both cases, the optical fields are well localized in the gap region. For

ξ = −1 and ξ = 1, the linearly polarized light excites different arms of the

nanoantenna. For ξ = 1 the incident beam polarization traces a line that is

aligned with the L2 arm. As a result, plasmonic oscillations associated with

the L2 antenna pair localizes the optical energy in the gap region. As shown

in fig. 2.11, the strongest oscillations are associated with the L2 arm. The

output spectrum is a result of scaling fig. 2.9 with fig. 2.7(b). The spectral

response of the antenna in fig. 2.9 has peaks at 290 and 350 THz for ξ = 1,

which correspond to the L2 and L1 arms, respectively. The input spectrum

in Fig. 2.7(b) has a peak at 290 THz, which favors the L2 peak in fig. 2.9. As
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a result, the strongest resonance in fig. 2.11 is observed for the L2 antenna,

with a weaker contribution from the L1 antenna. The spatiotemporal graphs

in fig. 2.11 show weak oscillations at t=4 fs. At times t=6, 7.6, and 9.2 fs,

the temporal oscillations become stronger, primarily due to the contributions

from the L2 and L1 antennas, as the alignment of the gap field indicates. As

time progresses, the antenna gap-field gets stronger as shown in fig. 2.11. At

times t=16.4, 17, 19.6 and 20.2 fs, the L2 antenna shows strong resonances,

whereas at times t=15.8, 17.6, 19, and 20.8 fs, the L1 antenna resonance

dominates.

Figure 2.11: Electric field intensity distribution on the x̂-ŷ cut plane for ξ = 1
at various time instances.

For ξ = −1 the linearly polarized radiation traces a line that is aligned

with the L4 arm as time progresses. However, the contributions in fig. 2.12

due to the L4 antenna have a strength similar to L1 and L3 due to the scaling

of the antenna spectrum with the incident beam spectrum. As a result, the

temporal signature of the femtosecond gap-field has equal contributions from

38



L1, L3, and L4 antennas.

Figure 2.12: Electric field intensity distribution on the x̂-ŷ cut plane for
ξ = −1 at various time instances.

2.2.3 Conclusion

In summary, rich spectral characteristics of the plasmonic snowflake nanoan-

tennas show a strong polarization dependence, which allows the manipulation

the femtosecond pulses over a wide spectrum. Light localization around the

gap region of the nanoantenna is obtained for the femtosecond pulses. As

the alignment of incident light polarization is varied, different antenna el-

ements resonate, which in turn create a different spectrum and a distinct

femtosecond response.
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Chapter III

3 BROADBANDHONEYCOMB NANOAN-

TENNA ARRAY

Emerging plasmonic and photovoltaic applications benefit from effective

interaction between optical antennas and unidirectional incident light over a

wide spectrum. In this part of the thesis, we propose a honeycomb array of

plasmonic nanoantennas with broken symmetry to obtain a unidirectional ra-

diation pattern over a wide spectrum. The honeycomb nanoantenna array is

based on a hexagonal grid with periodically arranged nanostructure building

blocks. To analyze the far-field optical distribution and spectral behavior of

the plasmonic antenna honeycomb, a two-dimensional Wigner-Seitz unit cell

is used together with periodic boundary conditions. As a result of the vectoral

superposition of the fields produced by the Wigner-Seitz unit cells, far-zone

optical fields interfere constructively or destructively in different directions.

The constructive interference along the array’s normal direction engenders

unidirectional radiation. Due to the broken symmetry of the Wigner-Seitz

cell, multiple resonances are supported by the plasmonic antenna honeycomb

array over a broad spectrum.



3.1 Honeycomb Nanoantenna Array

An essential feature of nanoplasmonic devices in emerging applications is the

tailoring of far-zone radiation patterns of optical antennas, particularly their

directionality. Optical antennas with unidirectional far-zone radiation pat-

terns have important implications for photovoltaic devices, in which antennas

have been utilized to improve the energy conversion efficiency [13, 191]. By

embedding plasmonic particles in solar cells the absorption cross section and

energy conversion efficiency have been increased [13]. One important factor

that needs to be addressed to improve the performance efficiency is the mis-

match between the directionality of the incident solar radiation and the plas-

monic antenna pattern. Incident solar radiation on a plasmonic solar device

spans a narrow angular range. To effectively leverage the incident solar radi-

ation, optical antennas with unidirectional patterns are essential. Since most

commonly utilized nanoantennas, such as dipole and bowtie nanoantennas,

have broad and uniform radiation patterns, the benefits of optical antennas

with unidirectional radiation patterns are compelling much research activity.

In addition to the unidirectionality of optical antenna radiation fields,

another impediment to implementing plasmonic antennas in solar cells is the

spectral mismatch between the incident solar spectrum and the optical an-

tenna spectrum. To improve the efficiency of the photovoltaic devices, optical

nanoantennas should be operational in the spectral region where the majority

of solar energy is present and the absorption efficiency of semiconductor de-

vices is low [13]. However, the spectrum of incident solar radiation is broad,

while the spectrum of plasmonic nanostructures is narrow with sharp reso-

nances [11]. There is an emerging need for plasmonic nanoantennas operating

over a broad spectral regime that conforms with low absorption regions of
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photovoltaic devices [1, 39].

Figure 3.1: (a) A schematic illustration of the honeycomb plasmonic nanoan-
tenna array. The boundaries of Wigner-Seitz cells are highlighted with thin-
black lines.(b) An asymmetric Wigner-Seitz unit cell which forms the building
block of the honeycomb plasmonic nanoantenna array.

To address the need for a unidirectional antenna pattern with a wide

spectral response, we propose a honeycomb array of plasmonic nanoantennas

with broken symmetry. As illustrated in fig. 3.1(a), the honeycomb nanoan-

tenna is composed of periodically arranged nanostructures distributed over

a hexagonal grid. The honeycomb array of plasmonic nanoantennas is a sur-

face plasmon device with two dimensional Wigner-Seitz unit cells [192] as

the building blocks. As it’s demonstrated in this part, the surface plasmon

device shows a substantially different radiation pattern than its constituents

in terms of unidirectionality. The gap formed at the convergence point of the

nanoparticles serves as the lattice point for the Wigner-Seitz unit cell. To an-

alyze the far-field optical distribution and spectral behavior of the honeycomb

plasmonic antenna, periodic boundary conditions are applied to the Wigner-

Seitz unit cell. The plasmonic antenna honeycomb array is investigated in

symmetric and asymmetric configurations. First, the antenna honeycomb
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is analyzed in a symmetric configuration to demonstrate the unidirectional

radiation pattern of the structure. In the second part, the symmetry of the

Wigner-Seitz unit cell is broken to obtain wide spectral radiation from the

antenna array.

3.1.1 Methodology

To analyze the problems in this study, a two-step procedure is used. In

the first step, near-field distributions are obtained using a full-wave solution

of Maxwell’s equations. Once the near-zone field distribution is obtained,

the far-zone pattern is obtained in the second step by propagating the near-

zone fields to the far-zone using Huygen’s principle. Near-field distributions

are obtained using a 3-D frequency-domain finite element method [187,188].

The accuracy of the solution technique was previously validated by compar-

ison with other solution techniques [187, 188]. In the solution procedure,

the near-zone total electric field ~ENF(~r) is defined as the summation of two

components, ~Ei(~r) and ~Es(~r). The incident field ~Ei(~r) represents the opti-

cal beam in the absence of the nanoantenna. The nanoantennas are excited

by a Hertzian dipole placed within the antenna gap. Once the fields gener-

ated with the Hertzian dipole interact with the nanoantenna, a scattered field

~Es(~r) is generated. To obtain the scattered field ~Es(~r), we used a full-wave so-

lution of Maxwell’s equations based on the 3-D finite element method (FEM).

Two different types of boundary conditions are implemented for the different

problems addressed in this study. For the isolated nanoantenna, the simu-

lation domain is cubical with the medium surrounding the antenna chosen

to be vacuum, and radiation boundary conditions are used on the cubical

boundaries. For the analysis of the nanoantenna array, periodic boundary
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conditions are used to reduce the computational time and memory demands.

This boundary condition mimics the periodic nature of the nanoantenna ar-

ray, by analyzing a single Wigner-Seitz cell, rather than by analyzing a layer

containing large numbers of repeating antenna geometries. To account for the

presence of neighboring unit cells, three master/slave boundary conditions

are defined on the three mutual, face-to-face lateral surfaces of the hexagonal

shaped Wigner-Seitz unit cell, as shown in fig. 3.1(b). On the top and bottom

surfaces of the unit cell, radiation boundary conditions are used. In the solu-

tion procedure tetrahedral elements are used to discretize the computational

domain, which accurately represents the scattering geometries used in this

study. On the tetrahedral elements, edge basis functions and second-order

interpolation functions are used to expand the field distributions. Adaptive

mesh refinement is used to improve the coarse solution regions with high

field intensities and large field gradients. Once the scattered field is solved

via FEM, the total near-zone electric field distribution ~ENF(~r) is obtained

by adding the incident field to the scattered field.

Once the near-zone field distribution ~ENF(~r) is obtained, the far-zone field

distribution ~EFF(~r) was determined by using the radiation integrals described

by Huygen’s principle [193,194]. In this problem, the field distribution in the

upper semi-infinite space is of interest for determining the antenna radiation

pattern. Huygen’s principle states that the electromagnetic fields in a region

of space, which in our case is the upper semi-infinite space, can be obtained

by radiating the near-zone electric field over the enclosed surfaces [193,194].

By using the far-zone approximations, the field distribution in the far-zone
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can be expressed in terms of the near-zone field as

~EFF(~r) = iωµ

[

I +
1

k2
∇∇

]

·exp(ikr)
4πr

∫

∞

−∞

∫

∞

−∞

dS ′ exp(−i~k·~r′)
(

2 ~ENF(~r′)× ẑ
)

(1)

In this expression, ~EFF represents the far-zone electric field, ~ENF is the field

at a distance of 1 nm from the antenna, and k is the wavenumber. It is worth

emphasizing that the integral in Eq. (1) relates the near-zone and far-zone

fields as Fourier Transform pairs of one another [195].

3.1.2 Results

The far-zone radiation of a single isolated optical nanoantenna is determined

by the antenna geometry, its material properties, and the excitation prop-

erties including wavelength and polarization, the effects of which have been

extensively studied in the literature [12, 190]. The ability to tailor far-zone

optical patterns and obtain directional antennas with a narrow radiation

pattern is limited when using an isolated optical nanoantenna due to its spa-

tially constrained near-zone distribution. This constraint is a result of an

immediate corollary of Huygen’s principle, which states that near-field and

far-field distributions are Fourier transformation pairs [195]. This indicates

that a limited distribution in the near-field leads to a broad and uniform

distribution in the far-field.

To illustrate the far-field limitations of isolated optical nanoantennas, we

used a single, symmetric snowflake antenna, which is composed of six identi-

cal particles around a common gap [1]. This structure radiates in the absence

of other nanoantennas, thus providing a benchmark for comparison with the

other results in the manuscript. Gold is chosen as the nanoantenna material
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due to its strong plasmonic characteristics and its resistance to corrosion.

The dielectric constant of gold is taken from the experimental data by Pa-

lik [189]. The length of each nanoantenna arm is 100 nm. The thickness

and width of the antenna are both 20 nm, and the gap is 30 nm. Figure 3.2

demonstrates the near-zone field distribution and far-zone radiation pattern

of a single symmetric snowflake antenna. The field distribution in fig. 3.2(a)

demonstrates the near-field solution, which is plotted on a cut-plane 1 nm

above the antenna. The antenna is excited by a Hertzian dipole oriented

in the x̂-direction, which is placed within the antenna gap. The excitation

wavelength is set at 725 nm, which is the resonance wavelength of a symmet-

ric snowflake antenna with arm length 100 nm, as shown in fig. 3.2(b). Using

the near-zone field in Eq. (1), the far-zone radiation pattern is obtained. As

shown in fig. 3.2(c) and (d) the far-zone distribution is fairly uniform in all

directions, i.e. an isolated optical antenna radiates without substantial di-

rectionality. The ability to engineer the far-zone pattern via single optical

antennas is constrained and tailoring the unidirectionality of a single emitter

via the geometric, material, and excitation related parameters is limited.

To achieve the desired far-zone optical patterns and directionality more

effectively, a large number of the optical nanoantennas are arranged in a

honeycomb configuration to form an antenna array. Such antenna arrays

have been widely used to obtain directional radiation for microwave and

radio frequency (RF) applications [196, 197]. The array parameters, such

as the distance between the antenna elements and amplitude of the array

elements, can be adjusted to tailor the far-zone optical patterns and direc-

tionality. Recent studies also extend the array pattern concept to plasmonic

antennas [198] and plasmonic nanoparticles on a rectangular array [199].
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Figure 3.2: (a) Near-zone field distribution for the isolated antenna plotted
on the plane 1 nm above the antenna; (b) Spectral distribution of the antenna
far-field radiation in the normal direction; (c) Far-zone radiation pattern for
the isolated antenna; and (d) Far-zone radiation pattern for the isolated
antenna on φ = 0

◦

cut.

47



To tailor the radiation pattern and obtain a unidirectional radiating an-

tenna, the honeycomb plasmonic antenna array shown in fig. 3.1 is investi-

gated. Figures 3.3(a) and (b) show the resulting near-field distribution over

the honeycomb plasmonic antenna array and the distribution over a single

Wigner-Seitz cell, respectively. The antenna array is excited using Hertzian

dipole excitations oriented in the x̂-direction. The thickness and width of

the antenna are both 20 nm, and the gap is 30 nm. The unit cell dimen-

sions are L1 = L2 = L3 = 65 nm. The antenna is operated at λ = 700 nm,

which corresponds to the resonance wavelength as shown in fig. 3.3(d). In

figs. 3.3 and 3.4 the corresponding number of unit cells is 121. The far-zone

field distribution of the symmetric plasmonic antenna honeycomb is shown

in fig. 3.3(c). A comparison of the far-zone radiation of an isolated antenna

and the honeycomb antenna array is presented in fig. 3.4. The far-zone re-

sponse of the isolated antenna in fig. 3.4 is multiplied by 30 so it can be

compared on the same scale as the antenna array. The results demonstrate

that the radiation pattern of the honeycomb plasmonic antenna array gains

directionality.

The optical field of a honeycomb plasmonic antenna array is a vectoral

superposition of the fields produced by the individual antenna elements de-

fined by the Wigner-Seitz unit cell. By adjusting the size of the Wigner-Seitz

unit cell as well as the relative amplitude of each cell, the far-zone optical

fields can be induced to interfere constructively or destructively at differ-

ent directions. As the results in figs. 3.3 and 3.4 suggest, the optical fields

produced by the honeycomb plasmonic antenna array interact constructively

along the normal direction. As illustrated in figs. 3.1 and 3.3(a), the in-

dividual Wigner-Seitz cell geometries and near-zone field distributions over
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Figure 3.3: (a) Near-zone field distribution for the honeycomb plasmonic
antenna array plotted on the plane 1 nm above the antenna. The boundaries
of Wigner-Seitz cells are highlighted with thin-black lines. (b) Near-zone field
distribution on a single Wigner-Seitz unit cell of the honeycomb plasmonic
antenna array; (c) Far-zone radiation pattern for the honeycomb plasmonic
antenna array; and (d) Spectral distribution of the antenna far-field radiation
in the normal direction for the honeycomb plasmonic antenna array.
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Figure 3.4: A comparison between the far-zone radiation pattern of the hon-
eycomb plasmonic antenna array and the isolated nanoantenna on φ = 0

◦

cut.

these cells are identical. When the nanoantennas are in phase, their optical

fields add in the θ = 0 direction. As the observation angle θ increases, the

fields destructively interfere with each other, creating directions of dark ra-

diation. As θ further increases, the fields produced by individual antennas

constructively interfere again, creating local maxima. These local maxima,

or side-lobes, are much weaker than the maxima in the θ = 0 direction. As θ

increases, dark and bright radiation patterns repeat. At θ = ±π/2, the fields
destructively interfere as shown in figs. 3.3 and 3.4.

The unidirectional radiation pattern of a honeycomb plasmonic antenna

array can be further understood by classical antenna theory [196,197], which

states that the radiation pattern of an antenna array can be calculated by

multiplying the radiation pattern of an individual antenna pattern, or el-

ement factor, with the array factor quantity. The array factor relates the

effects of various array parameters, such as the position of the antenna array

elements and their amplitude, to the radiation pattern of the entire array.
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By applying classical antenna theory [196, 197], the radiation pattern of a

honeycomb plasmonic antenna array can be calculated as

R (θ, φ) = Y (θ, φ)× AF (θ, φ) (2)

where R (θ, φ) is the radiation pattern of the honeycomb plasmonic antenna

array, Y (θ, φ) is the pattern of the individual antenna element defined by the

Wigner-Seitz unit cell, and AF (θ, φ) is the array factor in classical antenna

theory, which is given as

AF (θ, φ) =
N
∑

m=−N

N
∑

n=−N

exp
(

−i~k · ~rmn

)

(3)

for an array with equal amplitude and phase. In Eq. (3), ~rmn is the location

of the Wigner-Seitz cell center, which corresponds to the gap center of the

antenna and the wavevector is ~k = kxx̂+ kyŷ + kz ẑ. By using the geometric

parameters associated with the honeycomb plasmonic antenna array and

the Wigner-Seitz unit cell, the array factor formula can be simplified. The

geometric parameters are illustrated in fig. 3.5. Every gap center in the

honeycomb array element represents a lattice point, so each point can be

represented as a linear combination of primitive translation vectors given as

~rmn = m~a+ n~b (4)

where m and n are integers. Each antenna in the array is identified with

indices m and n, where m and n represent the individual antenna’s order

within the the antenna array in the ~a and ~b directions, respectively. The

indices m and n are bounded by −N ≤ m ≤ N and −N ≤ n ≤ N . For a
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given N , the number of unit cells in the honeycomb antenna array is (2N +

1) ∗ (2N + 1). The lengths of the lattice vectors are |~a| = 2L1 and |~b| = 2L2.

The lattice vector in Eq. (4) can be represented as

~rmn = 2mL1x̂+ 2nL2 (cosαx̂+ sinαŷ) (5)

By substituting Eq. (5) into Eq. (3) for an array of (2N + 1) ∗ (2N + 1), we

obtain

AF (θ, φ) =

∣

∣

∣

∣

sin ((2N + 1)kxL1)

sin (kxL1)

∣

∣

∣

∣

∣

∣

∣

∣

sin ((2N + 1) [cosαkxL2 + sinαkyL2])

sin ([cosαkxL2 + sinαkyL2])

∣

∣

∣

∣

(6)

Figure 3.5: A schematic representation of the geometric parameters associ-
ated with a honeycomb plasmonic antenna array that are used in the array
pattern calculation.

Eq. (2), Eq. (3), and Eq. (6) state that the radiation of an antenna array
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is the superposition of individual antenna elements. Eq. (6) represents the ar-

ray factor for the case of a honeycomb array of plasmonic nanoantennas with

broken symmetry, which becomes symmetric when |~a|=|~b| and α = 60◦. Fig-

ures. 3.6(a) and (b) illustrate the individual antenna element pattern Y (θ, φ)

and the array pattern AF (θ, φ). In fig. 3.6(b) the corresponding number of

unit cells is 121. By comparing the results in fig. 3.6 with those in figs. 3.3

and 3.4, it is clear that the unidirectionality is dominated by the array factor

AF (θ, φ). In other words, the individual building blocks of the honeycomb

array radiate without substantial directionality, whereas the honeycomb ar-

rangement of such structures operates as a unidirectional radiator. The array

factor in Eq. (6) mathematically describes the interaction of the antenna el-

ements with each other which results in an interference pattern. The array

factor in Eq. (6) takes into account that the radiated waves from individual

antennas interfere and interact constructively in certain directions and de-

structively in others, generating the pattern formations shown in figs. 3.3,

3.4, and 3.6.

As the number of elements in the plasmonic antenna honeycomb array in-

creases, the radiation from the antenna becomes increasingly unidirectional.

Figure 3.6(c) illustrates the effect of the increased number of array elements

on the antenna radiation pattern. In fig. 3.6(c) the array pattern is com-

pared for 25, 121, and 441 hexagonal unit cells. With increasing sources of

radiation related through a fixed spatial frequency, the interference becomes

stronger. The dominant main lobe of radiation is a result of the constructive

interference between all of the array elements, directing stronger radiation

in the normal direction. The path difference between the antenna elements

creates more constructive and destructive interferences, which generate a
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Figure 3.6: (a) Individual antenna element pattern Y (θ, φ) for the hon-
eycomb plasmonic antenna array; (b) The array pattern AF (θ, φ) for the
honeycomb plasmonic antenna array; (c) The effect of the increased number
of array elements on the directionality of the radiation pattern; and (d) The
effect of the wavelength on the directionality of the radiation pattern.
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larger number of lobes and a narrower main lobe for a plasmonic antenna

honeycomb array as the number of array elements increase. These physical

interpretations are supported by Eq. (6). As the number of elements in-

creases, the oscillations due to the (2N + 1) factor in the sin(.) term in the

nominator increases, which causes the number of lobes to increase and the

width of the main lobe to decrease. As shown in fig. 3.6, the array factor

is the dominant contributor to the far-field distribution. As the array pat-

tern demonstrates, the far-field distribution becomes more directional as the

number of antenna elements increases. The results demonstrate that the ar-

ray factor determines the directionality of the honeycomb plasmonic antenna

array, whereas the small variations in the individual cells do not cause major

differences in the far-field directionality.

The directionality of the honeycomb plasmonic antenna array as a func-

tion of wavelength is also studied. The results in fig. 3.6(d) suggest that

the antenna is more directional for shorter wavelengths. The radiation from

the honeycomb plasmonic antenna array becomes broader as the wavelength

increases. The narrow radiation pattern can be attributed to the electrical

size of the structure as the wavelength is changed. The physical size of the

honeycomb array is the same for all cases, since the number of array elements

and the size of the Wigner-Seitz cells are the same. This results in a larger

electrical size for shorter wavelengths. Therefore, a more narrow distribu-

tion in the far-field is obtained for shorter wavelengths due to the duality of

the Fourier Transformation: a broader distribution space domain leads to a

narrower spectral domain.

By breaking the symmetry of the Wigner-Seitz unit cell, broader spectral

radiation is obtained from the plasmonic antenna honeycomb array. Fig-
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ure 3.7 illustrates the peak radiation from the honeycomb plasmonic antenna

array in the far-field for various asymmetric Wigner-Seitz cell sizes as listed

in Table 3.1. The antenna array is excited using Hertzian dipole excitations

oriented in the x̂-direction. The thickness and width of the antennas are

both 20 nm, and the gap is 30 nm. In the antenna array 121 unit cells are

used. The spectral distributions of the far-field radiation for different cases

underscore the wide spectral response for asymmetric antennas, as shown in

fig. 3.7.

Figure 3.7: Spectral distribution of antenna far-field radiation in the normal
direction for various asymmetric honeycomb plasmonic antenna arrays with
dimensions listed in Table 1.

This can be attributed to the multiple resonances supported by the en-

tire structure. The broken symmetry of the Wigner-Seitz cell stems from
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Table 3.1: A list of Wigner-Seitz cell dimensions used in this study.

Case ID L1 [nm] L2 [nm] L3 [nm]
Case A 75 85 65
Case B 80 95 65
Case C 95 115 75
Case D 100 115 85
Case E 65 65 65

the plasmonic antenna honeycomb, consisting of antenna arrays with dif-

ferent dimensions that are aligned in three different directions. As a result

of different particle dimensions, multiple resonances arise. The length vari-

ations between particles within the Wigner-Seitz cell are not large. As a

result, although the overall structure displays multiple resonance behavior,

those resonances combine to form a broadband spectral response as shown

in fig. 3.7. Due to the coupling of the antennas, the bandwidth is broader

for the antenna array compared to the isolated antenna. The spectral peak

for the symmetric array case shows a small blue shift of 25 nm. The shift

is small due to the perfect symmetry in all six directions. However, when a

slight asymmetry is introduced, the antenna array shows a substantial shift

in the spectral peak as shown in fig. 3.7. Within a unit cell, when one basis

vector is longer than the other, the length variation between antenna pairs

becomes larger, increasing the separation between spectral peaks of the an-

tennas. If one or two sides of the unit cell becomes longer, i.e. when planar

rotational symmetry is broken, the antenna array becomes more directional,

skewing toward the direction of the longer antenna side as predicted by Eq.

6. A similar effect on the directionality is also obtained if the number of

array elements on one side is increased.

The near-zone field distribution and far-zone radiation patterns of the
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Figure 3.8: (a) The near-zone field distribution of an asymmetric sin-
gle Wigner-Seitz unit cell in the honeycomb plasmonic antenna array at
λ=875 nm; (b) the near-zone field distribution at λ=1300 nm; (c) The far-
zone radiation pattern for the asymmetric honeycomb plasmonic antenna
array at λ=875 nm; (d) A comparison of the far-zone radiation pattern of
the asymmetric honeycomb plasmonic antenna array at different spectral
peaks.
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asymmetric antenna with the geometric parameters corresponding to Case

C are presented in fig. 3.8. In the antenna array 121 unit cells are used. The

results demonstrate that the far-zone radiation pattern is unidirectional for

an asymmetric honeycomb plasmonic antenna array, similar to the symmetric

case. As the far-zone results in fig. 3.8(d) demonstrate, the antenna preserves

directionality at different frequencies, although the antenna array is more

directional at shorter wavelengths.

3.1.3 Conclusion

In summary, in this part of the thesis, a unidirectional radiation pattern

over a wide spectrum was obtained using a honeycomb plasmonic antenna

array with broken symmetry. Isolated antennas radiated without substantial

directionality. By periodically arranging the antennas as two dimensional

Wigner-Seitz unit cells over a hexagonal grid, unidirectional radiation was

achieved in the normal direction due to constructive interference of indi-

vidual elements. The honeycomb array of plasmonic nanoantennas shows

a substantially different radiation pattern than its constituents in terms of

unidirectionality. Furthermore, the broken symmetry of the Wigner-Seitz

cell enabled the plasmonic antenna honeycomb to operate over a broad spec-

trum, by supporting multiple resonances. A compact formula for the far-zone

radiation pattern was derived using the basic principles of classical antenna

theory. The proposed plasmonic antenna honeycomb array is particularly

attractive for emerging plasmonic and photovoltaic applications that require

a unidirectional radiation pattern over a wide spectrum.
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3.2 Generalized Honeycomb Nanoantenna Array

Plasmonic nanostructures operating over a wide spectrum are promising

candidates for broadband spectroscopic applications. While promising, spec-

tral engineering of close-packed plasmonic honeycomb nanoantenna arrays is

challenging due to the strong correlation between the particle geometry and

hexagonal grid, particle coupling within unit cells, and interaction between

neighboring unit cells. In this part of the thesis, we demonstrate that the

spectral distribution of large scale surfaces can be effectively tailored over a

wideband spectral range using close-packed plasmonic honeycomb array sur-

faces. We discuss coupling-mechanisms responsible for the spectral response

of honeycomb arrays and discuss the geometrical restrictions limiting the

bandwidth of the spectral response. These limitations can be overcome with

a more general honeycomb structure by introducing additional morphological

parameters within the Wigner-Seitz unit cell. The proposed morphological

parameters provide additional flexibility for manipulating the spectrum by

relaxing geometrical restrictions due to a strong correlation between the unit-

cell and nanoparticle morphology. Furthermore, we achieve spectral broaden-

ing by breaking the symmetry within a Wigner-Seitz unit cell on a hexagonal

grid, rather than breaking the symmetry of the hexagonal grid itself via gen-

eralized honeycomb arrays. Additionally, we demonstrate the advantages of

close-packed arrays in terms of spectral response and electric field enhance-

ment over large surfaces. Finally, radiative far-field properties, absorptance,

transmittance, and reflectance of honeycomb structures are investigated.
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3.2.1 Introduction

Nanoparticles and artificial structures composed of a special arrangement of

nanoparticles are one of the most fascinating fields for scientists and engineers

due to their unique optical properties [200–202]. Among these nanosystems,

plasmonic nanoparticles of different shapes have recently attracted significant

interest due to the tunability of their resonances, their ability to manipulate

light beyond the diffraction limit, and strong electromagnetic fields associ-

ated with their optical resonances [203–205]. The two dimensional surface

arrangement of plasmonic structures [206] demonstrates many interesting op-

tical properties such as extraordinary transmission through subwavelength

hole arrays at optical wavelengths [207], localization of electromagnetic en-

ergy to subwavelength regions [208], electrically induced transparency at the

optical regime [209, 210] and negative refractive index metamaterials [211].

These exciting properties of plasmonic nanoparticles and the arrangement of

nanoparticles for desired optical properties have opened up the fields of plas-

monics [212–214] and optical metamaterials [211] in the quest for materials

with improved optical functionality.

Optical nanoantennas [190,215,216] and radiative energy transfer at the

nanosca- le [217–221] have led to significant advances in nanotechnology.

Recent advances in plasmonic and photovoltaic devices involving a wide-

band absorption spectrum, such as solar cells [13] and nonlinear process en-

hancement [185], have increased the research on broadband plasmonic struc-

tures [1, 7, 14, 23, 28, 29,162,222].

To address the aforementioned need for a unidirectional wideband absorp-

tion and field enhancement spectrum over a large surface area, in the previous

section, we proposed [28] a plasmonic honeycomb antenna array with broken
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symmetry. The honeycomb nanoantenna array, shown in fig. 3.9, is based on

a hexagonal grid with periodically arranged plasmonic antennas as Wigner-

Seitz cell building blocks. This design offers advantages in terms of wide-band

spectral operation, unidirectional field patterns, and field enhancement over

a large surface area. Due to the broken symmetry of the Wigner-Seitz cell,

multiple resonances are supported by the plasmonic honeycomb antenna ar-

ray over a broad spectrum [28]. The constructive interference of the vectoral

superposition of the fields produced by the Wigner-Seitz unit cells provides

the unidirectional feature of the wideband spectrum over the plasmonic an-

tenna surface.

In the previous section, simple rod-like structures were utilized. As is well-

known in the literature, particle shape plays an important role in spectrum

engineering. Changing particle geometry in close-packed antenna arrays,

however, has challenges. This challenge is due to the strong correlation of

the particle shape and length with the repeating unit cell geometry. In other

words, the morphology of the nanoantenna particles and array unit cells are

strongly dependent on each other. As we will discuss in this section of the

thesis, the length of the particle cannot be arbitrarily changed and is lim-

ited by the geometric constraints on the unit cell geometry. This constraint

limits the spectral tunability of close-packed arrays. In this part of the the-

sis, we propose a generalized close-packed honeycomb array by introducing

additional morphological parameters within the Wigner-Seitz unit cell. The

generalized honeycomb plasmonic antenna array provides additional flexibil-

ity in the manipulation of the spectral response via these new morphological

parameters by relaxing geometrical restrictions due to particle length and

angles within the Wigner-Seitz unit cell.
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Figure 3.9: A honeycomb array consisting of rod like particles and the cor-
responding unit cell (inset).

Another contribution of the study in this part is the suggestion of an

alternative technique for breaking the symmetry of plasmonic honeycomb

antenna arrays. In this part, we have demonstrated that spectral broadening

can also achieved by breaking the symmetry within the Wigner-Seitz unit cell

on a hexagonal grid, rather than breaking the symmetry of the hexagonal

grid itself. Also in this part, the advantages of close-packing the antenna

arrays is demonstrated in terms of spectral response, field enhancement, and

absorption over a large surface area. In addition, we discuss the coupling

mechanism of the plasmonic antenna array elements in forming the spectral

features. Also in this part of the thesis, radiative far-field properties such

as absorptance, transmittance, and reflectance of honeycomb structures are

investigated.

The part of the thesis is organized as follows. In section 3.2.2, a summary
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of the solution technique is provided. In section 3.2.3, the coupling mecha-

nisms are discussed for the plasmonic honeycomb antenna arrays in forming

the spectral features over a broad spectrum. Also in this section, we intro-

duce geometrical restrictions on asymmetrical Wigner-Seitz unit cells. Then

we clarify the spectral features of the honeycomb array in terms of couplings

between the individual particles and discuss the limitations of geometrical

restrictions on spectral response. In section 3.2.4, we propose a more general

family of honeycomb arrays by introducing additional parameters within the

unit cell. In this section, spectral broadening is achieved by breaking the sym-

metry of the morphology within Wigner-Seitz unit cells where the hexagonal

grid can be kept symmetric. By employing this type of symmetry breaking,

geometrical restrictions which reduce the flexibility of spectral tailoring are

relaxed. In section 3.2.5, we demonstrate the advantages of close-packed ar-

rays in terms of spectral response and field enhancement over large surfaces.

In section 3.2.6, we investigated the far-field radiative properties of honey-

comb plasmonic nanoantenna array, such as absorptance, transmittance, and

reflectance.

3.2.2 Methodology

In this study a 3-D frequency domain finite element method based on a full-

wave solution of Maxwell’s equations is used to obtain near field enhancement

and far-field absorptance, transmittance, and reflectance of the honeycomb

structures. The accuracy of the solution technique was previously validated

by comparison with other solution techniques [187, 188]. To calculate the

scattered field ~Es(~r), the honeycomb structure is illuminated with a circularly

polarized plane wave at the normal incidence to the plasmonic array surface
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to effectively excite all of the particles oriented in different directions. Once

the scattered field is obtained, the total electric field ~Et(~r) is calculated as

~Et(~r) = ~Ei(~r)+ ~Es(~r) where ~Ei(~r) is the incident plane wave. For the analysis

of the nanoantenna array, periodic boundary conditions are used to reduce

the computational time and memory demands. This boundary condition

mimics the periodic nature of the nanoantenna array, by analyzing a single

Wigner-Seitz unit cell, rather than by analyzing a layer containing large

numbers of repeating antenna geometries. To account for the presence of

neighboring unit cells, three periodic boundary conditions are defined on the

three mutual, face-to-face lateral surfaces of the hexagonal shaped Wigner-

Seitz unit cell. On the top and bottom surfaces of the unit cell, radiation

boundary conditions are used. In the solution procedure tetrahedral elements

are used to discretize the computational domain, which accurately represents

the scattering geometries used in this study. On the tetrahedral elements,

edge basis functions and second-order interpolation functions are used to

expand the field distributions. Adaptive mesh refinement is used to improve

the coarse solution regions with high field intensities and large field gradients.

The material of the honeycomb structure is chosen as gold and the structure

is simulated as in a vacuum. The dielectric constant of gold is chosen from

the experimental data by Palik [189].

To quantify the results the average field enhancement (AFE) is intro-

duced which is a measure of field enhancement over the entire surface of the

honeycomb array. AFE is defined by the following equation

AFE =
1

S

∫

UCa

| ~Et(~r)|2

| ~Ei(~r)|2
dA (7)
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where UCa represents the surface just above the honeycomb array within a

Wigner-Seitz unit cell and S is the area of that surface. The absorptance,

transmittance, and reflectance of the honeycomb structure are calculated by

applying the electromagnetic power relations [194] to the honeycomb unit

cell geometry:

A =
1

2Pi

ωℑ{ǫgold}
∫

HC

| ~Et(~r)|2dV (8)

T =
1

Pi

∫

UCb

1

2
ℜ{ ~Et(~r)× ~H∗

t (~r)}·d ~A (9)

R = − 1

Pi

∫

UCa

1

2
ℜ{ ~Es(~r)× ~H∗

s (~r)}·d ~A (10)

Here, HC stands for the total volume of the gold particles within a unit

cell, UCb represents the surface just below the honeycomb array within a

Wigner-Seitz unit cell, and ~Ht(~r) and ~Hs(~r) are the total and scattered mag-

netic fields, respectively. ℜ and ℑ represents the real and imaginary parts of

the quantities, respectively. Pi is the incident power given by the following

equation.

Pi =

∫

UCa

1

2
ℜ{ ~Ei(~r)× ~H∗

i (~r)}·d ~A (11)

3.2.3 Coupling-Mechanisms Shaping the Spectral Response of the

Honeycomb Array

Figure 3.10 illustrates the parameters that can be used to tune the spectral

response, which include the length of the gold nanoparticles, the angle be-

tween the particles, and the gap diameter. As illustrated in fig. 3.10, the

particle lengths and angles between the particles depend on each other ac-
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cording to the following equation

R =
L1 + g/2

cos(α1/2)
=

L2 + g/2

cos(α2/2)
=

L3 + g/2

cos(α3/2)
(12)

L  1

  3L
L  2

α  1

α  2

  3α

2R

g

w

Figure 3.10: Geometric parameters within the Wigner-Seitz unit cell of an
asymmetric close-packed honeycomb array. R, g, and L are unit cell radius,
gap diameter, and lengths of the antennas, respectively. α’s are the angles
such that the angle between the successive antennas i and j is (αi + αj)/2.

There are also constraints on angles α1, α2, and α3 such that α1+α2+α3 =

180◦ and also any of these angles can not be arbitrarily small otherwise in-

dividual particles will overlap. These constraints on angles and lengths of
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particles restrict the Wigner-Seitz unit cell geometry. When the antennas

are placed in the form of a honeycomb array, the length of particles and

the angle between them are strongly correlated. If lengths of the antennas

are varied, the angles between them change too, which impacts coupling

strengths between different antennas. This is not the case when the anten-

nas are isolated. For an isolated asymmetric snowflake nanoantenna, the

angles between the antenna arms can be kept equal even though the antenna

length can be different. In this manner, one could observe and tailor the res-

onance peaks corresponding to each particle [1]. For an isolated asymmetric

snowflake nanoantenna, these peaks correspond to the fundamental modes of

the particles with lengths L1, L2, and L3, since the coupling between antenna

arms is weak.

When the antennas are arranged as a closed-packed honeycomb lattice,

the length of particles and the angle between them are strongly correlated.

Due to the geometrical correlation between the antenna arm lengths and the

angle between them as identified in Eq. (12), the plasmonic antenna lattice

prevents the formation of an equiangular structure. This leads to a change in

the coupling strengths between the particles, which in turn shift the peaks of

the spectral response. In a honeycomb array, if an asymmetry is introduced

to the antenna lengths, the angles between them are no longer equal to each

other. Such a change in angles leads to differences in the coupling strengths

between the particles within the unit cell. When the angle between antenna

arms gets smaller, the coupling between the antenna arms becomes stronger.

Due to strong interaction between the antenna arms, the resonance peaks

corresponding to the modes interact and shift. In this section, the coupling-

mechanisms between the antenna elements within a unit cell are discussed.
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Figure 3.11: AFE of close-packed honeycomb structures with various asym-
metries. The thickness and width of the gold nanoantennas are 20 nm
and 30 nm respectively and the gap diameter is 30 nm. Antenna lengths
[L1 L2 L3] are [180 185 190] nm, [180 190 200] nm, [180 200 220] nm, and
[180 210 240] nm for black, red, blue, and green honeycombs, respectively.
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To illustrate the correlation between the antenna arm length and the

spectral coupling due to the angle between antenna elements, in fig. 3.11

the AFE of four asymmetric honeycomb arrays with different asymmetries

are shown with black, red, blue and green curves. The lengths, [L1 L2 L3],

of the particles in these structures corresponding to these curves are [180

185 190] nm, [180 190 200] nm, [180 200 220] nm, and [180 210 240] nm,

respectively. The thickness, t, and width, w of the particles are 20 nm and

10 nm respectively, and the gap diameter, g, is 30 nm. In fig. 3.11, as the

asymmetry increases, the angle between L2 and L3 gets smaller, the angle

between L1 and L2 increases, and the angle between L1 and L3 remains

almost constant at 60◦. This leads to a strong coupling between L2 and L3,

which causes the peaks of L2 and L3 to move away from each other. Due to

this shift of the L2 peak, the peaks corresponding to L1 and L2 overlap.

To further understand the coupling between antenna elements, we in-

vestigated the contribution from individual sub-arrays by applying a recent

sub-domain decomposition technique [223] to large scale arrays. For this pur-

pose, the case shown in fig. 3.12(a) in which the AFE spectrum (green curve)

of an asymmetrical honeycomb (fig. 3.12(b)) is investigated. The lengths of

the particles in the honeycomb are [180 210 250] nm, the thickness, t, the

width, w, and the gap diameter, g, of the structure are 20 nm, 10 nm, and

30 nm, respectively. In this case the angles between the antennas [(α1+α2)/2

(α1+α3)/2 (α2+α3)/2] are [76.6352
◦ 56.5046◦ 46.8603◦], respectively. Since

a honeycomb plasmonic nanoantenna array is a close-packed structure, each

particle within a Wigner-Seitz cell is also coupled to the particle in the neigh-

boring unit cell, which is analogous to a crystal structure formed by atoms.

Therefore, analyzing this problem in terms of the coupling between the sub-
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arrays provides a good understanding in terms of contributing factors. An

additional coupling mechanism, the coupling between the unit cells due to the

close proximity of neighboring unit cells, is later investigated in Section 3.2.5.

In fig. 3.12(a), the AFE of each sub-array is given. The black, red and blue

curves in fig. 3.12(a) correspond to the AFEs of the sub-arrays S1 (shown

in fig. 3.12(c)), S2 (shown in fig. 3.12(d)), and S3 (shown in fig. 3.12(e)),

respectively. Each sub-array contains only one type of particles. S1 con-

tains only particles with length L1, whereas S2 and S3 contain only particles

with lengths L2 and L3, respectively. The individual peaks of resonance

wavelengths corresponding to each sub-array (black, red and blue curves of

fig. 3.12(a)) are not observable at the corresponding wavelengths in the AFE

spectrum of the combined structure (green curve of fig. 3.12(a)). The differ-

ence is attributed to coupling between the sub-arrays (or coupling between

the particles within the unit cell).

To understand how these fundamental modes interact with each other,

the coupling of sub-array pairs are investigated next. AFE spectrums of pair-

wise combinations of sub-arrays are illustrated in fig. 3.13(a). Black, red and

blue curves of fig. 3.13(a) demonstrate the AFE spectrums of sub-arrays [S1

S2], [S1 S3], and [S2 S3], respectively. The structures of these sub-arrays are

shown in fig 3.13(a) with the related colors. Black, red, and blue vertical

lines in fig. 3.13(a) illustrate the resonance peaks of S1, S2, and S3 when

they are isolated. The results in fig. 3.13 suggests that the coupling between

sub-array S2 and S3 is strongest since the angle between the orientations

of S2 and S3 is smallest. Furthermore, the coupling between S1 and S3 is

weaker and the coupling between S1 and S2 is weakest according to the angles

between sub-arrays. From the blue curve we can infer that S2 and S3 interact
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strongly because the peaks of the structure [S2 S3] differ remarkably from the

individual peak of S2 and S3. Due to the coupling the peaks shift away from

each other. From the red curve of fig. 3.13(a), we can infer S1 and S3 interact

but not as strongly as S2 and S3 since the peaks of individual sub-array shift

slightly. The results corresponding to the black curve suggest that S1 and S2

interact weakly because the peaks remain almost at the same position where

they were when the corresponding sub-arrays are isolated.
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Figure 3.12: AFE of a close-packed honeycomb array (green) and its con-
stituents sub-arrays S1 (black), S2 (red), and S3 (blue) (a), schematic repre-
sentations of close-packed honeycomb array (b), sub-array S1 (c), sub-array
S2 (d), and sub-array S3 (e).

Based on this discussion, the contributions to the spectral features of the

honeycomb structure considered in this case are identified. As illustrated in

fig. 3.13(b) the peak at longer wavelengths is mainly attributed to coupling

between S2 and S3. Due to this strong coupling, the peak of S3 shifts to longer

wavelengths and forms the second peak. In the mean time, the peak of S2

shifts toward the peak of S1; they overlap and form the first peak at shorter

wavelengths. In fig. 3.13(b) it is also demonstrated that the magnitude of the
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Figure 3.13: AFE of close-packed honeycomb array (green) and sub-arrays
S12 (black), S13 (red), and S23 (blue), for comparison spectral peak positions
of S1, S2, and S3 sub-arrays are shown as black, red, and blue vertical lines
respectively (a), Spectral responses of close packed honeycomb array (green)
and sub-arrays S1 plus S2 (black-red dashed dotted) and S23 (blue) which
the honeycomb array can be decomposed into (b).
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first peak is close to the summation of the peak values of S1 and S2 (black

and red dotted dashed curve of fig. 3.13(b)) as they were isolated since the

interaction between these sub-arrays is small.
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Figure 3.14: AFE of a close-packed honeycomb array with respect to gap
diameter. The thickness and the width of the gold nanoantennas are 20 nm
and 30 nm respectively and antenna lengths are [180 210 250] nm.

The antenna elements are also strongly coupled with the gap dimensions

as shown in fig 3.14. In fig. 3.14 the AFE spectrum of the same honeycomb
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array is given with respect to the gap diameter. As we increase the gap diam-

eter, coupling between the particles reduces and becomes almost negligible

if the gap diameter is greater than 250 nm. In this limit we can observe the

individual resonance peaks corresponding to individual particles as indicated

by the black arrows on top of fig. 3.14. Note that these resonance peaks cor-

respond to individual particles, not the sub-array itself, because individual

particles of each sub-array are also separated from each other and behave

like isolated particles. Furthermore by comparing the individual peaks of S1,

S2, and S3 in fig 3.12(a) with the upper row of fig. 3.14 as highlighted with

the black arrows, we can infer that the peaks of individual particles also shift

to longer wavelengths due to the coupling within the sub-arrays. The results

in fig. 3.14 show that the coupling between the fundamental modes of the

particles is responsible for shaping the AFE spectrum of the combined struc-

ture. Note that the fundamental mode of each particle is excited as indicated

with the black arrows, but these modes shift due to coupling between the

particles.

As discussed above, the spectral shape of the honeycomb structure orig-

inates from interaction between fundamental modes of individual particles.

These features can also be identified from fig. 3.14. As the gap size de-

creases, interaction between the particles increases. These interactions form

two peaks. Strong coupling between S2 and S3 or in the particle sense strong

coupling between particles with length L2 and L3 pushes away the resonance

peaks of these particles. As a result, the resonance peak of the particle with

length L2 merges with resonance peak of the particle with length L1 and

forms the first peak at shorter wavelengths and the resonance peak of parti-

cle with length L3 forms the second peak at longer wavelengths. At the same
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time, as the gap size decreases, the first peak at shorter wavelengths shifts

to longer wavelengths. This shift is attributed to coupling between particles

within the individual sub-arrays S1 and S2. This is also the case for the sec-

ond peak. But since the coupling between the particles with lengths L2 and

L3 and the coupling between the particles with length L3 within sub-array S3

shift the resonance peak of L3 in the same direction, it’s difficult to resolve

these two effects.

Due to the strong interaction between S2 and S3 the peak of S3 split

away from the first peak and this leads to a dip in the spectral response.

Such a dip may prevent the multiple peaks from forming a distribution that

can be defined by a single full-width half-maximum. Therefore, for a flat-

top uniform spectral distribution in a broadband application, the dip is an

unwanted feature in the region of interest.

3.2.4 Generalized close-packed honeycomb array

Based on the results of the previous section, geometrical parameters of the

unit cell may provide challenges in obtaining a uniform and broadband field

enhancement. To overcome these limitations, we propose a generalized plas-

monic honeycomb nanoantenna array through adjustable morphological pa-

rameters within the unit cell, which can be incorporated into a large family

of plasmonic surfaces. A schematic representation of a generalized plasmonic

honeycomb nanoantenna array is shown in fig. 3.15 with its associated pa-

rameters. In the limiting case as β1 → 0◦, β2 → 0◦, and β3 → 0◦, this

structure becomes a honeycomb array containing rod like particles. In the

other limiting case as β1 → α1, β2 → α2, and β3 → α3, the structure be-

comes an aperture array. In this part of the study, the thickness, t, and the
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width, w, of the gold nanoantennas and the gap diameter, g, are chosen as

20 nm, 10 nm and 30 nm respectively. The length of the particles i.e. L1,

L2 and L3 are also kept constant as 180 nm, 210 nm and 250 nm and the

AFE spectrum of the honeycomb antenna array is investigated by varying

the apex angles of the particles, i.e. β’s. As discussed below, the β parame-

ter is an effective parameter to tune the spectral response without imposing

significant restrictions on Wigner-Seitz cell morphology.

  1L

L  2

L  3

  3β

  2β

  1β

(a) (b) (c)

t
w

Figure 3.15: Generalized close-packed honeycomb array consists of additional
parameters (a) and corresponding unit cell (b).

Figure 3.16 illustrates the effect of changing the β parameters on tailoring

the spectrum. In fig. 3.16, the β parameters for different particles have been

systematically changed to tune the AFE spectrum. In fig. 3.16(a), as β1

was increased the magnitude of the first peak decreased and a new peak at

a shorter wavelength appeared as shown by black, red and blue arrows for

different β1’s, respectively. Based on the discussions in the previous section,

the first peak is formed due to the interaction of the S1 and S2 subarrays.

Therefore from fig. 3.16(a) we can understand that an increase in β1 shifts

the fundamental mode of the particle with length L1 to shorter wavelengths.

Hence the contribution of L1 in the first peak is removed and leads to a
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reduction in the magnitude of the first peak of the honeycomb array (green

curve of fig.3.16(a)). We also observe this phenomena in fig. 3.16(b) and

fig. 3.16(c). As we increase β2 (or β3), the fundamental resonance peak of

L2 (or L3) shifts to a shorter wavelength as indicated by black, red and blue

arrows. In fig. 3.16(b), as we increase β2 a new peak at a shorter wavelength

appears as shown by black, red and blue arrows. There is also a change in the

second peak of the honeycomb array in fig. 3.16(b). This can be attributed to

strong coupling between L2 and L3. This is due to the fundamental resonance

peak of the L2 change, which in turn effects the peak of L3 due to the strong

coupling. In fig. 3.16(c), we changed β3 and observed that the resonance

peak of L3 shifts to shorter wavelengths. Again, due to the strong coupling

between L2 and L3, increasing β3 also has an effect on the first peak. Based

on these observations in fig. 3.16(a)-(c), as the apex angle of a particle is

increased, the fundamental resonance peak of that particle shifts to shorter

wavelengths since the resonances of the nanoparticles are strongly geometry

dependent. The tunability of the overall spectrum through β parameters is

very effective as shown in fig. 3.16(d). The spectrum can be tailored over

a very large range, including spectral broadening and shifting, as shown in

fig. 3.16(d) with the limiting cases.

The spectral distributions in fig. 3.16 indicate that β3 is a good param-

eter to adjust in order to remove the unwanted dip. In other words, almost

uniform or flat-top spectral distributions can be achieved by properly adjust-

ing β3. The effect of β3 on the uniformity of the overall spectra is further

investigated in fig. 3.17. As β3 increases, the second peak formed by L3

approaches to the first peak at shorter wavelengths and shifts the dip well

above the full width half maximum, providing a broad and uniform spectral
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Figure 3.16: Tailoring the spectral response with β1 parameter , correspond-
ing values are 0◦ (green), 5◦ (black), 10◦ (red), 15◦ (blue) (a), Tailoring the
spectral response with β2 parameter, corresponding values are 0◦ (green),
5◦ (black), 10◦ (red) , 15◦ (blue) (b), Tailoring the spectral response with
β3 parameter, corresponding values are 0◦ (green), 2.5◦ (black), 7.5◦ (red) ,
12.5◦ (blue) (c), Tailoring the spectral response with all three β parameters,
corresponding values are (β1 β2 β3)=(0◦ 0◦ 0◦) (green), (5◦ 0◦ 12.5◦) (black),
(15◦ 15◦ 12.5◦) (red) and aperture array (blue) (spectral response of aperture
array is multiplied by 20) (d). For all cases the thickness width and lengths of
the gold nanoantennas are 20 nm, 10 nm and [180 210 250] nm respectively,
and the gap diameter is 30 nm.
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field enhancement.

Another advantage of adjusting the spectral response via β parameters

over adjusting it with particle lengths is that significant spectral broadening

can be achieved with a symmetric grid. In other words, symmetry breaking

of the morphology can be achieved within Wigner-Seitz unit cells whereas the

hexagonal grid can be kept symmetric. Figure 3.18 illustrates the spectral

distributions for honeycomb antenna arrays where the hexagonal unit cell

structure is symmetric but the β parameters are adjusted to create asymme-

try within the unit cell. In fig. 3.18, the thickness, t, width, w and, the length

of the particles, [L1 L2 L3] are chosen as 20 nm, 10 nm and [180 180 180] nm

respectively and the gap diameter, g, is 30 nm. Beta parameters are chosen

as (0◦, 0◦, 0◦), (1◦, 2◦, 3◦), (0◦, 3◦, 6◦) and (0◦, 5◦, 10◦) for the green, black,

red and blue curves respectively in fig. 3.18. As shown in fig. 3.18, a broader

spectrum over the symmetric hexagonal lattice is achieved by varying the β

parameters while keeping the particle length constant.

3.2.5 Advantages of close-packed arrays

Honeycomb plasmonic antenna arrays in figs. 3.9 and 3.15 are close-packed

structures such that each particle is shared between the adjacent unit cells.

In other words, each particle is a member of two adjacent unit cells. Such

a close-packed antenna array has advantages. A close-packed arrangement

of an antenna array maximizes the number of particles per unit area, and

therefore, increases the field enhancement per unit area. In addition, a close-

packed structure has stronger coupling between neighboring unit cells, which

supports the broadening of the spectral distributions. These advantages of

close-packed arrays are illustrated in fig. 3.19, where the spectral distribu-
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Figure 3.17: AFE of a close packed honeycomb array with respect to β3.
The thickness, width, and the lengths of the gold nanoantennas are 20 nm,
10 nm, and [180 210 250] nm respectively.
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Figure 3.18: Broadening the spectral response of a symmetric honeycomb
array via β parameters. The thickness, width, and the length of the gold
nanoantennas are 20 nm, 10 nm, and [180 180 180] nm, respectively; and the
gap diameter is 30 nm. Beta parameters are chosen as (0◦, 0◦, 0◦), (1◦, 2◦,
3◦), (0◦, 3◦, 6◦), and (0◦, 5◦, 10◦) for the green, black, red, and blue curves
respectively.
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tions of an array of nanoantennas are compared for different packing ratios.

In fig. 3.19(a), the unnormalized spectrum of a high-packing fraction an-

tenna array is compared with that of a low-packing ratio antenna array. In

fig. 3.19(a), the thickness, t, width, w and length of the antennas, [L1 L2 L3]

are 20 nm, 10 nm and [100 100 100] nm respectively and the gap diameter,

g, is 30 nm. The unnormalized spectrum in fig. 3.19(a) indicates that the

enhancement of the close-packed array is 7.8 times larger. Another impor-

tant consequence of close packing is as the distance between the particles

decreases, due to radiation damping, full width at half maximum (FWHM)

increases leading to a broader spectral response [224,225]. In fig. 3.19(b), the

spectra of high and low packing fraction arrays are compared on the same

scale in order to compare their line widths. The FWHM of the close-packed

array is 270 nm whereas the FWHM of the non-close packed array is only

94 nm. This result shows that as maximum field enhancement is obtained via

close packing at the same time it also provides a broader spectral response.

3.2.6 Radiative properties of honeycomb arrays

In this section, we discuss the radiative properties of honeycomb plasmonic

nanoantenna arrays, such as absorptance, transmittance, and reflectance. In

fig. 3.20, absorptance, transmittance, and reflectance of a honeycomb are

shown with red, black, and blue curves, respectively. The results are ob-

tained for an optical beam that excites the nanoantenna array at normal in-

cidence. As shown in fig. 3.20, the calculations are performed for s-polarized,

p-polarized, unpolarized, and circularly polarized beams. To calculate the

radiative properties of the honeycomb array, the geometrical dimensions of

the structure in fig. 3.20 are selected as identical to that of fig. 3.12. In
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Figure 3.19: Comparison of spectral responses of a close-packed and nonclose-
packed arrangement of honeycomb arrays. Spectral broadening is observed
for the close-packed arrangement. In both cases symmetrical honeycomb
arrays are used and the thickness, width, and length of the gold nanoantennas
are 20 nm, 10 nm, and [100 100 100] nm respectively and the gap diameter
is 30 nm. In the non-close packed case the distance between the snowflake
centers is 1300 nm which is 10 times greater than the close packed case.

fig. 3.20(a), the incident field is s-polarized. In this case, the incident field

polarization is parallel to the long axis of the particle with length L2, but the

incident field polarization also has a weak component that is parallel to the

long axes of other particles. As a result the first peak formed by particles

with lengths L1 and L2 is observable but the second peak formed by particle

with length L3 is weak. The far-field properties for the p-polarized incident

field are illustrated in fig. 3.20(b). In this case incident polarization has com-

ponents parallel to the long axes of particles with lengths L1 and L3 but has

no component parallel to the long axis of the particle with length L2. As a

result both resonance peaks are observable. Since the particle with length

L2 is not exited, the first peak is narrow compared to the spectrum given in

fig. 3.20(a). In fig.3.20 (c) and (d), the far-field responses of the honeycomb

array are illustrated when it is illuminated with unpolarized and circularly
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polarized fields, respectively. In these cases all of the particles can be excited

effectively and as a result both peaks can be observed.
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Figure 3.20: Far-field radiative properties of honeycomb arrays. Red, black,
and blue curves represent absorptance, transmittance, and reflectance, re-
spectively for different polarization states.

In fig. 3.20, there are differences between absorptance and reflectance

spectra, which can be attributed to absorption and scattering cross-sections

of particles [?,226]. This difference is especially significant in fig. 3.20(b)-(d)

for longer wavelengths where the effect of particle with length L3 is dominant.

As the particle gets longer it absorbs more light than it scatters. Therefore

there is an increase in absorptance at longer wavelengths. On the other

hand, around the first peak the difference is not so prominent because the
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absorption and scattering cross-sections of particles with lengths L1 and L2

are close to each other. The mechanisms that form the spectral features of

radiative properties in fig. 3.20 are similar to those discussed for the AFE

spectrum. In fig. 3.21, the radiative properties of the honeycomb structure as

a function of both the gap diameter and wavelength is given in fig. 3.21. The

interaction between antenna elements L1, L2, and L3 with each other and

across the gap play a significant role for radiative properties as well, similar

to the coupling discussion in Section 3.2.3.
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Figure 3.21: Far-field radiative properties of honeycomb arrays as a func-
tion of wavelength and gap diameter. Absorption (A), reflection (R), and
transmission (T) are plotted for unpolarized beam.

3.2.7 Conclusion

In this part of the thesis, we proposed a generalized close-packed honey-

comb array by introducing additional morphological parameters within the

Wigner-Seitz unit cell. The generalized honeycomb plasmonic antenna array

provides additional flexibility in the manipulation of the spectral response via

these new morphological parameters by relaxing geometrical restrictions due

to particle length and angles within the Wigner-Seitz unit cell. By using the

proposed structures, we demonstrated that the wideband spectral distribu-
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tion can be effectively tailored over large scale surfaces. An alternative tech-

nique for breaking the symmetry of plasmonic honeycomb antenna arrays was

suggested. It was demonstrated that spectral broadening can also be achieved

by breaking the symmetry within the Wigner-Seitz unit cell on a hexagonal

grid, rather than breaking the symmetry of the hexagonal grid itself. An-

other important aspect of this study is the demonstration of advantages of

close-packing of the antenna arrays in terms of spectral response, field en-

hancement, and absorption over a large surface area. Coupling-mechanisms

shaping the spectral lines of the large scale surfaces were shown by decom-

posing the overall spectrum into contributions from sub-arrays.

3.3 Application: Thin-film Photovoltaics

In this part of the thesis, it’s shown that by embedding plasmonic honey-

comb arrays into the active layers of c-Si or P3HT:PCBM/PEDOT:PSS thin

film solar cells overall absorption efficiency can be improved. It’s also demon-

strated that this absorption enhancement is independent of polarization of

incident radiation over the whole spectral region of operation. Efficient ab-

sorption of light in the active material and recombination rate of charge

carriers are two competing factors in conventional solar cell technology [13].

By increasing the thickness of active material layer, light can be efficiently

absorbed however due to the increased thickness of the active material, dis-

tance that charge carriers travel in the active material increases resulting in

a high charge recombination rate without contributing the current genera-

tion [13,14]. This reduces the overall energy conversion efficiency of the solar

cells. On the other hand by employing thin film solar cells, charge recombi-

nation can be handled with the expense of low absorption efficiency [13,14].
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By decreasing the thickness of the active material layer, the distance that

light should be traveled in the active material in order to be absorbed is not

met for a wide range of photon energies close to the band gap [14]. This

reduces the absorption efficiency and reduces the overall energy conversion

efficiency of the solar cell. Although it’s possible to obtain high photocur-

rent efficiencies above 20% for some single crystalline materials such as c-Si

with a thickness of a few hundreds of micrometers [42], high cost and energy

demand to fabricate c-Si motivates the research on thin film solar cells to

reduce the cost.

Plasmonic nanostructures have been shown to promising tools to increase

the absorption efficiency in thin film silicon and organic solar cells via var-

ious mechanisms [13, 61, 65, 191]. This mechanisms include; (i) scattering

light by resonant plasmonic nanoparticles or plasmonic surfaces into active

material at large angles so that light is efficiently trapped in the active

layer [45, 46, 48, 64], (ii) increasing electric field intensity by localized sur-

face plasmon (LSP) modes around plasmonic nano particles embedded in

active layer [14,55,56,59,62], and (iii) trapping light via coupling it into sur-

face plasmon polaritons (SPP) propagating on the back metal-active layer

interface [56,60]. However plasmonic nanoparticles or artificial nano surfaces

supports LSP or SPP in a narrow spectral domain. Therefore broadband

plasmonic structures operating in the wide spectral range of solar spectrum

are emerging needs for plasmonically improved photovoltaics.

In this part of the thesis, theoretically, it’s shown that via embedding

plasmonic honeycomb nanoantenna arrays [2,28] in the active layer of c-Si or

P3HT:PCBM/ PEDOT:PSS thin film solar cells, broadband absorbtion en-

hancement can be achieved and overall absorption efficiency of thin film solar
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cells can be improved. For optimized honeycomb designs, overall absorption

efficiency enhancements of 106.18% and 20.84% are achieved for c-Si (with

50 nm thick c-Si active layer) and P3HT:PCBM/PEDOT:PSS (with 100 nm

thick P3HT:PCBM active layer) thin film solar cells, respectively compared

to reference thin film solar cells without honeycomb structure. Furthermore

it’s shown that these absorption efficiency enhancements are independent of

the polarization of incident light.

3.3.1 Methodology

Figure 3.22(b) and (c) illustrates the simulation setups for honeycomb em-

bedded c-Si and P3HT:PCBM/PEDOT:PSS thin film solar cells. Active

materials are 50 nm thick c-Si and 100 nm thick P3HT:PCBM for silicon

and organic solar cells, respectively. Total absorbtion in the active materials

is calculated by ω · Im(ǫ)
∮

V
| E |2 dV ′, where ω, Im(ǫ), and V , are angular

frequency of the incident field, imaginary part of complex permittivity of

active material, and the volume of the active material, respectively. Perfor-

mance metrics of the solar cells and honeycomb arrays i.e. overall absorbtion

efficiency (OAE) and overall absorbtion efficiency enhancement (OAEEn)

are determined by equation 13 and 14, respectively. In equations, ATM and

ATE stand for the total absorption in the active material when illuminated

with transverse magnetic (ETM) and transverse electric (ETE) fields, as in-

dicated in fig. 3.22(a), in the presence of honeycomb array, respectively, Aref

is the total absorbtion of bare active layer in the absence of honeycomb ar-

ray and I is the total electromagnetic power impinging upon the solar cell.

λlower is 280 nm and 400 nm, λupper is 1100 nm and 800 nm for c-Si and

P3HT:PCBM/PEDOT:PSS solar cells, respectively.
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Figure 3.22: Schematic illustrations of computational geometries. (a) Top
view of honeycomb array with its corresponding parameters. L1, L2 and
L3 are the lengths of the particles, β1, β2 and β3 are the apex angles of
the particles. The directions of the incident fields i.e. transverse magnetic
ETM and transverse electric ETE fields are shown with red and blue arrows,
respectively. (b) Schematic illustration of a sample particle, t is the thickness
and w is the width of the apex of the particles. (c) Schematic illustration
of a c-Si thin film solar cell. Honeycomb structure of 40 nm thickness is
patterned on the top surface of a 140 nm thick Ag layer. On top of the
Ag layer there is a c-Si layer with 50 nm thickness in which the honeycomb
array is embedded and 20 nm thick SiO2 layer is placed on top c-Si layer. (d)
Schematic illustration of a P3HT:PCBM/PEDOT:PSS thin film solar cell.
Honeycomb structure of 40 nm thickness is patterned on the top surface of
a 140 nm thick Ag layer. On top of the Ag layer there is a P3HT:PCBM
layer with 100 nm thickness in which the honeycomb array is embedded.
P3HT:PCBM layer is followed by a 50 nm PEDOT:PSS, 150 nm ITO and
100 nm glass on top of each others.
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OAE =

∫ λupper

λlower
(ATM (λ)+ATE(λ)

2
)× AM1.5G(λ)dλ

∫ λupper

λlower
I(λ)× AM1.5G(λ)dλ

(13)

OAEEn =

∫ λupper

λlower
(ATM (λ)+ATE(λ)

2
)× AM1.5G(λ)dλ−

∫ λupper

λlower
Aref (λ)× AM1.5G(λ)dλ

∫ λupper

λlower
Aref (λ)× AM1.5G(λ)dλ

×100

(14)

Similarly absorbtion efficiency (AE) at a specific wavelength and absorb-

tion efficiency enhancement (AEEn) at a specific wavelength can be calcu-

lated as follows,

AE =
(ATM (λ)+ATE(λ)

2
)

I(λ)
(15)

AEEn =
(ATM (λ)+ATE(λ)

2
)− Aref (λ)

Aref (λ)
× 100 (16)

For both c-Si and P3HT:PCBM/PEDOT:PSS solar cell simulations a

40 nm thick honeycomb structure is patterned on the upper surface of a

140 nm thick silver layer as shown in fig. 3.22. For c-Si solar cells, on top of

the silver layer there is a 50 nm thick c-Si layer in which honeycomb structure

is embedded and there is a 20 nm thick SiO2 layer on top of c-Si layer. On

the other hand, for P3HT:PCBM/PEDOT:PSS solar cells there is a 100 nm

thick P3HT:PCBM layer in which honeycomb is embedded followed by 50 nm

thick PEDOT:PSS, 150 nm thick ITO and 100 nm thick glass layers on top

of each others. Both setups are surrounded by air from the top and below.

Radiation boundary conditions are used at the top and bottom surfaces of

the surrounding air layers and periodic boundary conditions are employed

on the face to face lateral surfaces of the hexagonal unit cell to maintain

the periodicity of the structure. A 3-D frequency domain finite element
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solver based full-wave solution of Maxwell’s equations is used to calculate

the electric field distribution within the unit cell [1, 21, 28, 187, 188]. The

accuracy of the solution technique was previously validated by comparison

with other solution techniques [187,188]. To discretize the computational do-

main tetrahedral elements are used and the size of the tetrahedral elements is

determined by an adaptive mesh refinement algorithm to improve the coarse

solution regions with high field intensities and large field gradients. Edge ba-

sis functions and second-order interpolation functions are use to expand the

solutions. Once the incident field Ei interacts with the structure scattered

field Es is solved via FEM and the total field Et is obtained by adding the in-

cident field to the scattered field. Material properties of silver and c-Si [189],

P3HT:PCMB [227], PEDOT:PSS, ITO, glass [228], and SiO2 [229] are taken

from the experimental data in the references.

Figure 3.22(a) shows schematic diagram of a generalized honeycomb array

and its corresponding unit cell. In order to obtain a broad spectral response,

symmetry of the unit cell can be broken via particle lengths (L1, L2, and

L3) or apex angles of particles (β1, β2, and β3) or both [2, 28]. In this study

hexagonal grid is kept symmetric and symmetry is broken via β parameters.

For all simulations gap diameter, g, particle thickness, t, and the width of the

particles, w are chosen as 30 nm, 40 nm, and 10 nm, respectively. To obtain

the optimum absorption efficiency enhancement particle lengths are varied

and for each particle length β parameters given in table 3.2 are simulated.

3.3.2 Results

Figure 3.23(a) and (c) illustrate the overall absorption efficiency enhancement

of c-Si and P3HT:PCBM/PEDOT:PSS thin film solar cells, respectively, with

92



Table 3.2: List of the β parameters used for breaking the symmetry of the
unit cell.

Case I Set1 Set2 Set3 Set4 Set5 Set6 Set7 Set8 Set9
β1 [Deg] 0 0 4 8 12 16 20 40 40
β2 [Deg] 0 4 8 12 20 24 30 40 50
β3 [Deg] 0 16 16 16 24 32 40 40 60

respect to particle lengths and β parameters sets. For c-Si thin film solar cells,

maximum overall efficiency enhancement is obtained as 106.18% for particle

length of 220 nm and β parameter of (16◦ 24◦ 32◦). For P3HT:PCBM/

PEDOT:PSS thin film solar cells maximum overall efficiency enhancement

of 20.84% is obtained for particle length of 300 nm and β parameters (20◦

30◦ 40◦). Figure 3.22(b) and (d) show the relative absorption of c-Si and

P3HT:PCBM/PEDOT:PSS thin film solar cells, respectively, for optimum

designs with respect to wavelengths. Black curves of fig. 3.23(b) and (d)

represent relative absorption of honeycomb embedded thin film solar cells

whereas red curves indicates relative absorption of reference thin film solar

cells without honeycomb embedded. Figure 3.23(b) and (d) indicate that

there are broadband absorption efficiency enhancement for both cases.

Figure 3.24(a) and (b) maps the absorbtion efficiencies of honeycomb

embedded and bare c-Si thin film solar cells for optimum particle length

with respect to wavelength and β parameters sets while fig. 3.24(c) illustrate

absorption efficiency enhancement with respect to wavelengths and β param-

eters when the honeycomb design of optimum particle length is embedded

in c-Si. From fig. 3.24 it’s seen that although maximum absorbtion effi-

ciency enhancement is obtained between 500-800 nm as high as above 800%

at some wavelengths for particular β sets, maximum absorption efficiencies

occur at wavelengths between 400-500 nm. This is due to the fact that after
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Figure 3.23: (a) Overall absorption efficiency enhancement (AEEn) with
respect to antenna length and β parameters set for honeycomb embed-
ded c-Si thin film solar cells. (b) Relative absorbtion of c-Si thin film so-
lar cells. (c) Overall absorption efficiency enhancement (AEEn) with re-
spect to antenna length and β parameters set for honeycomb embedded
P3HC:PCBM/ PEDOT:PSS thin film solar cells. (d) Relative absorbtion
of P3HT:PCBM/PEDOT:PSS thin film solar cells. Black and red curves of
(b) and (d) indicate relative absorbtion of honeycomb embedded thin film
solar cells and reference thin film solar cells without honeycomb embedded,
respectively.
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500 nm imaginary part of complex permittivity of c-Si, directly proportional

to absorbtivity of c-Si, decreases 2 orders of magnitude and after 700 nm it

decreases 3 orders of magnitudes. This indicates that, even an absorption

efficiency enhancement of 3 orders of magnitudes is reached after 700 nm,

contribution of this absorbtion efficiency enhancement to overall absorbtion

efficiency enhancement is low. On the other hand a small percentage of

absorbtion efficiency enhancement below 500 nm can greatly contribute to

overall absorbtion efficiency enhancement. Physically, it’s impossible to ob-

tain high absorbtion efficiency enhancements for c-Si at wavelengths below

roughly 500 nm because it will violate energy conservation. c-Si already ab-

sorbs 50% of incident energy below 500 nm therefore an absorbtion efficiency

enhancement greater than 100% is impossible for those wavelengths.
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Figure 3.24: (a) Absorption efficiency (AE) of the c-Si thin fim solar cell
with honeycomb array of optimum antenna length (220nm) with respect
to wavelength and β sets. (b) Absorption efficiency (AE) of the reference
(without the honeycomb array) c-Si thin film solar cell with respect to wave-
length.(c) Absorption efficiency enhancement of the c-Si thin fim solar cell
with honeycomb array of optimum antenna length (220nm)with respect to
wavelength and β sets.

The situation is similar for P3HT:PCBM/PEDOT:PSS solar cells. Fig-

ure 3.25(a) and (b) show the absorption efficiencies of P3HT:PCBM/ PE-

DOT:PSS solar cells with the honeycomb of optimum particle length and in

the absence of honeycomb, respectively, with respect to wavelength and β pa-
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rameters sets while fig 3.25(c) represents absorption efficiency enhancement

when honeycomb of optimum particle length is embedded in P3HT:PCBM

layer. It’s obvious that although an absorption enhancement of 2 orders of

magnitude is achieved for some regions above 650 nm maximum absorption

efficiencies are obtained below 650 nm. The reason is; above 660 nm imagi-

nary part of complex permittivity of P3HT:PCBM, directly proportional to

absorbtivity of P3HT:PCBM, is decreases 3 orders of magnitude except for

the interval between 700-720 nm where imaginary part of complex permit-

tivity decreases 2 orders of magnitude. Therefore the absorption efficiency

enhancement above 660 nm contribute weakly to the overall absorption ef-

ficiency enhancement whereas below 660 nm a small enhancement can con-

tribute greatly. For the same reasons as in c-Si, physically, it’s impossible

to obtain high absorbtion efficiency enhancement below roughly 650 nm for

P3HT:PCBM since it will violates conservation of energy.
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Figure 3.25: (a) Absorption efficiency (AE) of the
P3HT:PCBM/PEDOT:PSS thin fim solar cell with honeycomb array
of optimum antenna length (300nm) with respect to wavelength and
β sets. (b) Absorption efficiency (AE) of the reference (without the
honeycomb array) P3HT:PCBM/PEDOT:PSS thin film solar cell with
respect to wavelength. (c) Absorption efficiency enhancement of the
P3HT:PCBM/PEDOT:PSS thin fim solar cell with honeycomb array of
optimum antenna length (300nm)with respect to wavelength and β sets.

Figure 3.26(a) and (b) demonstrate the polarization dependency of overall
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absorption efficiency enhancement for silicon and organic solar cells with

honeycomb of optimum parameters. It’s obvious that the enhancements are

almost polarization independent for all wavelengths. Therefore the designs

have the ability to respond equally for randomly polarized solar radiation

impinging upon it.
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Figure 3.26: Polarization dependence of absorption efficiency enhancement
of (a) thin film c-Si solar cell and (b) thin film P3HT:PCBM/ PEDOT:PSS
solar cell with honeycomb of optimum design parameters.

In order to obtain a high overall absorption enhancement, high field en-

hancement over a broad spectrum is needed. Via embedding honeycomb

antenna array in c-Si or P3HT:PCBM, a broadband field enhancement can

be obtained as shown in fig. 3.24(c) and 3.25(c). Physical mechanism lies be-

hind the absorption enhancement is localized surface plasmons occurring at

the metal/active layer (c-Si or P3HT:PCBM) interface. In fig. 3.27 and 3.28

electric field intensity just above the honeycomb structure are mapped for the

optimum designs and wavelengths at which maximum efficiency enhancement

occur for c-Si and P3HT:PCBM/PEDOT:PSS solar cells, respectively. Due

to the different optical properties of c-Si and P3HT:PCBM, different surface

plasmon modes are exited. When honeycomb is embedded in c-Si transverse

localized surface plasmon modes are excited as shown in fig. 3.27(b) and (c).
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Due to the variable width of a diamond-like particles, transverse modes can

be excited in a wide range of wavelengths corresponding to different cross-

sections of particles [29]. On the other hand in P3HT:PCBM longitudinal

modes are excited as illustrated in fig. 3.28(b) and (c). Although longitudi-

nal modes in PCBM:P3HT produces much higher electric field enhancement,

this enhancement are strongly localized at sharp corners whereas longitudi-

nal modes in c-Si are distributed over much larger regions. For this reason,

although electric field enhancement is larger in P3HT:PCBM, efficiency en-

hancement in c-Si is greater.
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Figure 3.27: (a) Efficiency enhancement for optimal honeycomb embedded
c-Si thin film solar cells. (b) Electric field intensity just above honeycomb
structure for optimum design at 580 nm for (b) TE polarization and (c) TM
polarization (log10 scale).

3.3.3 Conclusions

In conclusion, it s shown that via embedding plasmonic honeycomb antenna

arrays in the active layer of c-Si or P3HT:PCBM organic thin film solar

cells overall absorption efficiencies can be improved as much as 106.18% and

20.84%, respectively. Localized surface plasmon modes at the Ag-active layer

interface are responsible for this absorption enhancement. Although the total

volume of active layer is decreased due to replacement with honeycomb array,
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Figure 3.28: (a) Efficiency enhancement for optimal honeycomb embedded
P3HT:PCBM thin film solar cells. (b) Electric field intensity just above
honeycomb structure for optimum design at 700 nm for (b) TE polarization
and (c) TM polarization (log10 scale).

total overall absorption performance is higher. Furthermore, it s also shown

that this enhancement mechanism is polarization independent for the whole

spectural of operation.
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Chapter IV

4 Plasmonic Spiderweb Nanoantenna Surface

for Broadband Hotspot and Higher Har-

monic Generation

In this part of the thesis, we demonstrate a general framework to obtain

plasmonic nanoantenna surface with a broadband polarization independent

response. The plasmonic spiderweb nanoantenna surface is composed of unit

cells, which form multiple resonance paths due to patterning of the metallic

conductor such that electrons can find multiple ways to oscillate between

the poles of the conductor. Tailoring of the conductor paths and shapes

of the unit cells patterns results in a broadband spectral response. Since

for all resonance frequencies, the electrons oscillate between the same poles,

broadband hot spots generated around those poles can be obtain. Using

this broadband plasmonic spiderweb nanoantenna surface, we demonstrate

that third harmonic generation efficiency can be enhanced via the ability of

broadband hotspot generation.

4.1 Plasmonic Spiderweb Nanoantenna Surface

To illustrate the idea of a multi-resonance plasmonic surface with alternative

resonance paths, close-packed plasmonic spiderweb nanoantenna surface is



formed. By using the proposed antenna array surface we demonstrated ultra-

broadband hot spot generation at the gap regions with field enhancement

greater than one order of magnitude compared to the incident field amplitude.

In this part of the thesis, the physical mechanism behind the broadband

characteristic and field localization is explained. Finally, as an application

it’s demonstrated that 3rd harmonic generation efficiency can be enhanced

via broadband field localization facility of the antenna array.

4.1.1 Broadband spot generation

To obtain broadband field enhancement the plasmonic spiderweb nanoan-

tenna surface, shown in fig. 4.1, is used. The plasmonic spiderweb nanoan-

tenna surface is composed of unit cells, which form multiple resonance paths.

Figure 4.1(a) represents the unit cells of four different multi-resonance path

antenna array designs with one (black), two (red), three (blue) and seven (green)

resonance paths. Antenna material is chosen as gold for its plasmonic prop-

erties. Gold nano-antennas are placed on top of a BK7 glass and there is a

chromium adhesion layer between the gold antenna and BK7 glass only at the

regions where gold antenna is present as shown in fig. 4.1(b). Figure 4.1(b)

illustrates the unit cell of a one-resonance path antenna array with its asso-

ciated geometrical parameters as an example. One-resonance path antenna

is formed by a single square loop around the center of the unit cell. The

thickness of the gold layer, tg, and the thickness of the chromium layer tc are

10 nm and 3 nm, respectively. The width of the anchor part, w1, is 8 nm for

all antenna designs, and the width of the square loops, w2, is 8 nm for one,

two, three loops antennas, and 4 nm for seven loops antenna. The length,

L, of the cross shaped part is 200 nm for all antenna designs and the edge
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Figure 4.1: (a) Top view of the unit cell of one (black), two (red), three (blue),
and seven-resonance path antenna arrays. (b) Unit cell of one-resonance path
antenna array with its corresponding geometrical parameters. tg and tc are
the thickness of the gold and chromium layer, respectively. L is the length of
the anchor part of the antenna in the radial-direction. L1 is the length of the
arms in the azimuthal-direction between anchor parts, which is illustrated
for one-resonance loop antenna. w1 and w2 are the widths of cross-shaped
part and square loops, respectively, and g is the gap diameter between the
adjacent antennas in the array.
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length of square loops measured from the center of the loop is denoted by

Li. For one-resonance path antenna, shown in fig. 4.1(b), L1 is 45 nm. For

two-resonance path antenna [L1 L2] = [45 61]nm, for three-resonance path

antenna [L1 L2 L3] = [29 45 61]nm, and for seven-resonance path antenna

[L1 L2 L3 L4 L5 L6 L7] = [19 27 35 43 51 59 67]nm. The edges of the anten-

nas are tapered in order to decrease the gap diameter between the adjacent

antennas and localize the hotspot towards the center of the gap otherwise

due to the lightening rod effect hotspots are formed at the sharp edges of the

antennas. The gap diameter, g, between the antennas is adjusted to 20 nm.

To illustrate the broadband characteristic of the multi-resonance path

antenna designs a 3-D frequency domain finite element method based on

a full-wave solution of Maxwell’s equations is employed. The accuracy of

the solution technique was previously validated by comparison with other

solution techniques [187, 188]. For the analysis of the nanoantenna array,

periodic boundary conditions are used on a single unit cell, rather than by

analyzing a layer containing large numbers of repeating antenna geometries.

To account for the presence of neighboring unit cells, two periodic boundary

conditions are defined on the two mutual, face-to-face lateral surfaces of

the unit cell. On the top and bottom surfaces of the unit cell, radiation

boundary conditions are used. In the solution procedure tetrahedral elements

are used to discretize the computational domain, which accurately represents

the scattering geometries used in this study. On the tetrahedral elements,

edge basis functions and second-order interpolation functions are used to

expand the field distributions. Adaptive mesh refinement is used to improve

the coarse solution regions with high field intensities and large field gradients.

Material parameters of gold [189], chromium [230], and BK7 [231] glass are
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taken from experimental data.

Figure 4.2(a) shows the relative extinction of one (black line), two (red

line), three (blue line) and seven-resonance (green line) path antenna arrays

when they are illuminated with linearly polarized plane waves incident per-

pendicularly onto the antenna. The results are the same regardless of the

polarization orientation of the linear polarization on the antenna surface.

Relative extinction is calculated as the summation of relative absorption and

relative scattering which are total absorbed power and total scattered power

normalized to total incident power, respectively. As it can be inferred from

fig. 4.2(a) number of peaks in the spectrums are equal to the number square

loops of the multi-resonance path antenna designs. As the number of square

loops in the azimuthal direction increases, the peaks in the spectral response

merge and preventing the spectral response decreasing below a certain level

thus form a broadband spectral response. Maximum electric field enhance-

ment at the gap, Emax/Ei, in the spectrum of interest are given in Fig. 4.2(b)

for different multi-resonance path antenna designs with the same line colors

as given in fig. 4.2(a). As it can be observed, spectral responses in fig. 4.2(a)

and field enhancements in fig. 4.2(b) are correlated. This correlation is more

obvious with the field enhancement at the center of the gap region (inset

of fig. 4.2(b)). Furthermore maximum field enhancement or field enhance-

ment at the gap center don’t decrease dramatically after the resonance at

the highest wavelength as in extinction spectrum.

Figure 4.3 shows the electric field distribution of one, two, and three-

resonance path antenna arrays at their mid-planes for the resonance wave-

lengths when the arrays are perpendicularly illuminated with polarization

parallel to one of the anchor directions, as shown in fig 4.1(b). Figure 4.3(a)
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Figure 4.2: (a) Relative extinction spectrum of one (black), two (red),
three (blue), and seven-resonance (green) loop antenna arrays. (b) Maxi-
mum field enhancement in the spectrum of interest for one (black), two (red),
three (blue), and seven-resonance (green) loop antenna arrays. Inset of (b)
illustrates the field enhancement at the center of gap region.

illustrates the field enhancement at the gap region for one-resonance path

antenna at its resonance wavelength of 2000 nm. In fig. 4.3(b) and (c) elec-

tric field distributions for the two-resonance path antenna are shown for the

resonance wavelengths of 1600 and 2300 nm, respectively. Similarly the field

enhancements are greatest at the gap region. Finally, fig. 4.3(d), (e), and (f)

demonstrates the field enhancement at the gap region of a three-resonance

path antenna for the resonance wavelengths of 1000, 1600, and 2300 nm.

This localized field enhancement can be also shown for seven-resonance path

antenna array as given in fig. 4.4. Furthermore, this localized field enhance-

ment does not occur just at resonance wavelengths. Due to the lightening rod

effect, at each wavelength, field enhancement is largest at the gap region as

shown in fig. 4.5. Therefore, beside of the broad spectral response, the main

advantage of the multi-resonance path antenna array designs is broadband

hotspot generation.

To illustrate the physical mechanism of broadband characteristic of the

105



5

10

15

20

25

30

2

4

6

8

10

12

14

0

5

10

15

20

2

4

6

8

10

2

4

6

8

10

12

14

5

10

15

20

V/m V/m V/m
1600nm 2300nm

1000nm 1600nm 2300nm

2000nm

b

e

a

d

c

f

Figure 4.3: Electric field distribution at the mid-plane of gold nanoantenna
arrays for different multi-resonance path antenna arrays at resonance wave-
lengths. (a) Electric field distribution for one resonance path antenna ar-
ray at λ = 2000 nm. (b) and (c) Electric field distributions for two reso-
nance path antenna array at λ = 1600 nm and λ = 2300 nm, respectively.
(c) (d) ,and(f) Electric field distributions for three resonance path antenna
array at λ = 1000 nm, λ = 1600 nm, and λ = 2300 nm,respectively.
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antenna array, scattered magnetic field distribution just above the array sur-

faces are plotted in fig. 4.6. Since scattered magnetic fields originate from

induced currents on the antennas, those can give insight of the physical mech-

anism of the resonances. Figure 4.6(a) shows the scattered magnetic field

distribution for the one-resonance path antenna array at the resonance fre-

quency. As it can be inferred from the scattered magnetic field distribution,

electrons oscillate both on the cross-shape part and square loop part of the

antenna for the one-resonance path antenna array. In fig. 4.6(b) and (c),

scattered magnetic field distributions of two-resonance path antenna for res-

onance wavelengths are given. For the first resonance wavelength at 1600 nm

electrons oscillate on the first square loop whereas for the second resonance

wavelength at 2300 nm electrons prefer the second square loop. A similar

phenomena can be observed for three-resonance path antenna array. Elec-
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Figure 4.6: Magnetic field distributions just above the gold nanoantenna
arrays for different multi-resonance path antenna arrays at resonance wave-
lengths. (a) Magnetic field distribution for one resonance path antenna array
at λ = 2000 nm. (b) and (c) Magnetic field distributions for two resonance
path antenna array at λ = 1600 nm and λ = 2300 nm, respectively. (c) (d)
,and(f) Magnetic field distributions for three resonance path antenna array
at λ = 1000 nm, λ = 1600 nm, and λ = 2300 nm,respectively.

trons oscillate on the first, second, and third square loops at the resonances

wavelengths of 1000 nm, 1600 nm, and 2300 nm, respectively, as shown in

fig. 4.6(d), (e), and (f). This can be also shown for seven-resonance path

antenna array as given in fig. 4.7. From this observations it can be said

that, on a conductor, electrons prefer the suitable path to oscillate in order

to resonance occur. Thus, by forming a multi-path conductor it’s possible

to obtain multi-resonance and broadband antenna structure. Furthermore,

if the ends of different paths converge to a single point, broadband hotspot

generation can be achieved.

Another property of the proposed design is polarization insensitivity.
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Since the unit cell of the antenna array has four-fold symmetry, it’s po-

larization independent. Polarization dependency of field enhancement at the

gap center is illustrated in fig. 4.8. The results in fig. 4.8 suggests that the

structure is insensitive to polarization direction for a perpendicular illumina-

tion. Thus, employing the multi-resonance path antenna designs polarization

independent broadband hotspot generation can be achieved.

4.2 Application: Third Harmonic Generation

High harmonic generation in nonlinear mediums is a very low efficient pro-

cess since higher order susceptibilities of those mediums are several orders

of magnitude smaller than the first order susceptibility. Via introducing a

nonlinear medium in the gap region of a broadband nanoantenna operating

both at the fundamental and corresponding high harmonic frequencies, high

harmonic generation efficiency can be increased. The efficiency enhancement

process works as follows: first, nano antenna enhances the electric field at

the gap region where the nonlinear medium is introduced via localizing the

incident radiation at the gap site. Then, high harmonic generation process

occurs in the nonlinear medium and corresponding higher harmonic is gen-

erated. After that, nanoantenna further enhances the radiation generated at

the gap region via Purcell effect and couples the localized high harmonic field

to the far field [5]. As it can be understood from the physical mechanism

just a broadband surface is not sufficient for the high harmonic generation,

a broadband hotspot generation is essential for the enhancement process.

In this part, third harmonic generation efficiency enhancement is demon-

strated by using multi-resonance path antenna array. For this purpose a

nonlinear Kerr medium is introduced at the gap regions of seven-resonance
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Figure 4.9: A schematic illustration of a nonlinear Kerr medium placed at
the gap regions of seven-resonance path antenna array.
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Figure 4.10: (a) Spectral responses of theoretical linear medium embed-
ded (red) and bare antenna array (black). (b) Electric field distribution in the
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path antenna array as shown in fig. 4.9. Chalcogenide glass As2Se3 is chosen

as the Kerr medium with refractive index n0 = 2.53 and ǫr = 6.4009 and

χ3 = 6.8× 10−18m2/V2 [5]. The dimensions of the Kerr medium are 20 nm,

20 nm and 13 nm, in x, y, and z directions, respectively as shown in fig. 4.9.

To obtain the spectral response of the antenna array when As2Se3 is em-

bedded in the gap regions, a theoretical linear medium with the same linear

properties of As2Se3 embedded in the gap regions. Figure 4.10(a) shows the

spectral response of As2Se3 embedded seven-resonance path antenna array

compared to bare antenna array obtained by finite element simulations as

explained in the previous section. There is no significant change in the ar-

ray response. Figure 4.10(b) shows the electric field distribution when the

theoretical linear mediums are embedded at the gap regions of the antenna

array.

To illustrate the third harmonic generation efficiency enhancement both

bare As2Se3 array with the same dimensions and As2Se3 embedded seven-

resonanse path antenna array are simulated via finite difference time domain

method. In both case, in order to ensure that χ(3)|E(t)|2 << ǫr, Gaussian

beams with 107V/m amplitude is used to illuminate the structures. Fig-

ure 4.10(c) illustrates the radiated third harmonic power per unit cell for the

bare As2Se3 array (red curves) and As2Se3 embedded antenna array (black

curves) when the incident illuminations are Gaussians beam with 3300 nm

and 5000 nm central peaks and 100 nm widths and polarized along the one

axis of the cross shape part of the antenna as shown in fig. 4.1(b). In both

cases several orders of magnitude third harmonic generation efficiency en-

hancement is obtained.

To simulate the nonlinear behavior of As2Se3 finite difference time do-
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main method is used. In simulations material parameters of gold [189],

chromium [230], and BK7 [231] glass are taken from experimental data. Di-

electric parameters of chalcogenide glass As2Se3 is set to n0 = 2.53 and

ǫr = 6.4009 and χ3 = 6.8 × 10−18m2/V2 [5]. To simulate the bare As2Se

array and As2Se embedded antenna array periodic boundary conditions are

used on the lateral surfaces of the unit cell shown in fig. 4.1(b). On the up-

per and lower surfaces perfectly matched layers are employed. An automatic

non-uniform mesh generator is used to define mesh grids with an override

mesh region in the vicinity of the antenna array surface from -50 nm under

the array surface to 50 nm above the surface in which 1 nm× 1 nm× 1 nm

mesh grids are used. Time stability factor, time step, and simulation time

are set to 0.99, 0.001931 fs, and 200 fs respectively. Scattered 3rd fields are

monitored by the surfaces at the scattering region, outside the source region.

4.2.1 Conclusions

In conclusion, broadband hotspot generation is achieved using plasmonic

spiderweb nanoantenna surfaces. When a conductor is patterned such that

electrons can find multiple paths to oscillate between the two poles of the

conductor broadband hotspot can be achieved at the poles. We demon-

strated this principle by an example i.e. multi-resonance path antenna array.

Furthermore, we demonstrated efficient high harmonic generation by using

seven-resonance path antenna array via it’s ability to generate broadband

hotspot.
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Chapter V

5 FABRICATION

5.1 Fabrication Procedure

To verify the theoretical results obtained in the previous parts of this thesis,

we intended to fabricate and characterize the plamonic structures. To fabri-

cate the plasmonic structures Sabanci University Nanotechnology Research

and Application Center’s (SUNUM)cleanroom facilities are employed.

As a result of longstanding effort, we have optimized each step of the

fabrication process and successfully fabricated a gold nano-rod array on a

glass substrate. The experimental procedure that we used is shown in fig. 5.1.

As shown in fig. 5.1, we used a BK7 glass as substrate, which is trans-

parent in frequency range of interest in order to prevent additional noise.

Then 2 nm Cr and 10 nm gold layers are consecutively deposited on BK7

by thermal evaporation. For thin film deposition process ”Torr E-beam and

Thermal Evaporator” is employed. After thin film deposition,HSQ (Hydro-

gen Silsesquioxane)-XR-1541 is spin coated on gold at 5000 rpm for 50s and

backed 4 min. at 80Co. HSQ-XR 5041 is a negative tone e-beam resist. The

final thickness of the coated HSQ layer is approximately 20-25 nm. After

the resist coating process, the sample is ready to e-beam lithography. For

e-beam lithography, ”Vistec/EBPG5000plusES Electron Beam Lithography”

available at SUNUM was employed. Antenna structures were patterned on



Glass Cr Au HSQ

Physical Vapor Deposition

(Thermal Evaporation)

E−beam Lithography

Reactive Ion Etchign

Resist Developement

(Spin Coating & Baking)

Resist Coating

Figure 5.1: Steps of fabrication procedure
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Figure 5.2: Steps of fabrication procedure

the sample with an e-beam current and size of 1300 mC/cm2 and 1nm, re-

spectively. Then the resist is developed with a AZ726 MIFTMAH based

developer. To obtain gold nano-antenna structures RIE (Reactive ion etch-

ing) process was applied. In this process Cl gas is used at 0.04mTorr pressure

and 100W power for 2 minutes . For RIE process ”Oxford PlasmaLab System

100 ICP RIE (III-V and Metal Etching)” is employed. Then the solution is

washes with acetone and IPA.

5.2 Results

In fig. 5.2(a), SEM images of an nano-rod antenna array is demonstrated

fabricated on a 500 um thick BK7 glass. The widths and lengths of the

antennas, shown in fig. 5.2 are 30 nm and 100 nm, respectively. Separation

between the antennas are 200 nm in both directions. One the antenna array

is fabricated, it’s transmission spectrum is determined by ellipsometry. For

ellipsometric characterization ”Vase2000 elipsometer” is employed.

Black and red curves of fig. 5.2(b) illustrate transmission spectrum of

obtained from the FEM simulations ellipsometric measurement, respectively.
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As it can be inferred from the fig. 5.2(b) the results are comparable.

For future experiments snowflake nano-antennas, honeycomb array and

spiderweb array will be fabricated with the same techniques.
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Chapter V

6 CONCLUSION

In this thesis, to address the need for broadband plasmonic structures for

many emergent practical applications, several broadband plasmonic struc-

tures are proposed. These structures are theoretically investigated and phys-

ical mechanisms behind their broadband characteristics are explained. Fur-

thermore, some applications of these broadband plasmonic structures such

as thin-film photovoltaics, femtosecond pulse shaping and nonlinear-optics

are theoretically demonstrated.

First of all, broadband snowflake nano-antenna is introduced. It’s shown

that, if this antenna configuration is illuminated with circular or elliptical

polarization a broadband spectral response could be achieved. It was demon-

strated that the snowflake nano-antenna has the ability of focusing light be-

yond the diffraction limit at different frequencies over a large spectral band.

In addition, it was illustrated that the spectral distribution can be tailored

via geometrical parameters, ellipticity of the polarization or angle of inci-

dence. As an application for snowflake nano-antennas, polarization based

femtosecond pulse shaping is demonstrated.

As a next step, plasmonic honeycomb nano-antenna array is introduced.

Employing this two-dimensional close-packed antenna array surface, a unidi-

rectional and broadband plasmonic surface is illustrated. Unidirectional and



broadband characteristic of honeycomb array is theoretically investigated.

Furthermore, we performed a broad range of parametric analysis in terms of

particle morphologies, gap diameter, coupling strengths between the parti-

cles, periodicity etc. and we interpreted the physical mechanisms behind the

strange spectral features. As an application for honeycomb nano-antenna

arrays, we demonstrated absorption enhancement in organic and inorganic

thin film solar cells.

In addition to snowflake nano-antennas and honeycomb arrays we intro-

duced spiderweb plasmonic nano-antenna array which exhibit ultra broad-

band spectral behavior. It’s demonstrated that spiderweb nano-antenna have

the ability to generate ultra broadband hotspot at the gap region. Physical

mechanisms behind the broadband characteristic of spiderweb antenna ar-

ray are investigated. Finally, as an application of spiderweb nano-antenna

arrays, third harmonic generation is demonstrated.

In conclusion, we believe the efforts in the thesis contribute to the litera-

ture via addressing the need for broadband plasmonic structures for various

applications. For fill this gap in the literature, we proposed some novel

broadband nano-antenna designs, we investigated their physical mechanisms

and we demonstrated practical applications for each introduced broadband

antenna design.
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Holmgaard, Kjeld Pedersen, and Sergey I Bozhevolnyi. Plasmonic black

metals by broadband light absorption in ultra-sharp convex grooves.

New Journal of Physics, 15:073007, 2013.

[103] Na Liu, Martin Mesch, Thomas Weiss, Mario Hentschel, and Harald

Giessen. Infrared perfect absorber and its application as plasmonic

sensor. Nano Letters, 10:2342–2348, 2010.

[104] Patrick Bouchon, Charlie Koechlin, Fabrice Pardo, Riad Häıdar, and
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