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ABSTRACT

FINE-TUNING PLASMONIC RESPONSE FOR PLASMON-ENHANCED
PHOTONICS

¥zteor k, Kbrahim Mur at
Doctor of PhilosophyPhysics
Supervisor : Prof. DiAlpan Bek

December 2023162 pages

Plasmoit interactionshave found extensive applications in both industrial and
fundamental scientific domair®wing to scattering,absorption, and electric field
enhancemenpropertiesof metal nanestructuresThe osci | | afreeon of
el ectrons, dr i v e msulthhghlyt geenetrydepgrdentbaptical i el d,
responsewith resonances at specific frequency ban@isning the plasmonic
response for specific applications requires compaitded simulationguiding the
fabrications In fact, recent advancements of naplotonics owe to three
collaborative efforts in fabrication, measurements, and simulatiorthis thesis

hole masklithography was chosen as thancfabrication method due to its large

area compatibility and diverse geometrical potential. This methdduwessfully

used forfabrication of both simple and complex geometries of narsbructures
Innovative appoaches to control the surface distribution of nanostructures have been
proposedexperimentallyexploredand yielded promisindiscussionsExperimendl
measurementare repeatedlynodelled withcomputatiomal tools The simulation

credibility improved when matching results are obtainedfrom two different

computational methodboundary element method and finite element method



Plasmonic coupling is explored with Surface Enhanced Raman Scattering
measurementsf dimerdiscfabricationswith varied gap dimncesjndicatingfields
intensify at smalker interparticle gaps. A modes$ inventedfor quantitation ofthe
plasmonidnfluenceon the efficiency ohanastructuredecorated photovoltaic¥he
modelis used foquantitativecomparison of various nargeometries and materials

at variousgphysicalsurface coverages.

Keywords: Nancoptics, Plasmonics, Computationa@ectrodynamics, Nanc

fabrication

Vi
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PLAZMONKK TEPKKNKN HASSAKE RAAZAMBRNANMAS I
DESTE KLOK ONK K

¥zt e¢r k, Kbrahim Mur at
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Tez Yoneticisi: Prof. DrAlpan Bek

Ar al & K628a9f2 3

Pl azmoni k metaknaneeaxp arlerrén sa-¢el ma, emi |l i m
artérma °zell ikl erei tseanedsibndea nesred ¢ satl rainyl ea
al aneakh wilki@f € n al ané tsaerrabfeésntd ame tsa¢élr ¢ ¢ leak
sal énémeé, bel irli frekans Dbantl arénda r

guclirb aj | & depki a |ku kbtRlaamonik .teginin belirli uygulamalar igin

ayarl anmasé, cretimleri y°nl endiren b
gerektirmektedir. Nandb ot oni k gehiggred n karkeil er cretiom,
sim¢gl asyon alanlaréenda Tebkg¢-akedmml afj i ne
sretim y°ntemi ol arak deki k maske | itogr
uygul anabilir ol masé ve yalpeekrgeometnri k
ver mesi il e °ne -ékmaktadér. Bu y2ntem Kk
yvpél arén ¢reti mi yapeéel méck, yapeéel arén yg¢z

testedi mumutvadeded ej er | ee d d e me dCepttmik t¥ilr-.¢, ml er t
ol arak sim¢glasyon ara-|larénda model |l enmi

eleman yoh e mi hesapl amal arda kull aneéel ar ak, [
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el de edil mesi hesaplamal arén g¢venilirlijini

aral ekl ar da kil di sk yapél ar én cretimler
spektroskopisi kullad | ar a k i ncel enmi K, k¢-¢l en aral ek
g°zI| enmizmdnik rnaney 8p al ar | a dekor e edi | mi K f ot
uygul amal aréenda herhangi yapé geometri si v

yapél ar én et kisinin s asyiénsia | s aojllaaryaskn dbeijre r Im
gel i ktiril ey a&peé fomvatmk vtelrii mdatikijs i sayésal ol e

incel enmi Ktir.
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CHAPTER 1

INTRODUCTION

Nanotechnologyoffers vast possibilitieswhile remarkable discoveries have been
made, the world of nanotechnology continues to offer enormous opportunities.

context of nanotechnology, napbotonics assume an essential role. It specifically
addresses the interaction between light and matter at the nanoscale. Some of the most
intriguing nanophotonic interaction occurs when the material of the nanostructure is
metal, in which the conduction band electrons collectively oscillate inside the
strudure. These oscillations may resonate depending on the geometry, material, and
frequency. Surface plasmon resonances (SPR) are the resonance modes of these
structures. Nanostructures can be nrangineered for desired response. Plasmonics

has revealed namaptics with many remarkable phenomena, withréaching
implications for both fundamental optics and practical applicatidnsing the
plasmonic response for a specific application requires suitable-fabrication

method and measurement setups togetith computer aided simulations.

The most applicaticaimed plasmonic response mechanisars behandled under

two categories. Firstly, Metal nanoparticles (MNP) can trap and confine light energy

in the form of plasmons in volumes much smaller than tneslength of light itself.

This phenomenon, known as "nanoscale light trapping,” enables the concentration
of light energy in extremely tiny regions (several nm). When the illumination
frequency is resonant, localized surface plasmon resonance (LSPRsemalghly
localized and intensified field for a nearby matter to interact. The second mechanism
appears at the fdield region, at least several tens of wavelengths away from the
metallic structure, as scattering. When MNPs are illuminated with a kaoddb
source and the scattering spectrum is collected, scattering peaks are observed at the

resonance frequency. Near the resonance frequency, the scattessgpctionmay



be several orders of magnitude higher than the geometricatssectionof the

nanostructure. This indicates that particles may interact with light in a much larger
space than they actually occupy. The scattered light may be highly directional
depending on the irregularity of surrounding media as well as the geometrical

features of thstructure.

Scattering from MNPs becomes intriguindhen the scatterinffom an array of

MNPs is consideredthe scattering direction may differ compared to isolated
particles due to the interference of scattered walks interference completely
altersthe far field distribution of scattered lighthis property coincides wittvell-
establishedhe antenna theory ancklatively newer research field Metamaterials.
Metamaterials are engineered materials that can obtain unique optical properties and
specific light manipulation capabilities at féield regions. Very thin, periodically
decorated surfaces can be engineered to work similarly to conventional optics like
lenses; moreover, they can achieve Hgahding properties that conventional optics

cannot ghieve.

In this chapterthe history of plasmonicss briefly summarize@nd an overview of
recent advancements in plasmonics and plasrretated fieldsare discussed
There aremanyvaluablearticles publishedn this field overrecentyears in this
context only a few selected papers could be discudgledeover,advancements
fabricationmethods, computatiomethods andsome importanapplications, such

as sirface enhanced Raman scattering and photovoltaic applicatiotiseussed.

Theoretich considerations are explored CHAPTER 2 Optical constants are
defined forthe explanation of lighimatter interactionThe Drude theory fothe
prediction of optical constants of metals is detail€de analytical solutions of
plasmonic resonance propertiescatteringand absorptionare shown with Mie
theory.Indications otheresults are discussed together with exampjesomputer

aidedsimulations.

The experimental and computational methodology employed in thesis is depicted

CHAPTER 3 discussing their capabilities, limitations, challenges, solutions,



examples, and improvement$he fabrication methof hole maskcolloidal
lithography (HMCL) is discussedin terms of itsstrengths and weaknesses.
Experimental work involving optimization and applicatismletailed. Experimental
studiesaboutpossible improvemenis fabrication properties aexplained.ssues
experienced are noteand their definitive or possible solutiompproachesare
discussedComputeraidedModelingmethodsgconsiderationsandresult \alidation
approachesare detailed Methods for the detection and resaltion of wrong
calculationshave been discusse

Applicationorientedstudiesand resultsaare detailed irCHAPTER 4 First, dimer
fabricationsand observation of plasmorgouplingof closely spaced structures have
been shownTheindications of measuremergsults areliscussed witlsimulations
Secondthefabricationattempts and the result$ complicated nangeometriesare
shown Optical scattering measurements of some of these structures have been
discussed with analgs and discussions. Finallthe calculatiorof directional light
scattering propertieof structuresis shown These calculationsallowed the
development o& novel model fopredicting theoverall plasmoniceffectwhen the
photovoltaic surfacis decorateavith MNPs The model allowquantificationof the
plasmonic photovoltaic enhancementvaried physicasurface coveragef nane
particleswith arbitrary nancgeometryat various sizesSeveral geometries, sizes
and surface coverages of structures are explored using the.nnRmeilts and

indications are discussed



1.1  History of Plasmonics

The earliest known application of surface plasmons in human history is found in an
artwork called the Lucurgus Cup. This artifaist believed to have been
unintentionally produced during theurth century.Individuals were drawn to this
particular piece of worlbecause othe noticeable color difference between the
reflected and transmitted lighta dichroic effeGt as shown inFigure 1.1. In
contemporary times, there exist church windows that emplogetimephenomenno.

The dichroic effect is attainday the incorporation of minute quantities of gold and
silver nanoparticles distributed the colloidal form inside the glass matrix. The
methodology employed in this fabricaticemainsto be determinedrhe scientific
understanding of the mechanisms behimd optical responsdeveloped far later

than their practical ugd].

Figurel.1l. Famous Lycurgus cup. Left: Front illuminatadght: Back illuminated.
Retrieved froni2]



Michael Faraday carried out the first published studies with plasmonic
nanostructures during the mi®th century.He successfully created colloidal
solutions comprised of gold nanoparticles, meticulously analyzed them, and
afterward referred to them &#isAc t i v a t[8].dAppBirhatety four decades

after Faradais researchaboutthe creation of colloidal gold particles, Richard
Zsigmondy successfully observed these particles using thé -inir @ar o sano p e 0
invention of his own [4]. Subsequently, Gustav Mie conducted theoretical
calculations by solving Maxwell's equations to determine the absorption and
scattering properties of spherical metal nanostructufé$. The calculations

formulated by Mie continue to be extensively employed within the plasmonics field
[6], [7].

In 1902, an intriguing plasmonigghenomenorwas found by Robert Wood [30].
During the investigation of reflections originating from metallic gratings, the
researcher encountered spectral characteristics thatgiffsadties for explanation

[8]. Subsequently, it was shown that these phenomena corresponded to the excitation
of surface plasmon resonances within the grat[@§sThe term "plasmon" was
initially introduced by David Pines in the 1950s to describe a form offnégfuency
electron oscillations observed in tals [10]. The plasmon is a quasiparticle that
arises as a consequence of the quantization of plasma oscillations. During-the mid
1970s, Martin Fleischmarobserved of significant Raman scattering signals
emanating from molecules on uneven metafaxes[11]. This phenomenon was
subsequently termed surfaeehanced Raman scattering (SERE®)]. SERShas
beenattributed tayeneratingf highly amplified local electromagnetic fields through

surface plasmon resonances.

Before the end of the 20th century, investigations related to surface plasmons were
conducted individuallyvithout a unified name for theéopic. However, a significant
milestone in achieving an accurate understanding of this fiaidtiae discovery of
extraordinary optical transmission (EOT). Extraordinary optical transmission (EOT)
refers to the phenomenon of light propagation throughssauelength apertures on

thick metal films at significantly greater levels than what was ihjtiedlculated



[13], [14]. The phenomenon under consideration, observed within the apertures, can
be elucidated through the rept of plasmon resonances. The enhanced ability to
confine and manipulate light at the sa@nometer scale has significantly contributed

to the growing interest in plasmonic interactions, leading to the establishment and

development of the field of plagmics as it exists today.

Plasmonics has gained unprecedented popularity among scientists and engineers.
Researchers are actively exploring the intriguing properties of plasmonic MNPs to
unlock new scientific discoveries. Simultaneously, optical engireersiesigning

innovative devices that harness these properties for diverse industrial applications.

1.2 Literature Review

Many researchers have been drawn to the field of plasmonics since the beginning of

the 21stcentury. In2001, H. At wapamp@s gat hered researcher s
promising research area by emphasizing plasmonics as the route fescaéno

optical deviceg15]. Plasmonic nanostructures have a great potential to reduce the

size and increase the speed of electronic cHifk In addition to their exciting

potential in information technology, plasmonic MNPs have undergone significant

developments that enhance detection, renewable energy, and $&RBif&2]. And

are the foundation of many applications due to their unique optical characteristics.

A review article published in 2017 highlights the exponential growth of plasmonic
investigatiors in recent years$igurel.2 presents grountreaking work in the field

of plasmonics and metamaterials. Interior pictures show landmark studies blgose
writers. From the left side dfigure 1.2, the landmarksre extraordinary optical
transmission (EOT) through subwavelength apert(t&3, [23], lazing at the
nanoscale[24], optical antennag25], plasmonic nangrinting [26], graphene
plasmonics[27], metamaterialg28], cloaking[29] and negative refractiofB0],
respectively. The article predicts that the scientific discovariésese study fields

will continue to develop and eventually become a part of everyday technology. The



authors emphasize how various seemingly distinct research fields have been brought
together by plasmonic research, and they argue that these cormetfeoptimism

for the future of the plasmonics figfdl].
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Figurel.2. Number of articles published annually in the domains of plasmonics
(blue) andmetamaterials (yellow). Interior shots display significant landmark
publications. Figure apted[31].

Plasmonic MNP$&avemany applications in biology, medicirend health with their
excellent capabilities. Sont# these higktech applicationsreactively being used

in themedical industry Theprimaryapproach to utilize these properties in sensing

is to exploit changes in the plasmonic response due to alterations in the local
environment (e.g., refractive iklehanges) to detect minute quantities of molecules
or particles. Applications range from medical diagnostics to environmental
monitoring like attenuated total refldon (ATR). In ATR, reflection dipsare
observed due tilhvecoupling of evanescent field Surface Plasmon Polaritons (SPP)

at a specific angle on a metallic interfd82], [33]. ATR uses the fact thahe



plasmonic response is highly dependent on surrounding niEd® dependence
enableghe detection of targeted molecules in a liquid santpleitilizing agents to
bind them oma thin metal surfaceA schematic for such detecion setupis shown
in Figure1.3. Thegraph on the righthowsthe reflectionby angle of incidenceA
sharp plasmonic dip occurs at theesific angle where SPPs are excitedtwathin
metal interface When the refractive index surrounding media changes sljghtly
significantreflectiondip angleshift occurs enablingthe detection ofthe targeted
molecule[34], [35].
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Figurel.3. A schematic setup for atecule detection by SR#citation Adapted
from [34]

Plasmonisenable the detection and quantification of biomolecules with exceptional
precision and sensitivity. This capability finds crucial applications in disease
diagnosis, realime monitoring of biological processes, and the development of
stateof-the-art testing device436]. Additionally, plasmonicnanoparticles are
essential for targeted medicine delivery. Their unique ability to enhance the local
electromagnetic field makes it possible to precisely regulate how therapeutic agents
are released within the body, reducing adverse effects and incretmng
effectiveness of treatmef7], [38]. Furthermore, plasmonics has revolutionized
photothermal therapy. Here, nanoparticles are selectively héatddser light,
destroyingcancer cells while sparing healthy tissue. This approach holds promise

for nonrinvasive and highly targeted cancer treatm¢d®, [40]. Plasmonics has



found its place in optogenetics, a revolutionary technique for controlling neural
activity using light. Plasmonic narantennas enhance the efficiency of photovoltaic

devices in optogenetics, facilitating precise manipulation of hewcaits[41], [42].

Plasmonic nanostructures enable the development of -segudution optical
imaging techniques. 2014 Noli#ize in Chemistry is awardddr exceptionaivork

in developingsuperresolved fluorescence microscdgi]. Plasmoni@nhancement

to fluorescenceontributes to the development afimilar superresolution imaging
techniques[44], [45]. Plasmonic structures also contributed to supsolution
optical imaging techniges likestructured illumination microscopy (SINB6], [47]

and stimulated emission depletion microscopy (STHEB], [49]. These methods
break the diffraction limit and allow for imaging structures well below the
wavelength of lighf50].

Subwavelength plasmonic metal structures can be used to develop optical
components such as lengd&] and beam splitterf62] by utilizing collective far

field manipulation properties These components enable precise control and
manipulation of light, leadingto betterperforming, naneenhanced optical
components. Such devices usually called metamaterialhwdre artificially
engineered materials with properties not found in naRmecise nan@ngineering

of the size, shape, and arrangement ofwabelength metallic features enables the
control of farfield optical response. The field of metamateri@sers abroader
range of light spectrum than the field of plasmonics currently soR&searchers
can craft metamaterials with super lensing properties, negative refractive indices,
optical cloaking capabilities, and other firagineered optical propersieby
designing sufwavelength metallic unit cellsThis engineering allows for the

creation of materials with custetailored optical propertie$29], [28], [53].

Quantum plasmonicstudies quantum properties of lighhatter interaction at
nanoscalg54]. One of the areas of interest is quarHpl@smonicsensing. By
leveraging the quantum properties of plasmomgsearchers can achieve

ultrasensitive detection of chemical and biological moleculgS], [56].



Furthermore, quantum plasmonics offers promising avenues for quantum computing
and information processingvhen coupled with quantum bits or qubits, plasmonic
nanostructures can serve as the building blddkssingle photon sources for
guantum logic gates and quantum netwofkZ], [58]. This potential could

revolutionize computing and secure communication sysfgéjs

Researchers continually push the boundaries of isipaissble, creatinginnovative
devices and technologies that impaetrious fields. The topic of using sub
wavelength metallic structures for optical products is a frontier where scientific

curiosity converges with technological advancement.

121 Nanofabrication

Over the last century, nanofabricatibasdramatically improvedvith the numerous
applications of nanotechnologyThe integrated circuit (IC) industry and
microelectronic devices (MEMS) research and development are the main driving
fields. Manufacturingprocesses have been getting better and better in resolution
every year for over 50 year8loore made one of the early predictions regarding the
forthcoming advancements in transistor technology and was published in Electronics
magazine in April 196560]. In his researchMoore predicted that production costs
would be halved anthat thenumber of transistors in a chip thie same size wuld
doubleyearly. This prediction is referrefd asa "law" in subsequent years by Carver
Mead, a professor at Caltef#i], [62]. Over the yearsnany scientisthaveargued

if Moore's Lawwill eventually fail and discussed its implications. Ultimately,

Moore's Lawis materialized aBapropre cy t hat [68]idoMle t r ueo

One driving charge towards developing advanced nanofabrication methods is the
recent evolution of plasmonic technologies, which takes advantage of some of the
already optimized nanofabrication techniques it IC and MEMS industry
developedCommercial computer processors are now being produced with ~5 nm

resolution Still, the methods for producing metal nanostructures over expansive
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areas are restricted. Most of the methods bear drawbacks compared to others, s
as high costs or the inability to accommodate nanostructure fabrication within all

geometric configurationf68].

For Plasmonic researckhe predominant technique adopted to produce various
shapes of metal nanoparticles, such as cubes, starsanodsgpheresis chemical
synthesis of nanostructures suspended in an aqueous suspension. This is because the
reaction parameters, such as surfactants, temperamde precursors, may be
controlled independentlj9]i [71]. While solutionbased approaches can be scaled

up, the significant variation in botheform and size of nanoparticles inside agten

reaction vessel remains a challenge for accurate analysis. Furthermore, suspended
metal particles can be organized on surfaces intedimensional (2D) and three
dimensional (3D) lattices using various methods. The interparticle distances and
lattice geometry can be adjusted to manipulate the optical characteristics of these

assemblie§’2].

Surface nanofabrication techniques provide an alternate approach as they directly
decorate surfasewith plasmonic nanostructures. Direatite techniques, such as
Direct Laser Writing (DLW) may be used to fabricate structures with resolutions
limited by the diffraction limit of the laser wavelengtfy3], [74]. Electronbeam
lithography (EBL) may be used to decorate substrates with MNPs with several
nanometer resolutions limited by the motorized stage mechanics. EBL writing areas
larger than a millimeter square area may take several days. Both methods can create
2D arrays of nanoparticles with varying distances between[tign{76]. Scanning

probe lithography (SPL) can even decorate surfaces with atoms reéctgatgom

scale resolution with very low throughp[it7]. The predominant technique for
creating hole and slot shapes in optically thick metal films is focuseoeam (FIB)

milling [13]. This technique has the capability to penetrate the film either whole or
partially while also allowing for precise control over the size and arrangement of the
structures, with an approximate accuracy of 100 nm. Theuptioth of multilayered

metal films using focused ion beam milling and reactive ion etching is challenging
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and timeconsuming However, these methods successfully createddiaading

suspended filmpr8].

Methods employing the reproduction of structures from afgdvecated mask are
the reasn such structured devices, including microchips and MEMS devices, are
accessible commerciallfhe most commonlysed technique for pattern transfer is
photolithography, where a pfabricated mask is used to selectively expose
photoresisbn the surfacéo transfer The features are transferred to the underlying
resist subsequent to the development proc@stolithography has emerged as a
highly efficient and widely utilized technique in the production of commercial
integrated circuits (ICs). This iprimarily due to its ability to rapidly and
conveniently structure numerous samples witinostthe samefeaturesas those
found on the employed photomadkie primary constraint of photolithography is
the feature size, which is restricted by the diffractiionit of thelight source.
Standard UV photolithography commonly employs two types of light sources:
visible gline (with a wavelength of 436 nm) and UVine (with a wavelength of
365 nm).However, these light sources are limited in accurately reprogsib
micrometer featuresThis constraint led to devices wihorter wavelengths. Deep
ultraviolet (UV) lamps and lasers have been produced and aretwsethieve
smaller features, typically around 500 nanometers in size. Extreme UV lithography
sourceshave a wavelength of approximately 13.5 nmand Xray sourcedavea
wavelength of approximately 0.5 9], [80]. Photolithography employing-Xays

has the capability to accommodate smaller features compared tocamdbe
achieved with Electron Beam Lithography (EBB}], [82].

Another widely usedtransferbasedlithography method is called nanoimprint
lithography(NIL), alsoreferred to as soft lithographiIL is a technique used
transfer pre-fabricated patterns onto paular substratesAs a contact transfer
method the constraints imposed by the diffraction limit of light, which can limit the
capabilities of photolithography, are not a concern in nanoimprint lithography.
operates analogous to traditiortgbewritess; wherein prefabricated letter stamps

are utilized to transfer inked letters onto pap&ere are multiple methods available
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for the transfer process NIL. These methods include the transfer of molecules and
stamping a heated polymer followed by cogliThe technology offers a significant
increase in throughput and resolution at a comparatively lower cost when compared

to shortwavephotolithography[83]i [85].

A direct pattern generation technigquejterference lithography utilize the
interference pattern resulting from the superposition of multiple bkesens to
expose photoresist. This method can fabricate periodic structures. In order to produce
patterns, a coherent laser beam is partitioned into several beams, which are
subsegently enlarged to cover the entire surface to be decoRéadmbination of
beams propagating at different argge the surface produces an interference pattern
due to the phase differential between th&his method is promising for fabrication

of periodic nanestructures over large aref6], [87]. Multiple exposures can be

utilized for fabrication of wider spectrum of structure geome{B88%

In addition to directvrite andtransfertechniquesselfassembly methods are often
employed for largarea surface decation with somewhat lowefabrication
controllability but incredibly higher throughpuiompared to direetvrite methods
Such methods decorate surfaces witttalnanastructures fabricated in agueous
suspensiondirectly onto surfacesThis approach found many applications
plasmonic detectignsuch asthe fabrication of SERS substrateginother
lithographic approach involves the usehidhly monodispersed colloidal spheres
commonly referred to as colloidal lithograptrynanosphere lidtgraphy(NSL). The
significance ofNSL in nanotechnology has been recognized in many applications
[89]. Colloidal sphees may havea diameter that spans several micrometers to
several nanometerghich isbeyond the resolution limit of traditional lithographic
techniques. Under the right circumstances, these colloidal spheres eassselible
into two- and threedimensioml colloidal crystalsThe first proposausinga self
assembled PS monolayer as a mask for a lithographic approach was and2éér
upscaled to cover a significant surface area for pattef@ig [91]. The field has
witnessed significant progress, leadingatbroader range of viable methodologies.

The progress in synthesis techniques has facilitated the production of densely packed

13



particles with diverse forms and from various materials, employing a high degree of
size and shape uniformitg a costeffectivemanner NSL has been identified as a
rapid and cosefficient method for the production of nanoscale devitresne of

the early worksNSL used withphotolithography,n which silica spheres with a
diameter of 1 um were employed as miteases to exposthe photoresist layer.
Through numerical analysis, it was calculated that the focal point's size was

approximately 150 nr{92].

In one of the pioneering studied NSL, researchersised the openings in the
hexagonal nanosphere monolayas evaporations masks.h@ gaps between
consecutive spheres were utilized in conjunction with polar and azimuthal angled
deposition.[93]. In another study, detailed and systematic investigations were
conducted on the periodic fabrication of complex nanostructures NShgThis

group extensively examined tkhepositionshading parameters of nanospheres and
successfully generated a wide range of nanostructures. iampstructures with
complex geometries ihexagonalperiodic structure produced using the shading

features ohanosphere lithography are showrigurel.4 [94].
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Figurel.4. SEM images of nano geometries produced in a hexagonal array
structure byevaporation of material from modifieghps between consecutive
nanosphereBy adjusting the polar and azimuth anglédapted from[94].

The foundation ofthe fabrication strategy of this thesis, hole masiloidal
lithography (HMCL), was introduced in 2007In the papervarious producible
structures through this technique were discus$kd.research team that invented
the technigue used a method of hole formation that involved spreading colloidal
spheres at random on the substrate surfdweresearchers detailed the hfeming
method for HMCL and made several fabrications at fiaadle evaporation. They
produced Ag pyramidsy usingthe shrinkage of holes due to evaporaj@s.

A 2012 article showed the broad spectrum of nanostructures that may be produced
using motorized sample holders augmented byQHMSimilarly, thetechnique of
randomly coating colloidal spheres was used in this work to create ISttestures
fabricated with fixed angled multeposition areshown inFigure 1.5. The same
group's subsequent efforts included the creation of#@uwohelical structures using

HML and analyzing their tunable infrared resonaj®&.
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Figurel.5. Right: Various metal structures produced using fiaadleevaporation
Left: Nanostructures fabricated using motorized sample heldeanced HML.
Adapted from[95] and[96].

The impact of various HMClproduced geometries on Raman amplification was
studied in a paper thaiplores thglasmonic resonanaffectson SERJ97]. In

this study, binary dimer, narfannel, and nanaylinder structures were fabricated,
and the effects of these structures on Raman enhancementexamined. After
conducting the investigation, it was discovered that the HMCL method is the only
method that can create the ndgnanel structues that yield the largest SERS
enhancemenn this work TheSERS measuremerasthis workareshown inFigure

1.6.
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Figurel.6. SERS measurements from HMCL fabricated substrategieatifrom
[97]

In another workinclined ole maskswere fabricated and dimer structures were
evaporatedising these holes. Due to the inclined ksdenple distance, dimeliscs

with varying interparticle distances were obtained on the same sample, enabling the
investigation of scatteringproperties of various gap distancefom a single
fabrication The researchers also fabricated semmle isolated ring resonators on

the same sample, orienting their openings in different directions. They examined the

polarization conversion propertiesthese structurgl®8], [99].

We cancomparecommonly used lithography techniques unfierr main criteria:
area of applicability, resolution, geometrical varjeigd cost. Mny conventional
methods are either too costly or not sufficiently facile to allowide variety of
different geometries. Hole mask colloidal lithographgnversely gets excellent
grades under all of these four criterfa.comparison of conventional libgraphy
methods and HMCL under these criteisa madein Table 1[100]. Detailed

explanatios and further discussion about HMG@kegiven in sectior8.1
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Tablel. Comparison of lithography methods in terms of area, resolution, variety and
cost Adapted fron{100].

) ) Variety &
Lithography Area Resolution Cost
Authenticity
Very High (even
Direct Laser Writing Moderate )
Sub um 3D structuring Moderate
(DLW) (mm’s) )
possible)
Low (Few
Electron Beam
Hundreds of several nm’s High High
Lithography (EBL) .
ums)
Low (Few
Focused Ion Beam several tens of ) )
] Hundreds of High High
Lithography (FIBL) nm’s
um’s)
Scanning Probe Very low (nm’s
) Molecular Very High High
Lithography (SPL) to pem)
Limited (bound
UvV&DUV
) Large (cm’s) >200 nm to other Low
Photolithography
methods)
Limited (bound
Extreme UV Several tens of
) Large (cm’s) to other High
Photolithography nm’s
methods)
o Limited (bound
Nanoimprint .
] Large (cm’s) nm'’s to other Low
Lithography
methods)
Moderate (only
Interference interference
) Large (cm’s) 100 nm ) Moderate
Lithography patterns of two
or more beams)
Low (only
) ) Very large (10s several
Colloidal Lithography nm’s ] Very low
of cm’s) geometries
possible)
Hole Mask Colloidal Very large (10s
nm’s Very High Very low
Lithography of cm’s)
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1.2.2 Computational Plasmonics

In order to investigate the dynamics of systems characterized by complicated
mathematical modelghe utilization of numerical simulations becomes essential. In
nanophotonics, the Maxwell equations are rarely solved exaedpite their
establishmentGustavMie [5] solved Ma x wel | 6s equati dons f or
nanaspheres. Thplasmonic respons# spherical and elliptical nanoparticlegre
calculated Discrete Dipole Approximation (DDAJ101], [102] is used for the
calculation of plasmonic response for a variety of geometries. In timey m
numerical approaches have been established to atientile physical behavior of
more sophisticated nanophotonic systems that lack an analytical solution.
Approximationsfor complicated problems are reliably obtaineddiscretiang the
problem and solng it for everynodein thetime domain othefrequercy domain.

The electromagnetifinite differencetime domain (FDTD)[103], [104] The finite
element methodFEM) [105], [106] and the boundary element method (BEM)
[107]i [110] are commonly useid nanghotonics With computers getting faster and
faster, researcher=sn discretize eithethe volume or surface of the problefar

either finite or infinite domaisto approximate full Maxwell equations solutions for
each discretized point theproblem doman or surface. The computational memory
and time needed vary depending on the specific problem and the chosen
methodology for its solutiofil11], [112] Still, however, larger problems tend to be
very computationally demandinghus researchers frequently use simplification
models likedimension reductioby keeping the problem symmetric on one axis
mirror methods for proleims with symmetriesSome problems may lsemplified by

using problerrspecific analogiessuch aghe RLC circuit approach for frequency
selective surfacepl13], [114] Suchapproachegenerally extracinformation ona

more specific caserather than a complete solution approximation of Metkw

equationdut useminimal computational resourcg¢$15]i [118].

In recent years computationaplasmonics has madesignificant progress,

particularly in transitioning from classical electrodynamics to approaches
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incorporaing quantumeffects. A 2022 reviewf the advances summarizes some of
these developmen{d19]. Most nodern research focuses @inding models for
incorporating classical electrodynamicith quantum phenomenHL20]i [126],
atomistic effect§127]i [132], creating techniques to handle strong coupli8g]i
[137] andcavity phenomenfL38]i [141].

Some of therecentdevelopmentsn quanturrclassical incorporation modelsea
summarizedhn this paragraphn a research papeesearchers developed a quartum
corrected model incorporating quantum effects into classical equations with
excellent agreement to dependent density functional theory (TDDFT), baked
guantum mechacal calculations[120]. Researchers developed a smifhsistent
hydrodynamic model that allows for the determination of the parameters of the
ground state and the excited state of an electron gas. This methods simble
dependent surface resonance shifts of Na and Ag nanowires and nandgjatgres

The pojected diple model accurately incorporates quantum plasmonic features of
nonlocal response and a finite work function with the same level of accuracy as
TDDFT to any system size that can be effectively analyzed within classical
electrodynamics. When researcherpliggol the theory to dimers, they discoser

that there are quantum corrections to the hybridization as long as the gap size is
smaller than one nanome{é&#2]. In another work researchers havetmduced an
atomistic electrodynamics model to accurately describe the optical characteristics of
silver clusters with sizes ranging from 1 to 5 nm. The model comprisestgiem
capacitances and polarizabilities that interact with each other to catlgadescribe

the overall response of the nanoclusf&gy].

The MNPBEM toolboxused formost of thenumerical calculations in this thesis,
designed for the computational modeling of metallic nanoparticles (MNP) through
the utilization of a boundarglement technique (BEM) approach. The solution to
Maxwell's equations when dielectrics of arbitrary shapes are present can be
mathematically described using surfastegral equations at the interfaces. The
calculation is performed by considering the baanydcharges and currents that are

derived in a seltonsistent manngi08]. The primary objective of the toolbox is to
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provide a solution for Maxwell's equations inside a dielectric environment,
specifically incases where bodies with uniform and isotropic dielectric properties
are separated by sudden interfgdes3]i [145].

1.2.3 Surface Enhanced Raman Scattering (SERS)

One of the most published branches of plasmonic field enhancement is Surface
enhanced Raman scattering (SERS). SERS, a pivotal technology in analytical
chemistry and material science, has introduce@éssentiaimethod for molecular
detection. Raman scattering includes molecular fingerprint informatibich can

be used to determirtbe contents of an analyte ttte molecular level, which may

not be possible with other molecular analysis methdti® main bottlmneck of
Raman scattering iacrediblylow signal levelsas thecrosssectionof the scattering
eventis typically in the order b1028to 103 cn? moleculé! steradiah® [146].

Which roughly corresponds to only 1 offthotons spontaneously Raman scatter
[147]. Plasmonic nediield enhancement can significantly increase the Raman
scattering probability when the Raman molecule is in the vicittitg, attracted
researchers to develop more efficient surfaces for enhanced Raman sddu#&jing
[149]. By harnessing a significant enhancementigma amplification that occurs
during the interaction between molecules and metallic nanostructures, surface
enhanced Raman spectroscopy (SERS) exhibits unique sensitivity, allowing the
detection of evesingle molecules. The uses of this technology epes® a broad
range, extending from the identification of minute chemical elements vaitnrall
amount of analyte. SERS offers insights into molecular structures, vibrational
modes, and chemical compositions, making it an indispensable tool for chemists

studying complex reactions and intricate chemical environments.

Raman scattering, defined &#se inelastic scattering of light by either exciting
(Stokes) or absorbing (arfiitokes) molecular vibrational energyasdiscovered by
C.V.Raman in 1928. Ramarserved that light scattering by molecules yielded two

distinct types of scattered lighthe first type, known as Rayleigh scattering, exhibits
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the same energy as the incident ligitte second type, constitutiaginyfraction of

the scattered light, ds a different frequency. This discrepancy in energy was
attributed tothe inelastic scattering of light from the molecular vibratioife
schematic representation of the three types of scatiarretation with energy levels

is shown inFigure 1.7. Raman received the Nobel Prize in Physics in 1930 in

recognition of his significant discovef$50].
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Figurel.7. The three different types of electromagnéght scattering.

In 1974, Fleischmann and colleagues made a discovery regarding the efficient
Raman scattering of pyridine molecules when adsorbed on silver electrode surfaces.
Their observations revealed a remarkable phenomenon: the Raman signal emitted
from a roughened silver electrode was a staggerifdal@® times more intense

than that of bulk pyriding€l51]. This astounding enhancement did not go unnoticed,

as both Jeanmaire and Creighton, in independent stadresborated these findings

on roughened silver electrodes. Jeanmaire proposed an explamstigrelectric

field enhancement mechanism, while Creighton suggested that the observed
intensification is due to the interaction between the molecular electronic states of the

pyridine molecule and the metal surfg&b2], [153] This phenomenon, eventually
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coined as Surface Enhanced Raman Scattering (SERS), marked a pivotal moment

for molecular detection via spectroscopy techniques.

Since then, numreus enhancement mechanisms have been suggested to comprehend
theunderlying effects in the early stages of SERS. Howavrdy,two mechanisms,
namelythe dectromagnetic (EM) model aride dhhemicalenhancement (CE) model,

are widely acknowledged and actsp today. The hypothesis of chemical
enhancement (CE) relies on the chemical interaction between probe molecules and
noble metals, and it is suggested to provide a maximum contribution of
approximately 23 orders of magnitudd54]. The dectromagnetic (EM) hypothesis

is founded on the collective oscillation of free electrons, which gives rise to localized
surface plasmons (LSPs). These LSPs have the potential to significantly amplify the

EM field at or near the plasmonic resonance frequgtsyj.

Researchers and engineers have reported many SERS substrates over the years in
order to amplify the Raman scattering sigridie variety of SERS substrates that
reported in ecent yearss vast making it difficult to reviewthemcomprehensively

[156]. A schematiaeview of various SERS substrates proposed over the igears
shown inFigurel.8 [157]. The enhancement factor (EF) of SERS is commonly used

as a metric to assess the performance of SERS substiagesimber of hotspots

and field enhancement in these spots on the substrate determines the Raman EF for
an andyte that will be adsorbed on these Raman surfaces before measurement. The
initial documentation of selissembled MNPs on solid substrates noted an
enhancement factor (EF) of 21[158]. Generally, the reportedverage EFs for
surface MNP decoration by immobiligy suspended MNPs vary from 4@ 10

[159]i [162]. At the same timethere are occasional claims of more substantial EFs
reaching up to 16 [163].

Nevertheless, it is crucial to note that the estimation of EFs typically involves several
approximations that may result in over or underestimations. Several researchers
addressed this issue and worked on reliability of EF calcutatzom discussed
common mistakepl64], [165]
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Figurel.8. Images of various SERS substrates reported in literature, figgpéedd
from [157].

Raman speooscopy is an established technique for detection and characterization
today. SERS substrates are used for trace detection of explosives and chemical
threatg[166]i [168]. SERS is also used for the characterization ofdmeensional

(2D) materials, such as graphdté9], [170] and transition metal dichalcogenides
[171], [172] for the analysis of phonon modes in crystalline struc{i&3]. Raman
spectroscopy can be employed to extract many properties for the study of materials,
including but not limited to the number of monolay¢i§1], [174] in-plane
anisotropy{175], doping type and concentrati¢h/6]i [178], crystal defect§l79],

[180], thermal conductivity[172], [181], [182] stress/straif183]i[185], and
phonon modefL46], [186] [189].

In one of our groufs works SERS substrates are prepared consisting of five
different chemically synttezed gold nanoparticles with various surface features.
The SERS enhancement properties are experimentally exankinédncement
factorsarenumerically calculated by simulation. For this purpdise structuregare
first 3D modeled by their SEM imageand then the electric field amplitude

distribution around the surfage calculated using the considerations discussed in
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this thesis in sectiof.1. The SEM imageshe 3D model used for computations and
field distribution simulationsare shown inFigure 1.9 [190]. In another paper
simulations were conducted for closely spaced mdpiked spheroids with
complicated surface morphology and assembled as a-uéus®d monolayer. A
maximum SERS enhancemt factor of 8x1®is calculated with the plasmonic
coupling. The surfaces show excellent SERS enhanceragpésimentallyat the

order of 10 [191]. With a similar approach, Ag spheroids with atomically flat
surfaces are examined experimentally and numerically at another publication, with
surface coverageas low as ~1%Field distribution shows strong enhancements at
the edges of thedkat-facetedstructureg192].

Figurel1.9. Up: SEM images of gold nanoparticles witlur different surface
morphology. Mid: 3D models based on SEM images. Down: Calculated filed
distributions. Adpted from[190].

25



124 PlasmonEnhancedSolar Cells

Another important application of plasmonics is the okplasmonic nanoparticles

for photovoltaic devices his idea has gathered the interest of numerous researchers
over theyears. Three distinct mechanisms can be empldgedphotovoltaic
applications. These mechanisms are the scattering of light by metal particles, the
augmentation of the electric field in the vicinity of the partickesd the direct
creation of charge caers within the semiconductor substrate. A schematic for solar
cell enhancement mechanisms depictirgocations of metal nanoparticles in a PV
junction is shown inFigure 1.10. The primary mechanism accounting for the
observed enhlmement in photocurrent for inorganic devices is attributed to
scattering, whereas for organic devices, #iEdd enhancement is typically
responsible193]i [195]. Furter discussion about photocurrent enhancement of
photovoltaics by scattering from plasmonic nanostructurebden made in section

4.3

I

Figurel.10. Three distinct mechanisms can be employed for plassnbanced
photovoltaic applications. Agpted from[194].

Plasmorenhanced photocurrent in photovoltaics has been observed in various types
of solar cells, such as&i [196], aSi:H[197], GaAs[198], CdSg199], InGaN/GaN
[200], InP/InGaAsP[200], as well as organic semiconduct¢291], [202] dye

sensitized solar cel[203] and perovskite solar cell204].
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In a paper published by our research group about spray coating of Ag nanocubes on
conventional €Si solarcells with thin passivation layers with thicknesses 8, 12, and

19 nm, a photovoltaic conversion efficiency increase of 3.5% to 6.4% was observed
relative to uncoated ca$£96]. In the simulationsthe scatteringcrosssectionand
angular distribution of scatteringre calculated for thenanecube with the
considerations discussed in sectibd.1of this thesis. The ratio of scattering into

the substrate to total scattering has been calculated and compared with a sphere of

thesame sizedue to its flat sideshe abe is better at scattering the radiation toward
the substrate.

Forward scattering (%)

n
o
T

- cube
——sphere

Scattered Intonsity (0.0

500 600 700 800
Wavelength (nm)

Figurel.11l Simulation results for comparison of a 60nm side Ag cube with a
sphere. Left: field enhancement and angular scattdrgtigbution. Right: Spectral
graph of forward scattering ratio. &oted from[196].
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CHAPTER 2

THE PLASMONIC INTERACTION

The complex and highly geometry dependent nature of the plasmonic response
makes the prediction for a specific geometry and frequency extremely challenging.
Analytical approaches able to solve and predict the response for relatively simpler
geometries suchs spheres. The groundwork of this response is first analytically
worked out by Gustav Mie in 190f5]. Theoretical background leading these
analytical solutions for this response outcomes are detailed in this chapter, starting
from description of optical properties to contplesolutions for spherical

nanoparticles, where implications of these solutions are analyzed and discussed.

The theoretical foundations of plasmonic interacti@me built uponclassical
electromagnetic theory. The interaction between metalekutromagnetic fields
can be thoroughly comprehended using a ¢
equationsEven when examining metallic nanostructures at sizes as small as a few
nanometers, th@lasmonicbehavior depending on calculation outputsan be
adequately described without resorting to the principles of quantum mechanics
[205]. However, quantum tunneling is important to incorporate when dealing with
naneaggregatesand nanojunction cannot be lnded in a classical modgO06].

Even without quantum mechanical considerations, the investigation of metallic
systems with complex geometries and their interaction with light at the nanoscale
was a challenge beforthe development of numerical approaches enabled by

computers.

This chapter aims to elucidate the core principles governing surface plasmons and
explore their behavior. The scattering and absorption -g@d#ons are calculated

for a subwavelength spherad particle, as previously done by Gustav Nig.
Detailed explanations of Mie theory can be found in the bbglStrattor[207] and
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by Born and Wolf208]. The book byan de Hulsf209] gives a thorough summary
of the studies done on the phenomenon of nanopamidieed light scattering
throughout the first part of the 20th century. The results are discussled w
simulations to graspetterthe physical principles governing the plasmonic response.

2.1  Light Interaction with Metals

Prior to providing a elementary descriptioof the optical characteristics ofetals,
it Is necessary to revisit the fundamental equations that regulate the electromagnetic
response, namely Maxwéllgquations governing macroscopic electrodynamics

which are defined in the following form:

IND@ ”
&P 1
< TE
P —
0
(€]
PO® ®© T—

0
(2-1)

These equations connect tgternal charge and current densities (0 & @ )
with four macroscopic fieldghe dielectric displacemei®, the electric fieldd, the

magnetic field® and the magnetic inductiah

Polarization® and magnetizatiofP are connected to the macroscopic fieldth

constitutive relations

(2-2)
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Where | is the electric permittivity and is the magnetic permeability of free
spaceFor nonmagnetic media used in this text, we can 0&fiifom our description

The polarizationPrepresents the electric dipole moment per unit volume within the
material, resulting from the orientation of microscopic dipoles in response to the

electric fieldand is zero in vacuunThe relationship between the internal charge

density and the divergea of the polarization vector is expressetPa® ". The
principle of charge conservation, as expressed by the eqiR@®n —, reveals

a connection between the internal charge and current denShiesurrent density

than can be written iterms of polarization a® .

For linear and isotropic med@nstitutive relationbecomes
® 770
® e
(2-3)

Wherej is relative permittivity also known aghe dielectricconstant; and is

magnetic permeability: 1 can be assumetbr nonmagnetic material The
polarization® can be described linearly wii® using dielectric susceptibilit®

T phby:

(2-4)

Another important relationship is between internal current density and the electric

field, which are related by conductivity8
® ,0

(2-5)
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Until now the dispersive properties of metals have not been evadid-or the case
where all characteristic dimensions such as electron mean free path and lattice
constant of the media are significantly smaller than wavelength -wester
dependence can be ignored, the dielectric function deendon frequency. The

constitutive relatios for electric fieldn equation 2-3) shouldbe writtenas;

OB T 5 O @

(2-6)
And equation 2-5) as;
® @) . 9 0@
(2-7)
Combining the equations2-2) and( 2-7),
(2-8)

In this equationthe existence of a close correlation between the variablés and

» 9 Isshown both functions assume complex valugectromagnetic properties
of metals may be described with any of thenGenerally conductivity has been
prioritized at lowmfrequencieswhereas abigherfrequenciesypical explanations are

conductedn terms of the dielectric constant.

2.1.1 Optical Constants

The material'sresponseto light is represented by the complex refractive index
N = n + ik, orequivalentlyby the complex dielectric functidn T T . While
commonly known as optical "constants,” those variables are not constant quantities

with respect to wavelengtbf illumination. In fact, this dependences more
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significant for metals which make®sonane band quitenarrow in plasmonic

interactions.

The variables (n; k) are primarilpbtained with the direct measurement of
transmission, reflectioand attenuation, while R ) are a more convenient means
of connecting to Maxwell's equations. Titexpressions are completely identical

and have a direct relationship with each otherhasva in equatios( 2-9).

~

T 3 Q
i ¢t Q
, T T T
¢
C
o T T T
C

(2-9)

Note thaf mentioned here is the relative dielectric funcfion TjT , subscript

removed for simplicityAssuming thapermissivity* such thathe material is

not magneticthe optical constants are relatedmaterial susceptibilityas ...

T Zp.

Generally, optical constants follow a parametrizable wavelength dependeisce
property is called dispersion. Researchers found such parametrization is very useful
for working with optical constantsThe optical chracteristics oimost dielectric
materialsexhibit weak dispersignmeaning the refractive indesemairs slowly
changing vith respecto frequency, particularly withitonger wavelengths of visible
spectrum and neanfrared regionFor dielectrics like S, Cauchy equatioshown

in equation( 2-10 ) with three or more parametersan accurately represent
wavelength dependence of refractive indexhe visible regionwhile Sellmeier
equation withthreeor more terms shown i62-11) offers more accurey in NIR

region.
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(2-10)

(2-11)

The process of transforming valuesfof into a compact parametric model is
intriguing and often necessafgr simulations and analysig contrast to dielectric
materials, the dielectric functiorf metals exhibits a significant variation depending
on the wavelengtiDepending orthefrequency range of analysihis parametrized
model may be chosen as a polynomididitmetals which requires morerdersthus
more parameterso obtainbetteraccuacy. Thus,it is morebeneftial to utilize a
physically motivated parameterizatior metals such as the Drude model, instead
of an arbitrary model like a polynomial.fithe following section discusses the Drude

model for the parametrization ofetatdielectric functions

2.1.2 Optical Properties of Metals

The electron plasma model provides an explanation for the optical characteristics of
metals within a specific frequency range. This approach is called the Drude model
for the optical characteristics metals. In the plasma model, an external electric

field drives a gas of free electrons. As this model does not consider metallic
transitions, it is thus not very accurate at higher frequencies; however, it plays a vital

role in understanding the plasmomnesponse.

El ectrons in the electron gamqQabcardilg an ef fec
to model <collisions that occur gaotThea parti cul
equation of motion for an electron in a plasma, under the influence ettarnal

electric field E(t), equations of motions can be written as
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(2-12)

Equation( 2-12) can be solveavhenthedriving field oscillates with frequency 8

@0 'O, asinthe case of lighThe solution becomes

®0 L'@ o
ad M@

(2-13)

Now the polarization can be calculated by including the number density of the

electron gas and charge

B¢ £Q o
° &3 @5 °
(2-14)
We can usesquation( 2-14 ) for linear isotropic media usinthe definitionin
equation( 2-4);

X X)) £0
P &5 @s
(2-15)
Theplasma frequencfor metals is defineds;
£Q
) —
X &
(2-16)

Insertingequation( 2-16) into equatior( 2-15), the dielectric function can be found

as,

X5 p

(2-17)
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We canseparate real and imaginary parts,

4

YXS —
P g

Jd Z

x> T 7

(2-18)

Where T is the relaxation timer inverse of characteristic collision frequengis
result for metal dielectric function is known as Drude mddelmetal dielectric

function

At the excitation frequencies whete 5 the response is like of a dielectric
material as the electron cloud plasma response is not enough to support frequencies

abové . Thus, the metal dielectric function models are only to be considered up to

1

The singleoscillatorDrudemodel can be enhanced in its generality by include the
superposition of j +1 separate oscillatdrsis model is called Lorent2rude multt
oscillator model.

(2-19)
Each term in theum is characterized by four independent parameters: the oscillator
strength 1Q, the damping ratg (), the oscillator frequency (), and the plasma

frequency]( ). The zeroth order or "Drude” term outside the sum is roughly the

same, but with an oscillator frequency that is exactly equal to zero. This term refers
to the contribution of unbound electrons that do not experience any restorative force
when they a relocated. By utilizing the variable "J" with a maximum value of five,

it is feasible to create a highly accurate representation of the measured optical

characteristics for various metals and a wide range of semiconductors over the visible
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spectrum. Tpically, the free parameters in the muscillator model mentioned

above can be calculated using various nonlinear curve fitting procedures.

Free electrons largelgeterminethe optical characteristics of some metdgtals

like duminum (Al), sodium Na), and potassium (K), can be accurately represented
by solely utilizing the Drude model.he metals Ag and Au, which are significant
for plasmonics, display a significant influence from bound electrons, in addition to
their inherent behavioresulting from free electrons.The dielectric function's
imaginary component exhibits a rise when photon energy triggers transitions
between electronic bands. The transitidmeught about by these photons are
commonly referred to as interband transitions. Interbaadsitions at visible
frequencies are observed in some metalsh as gold and copper, resulting in the
absorption of specific frequencies and the manifestation of distinct aflohese

metals

2.2  Metals Under lllumination : Mie Theory

The subject ofsurface plasmons encompasses two primary interactions: surface
plasmon polaritons (SPPs) and localized surface plasmons (LSPs), as noted before.
SPPs, or surface plasmon polaritons, are electromagnetic waves pirapakyatg

the surface of metals at the interfaces between metal and dielectric materials. The
waves can travel across the surface for distances ranging from tens to hundreds of
micrometers but eventually diminish due to absorption in the metal and scpatterin
via the dielectric mediunfrigure 2.1(a). Detailed information about SPPs may be
found in Chapter 2 and 3 of Maier's bd@k5].

When a metal nanoparticle is subjectednaxternal oscillating field, itsonduction

band electronsmove under the electromagnefield, exciting the LSPg210].
Particle polarization undemelectromagnetic field is illustrated Figure2.1(b). A

metal nanoparticle can be viewed as an electron resonator with a moderate level of
damping depending omeiguency and material.lhe enclosed surface of the metal

nanoparticle applies restorative forces on the electrons propelled by thevheld

37



gives rise to resonance modes. The amplitude of resonant oscillation can far exceed
the amplitude of excitatigmesulting in a significant increase in the electromagnetic
field near the particle ands extinction crosssection which may be orders of

magnitude higher thaie actual pojection area of the nanopatrticle.

Dielectric

1 ¥
o o o o ' \\/
Metal

a b

Figure2.1. (a) Surface plasmon polaritons on a meialectric interface. (b)

Excitation of LSP by illumination of subwavelength MNPs.

An analytical solution is possible when a simpler case is considered. When the
particle diameters considerably shorter than wavelength of excitation field, at any
instant the field distribution on the naparticle is constant, called quasatic
approximation. This waythetime dependence term beconiredependent of space

of interest such that imaybe added to the equations later

Let us considera sphericalMNP of diameterfiad embeddednside a dielectric

medium illuminated with a z axis polarized®( ‘O &jlmonochromatic light of
angular frequencgyg. The Lapl aceds equedalionl atae thlkee speé

inside and outside of the sphere.

Electric potential inside and outside of the sphere can be written as:

B ih— 610 Qe —
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(2-20)

Where0 o€ i is-the Legendre polynomials of orderd is the angle between
position vector and the polarization ad$é the limitwherd © bl  © Oad

01 QE.iThend 0 andd mfora p.

At the MNPinterface(r = &2) the boundary conditiofor tangential component of
theelectric field

%-FBT 7 TR 7
(2-21)
The boundary conditiofor the normal componeuwf the electric field
I I
T 1 B—I . T % .
(2-22)

Where the electric function of the surrounding medium beand the dielectric

function of sphere de 5 .
The boundary equations indicate 0  rmfora p.

Then the potential is evaluated as;

o 01 OE i
5 X5 QN ®

(2-23)
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for theinside( 2-23) andoutside( 2-24 ) of the particle. Theeequdionsdescribe a
superposition and a dipole placed at the center of the particle at the outside thus we
can introduce a term to represent the dipole momgnthe equation then becomes;

5 Ol wf i TAX X |
(2-25)

where;

L v X
P OrAX X © W
(2-26)

Now that the polarizability) ) can bedefined as a ternm equation( 2-26) can be
defined in terms of particle size and material dielectric funct@amsshown in

equation( 2-28).
B XX |OP
(2-27)
WX X5 X
Loy o
(2-28)

When we examine the denominator in the lirthie polarizability peaks showing

resonant behavior.
YXXS O (X
(2-29)
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This outcome holds significant importanceumderstandingptical phenomena that
originate fromsubwavelengtimetallic nanoparticleS.he equation is possible when
metals are surrounded by a dielectnedium. AuandAg exhibit this resonance at

the visible range[205]. Note thatthe resonanceis generally satisfied n a
considerably small bandith roughly aroun®0nm bandwidthThis isdue to strong
dependenceesonance condition to thaielectric functionand highly dispersive
nature of metalsThe spectral bandf the resonance is highly responsive to even
very little changes in the surrounding dielectric funct®ased on the Drudaodel,

the resonance frequency undergoes a red shift when the dielectric constant of the

surrounding medium increases.

221 EM Field in The Vicinity of MNP

Electric fieldcan be evaluated by using tieation betweemlectric field and electric

potential @ R in the equationg 2-23) for the inside and( 2-24 ) for the

outside of a spherical particle

OAS A T
Q@ O—)/— wé iH+H Q&e——
X5 cX
(2-30)
€] O ©O
O OE it e 33 ¥ ® p SETHIT DE
WE i 2E 5 o~ Ui wefiTHIT R
(2-31)

Where,O is incident field and induced field At near the surfacey © i,

equation( 2-31) can be written as;
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The Equatior( 2-31) suggest thate field amplitude decayasith the 3% powerof
distanceas the distance from the particleoundaryincreases linearly. We can
observe this behavior via a relatively simpler simulation showfigare2.2 for a

50 nm Ag nanosphew 532 nmin the grgh induced eletric field decay is shown

by defining a line moving away from the surface of the sphere in the direction of

light polarization.

Induced Electric field 532nm

- [N) w
- 3] [N) o w o '

Induced Electric Field Amplitude (V/m)

[=]
2]

Field calculation line

0 " "
0 10 20 30 40 50 60 70 80

Distance from particle boundary (nm)

Figure2.2. Electric field distribution calculation near a spherical Agasahere
when illuminated with 532nm, the graph shows the field decdie field

calculation line

The peak of nedfield enhancement is apparent in equafi@i32). It is important

to note thaat resonancayhereY X 5 © ¢X , the field strength at the particle
surface diverges to infinity, this is due to the limitation of classical approach. In
reality, quantum effects start to dominate at around a few nanometers outside the
particle preventing this divergencét can be said that ithe quantum realmthe
particle boundary is not so sharply terminated. This is also a consideration for
classical numeécal simulations for neaiield enhancement, to determine realistically
how far from the particle the field strength saturat€siantum mechanics
incorporated hydrodynamical models can accurately predict the EM fields' realistic

behavior near the nanopatés' boundaries.
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2.2.2 Scattering and Absorption

The polarizabilityy , determined by equatian2-26) is used for calculation dhe

scattering and absorpti@nosssectiors as

5 ko) N o X5 X
cp/\Sls CT X5 QN
(2-33)
" e A.., X9 X
o} Q0qy - —
C X5 CX
(2-34)

Extinction crosssectionis defined as the sum of scattering an absorptioss
sectiors, 0 0 0 .0 Emphasiesthe total interactiogrosssectionof
the nano patrticle.

It is important tonote that the scatteringrosssectionin equation( 2-33) is
proportional to theixth power of thesphere sizewhile the absorptiortrosssection

in equation( 2-34 ) is proportional to thehird power. The rapid increase in the
scatteringcrosssectioncan be seen in theimulationsshown inFigure 2.3 for
spherical Au particles with diametes increagng from 100mm to 150nm The
eqguations and simulations clearly show tAatthe particle size geligger, the ratio
of 6 70 increases rapidly, making the plasmonic particle a more efficient at
scattering.Continuous linesn Figure2.3 are scatteringrosssectiors, and dashed
lines are hsorption crosssectiors. It can be observed that up to 12Qntine
scatteringcrosssectionis lower than absorptioorosssectiors; after a diameterof
130nm the scatteringovercomes absption. In other word, for smaller sizes
absorption dominates tlteraction while as size increasescattering becomes the
dominant part of the interaction.
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Figure2.3. Scattering and absorpticnosssectiors calculated for Au spheres of

increasing diameters

Crosssectionresults are sometimes given in terms of efficiencies, whittegoss
sectiondivided bycrosssectioral area of the nanoparticle, plugging into equations
2-33) and( 2-34) we find theinteractionefficiencies as

. 6 Pr. . X5 X

0 (0} X5 CX

(2-35)
- 0 . . X5 X
0 — (QuO—m—
0 X5 QN
(2-36)

Nanoparticles in close proximity to their resonant frequencies exhibit a significantly
enhanced scatteriramdabsorption efficienciesyhich carreach valuesignificantly
above 1. Indicating the interactiamosssectiors surpassheir geometrical cross
sectional areavhich puzzled scientisis late 24" century[211]. This animportant

implication for applications where nanoparticles are used as scatterers, such as
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photovoltaic applications. In calculations showiFigure2.4, dependencef®  to

Au sphere diameter has been calculated. For spheres smaller than 100nm the
scattering efficiency stays belaaneeven at resonangeeak, diameters of 100 nm

and above scatters light with efficiency more tloee For larger sizes scattering
efficiency stays aboveneeven at offresonance spectral positions.

4.0

3.5 +

3.0

254
204

1.5

1.0

Scattering efficiency

054

0.0 \/K

T T
400 500 600 700

Wavelength (nm)

Figure2.4. Spectral scattering efficiency calculated for different diameters of Au

nanospheres

The trend of this fast increase of scattering efficiency with increasing particle size
does not continue as the sizes get above 150 nm; the increase in scattering efficiency
slows down. Higheorder resonance modes dominate the overall scattering response
at these sizes. Calculations for an Au sphere with 150 to 600nm diameters are plotted
in Figure 2.5. The figure shows that the scattering efficiency increases when the
sphere diameter increases from 150 to 200nm. However, the relative difference in
the ped& height is much smaller than between 100nm and 150nm, as shown in Figure
2.4. Moreover, at 300nm diameter, the peak value is smaller than that for a 150nm
diameter spherdncreasing sphere sizeforms plasmonic peak, leadiadjaterbut

still strongresponse im wider band
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Figure2.5. Spectral scattering efficiency calculated for large diameters of Au

nanospheres
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CHAPTER 3

METHODOLOGY

Fine-tuning theplasmonic response requseell-studied methods for nanostructure
fabrication, reliable measurement methasd computationamodeling toolsThe
fabrication methodised in this work is thieole maskcolloidal lithography. HMCL

is mainly chosen for its compatibilitwith large areas, geometry variaticand
surface distribution variation possibiliti€ScanningglectronMicroscopy(SEM) is
used ashe primarytool for geometrical characterizatidgngether with Aomic Force
Microscopy (AFM) for specific requirements. Optical characterizations are made
using dark field (DF) spectroscopywhich allows examination of scattering
properties of plasmonic structures. 3D numerical simulations are done mainly using
the BEM method and for specific calculations and validatipttee FEM method is
used. Validation of numerical result$s as important as the corrections and

calibrations for experimental measurements.

This chapter explains the experimental methods for fabmigatanestructures and
their optical characterization. Improvements done or proposed have been discussed.
Numerical simulation methods, considerations, errors, and result validation

approaches have been discussed.

3.1  Surface NaneStructurin g with Hole Mask Lithography

Nanostructuring methods for producidNPs over large areas with precision are
restricted. Some of these methods bear drawbacks, such as higlorcisis
throughputsvhen applied to large arear the inability to accommodate more than
a few szes or shapeas discussed IBHAPTER 1 Hole Mask Lithography (HML)

is a possible improvement to widely adopted surface sstmaturing methods.

HML enables the economical fabrication of complex or straightforward -nano

a7



structuregeometriesacross large areas. Our aspiration revolves around developing
an augmented HML technique, harnessing its considerable potential within
nanofabrication and bringing it closer to its potential. It is expected that HML will

accelerate empirical dies in the field of plasmonics, and it is expected to be used

in the final application areas thankst®wide area fabrication capability.

The idea of HML involves creating cavities in a sacrificial film using directional
vapor deposition. The materigd evaporated inside through these hol€kis
approach opens up opportunities to determine precisely where metal will be
deposited under a hole in a sample placed at a certain distance from the surface.
Various geometries can be produced by manipulatieghgle during deposition. A
visualization of deposition through the holes can be seehigare 3.1. The

nanostructures formed on the sample surface below the holes are aligned according

to the placement of the holes on the surfabels thehole placement is essential for
HML.

Figure3.1. Visualization of directional material deposition through undercut holes

in Hole Mask Lithography
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HML employs specifically crafted hole arrays on the surface, enabling high
resolution capabilities and facilitating the production of structures in complex
geometries. These holes can be fabricated usingsilithography techniques that
allow largearea decoration, such as colloidal lithography. Fabricated hole mask
allows complicated nanostructures to parallelly produced across expansive
surfaces unlike direct writing methods like EBL, significantly increasing the
throughput of fabricationAlthough the fabrication method HML was called Hole
Mask Colloidal Lithography (HMCL) when first introduc¢®b], we tried to keep

the colloidal part optional since improvement opportunities will be proposed

Nanostructuring with HML occurs by vapor deposition of material into holes
positioned at gredeterminedlistance above the surfacehe ntroduction ofan

angle between the normal vectortbé substrate surfa@nd the trajectory of the
material traveling from the source to the sample within the thermal evaporation
chambermakes the control possiblén illustration of deposition from a l®is
shown inFigure3.2. The angles from the surface normal in both perpendicular axes
are used to determine precisely where the material will be deposited relative to the
hole after passing through the hotecrucial determinantfahe method's accuracy

is the directional nature of vapor deposition, wherein the vaporized material follows
a linear path within the vacuum chamber after departing from the source.

Surface
normal

Material
evaporated

Figure3.2. Hole masHKithography material deposition through the holes
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During thematerial depositionthe angle imparted to the sample can be controlled
using a motorized sample holder, ensuring precise alignment with the desired
nanostructure formation on the sample surfAb@h simultaneous control over
coating speed, this approach allows for the desired nanostructure to be deposited onto
the sample surface with the intended thicknessduatmotor sample holder
enhances production diversity, enabling the rotation of tm@keaholder around two

axes; an illustration of such a setup is showRigure3.3 . With this system, the
sample holder can be rotated around two axes, enabling heightened control over the
area beneath the holes amdximizing the scope of producible structures. A split

ring resonator fabrication with continuous bamidforth rotation with a fixed tilt

angle is shown ifrigure3.4.

Fixed ©
Varied ¢

> / | /IT : Fixed ¢
ample calotte Tilt (@) stepper |, o4 6

Figure3.3. Left: An illustration of deposition chamber setup for achieving
continuous control in undercut region. Right: Achievable geometries with material

evaporation with varying only one angle.
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Figure3.4. SEM imaye of splitring resonators fabricated with continuous back and

forward rotation at a fixed tilt angle

We will discuss several distinguishing characteristics of HML that make it unique

compared to other micro and nanolithography methods.

First, the capagjtto construct distinct areas of a structure with varied thicknesses
provides control over the produced structure's third dimendiais thickness
control makes an wepth study of structural thicknesses and the characteristics of
asymmetric structurgsossible, allowing for the construction of even more complex
structures. A fabrication that takes advantage of variable thickness control is made
by fabricating dimers with different thicknesses, as shown in Figure 3.5, where 750
nm diameter discs are evapted at a fixed tilt angle with different thicknesses to

fabricate asymmetrical dimers.
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Figure3.5. FabricatecasymmetricaAg dimers on Si substrateith 407 60 nm
and 40i 75 nm thicknesses

Second, o-deposition of different materials is possible. One can use different
materialgn a single structure fabricatiohhis property can fabricate structures with
different sections consisting of different materi&gure3.6 showsan SEM image

of a multimaterial dimerfabricatedwith asymmetrical thickness'his sample is
fabricated by fixed tilt angle deposition of 40 nm of Ag after a-d8@ree rotation
and 20 nm of Au depositiorMulti-material compatibility can atsbe used for

fabricating multilayer structures such as melielectricmetal sandwiches.
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FEI QUANTA

Figure3.6. Multi-material dimer fabrication, 150nm hole diameter with 40 nm Ag

and 20 nm Au deposition at fixeitt angle.

Third, the phenomena of hole shrinkage during deposition enables the construction
of structures with subole-size resolution as the features get smallehamaterial

is evaporated through the holésour experiments, the hole shrinkageeraas been

found as- 0.63 times the total thickness of deposition through the holes at a fixed
20e¢e t i. 8BM inzageg talken between 3 consecutive evaposatibAg are

shown inFigure 3.7. The value for hole shrinkage may be different for other tilt
angles.The hole shrinkage should be considered for more complex deposition with
continuous tilt and rotation for accurate prediction of resulting structtifele
shrinkage can be seen as an advantage as it makes it possible to fabricate at a lower
resolution than the hole size, or it can be a disadvantage as it limits the total amount
of material to be deposited inside the undercut redibe walls of high aspecatio

structures are tapered due to this effect.

A highly asymmetrical dimer fabrication is showrFigure3.9; for this fabrication,

140 nm Ag is evaporated at adtk azimuth angle from 175 nm holes, followed by a
polar rotation of 180 degrees, and another deposition of 30nm is applied. The second
disc turned out to be around 55 nm in diameter due to the hole shrinkage. Inset in the

figure is a 3d model representitige fabricated asymmetrical dimer.
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400 nm 460 nm 400 nm

Figure3.7. SEM images taken in between 3 consecutive evaporation of Ag at fixed

20etilt angleshowing hole shrinkage

METU

e
Time :15:55:05 GONAM

Figure3.8. SEM image of highlasymmetricAg dimers fabricated by HMChy
utilization of hole shrinkage
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3.1.1 Hole Mask Colloidal Lithography

Surface distribution and feature size of an HML fabrication solely depend on the
hole decoratn method used on the surface. Most of the research used colloidal
lithography after HMCL was first introduced in 2007 by Fredriksson and teammates
[95]. The reason is easy accessibility as colloidal polystyrene nanospheres can be
purchased in various sizes from several nanometers to millimeters with very accurate
size distribution. These prodis are both sold as a dry powder or as a suspension in
agueous form. Various sizes of PS and silica nanosphere suspensions are used in our

studies.

The gener al procedure for sample prepar a
is shown in Figure 3.9 anchn be summarized briefly. First, a sacrificial layer is

deposited on substrates to be nanostructured bycspiimg; PMMA was the choice

for this layer in the literature. After a surface charge switching step by an appropriate
poly-electrolyte, the narsphere suspension is spread on this surface, layer kept for

a particular time and then washed off, leaving isolated nanospheres adhered to the
surface. Then, a thin (Z20 nm) Au layer is deposited on nanospkageorated

PMMA prior to a mechanical nanosgie removal. With time and pressure

controlled oxygen plasma etching as the last step, the desired cavities under the mask

layer are achieved for the actual structuring. SEM images taken after nanosphere

decoration, nanosphere removal, and cavity formatershown irFigure3.10.
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1. PMMA deposition 2. Colloidal nano-sphere deposition
— Q Q 0 (0]

| PMMA |_ t || |

3. Metallic Mask Layer Deposition 4. Sphere removal (mechanical) 5. O,Plasma etching

Figure3.9. Sample preparation for HMCL, a schematic procedure

Figure3.10. SEM images taken after hateask preparation steps, nanosphere

decoration, nanosphere removal and cavity formation from left to right.

In previous studies by our research group, an alternate method for sample preparation
was proposed, and the original procedure was altérésl shown that instead of
PMMA, a photoresist layer can be used as a sacrificial layer, and instead of plasma
etching for cavity formation, photolithography is an alternatlysing the Au top

layer as an exposure mask for photolithograpi resist imverexposedandover
develogdfor cavity formation.The method as proposed was successfully applied.
However, wet undercutting by a photoresist developer is found to be more
problematic due to excessive forces during developméesdforces limit the size

of the cavity as overlying mask layer. Oxygen plasma is so delicate because it erodes
the polymer layer very gently and equally from each direction in a dry environment.
Please refer to our previous work about an alternate procedure for HMCL and
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detailed disussions about each stefthough the approaches are completely new,
all the work explained in this section was developed based on our previous studies

and discussiond.00].

3.1.1.1 Hole Mask Formation Procedure

Finalized procedure for application of HMCL is detailed in this part. To ensure
scientific integrity in our experiments optimizing the steps to a repeatable degree
Hole Maskfabrication different procedures only applied for the parts that need to
be ested All prepared samples go through the same processing steps. Below is an

explanation of the general process steps used to create the hole mask.

1. Substrate Cleaning and preparationSubstrates are cut to size roughly to 1 inch

and are cleaned by finute ultrasonic bath in deionized water, acetone, or
isopropyl alcohol, respectively. If the substrate is made of Si, they kept in a 10% HF
solution until complete hydrophobicity is observed. By taking this step, the Si
surfaces become even more hydrdpbpwhich boosts photoresist adhesion. If the

substrate is glass they are submerged for fifteen minutes in piranha solution (3:1;
H2S04: H202) to rid them of possible organic matter contaminations. Glass surfaces

are treated with HDMS to get similar adioes of PMMA. For this, we use

Mi crochemdéds AMCC Primer 80/200 on gl ass

2. PMMA Coating: PMMA is spincoated onto the clean substrates. Layer
thickness is aimed to be roughly twice as thick as the hole diameter thahdseohte

This ratio provides adequate tilt angle resolution as we do not want to use excessive

tilt angles to reach sidewalls of the cavity, as the amount of materiati@perated

i ncreases at hi gher angles to olAt7Tai n de s
resists by Mi crochem i s used i n our e X
specifically made for this resist. This resist concentration allows thickness control in

the range of 1.pbm to 600 nm without thinning. When spioating the resist directly

does not yield films thin enough, it is thinned by desired amount. The substrates are
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coated in 45 seconds at the proper rotation speed, followed by a minute of annealing
at 11@C.

3. Preplasma procedure: At this stage the surface of PMMA layer is highly
hydrophobic which makes coating of polyelectrolyte and nanospheres impractical as
both of these are aqueous. Exposing samples to oxygen plasma for roughly two
minutes makes the PMMA surface hydrophilic enough without etching the layer too

much.

4. Poly-eledrode coating: Samples are submerged in a 0.2% by weight solution of
poly (diallyldimethylammonium chloride) (PDDA) in deionized water. After that,
rinse with deionized water and use N2 to dry. The concentration of solution affects
the surface coverage some degree, higher concentration of PDDA solution yields
better nanosphere adhesion. However, 0.2% is found to be near saturation and
increasing this concentration more does not significantly increase the surface
coverage. This value is kept constant andace coverage is changed by increasing

nanosphere suspension concentration in next step.

5. Nanosphere decorationUsing deionized water, the suspension of hanospheres
is diluted for desired concentration. The diluted suspension is kept in ultrastimic ba
for a duration of twenty minutes to separate some of the weakly agglomerated

nanospheres in the suspension.

The concentration of nanospheres directly affect surface coverage and plays an
important role for isolated surface decoration, a must for ssitdesnask
preparation. The values we found to be fitting for different diameters of nanospheres
are; 0.125% by weight for 750 nm, 0.015% by weight for 500, 0.026% by weight for
250 nm, and 0.015% by weight ferl50 nm nanospheres. At this stage, the
concentration rates can be adjusted to achieve the required surface occupancy.
SEM image after 500 nm nanosphere deposition is showigime3.10 left panel.
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The surfae is coated by goping this suspension onto it until the whole surface is
covered, wait 1 minute, and then rinse with deionized water followed: tijaW

drying.

6. Mask layer coating:SiOzis sputtered with a thickness of about=Dnm on the
samplesurface. The resistance of mask layer to the PMMA etching step is crucial.
In our trials Au, Cr and SiO is also examined as possible mask layer candiuzges

experimentarediscussedater in text

7. Removal of nanospheresAfter hole mask layer cdiag, nanospheres are
physically removed with a thinute ultrasonic bath. After this step samples are
examined visually and through microscopy, this is found to be enough for most
cases. However, in some experiments depending on mask layer thickness and
deposition directionality, ultrasonic bath may not remove all of the spheres. In these
cases, a very gentletip scrubbing is applied in dvater followed by N blow

drying.

10. Cavity formation: This step, samples undergo oxygen plasma etching to create
cavities with the appropriate diameters at the bottom of the holes. The time required
for this step depends on the PMMA thickness and plasma parameters. In our
experiments the etch rate of PMMA is found to be around 10 nm/min by consecutive
thickness measaments with a profilometer. The etching time is chosen 1 toe
2.5times the time it takes to completely remove an unmasked PMMA layer of the
same thickness. This approach yielded cavities wide enough for use up to 30 degrees

tilt angle.

Optimized colladal surface decoration method yielding randomly placed ~150 nm
holes on Si@mask layer with about 1.2% to 1.8% surface covevagen used with
500 nm nanospherewith an average around 1.5%gure3.11 shows SEM image
grain size and distribution resulésveragedrom 3 different SEM imagesof the
sample surfaceGwyddion is used for analysis of averadjsc size and surface

coverage by using an contrast selectivesknahe masked SEM image and size
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distribution histogram is shown irigure3.11. For all experimentsequiring size

and coverage analydise same method used.

Number of grains:

371

Total projected area (abs.):
10.5 um”"2

Total projected area (rel.):
151%

Mean grain size:

147 nm

140 160 180 200
Equivalent diameter (nm)

Figure3.11. Left: SEM image of a surface decoratedwibles masked for grain
analysis. Right: Size distribution histogravith grain analysis results averaged

from 3 SEM images

It is feasible to manipulate parameters like hole size and distribution up to some
degree withousignificantly changing thdecoration procedur®ver 1um undercuts

have been observed on SEM images of fabricated structures. Based on 1.5% surface
coverage of hole mask may yield up to 66% surface coverage of fabricated structures,
by considering undercut with diameter 1um fuiliel with material from each hole.

In a more desirable case we can consider a structure covering an area of 10 holes
yields 15% surface coverage which may be desirable for several practical
applicationglike solar cell surface applications which will béscdussed irsection

4.3

Complicated suctures fabricated using HMCL with rotation of sample holder in
azimuthal and/or polar directions simultaneously durivagerial evaporatiorf-or

this purposeanevaporation system with a sample holder similar to the one shown
in Figure 3.3 is purchasedrom fiNanovalk. For enhanced ctmol on motor
movements aArduino development board with CNC controller shield with 2 motor

drivers have been utilized. A freeware firmware developed for Arduino called GRBL
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is flashed to the development board. This allowagypre-programming of motor
movements for desired narstructurewith the use of gcode files Motor movements
programmed fofastrepeated movement during depositiSEM images of three of
these fabrications are shownHigure3.12. In all fabrication Ag is used as the main

material as it is cheaper tham, the other frequently used material for plasmanics

Figure3.12. SEM images ofabricated structures with complicated geometrical

aspects

Main purposes of these fabrications are:

1.) To observe the method is working properly, including repeatability of each
device used in fabrication

2.) To understand dynamics of the method during productiod get a better
understanding about which parameters are more important.

3.) To Examine structural properties of fabricated structures.

4.) To see how post annealing effects structural and optical properties.

Most of these purposes got some development in fedisication series of
complicated structures. To achieve this some parameters are not kept constant,
adjusted some slightly between samples. Method has been shown to be able to
fabricate complicated structures that show plasmonic activitgther discusens

and measurements conducted on these structures are detailed indsgction

61



3.1.2 Hole Size Reduction

As one of the improvements to the hole mask fabrication discussed previously we
explored the quest i owithdutcchanging PSenanbpartice si ze be
size?0. By achieving t hfewersusgeesionpearshaseasy c her s wc
in the experiments that require different hole sizes. Two methods proposed are

oxygen plasma treatment of polystyrene (PS) nanosphetes m@énosphere

decoration and tilted rotating evaporation of mask layer.

Oxygen plasma size reduction experimarsshown inFigure3.13, which shows

SEM images of PMMA surface with reduesized particles after each consecutive
oxygen plasma etching session applied on initially 500nm nanospheres. Sem images
are analyzed in Gwyddion using an automatic mask. The average sphere area is
measurd, and the average diameter is obtained. 500nm PS nanospheres on the
PMMA layer are etched with oxygen plasma for Omin, 5min, 10min, and 20min at
150W RF plasma power at 30mtorr pressure before SEM analysis, respectively. The
average diameter of nanosplemeeach case is found to be 500nm, 435nm, 395nm,
and 255nm, respectively. The size reduction rate seems linear, with a slope of
12nm/min. Twenty minutes of etched spheres show deviation in size, and they lose
their circular shape. Thus, this method iplagable for size reduction to about 2/3
times the original particle diameter. Further size reduction may change the geometry
and remove some spheres from their location, as seen inHidjuire3.13. Note that

in this size reduction step, the PMMA underlying the patrticles is also etched, so the

primary thickness of the PMMA layer should be chosen considering the etch rate.
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Figure3.13. SEM images of PS nanosphere size reduction by Oxygen plasma
etching (a) 500nm nanospheres as deposited (b) 5 minutes (c) 10 minutes (d) 20

minutes etched nanospheres

Deposition of the mask layer withtilted sample holder while constinrotating

the sample is the second size reduction method that is exgfanmeeixamination of

how this effect can be used to manipulate the hole size, hole masks are prepared
with varied tilt angles and rotate the sample continuously during mask atiapor
Figure 3.14 shows the holes with reduced sizes when the evaporation angle is
increased from O to 30 degrees. For all the sampBEm PS particlewereused.

The average size of resulting holes measured to be 435nmefitel) 400nm for
20etilted and 330nm for 34ilted samples.
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Figure3.14. SEM images of hole size reduction tests by tilted evaporafiéw
mask layer PS nanospheres of 500nm diameter are used. (a) no tik ik)(&p
200tilt (d) 30° tilt

After hole size reduction experiments, a new set is prepared for the fabrication of Au
discs that have strong dipolar plasmonic peaks iwigiBle region. The purpose is

to make the holes as small as possible to obtain smaller discs to see plasmonic
activity using visible and NIR excitation using 500nm nanospheres. First, a 1 um
PMMA layer is spiacoated, and its surface is decorated withB0®S nanospheres.
Then, a size reduction step of 15 minutes of Oxygen plasma etching was applied.
The hole mask layer of 30nm SiO then evaporated with a constant tilt angle of 20
degrees while the sample was constantly rotating. After particle removeeityl
formation, 30nm Au is evaporated through the holes. The remaining PMMA and the
mask layer are lifted off in acetone. The expectation for the resulting disc size by
purely geometrical calculations was about 150nm. However, upon examination of
SEM images, an average disc diameter is measured as 270 £15 nm

The images shown iRigure3.14 are performed with tilted mask evaporation of Au

thin film. Au as a mask layas later found to not work as an oxygen plasma mask
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mainly because it melts due to Eddie currents caused by RF radiation inside the
plasma chamber. That is why we needed a dielectric film, and due to its availability
and compatibility with thermal evapation, a SiO film was choseAnother set of

discs is fabricated this time using 170nm silica nanospheres. Since silica is
unaffected by oxygen plasma etchiogly tilted evaporation ashole size reduction
method can be usedor these samples, 1lum PMMsurface is decorated with
nanosphere with the same methods, ar®iO mask layer is evaporated on the
surface with 2 OFgurda3ildshoedSEM imagesodhesPMMA n
layer after nanosphere decoration dhd resultinghole mask. After nanosphere
removal oxygen plasmas used to etch and undercut the hokesllowing the hole

mask preparatiorB0nm Au discs has been evaporaaedurface normangle. The
resulting average discs0 si zageragessizenseas ur e
still larger than expectedlmost the same size with no tilted mask layer deposition.

The size distribution divergence resdtbom thelow-quality suspensin.

Figure3.15. SEM images I&#: PMMA surface decorated with 170 nm silica
nanospheres, right: hole mask layer after particle removal

In these experiments, we have seen that the size reduction of holes is applicable but
only to some degree. The reason behind larger fabricated discetpected is the
failure of the SiO mask layer to hold its shape in thinner parts under the nanoparticle

Later, instead of a thermally evaporated SiO mask layer, a sputtered SiO2 layer is
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used. In the experiments, the sputtered SiO2 mask layer obderyesld about
150nm hole diameter when 500nm PS spheres were used. Due to more isotropic
deposition nature of plasma sputtering, this method achieves hole size reduction
without the need for the considerations described in this section.

3.1.3 Strategiesfor Periodic Structuring With HMCL

HMCL is a great nanofabrication method as is. However, one drawback can be
emphasized, which is the random decoration of structures on the surface. If we can
somehow place the hole masks in a controllable periodic order, ogpjtlications

would increase significantly. Periodic decoration allows the fabrication of
metasurfaces. Fdield scattering properties of collective plasmonic response can be
harvested. Metasurfaces allow light manipulation at a distance using athudtra
surface. For this purpose, several methods for periodic surface decoration are
proposed, and some of them are explored experimentally. This section involves
details of these proposals and experimental studies conducted for the realization of

these propsals.

Closepacked monolayer deposition of PS nanospheres has been successfully applied
in our laboratories by a method called controlled evaporation, in which the
suspension of nanospheres is spiated on the surfaces and left overnight for
drying. It has bee observed that a monolayer surface deposition can be achieved
when the colloidal concentration is tuned correctly. The initial approach for periodic
patterning with HMCL involves harvesting the clgs&cked deposition technique.
However, for HMCL, colloi@l nanospheres decorated on the surface, which then set
the location of respective hole masks on the surface of the mask layer, are required
to be isolated. Nanospheres deposited closely packed on the surface cannot be used
the same way since there will treich less open space for the subsequent mask layer
to cover the PMMA surface. The proposal involves etching the PS nanospheres with
02 plasma before proceeding with mask layer deposition. Preliminary experiments

were conducted on Si surfaces without PMMAJ the results show promise. SEM
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images of clospacked deposited 1 edmmetmpperodie s
spheres after 10 minutes of O2 plasma etching are sindvigure3.16 respectively.

10 pm

Figure3.16. SEM images of Left: close packed depositethlspheres, right:
reduced diameter spheres after 10 minutgsl&ma etching

This proposal for the fabrication of hole masks is further investigated by the
deposition of closely packedanospheres on the PMMA surface. However, the
adhesion properties of PMMA turned out to be quite different, and the same method
did not yield closgacked deposition. This method was not further pursued
experimentally in the context of this thesis; howeweshows promise for periodic
decoration of hole masks as long as the thickness reduction of PMMA due to oxygen

plasma sphere size reduction etch is compensated by thicker initial PMMA coating.

Another method proposeudas heuse oftheinterference litbgraphymethod for the

hole mask decoratiorin this method, some of the expanded UV laser beam falls
directly on the sample, and some of it reflects off the mirror placed perpendicular to
the sample and falls on the sample, called Lloyd's mirror s&upchematic
representation of the experimental Lloyd's mirror setup in our laboratory is shown in
Figure 3.17. The path difference between the two parts of the beam creates an
interference pattern on the sample. When this interfereaiterp isshinedon the

photoresist, the bright regiomseexposedwhile the dark region is not exposed so
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that the interference pattern can be produced on the sample. In the double exposure
method, at the end of the first exposure, the sample is rAatel@grees and +e
exposedWhen a negative photoresist is applied to the substrate prior to exposure
periodic holes with square periodicity can be obtained.

Mirror

355 nm "":":::_':')"a"
Laser AR

S I
Lens Pinhole Collimating Lens ample

Period = —;
2sina

Figure3.17. Schematic of Lloyd's mirror seidor interference lithography.

Experimental stepgroposedor hole mask fabrication involving orthogonal double
exposure interference lithography to produce periodic hole masks are illustrated in
Figure3.18. Su8 2000.5 negative mioresist is used as the photoresist 1ag&F8
2000.5 which yields around 600nm thickness when spin coated at 300@spm
thinned with 2:3 PR:thinner ratidhe neasured thickness is about 300nm gpin

speed of 3000rpm.

6. Development

1 2. Spacer layer (PMMA) 5. Interference pattern v
Substrate (Si/Glass) orthogonal Double Exposure

7. Mask Etching 8. Undercutting

4
3. Mask Layer 4. Photo Resist -~ (0, Plasma)

Figure3.18. Proposed experimental procedure periodic hole mask fabrication with

interference lithography

Several experiments are conductedfi@reliable use of double orthogonal exposure
interference lithography toptimize the exposure timeof SU-8. These sets are

prepared by directly spinoatingthinnedSu-8 photoresist on Si substratéfesize
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reduction of holes as the exposure time increaaesexpectedfrom these
experiments27.5 second exposure is found to thee most appopriate exposure
time. An AFM image of 27.5 sec orthogonally dowaeposed sample after
development is showon the left side oFigure3.19. When the linerosssectionof
the AFM measurement on holes are examinaslfound that the holedo not go all
the way down to the substrate surfalee problem is even the areas that should not
be exposed to UV lasareexposed a littleThis may beoriginatedfrom urequal
intensities otwo interfering beams creating a DCg#t in the interference intensity
distribution exposing thelark regiora little. Upon further examination of the specs
of the mirror used imloyd's mirror setupit turns out there is a mere 4% loss from
reflection atthe lased svavelengtheven thoughthe mirror is optimized for UV

region

Figure3.19. Left: AFM image of 27.5 sec orthogonally double exposed sample
after development. Right: linerosssectionanalysis on the sample

The use of Rygen plama etchings proposed t@overcomehis problemBy a mild
oxygen plasma etching after developméir@sample surface can be reached at the

holeregions To test thisseveral sampleare fabricatedvith same parameters and
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etched at various durationrSFM images of the sample after varied oxygen plasma
etching time can be seen kigure 3.20Figure 3.19; line crosssectiors at hole
regions arericludedatthe bottom of the figurdt is clear from the flat regions at the
bottom ofcrosssectiongraphs that the etch method wark&ie sample surface is

reached after 10 minutes of plasma etchuitfout significant hole size increase

Figure3.20. Up: AFM images of 27.5 seconds exposed sasgiter oxygen

plasma etching for Omin, 6min, 10 min and 20 min respectively. Down: The line

crosssectionplots taken from hole regions of respective images

Following the successful results from hole fabrication with interference lithography,
a full trial for hole mask interference lithography (HMIL)agplored Hole mask
formation procedurein subsukection 3.1.1.1 is followed Colloidal sphere
deposition stes omitted directly depositing Si@ mask layer over plain PMMA
surface. SLB photoresist sphgoated on the mask layer for interference lithography
however at this stepit has been found out that the mask layer leakestlof SU

8 photoresistcausing swelling of PMMA that forms cracks tme mask layer.
Another trial with thicker mask layer reduced the crabks we couldhot get rid of
them completely The leak is thought to be originating from miaxacks on the
mask layer, a different mask layer material or a more refined deposition method may
overcome this problem. However, HMIL trials are terminated at this ;pthit

fabrications are continued with standard HMCL described in subsé&cilidn
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3.2  Optical Characterization

Optical characterization of fabricated plasmonic structures is characteyizedk

field spectroscopyln DF spectroscopythe sample is illuminated with a ring of
broadspectrum lightand only scattered photons arelecled from the middle of
the illumination ring. Thissetup allows only the diffuse light to enter the
spectrometer and eyepieteaving the direct reflections or transmissions outside of
the light collection cone. A DF setup is shown with an image ateseas with

different plasmonic resonangafiown inFigure3.21.

spectrometer

Scattered
light Microscope

objective

Direct
beam

Sample

Dark Field Condenser

Figure3.21. Left: schematic of dark fieldpectroscopyMid: The inverted
microscope setup used in measuremdright A dark field image of a surface

with different plasmonic resonances

DF objectiveis equippedon aninverted microscopeandthenthe output port is
coupled to diber spectrometerA BaSQ powdercoatedsubstratas used ashe
reference measuremeiat eliminate spectral dependeraaming fromillumination
sourceBaSQ is known to be a very good diffuse scagtdor thevisible andNIR
regiors with over 95% diffuseefractionand very little spectral dependensece
spectral dependence is so smdile measurements did not furtheorrect to
reference spectral reflectioBoth measurementsom thereference and the samples

are collected at same integration timel averaging setting3o achievesame data
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collection parametergn attenuator is used for reference measuremeits way
when normalizedthe resulting spectrunshould correspond tthe normalized
scatteringcrosssectionof the plasmonistructureson the surface. Ifrigure 3.22,
SEM images of fabricatelu nanaliscs with average sizl75 nm and 270 nm and
their dark field microscopy images are showrthe lower paneWith dark field
microscopywe can clearly distinguish swudiffraction limit size particles, thanks to
their strong plasmonic scatterinbhe surface distribution #3EM andDF images
alignwell. The producedliscs scattered light show reddish hugwhich correlates
with the spectrum results Figure3.23. Dark field scattering spectodbtained from
these samples are showrFigure3.23. A transmission mode DF setu@sused to
obtain the spectrunthesamples were illuminated from glass side. The illumination
numerical aperture of DF objective used is 60886, which corresponds to incident
angles ranging from55-70 degrees itheair, as the illumination is frorthe glass
side, refraction makes thadident angle roughly ranging froB2 to 40 degrees
these values are used in model building for experiment matched simuldteans
transmitted part of scattered light is collected by a 40x, NA=0.60 imaging objective.
The surface is imagedand spectrumata is collected from regions without any other
strong scatterer in vision (like dust particle$he same measurement setup is used

for all scattering measurements repoitethis thesis
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Figure3.22. Left to right 174nm and 270nm average sized Au nanodiscs. Upper:

SEM lower: Dark field optical microscope images
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15+ IEL
E SR
= 2
H z |
.4 I
= 10 1* S 109,
z = i
@ B i
3 ' I
E ’ E
2 2
K K
¥ 054 =%
Q Q
0 (%]
—————————— —— ‘ T T ‘ .
400 500 600 700 800 900 1000 1100 1200 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm) Wavelength (nm)

Figure3.23. Dark field scattering spectra obtained from samples of Au nanodics of

175nm and 270nm average sizespectively
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3.3 Numerical Simulations

Exploration of a theoretical model often resuits new scientific discoveries.
Although the Maxwell equations have beeell established, they are seldom solved
exactlyin nanophotonicsConsequently, it isecessary to solve the equations using
numerical methods in order to identify the events predicted by the equations. The
theory and numerical solutioadm for resultsthat have the potential to be observed

in experiments. These observations can be used to confirm whether the experiment
aligns with the physics anticipated by the model or whether it reveals surprising new
occurrenceshat may improve the theoretical baglound.Simulations serve as an

intermediary between theoretical concepts and experimental observations.

Todayods simulation tools and personal compu!
full Maxwel |l 6s equations f orhesubsbdtetor ary nano
surrounding discontinuities and include the effect of the surface distribution of
nanostructures when the model is built correctly. It is clear that getting a close

solution to fairly complicated problems has never been this accessibérirkeptal

refractive index values for these materials are used in all calculakitwss$.used

refractive indices are adapted from experimental results in literature: fused silica

glass substrates [212], Si substrates [213], and Ag and Au [214].

Inthistre si s, AMNpbeml706 is wutilized as the prir
factors. Firstly, it is an opesource tool enabling deep modifications that work on

Matlab, a welestablished programming environment. Secondly, it employs the

boundary element miedd, enabling relatively faster computation. Finally, it has very

good documentation with several example models covering most of its capabilities,

which are included in the toolbox. Moreover, Mnpbem can solve for layer structures,

which is crucial sincelpsmonic response is affected strongly by the surrounding

media. Despite its advantages for some problems, Mnpbem is not the best tool for

calculation, such as transmission from a surface with periodically decorated

plasmonic structures, as light interfece comes into play and affects thefiatd

radiation pattern. One important consideration is there is a large room for mistakes
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in the modebuilding stage; as a modular tool, there are lots of parameters to choose

correctly to build a physically and merically correct model.

Using the Mnpbem toolbox, field enhancement near the particles and Scattering,
Absorption, and extinction crosections are obtained for nanoparticles with

arbitrary geometries on arbitrarily many layers. Thekfied radiationpatterns are

al so calcul at ed. One exampl e of Mnpbemos
structures; as a boundary element method, it cannot simply solve for periodic
structures, such solutions may be possible but not without new code to implement
far-field interference additions on the source code. A secondary tool for patching the
shortcomings and confirming the results, Comsol Multiphysics, is used with the
waveoptics tool package. Comsol has a westablished environment with a lower

number of panaeters to tune, making mistakes harder, but it takes longer both to

build the model and to solve it.

With the finite element method, problems for periodic structures can also be solved
by using periodic boundary conditions. A more comprehensive metrothden
developed to determine the overall photonic effect of nanoparticle arrays placed on
dielectric surfaces, including the effect of surface coverage. For this purpose,
reflection and transmission coefficients are calculated in Comsol with periodic
bourdary conditions on the sides of the computational domain with the nanopatrticle
placed in the middle. This way, the size of the computational domain determines the
overall surface coverage of nanoparticles and overall reflection and transmission
coefficiens. Simulation results for periodically placed 100nm discs on Si substrate

are shownn Figure3.24.
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Figure3.24. A FEM simulation of periodic array d00nm diametediscs. Left:
Meshed geometry of 100ndiscon Si substrate. Mid: Electric field distributiom

the substrate surfacRight: Calculated reflection and transmission coefficients.

For all simulationgeported in this thesidshreed i f f er ent PCohal are wused
|l aptops, one winMgen) @acessoGvilz8GE Ramevhich is Tater2

replaced with 4.3 GHz AMD Ryzen7 %4gen) processor with 16GB Ram or a

Desktop PC with 4 GHz i7{7gen) processor and 16GB Ram, although there were

many occasions the$&Cs were not enough to solve the problem in reasonable time

or even at allin such cases either the problem simplifididcretized more coarsely

or different approaches obtain ghysically accurate resuiave been investigated.

One of the most importattiingscameupon working on several different problems

in both simulation toolss the simulatiorreliability. The simulationslo not always
proceed as expected and yield the copbgsicalresult in fact, it has been observed
that theresult is most likely wrongn the first try. That is why checking the result
with analytical modelsand testingthe modelwith different parameters is very
important. Simulation workflow to obtain confidence in results can be summarized
with steps shown ikigure3.25. The workflow stats with the model buildingvhere
numerical methodmay diverge from actual physical results due to either mistakes
or ill-defined parameterdzor debugjing any possible mistakes timeefficient
approach is to build a simpler case of the model eithemtylifying the geometry

or reducing discretization pointsor example, a layestructured problem containing
thin dielectric layers below the nanostructures was first simplified to a dayge=d
problem for preliminary result§ he thin layer onto thgubstrate is added only after

preliminary resultsgain some confidencen terms of physical consistency and

76



discretization optimizations. After building the model the problem is solved more
than once with differerd i s ¢ r e tsince ghysical neSusshould not depend on

thediscretization (meshing) used in the numerical approach.

Designthe
geometry and
mesh
Remesh and repeat @ Check the geometry

H . O

[ Build the problem ] ﬁ
@ Check the code
( Preliminery J &

(simple) solution

Did a result produced?
Does simple physics holds?

Yes @ No j a
[ Full solution ]

Does the result seems physically intact?

Yes @ Q No é

|| Did adifferent mesh yield the same result?

@ No Yes@

[ Result |

Figure3.25. Workflow of simulations

3.3.1 Cross Validation

A good validationof the simulatiorresultswould beto get the sameesults with
different numericalor analytical approaches for the same physical problem.
MN P B E M6 sin nfiodels in¢corporate Mie theory for spherioalelliptical small
particles, moreover it incorporateguasistaticapproximationfor arbitrary MNP
geonetry. These results are useful to compare witardedviaxwell solutionsat

conditions where thesgproximationgre valid The MNPBEMD s M a solutienl |
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plotted with the calculation witthe Mie theoryand the quasistatic approximation

for a 10 nmdiameter Au disc arghown inFigure3.26.
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Figure3.26. Scatteringcrosssectionof a 10nm diameter Au nanosphetes t
comparison of Mie solution, quasistatic solution and retarded full Maxwell solution

calculated using Mnpbem toolbox

Quasistatic solutions quickly diverges from actual solution quickly as the particle
size increases, the divergence is apparent for [gadi@meter above 50nm and
guasistatic solution should not be used for larger nanoparticle-gigee3.27

clearly shows the large discrepancy between quasistatic and retarded scattering

crosssectionsolutions for a 100nm Au nadisc
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Figure3.27. Scatteringcrosssectionof a 100 nm diameter Au natlisc

conmparison of quasistatic approximation and retarded full Maxwell solution

300000 170 nm Ag Sphere on Si0,_(10nm) on Si
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Figure3.28. Comparison of scattering spectrum graphs calculated with MNPBEM
and COMSOL. For a sphere with diameter 170 nm placeidom SiQ coated Si

substrate
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For larger particles where, the quasistatic approximation is no longer valid, Comsol
is used for result comparison. The two different 3D Maxwell solution methods
yielding the same result strongly supports the reliabilitythaf results. For this
purpose, a planewave excitation model for a disc with diameter of 170 nm placed on
10nm SiQ coated Si substrate has been built in both Mnpbem and Comsol, the
obtained scattering crosections are shown Figure3.28. When the workflow for

correction shown ifrigure3.25is followed the results closelyatches.

In another problemvherepremodelled 3dneshfile for nanecube is importedhto
model Same problem is with same particle mofilelused forsolutionin both tools

For this specific problem 3 different solutions are performeddfot2 and 19m
thicknesses 06isN4 on Si surfaceas the substratelThe scatteringrosssection
calculations show close relation and showRigure3.29. Theseresults validate the
solution accuracy as two completely independent Maxwell solver yielded same

outputs.The mesh import code for Mnpbem is shared in AppeAdix

40000 A

30000 +

20000 A

—— 18 sca mnpbem
—112 sca mnpbem
—1t19 sca mnpbem
----1t8 sca comsol
-=-=--112 sca comsol
----119 sca comsol

10000 A

Scattering crossection (nNT)

T i 1
800 1000
wavelength (nm)

Figure3.29. Comparison of scattering spectrum graphs calculated with MNPBEM
and COMSOL ér a 60 nm side length cube placed on 8ad@ 19 nm of BN4

coated Si substrate.

80



3.3.2 Considerations aboutDiscretization

The design of the geometrical features is one of the most important and challenging
parts of a successful simulation, as the discretization resolution is determined at this
step. The reliability of the results is directly affected by the mesh densitysomtée

point when the density is enough. If the mesh is not fine enough, the results are
wrong. Thus, a problem must be solved for different mesh densities to make sure the
meshing is enough. Owveneshing, on the other hand, unnecessarily increases the
prodem size, increasing the solution time and memory requirement. Moreover, since
this dependence is polynomial, even a small increase in mesh density may make the
problem unsolvable with the hardware; thus, in all the numerical simulations with
large problensizes, instead of trying to find better hardware, mesh simplification is
preferred. A scattering crosgction calculation for the same structure with different
meshes on MNPBEM ishown inFigure 3.30; in this figure, the left geometry
surface is uniformly meshed, and in the right geometry, the number of meshes is
reduced noruniformly with shape preservation, resulting in a red shift in scattering
peak position. Thehift is due to sparse meshing on the surface of the structure. The
skin depth of the metal is found to be a good distance for adjacent discretization point

distance.
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Figure3.30. Scatteringcrosssectiors calculated for same structure but different

meshingparametersising MNPBEM

Both Mnpbemand Comsolhave the toolsto designsome geomeitral featuresand

to discretiz themwith various mesh densitieslowever, included design tools are
somewhatprimitive compared to more advanced CAD software. Thus, for any
simulation with a complex geometrlyprefer to design the geometry using CAD
software, namely Autodesk Fusion 360. After desilga 3D object is exported in a
mesh file to be imported to sufation software. @msolallows further remeshing
and refining after the impgrMnpbemuses the mesh on the imported file directly.
Thus, forBEM simulations, another mesh refining software, Autodesk Meshmixer
is used according to need for further refimgiand manipulatioof discretization
distances

An example showing the effect of mesh density for FEM simulations is shown in
Figure 3.31, in this example Ag nanabe array with 50% surface coverage on
Si/SkN4 substrate with 8nm (T magenta R yellow), 12nm (T red R cyan) and 19nm

(T blue R green) SIN4 layer thicknesses are calculated usingm@ol For the
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solution ortheleft panelhasa coarser mesfihe resultseemto be somewhat spiky

with a lot of errors, when a finer mesh is used in right panel, it greatly improved the
spikiness in the solution but the solution time has been increased from 2hr to 10hr.
Moreover, even the solution with denser mesh seems tdittle &it spiky in the

blue side of the spectrum and should improve as the mesh density increased further.
Although the example is frorftomsol Mnpbemsolutions are also suffer from
similar problemslrregularitiesjnconsistencies in the solutions should be examined

for all simulationresults
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Figure3.31. Reflection and transmission coefficients of a surface covered with
periodically placed Ag nanocubealculated usig Comsol Left: coarse meshed
cube (~2hr solution time), right: finer meshed cube (~10 hr solution time)

Choosing a uniformrand finemesh distribution (ie. Triangles are roughly equal in

size) is a natural way to statsimulation but for some problemsniform meshing
increases the problem size beyond hardware limitattomsecessarily Another
approach may be to increase the mesh around the region of interest and leave coarser
mesh forother regions. For example, when near field distribution is exathine
regions with the sharp features could be meshed deinsefield amplitude greatly
changes around those regions. Such a mesh refinement observed to improve

scattering resultsvithout adding computational loadnother mesh simplification
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for relatively larger nanostructures for FEM simulations is reducing the mesh density
inside the particle at regions farther than the skin ddjpté.electridield amplitude
inside the metal deep below the skin depilh quickly decay taero a fine mesh is

unnecesgdy increasinghe solution time.

One of the challenges faced when simulating complicated geometries is determining
how well a mesh is enough,goodway to make sure is solve for more than one
randomly dense mesh and examine the results. If the reselts to be same than

the mesh is enough and the result obtained can be said to be reliable. However, it is
generally not so simple most of the time because of the hardware limitations on the
problem size. For some problems an adequate mesh could notthedé&zat can be
solved within a reasonable time, yielding the problem unsolvable

3.3.3 Model Building

After defining the geometry and mesh, the next step is to program the software to
correctly model the problem and get desired information. Time should be taken in
this step as all inputs and outputs should be correctly modelled and inputted to the
simulaton software. Parameters like illumination, polarization as well as required
properties as output and required calculations on the results are all embedded to the

software in this step.

Depending on required outputs the problem can be designed in diffeagst

yielding the same result. ipbem contains awell-prepareddocumentation with

appropriate examples makes this step a bit easier. Unfortur@ehgol lacks key

point explanations and examples in my opinion may be becausernidmanore

different pzkages and aspecttn FEM simulations conducted witlComsol,

appropriate boundary conditions have to be chosen. Computational domain can be
terminated with perfectly matched | ayers (
radiation to damp unrealistic back wsftions from computational domain

boundaries. In some simulations periodic boundary conditions are used on sides of
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the computational domain to simulate infinite material boundaries or periodically

placed structures.

When t he pr ob nastofthe sme thésoftivarebgives lart ecror stating

that there is a problem within the code. When such problems are faced problem is
debugged until it works properlifthe code should be carefully examined for any
physical error at eagbarameterOne of suchmistakess madewhen usingComsol

to calculate field distribution around an arbitrary nanoparticle. mistakewas
definition of the incident field constant in spacen(EEoinstead of c=Eoexp(ikz)).
Results seerdto becorrect initially but withwrongr e sul t s of cour se.
mistakescould be dangerous amghould be very carefully investigated to be
confidenton the obtained result. Some other types of issues may occur due to the
way that the program handles the problem. Such underlyimgpres of simulatin
software are most of the time embedded inidecodeand not visible directly to

the user, thus it is hard to debug. | generally start by changiglparameters that

are open to manipulation and try to solve the problem each time with a different

value, which requiresrany hours oEomputational time.

One of-buhétdi pk o bihkgure3.32 acsurreshthitevgimulating

for crosssectiors of an Ag rod on glass under different incidence polarizations. As
can be seem the graph on the left at some point scattedragssectionabmuptly

peaks overcoming the extinction, moreover at that region absogptisssectionis

found to be negative. In the right graph the problem does not occur for the same
problem built and same mesh properties. The only change made between these two
simulations was to lift the nanorod to 0.5nm above the substrate. Such a change
should not have a significant effect in terms of phydias due to how the software
handles the solutigsuch a physically subtle differensemetimes becomelsd line
between coect and wrong results. Letsay if we were only interested in scattering
crosssectionand only calculate for it, under such a circumstaneewould assume

the Aighost o peak was physical and try to
models. his emphasizes the importancecbecking the results for errors and getting

confident over it by testing it under different parameters
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Figure3.32. Scattering absorption and extinction spectrum wd@orod on glass
for parallel and perpendicular illumination obtained by BEM simulations. Left:

particle is 0.1 nm above the surface, right: particle is 0.5 nm above the surface

3.34 Experimental Validation

The agreement between experimental and computatiesaltsis the most direct
way to get confidence about simulation resitatching experiment and simulation

for a simplediscgeometry was the first purpose in this context. Scattering spectra is
collected with the dark field spectroscopy seflip.reprodice same experimental
setup numericallyillumination conditions should match the DF objective used for
measurements. This is achieveddalculaionsfor light incident angles from 32 to

40 degrees withl-degree step snlved independently for both TE @nTM
polarizatiors. The scattering spectrums calculated for each anglevaragadat

each wavelength valu@he simulation results for a 175nm Au disc is shown in
Figure3.33. The Matlab code for DF matched calculation with Mnpbem is shared in

AppendixB.
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Figure3.33. Calculations for a 175nm Au disc on glass. Up: Total of 18
simulations calculated for dark field objective illumination. Dowhe average of

all results is expected to match the experimental measurements.

Discs have been fabricated using hole mask preparation the procedure discussed in
section 3.1 on glass substrate. 30nm of Ag is evaporated from the holes at zero polar
and aznuthal angle. A SEM image of this fabrication containing randomly
distributed discs is shown Figure3.34 left side. Theaveragadiameter of theliscs

is measure@s150 nm from SEM image¥Vhen 150 nm diametemalue isused in
simulations peak position did not match with the experigénts particle size is
modified slightly,it has been observed that exact peak position match is obtained
when thedisc diameterof 160 nm This discrepancy may b the range of

measurement ahat calculation errors. The experimengéald simulatiorcomparison
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of the normalized scatterirggosssectionhave been shown frigure3.34. As it can

be seen almost perfect agreement is observed.
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Figure3.34. Left: SEM image of fabricateflg discs with 150 nm average diameter

Right: Measured scatteringectrum (blue) and Mnpbem simulation (red)
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CHAPTER 4

EXPLORATION OF PLASMON IC RESPONSE

In this Chapter,some plasmonic interactions are examined experimentally and
computationally.First, the plasmonic coupling oftructures with close gapgs
explored. Two fabrications of Ag disc dimers with varied gap distances have been
fabricated. Polarized optical measurements are conducted in order to show the
plasmonic coupling effects on the overall scattering and SERS nespof
fabrications.Experimentmatched simulations are conductesd the results are
discussed. Second, various plasmatiactures witttcomplexgeometriesusing the

full potential of 2axis motorized HMCLhave been fabricate&cattering cros

section measurementare analyzedand results indicatehe presence omultiple
resonanc@eaksand/or broadband resonanmeaks Finally, numerical calculations

are conductedor plasmorenhanced photovoltaic devicegdne of the promising
applications of plasonic structures is possible efficiency enhancement by
photovoltaic surface decoration with plasmonics. Plasmonic structures can scatter
light very effectively with scattering crosections much higher than their
geometrical crossections. Moreover, whehe structures are on an interface, most

of the scattered light is directed towards a higher refractive index medium, and the
ratio of this directional scattering preference increases as the index gradient is higher.
In this section, numerical studies amgproaches for harvesting these properties for
PV efficiency enhancement are reportedmddel was developed incorporating
crosssections, faffield scattering distribution, and surface coverage for
guantification of the overall plasmonic effect for a P&vide. Several MNPs have

been compared using this model.
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4.1  Coupling of Closely Spaced MNPs

Coupling between close plasmonic structures l@en examined through
simulations andabrication of several dimers with the optimized hole preparation
procedure with 500 nm PS nanosphevits 150nmdiameter resultingiscs. Dimers

are one of the most straightforward structures that can be fabricated using, HMCL
enabling easy manipulatiai distancebetweerdiscsto manipulate electromagnetic
interaction between thenthus they have an important role our analysesThe

Gap distance betweaetiscs is controlled by the azimuth angle between successive

evaporations.

The scattering spectrursimulatiors are conducted in Mnpbem for dimers made of
150 nmdiscs onaglass substrate with varied gap siz@nging from 10 to 50 npas
shown inFigure 4.1. Contiruous lines show the results when the incident light
polarization is parallel to the dimer axis, while dotted lines are the results of
perpendicular polarization. Scattering peaks show the effect of plasmonic coupling
when the incident light polarization garallel to the dimer axis, while when

perpendicular, the peak position stays the same as the gap varies.

— gap 10nm parallel

160000 N\ — = gap 10nm perpendicular
1 \ —— gap 20nm parallel

140000 gap 20nm-perpendicular
1 - \ \ ‘ gap 25nm parallel

120000 4 gap 25nm perpendicular

] Wy \ \— gap 30nm parallel
100000 \ ‘- = gap 30nm perpendicular
| \ \ gap 40nm parallel

80000 r / / \-\
] K /
60000 / A \

\ = gap 40nm perpendicular
gap 50nm parallel
- gap 50nm perpendicular
40000 \
| YV \ \\
20000 s b N

Scattering crossection (nm?)

I/

W/

0

300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure4.1. Simulation results for scattering spectra of 150Agrdimers with

varied gap sizevith normal illumination
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Two of the many dimer fabrications are chosen for detailed analysis in this part, for
the fabrication of these tw80 nm of Ag evaporated at each fixed azimuth angles of
+10 (dimer 1), and:9.5 (dimer 2) degreeat 0.5A°/s deposiin rate The SEM
imagesof these fabrications are shownFigure4.2. These fabrications are made
both on Si and Glass substrates simultaneously. Si substrataseardor SEM
imaging and Raman scatterinmgeasurementsyhile glass samples are used to obtain

DF scattering measurements. All optical measurements conducted as soon as
fabrication finished in same day keepthe effectsof oxidation minimal.

Upon analys of SEMimagesthe gap is found to be20nm for dimer 1 and10nm

for dimer 2 which deposited with a smaller angke expectedMoreover; with a
rough analysis, distancketween thediscs found to be variedaround several
nanometergor different dimers orthe same substrate. Thiedicatesone of the
important limitations of HMCL, the degree of gap control is in the range of several

nanometers with used procedure not inrsahometer range.

Dimer 2

Figure4.2. Up: Surface distribution of fabricated dimedswn Close up SEM
view of dimers fabricated with fixed azimuth anglet@D for dimer 1 and9.5

degrees for dimer 2.
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41.1 Scattering Cross-sectionAnalyses

Scattering spectruntd dimersare collectedy adding a polarizer to the illumination
port of dark field setupkeeping the dimer orientation.r.to light polarization at
parallel and perpendiculdwo DF scattering spectra are collectesim each sample

The resonancshift betweerpolarization axis parallel and perpendicular to dimer
axis is clear in the collected spectrugi®wn inFigure4.3, proving theplasmonic
coupling Increasedredshift of resonance peak for parallel illumination as gap
becomes smallen dimer 2 showshat,theinteraction between closkscs increases

thus coupling between them increases as gap between them dedidasedhe
illumination polarization is perpendiculéw the dimer axis, gap distance does not
seem to affect thecatteringpeak thusa very similar spectrum tsolateddisc
responses observedThis shows that plasmonic coupling does not occur when the
illumination polarization is perpendiculdResultsindicate as the distance between
dimer get smaller the plasmon resonance peak redshifts when illumination is parallel
to the dimer axis. When the illumination is perpendicular to the dimer axis, gap does
not seem to affect the resonance peak significaaiyexpected from simulations in
Figure4.1.
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Figure4.3. Polarized illumination scattering spectra collected from dimerl and
dimer2, black curves are obtained with polarization axialjghto dimer axis and

red curves with perpendicular.
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Examination of experimental results and simulation results together a conclusion
about the gap distance can be made by consideringntiogint of shiftbetween
parallel and perpendicular polarized miinated resonance peaks. Experimental
spectral difference of peak positions between parallel and perpendicular polarized
illuminations are roughly 40nm and 80nm respectively for dimer 1 and dimer 2.
Examination of simulation results gure4.1 with measurements iigure4.3, the

gap distance between dimer 2 should be ar&@min while gap for dimer 1 should

be much moraf we compare the amount @btal redshift. This seems to be a
discrepancy between SEM images and simulation itidite However, such
comparison is not accurate since experimental conditions does not wigtich
simulated conditions. In simulatiosiown inFigure4.1, substrates are illuminated
with normally incident light while dark field condenser used in experiments
iluminates the samples from a hollow cone with incident angterange of very
obligue angles To match simulation to the actual experiment, direction and
polarization should be chosen accordinglymericallythere is no way to illuminate
from multiple directions simultaneously. However, results from different

illuminations can be averaged to obtain experinmeatichingconditions

A simulation model is built for experimentatched simulation using Mnpbem, in
which scattering crossections are calculatdor the DF objective illumination cone

for every degree, and then the angular results are averaged. The same calculation is
performed for dimers with 10, 20, and 30nm gaps. The results are shéiguie

4.4. The Mnpbem code for this calculation is shared in Appendix B.
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Figure4.4. Scatteringrosssectioncalculated for dimer gaps 10, 20 and 30 nm
with DF objective matched illumination conditions

Comparing the results for normal illumination kigure 4.1, in Figure 4.4, both

parallel and perpendicular peaks are wider, and as the gap increases, the parallel peak
gets closer to the perpendicular peak more rapidly. Perpendiculazattar peak

also redshifts compared to normal incidence, but the peak is wider, as it does not
depend on the gap distance significantly. Only the average is shdviguire4.4.

We were also able to observe the quasistatic Ag peak around 350nm for both
polarizations. Since fields for both cases have a component in the vertical direction,
the Small (30nm) thickness of the disc is causing this extra dipolar resonakce pea

as the polarization of incident light has a component in vertical direction.

This analysis yields a more reasonable conclusion compared to the onaithade
simulations at normal incidendé&/hen the experimental peakifts shown irFigure

4.3 are compared, gap distances can be estimated to be around 30nm for dimer 2.
The distance found from SEM images was closer to 10 to 20utimne number of
samples these direct measurementsidaoted are limited while dark field

measurements collected from at least several hundred diRraisably the gap
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distance distribution in the actual samples is high causing the discrepancy between

experiment matched simulations and actual experiments.

Hole-to-substrate distance variation could be the main reason for gap size variation;
this variation should be minimized by undercutting just enough to fit the structure in
preparation. A careful examination of the upper imadgéguare4.2 shows a circular
areasurrounding dimers (undercut) that has a very large area (~1pum diameter),
which could have been much smaller to still fit dimers (~400 nm). When the undercut
is larger, small differences in temperature between substrate and air above the mask
can create stresses on the mask layer due to pressure differences creating little humps
and burrows centered at the hole. Such humps and burrows may stay deformed at
high vawum conditions. This effect may be the main reason for poor gap distance
stability and tunability. Making the undercuts smaller increases the PMMA support
on the mask layer, lowering hele-substrate distance variation, which increases the

stability.

41.2 Field Enhancement Near Dimers

One of the most important and interesting effects caused by plasmonics with small
gaps is the electric field enhancematithe gapregion These local enhancements

are called hespots.This enhancement boosts the interactiohgbit with matter in

the vicinity of the plasmonic structur®ne of the mostly recognizexpplications
occurring from this boost is surface enhanced Raman scattering (SERS). The field
enhancement around 100 nm diameter Ag dimers is simulated for vagmg ¢
distancessshown inFigure4.5. For gap distances 5nm, 10nm, 20nm, 30nm, 40nm,
and 50nm, maximum field enhancements are calculated to be 52, 25, 13, 10, 8, and

6 folds, respectively.
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Figure4.5. Relative electric field calculations anmodi 100nm diameter dimers at
532nm illumination apnm b) 10nm, c) 20nm, d) 30nm, €) 40nm and f)200nm

The field enhancement occurring around plasmonic particles also enhances the
SERS signal. To show this experimentally, dimer 1 and dimer 2 fabricatios on
substrates covered with a Raman active dye brilliant cresyl blue (BCB) for observing
field enhancement properties. Raman measurements have been collected using a
reflection setup on an optical microscope with a 532 nm excitation laser; the received
signal is then filtered with a sharp 532nm notch filter and sent to arbggiution
spectrometer. Longer exposure times are used in the order of 100 ms with an average
of several independent data. Note that the laser used can be considered unpolarized
due b long propagation in fiber before coupling to the system. This has been
validated by unchanged laser power measurements when a linear polarizer is rotated

in front of the detector.

Raman measurement results are giveRigure4.6. The graph shows Raman data
collected from dimed and dimef2 samples discussed in the previous part and a
bare Si surface after BCB deposition. The molecular structure of BCB is given as an
inlet. The small peak at 520 dmis a characteristic Si peak coming from the

substrate. The rest of them are BCB Raman peaks. Two dominant peaks are located
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at 580 cml and 1653 cnri, clearly observed in all measurements. Since smaller
gaps are known tmore efficiently enhance the field strength in the gap region, a
higher BCB peak is expected from the dimer with a smaller gap. As expected, the
dimer2 decorated substrate has more Raman enhancement than thel dimer
decorated one. Proving the increasiddf enhancement occurring closer dimers.
Moreover, comparing the measurement for plain substrate, the substrate peak did not
significantly enhance, which is also expected as hot spots poorly penetrate into Si
substrate both because of the high refractidex and the absorptive nature of Si.
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Figure4.6. Ramanmeasurementollected from BCB coatedimerl, dimer2 and

bare Si surface with unpolarized laser.

Another measurement has been madimer2 by linearly polarizing the excitation
laser parallel and perpendicular to dimer &as been shown iRigure4.7. Since

the laser powehnad to be set lowo keep polading filter not burned and extra 50 %
loss due to polarizatignt is harder to see the BCB peak, thus exposure time of the

camera is increased and a lower grid period grating is used Wiwahs the
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resolution.Plain substrate and dimérmeasurementare also collected but peaks
were almost indistinguishable from the noida.the graph the BCB peakt 1653
cmlis clearly distinguishablevhen the polarization is parallel to the dimer axis,
while when illuminated with perpendicularly polarized laser, it is not distinguishable
from the backgroundThis result clearly supports plasmonic coupling at the gap
region.

— parallel polarized illumination
6000 - — perpendicular polarized illumination
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2000 . . . . .
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Figure4.7. Raman measurement collected with polarized laser for polarization

direction is parallel (red) and perpendicular (black) to dimer axis from édmer

An experiment matched simulation is modelled for dirBewith gap distance
measured by scattering peak shift analyses (~30nm) and SEM images (~10nm). The
field distribution calculation for 10nm gap is showrFigure4.8. shows simulation
results of the enhancement in electric field norm for a dimer 1Gittm gapIn the

gap regiommaximumfield enhancemernis calculated to be abo80-fold for 10nm

gap and aboutO-fold for 30nm gapwith parallel polarized illumination at 532nm.
These enhartementsmay vyield up to10* - 1P fold SERS enhancemenfsom

molecules at the hatpotsince probability of Raman events scales with ftréh
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power of electric field strengthExperimental results indicate much lower
enhancement factosncenone of dimers shown significant Raman enhancement.
This is due to very low surface coveragedohers, which isabout 3%asshown in
Figure4.2. The density of hotpots throughout the surface is even lowee can

observe this by considering the size of red regionsgpots) fromFigure4.8.

Figure4.8. Plot of electric fielddistributionon and around of a dimer with 150 nm

discdiameter on Si witd0 nm gap with parallel polarized 532nm illumination

While simply taking the % power of maximum electric field enhancemendy
approximatesomewhat accurate SERS eleatmagnetic EF value for a surface with
densely populated hapots, such as plasmonic aggregates with sharp featores;
sparselydistributed hotspotslike the dimers discussed here thApproximation
should ao include nonenhanced fields onthe surface. More accurate
approximationmay be achieved bysing equatior( 4-1 ), integration of relative
electric field norm ovethe surface divided by total area.

.0 Qw

00 ;
Qo

(4-1)

The total area S should be the average area on the substrate for each structure can be

determined by surface coverage. For example, furéace coverage of 5% total
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surface area should be 20 times the structure @reds relative electric field norm

calculated as the ratio of sum of incidés®@ ) and plasmon inducg® ) electric

fields norm to incident electric fieldorm;

B 0O s
0B s

0

(4-2)
Since the computational met® discretize the problem with appropriate steps
equation( 4-1 ) can bewritten as summation anghto the simulation tools
summation ofEe at each discretization pointuttiplied by mesh area ijaat each
mesh point divided by total area per nano $tmec(A).
B O ;®
0

00
(4-3)

In the approximation method described above Raman dye is assumed to be uniformly
adsorbedn the sample surface afdly cover the surfaceThe simulation should

be built to calculate the field distribution not at the surface but at a distance where
molecule resides. This distance is dependent on the type of the Raman dye, for BCB

2 to 4 nm maybe a good approximation for molecule distance from the surface.

4.2  Fabrication and Analysis of Complicated Geometries

HMCL is very versatile in terms of geometrical nefmbrication capabilities when
applied with 2 axes rotation during material evaporatiororder b challenge the
geometricalnanafabrication capabilities andexploration of wideband plasmonic
resonancesnine different considerablycomplicatednancgeometries have been
fabricated.High magnificationcloseup SEM images and respectivdeposition
parameters have been reportedrigure4.9. The sme $ructures are fabricated on

glass andon Si substratesThe ceposition rate andhe underlying substratare
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indicated in the information provided near the SEM imatgmn exanmation of

structures, eacis given a name to be referraxgin text based on their appearance.

Upon examination of SEM images, although very interesting structures have been
fabricated, the poor quality of fabricated structures caches the eye compétred t
dimers examined ithe previous part. Dewetting of structures is the main reason for
observed structuralonuniformities. Dewetting is a frequently used method to create
low uniformity plasmonic interfaces amgconducted by annealing a thin metal film
deposited on the substrate at much lower temperatureththarelting point of the
metal.Since the film is too thin, it starts to separate into hemisphericatiskamal

A similar process is seemingly happening shown HMCL depositionstoo.
Deposition rate varied between depositions as it may be important in structural
deformation by dewetting. At lower ratedeposition takes much more tirend
evaporation chamber heats up a bit more due to radiation tfreravaporation
source. Upon examination of SEM images, it seems not to have a large impact on
structure quality. Deposition rates ranging from 0.2 A°s to 2 A%e been used

with little indication d any effect ortheresulting structure.
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1. Exclamation mark ‘¥
60nm Ag while azimuthal
motor continuously
rotate between 0°-20° +
25nm Ag deposition at
15° fixed azimuthal
angle. On Si, rate
~0.5A°/s

3. Egg

30nm Ag with 10° fixed
azimutal angle + 100nm
while 360° continuous
polar rotation with 15°
fixed azimuthal angle. On
Si, rate ~0.5A°/s

2. Axe

55nm Ag with while +15° -
15° polar angle rotation
with azimutal angle fixed at
15° + 100 nm while +20° -20°
azimuthal angle sweep with
polar angle fixed at 0°.On
glass, rate ~0.5A°/s

4, Plus sign

50nm Ag while +15 °-15°
azimutal angle sweep +
50nm while +15°- -15°
azimuthal angle sweep

with fixed polar angle at 90°.
On glass, rate ~0.5A°/s

5. Street sign

50nm Ag while

+25° -25° azimuthal
rotation at fixed polar
angle + 2x polar rotation of
60° and repeat. On Si, rate
~2A°/s

6. Half circle with dots
140nm Ag while +90°-90°
polar rotation at fixed 25°
azimuthal angle + no tilt
30nm + 20nm at 10° tilt at
fixed 0° polar angle. On Si,
rate ~0.5A°/s

7. Capital ‘D’

140 nm Ag with +90 °-90°
polar rotation at fixed 25°
azimuthal angle + 80 nm
while +25 °-25° azimuthal
rotation at 90° fixed polar
angle. On Si, rate ~2A°/s

8. Circle with dots
Unknown amount at 25°
fixed azimuthal angle with
polar rotation and no
rotation at fixed angles. On
Si, rate ~2A°/s

9. Eye

60 nm Ag while 360° 500 nm
continuous polar rotation

with fixed azimuthal angle All scales

at 25° + 35nm at 7° fixed
azimuthal angle. On glass,
rate ~0.2A°/s

Figure4.9. SEM images of complicated nasstructures withatation and

evaporation parameters astucturenames
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The ptal thickness of evaporated material seems to have an important effect on
dewetting. Increased nonuniformitiase observed when the total thicknesstloé
structure is lowWall thicknesses of several of the fabrications are calculated by
dividing totalevaporation thickness by the ratio of hole area to the resulting structure
area, which has been shownHFigure4.10. Upon examination of the figuré can

be said that structure deforming due to dewetting is increased when the thickness is

below 20nm a thickness of at least 30nm seems to get rid of dewetting completely.

Figure4.10. SEM image arrayith thicknesses of several structures

Structures fabricated on glass samples also show slight differences from their Si
counterpartskigure4.11 shows thdexclamaion marlo geometry differs a bit even
though the two samples treated almost all experimental steps side by sideewith
same parameters. This difference may be catisedodifferent heat conductivities

and capacitiesr thedifferent adhesion propertie$ Si and Glass substrates.
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Figure4.11. Same structure left: on Si substrate right: on glass substrate

4.2.1 Scattering Measurements

DF spectroscopy of eadhbricated structure have been meastioedxaminaton

of plasmonic sd#ering propertiessome of the scattering results from simpler
structures allowurtheranalyzable scattering peakhe attering spectrum of the

At he excl amat i on Figwa 4.1 0Theissuctusehcontams tiwm
plasmonic particles, and the gap between them is higher than both of the dimers
examined in sectiod.l; thus, little coupling between them is expected, and the total
scattering crossection should include two distinct Gaussian pe@eaissian peak
fitting analysis made usin@riginlab yielded that the measured spectruaimost
perfectly contains two distinct peaks from tisc and rod The peak found to be
around 650 nm isriginatingfrom the plasmonic resonance of thiecand short side

of the rod, as these twWmavevery similar dimensiongnd the peak around 970nm is
from the long side of the rod. A similar tweak fit analysis is made for the
scattering result of ARgred1PpThissdructiiegas 0 st ruct
a thicker square at the middle and two crossing atesch orthogonal directipn
thesmallerpeak around 750nm sipposed toesultfrom the plasmonic resonances

at the thick square middle sectj@nd the larger and naxer peak at aroundein

is the resonances from the two arms of the structure.
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The measurementsofm fAeye o st r Figuredild thesspeottum isi n
dominated by the peak from the thicksc inside the thin outer circle. Other
structures that showwidepeaksn t he measur ement region are
wi t h . lwbih ofstheeir measurement results are shownFigure 4.15. As the

structures most probably more thawo distinct scattering peaks and more
complicated plasmonic coupling properties, peak analysis attempts were
unsuccessful. However, their wigeaks may be useful for applications where wide

band plasmonicscatterersare desired, such as solar cell amilons. Other

structures irrigure4.9 did not show distinguishable scattering peaks at measurement

range thus are not further discussed.
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4.2.2 Examination of Annealing

Annealing is a frequely used method to modify structural properties of metal
nanostructures. It is mostly used to get rid of sharp features and nonuniformities. To
observe how annealing effect the structural propedfiesese fabricationseveral

of the fabricated structeason Si substrate a@nnealed on a hot plaset t0210C

for S5minutes Figure4.16 shows SEM images of several structures before and after
annealing. Symmetric and thictructuresare observedo keep their shape better
after annealing annealing seems to disturb the geometry even more by increasing

islands formed by dewettirfgr thinner structures.
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Figure4.16. Structural effects of annealirog fabricated structureap: before,

down: after annealing

Effect of dewettingon scattering properties have been examined for dimers and

Afex@amati on mar Kkiguref.1&¥ Bhowscneadsureamerds. of scattering

spectrums before and after annealing for each structure. Since particle size gets

smaller aseen in SEM image insets, a blueshift is observed. Change in the spectrum

is more significant for the exclamation mark, but as SEM images show, structural

deformation is also significant and structure is much smaller after annealing.
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Figure4.17. Dark field spectrum before (black) and after annealing (red), insets for

respective SEM images
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DF spectrum after annealing back illumination
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Green curveshowthe sum of two fitted curves.

A two peak gaussian fit analysis is per
structure. When compared with same analysis before annealing shdvigure

4.12, both peaks arelue shifted The peak corresponding to ttliscis shifted from

650nm to 525nm and the peak corresponding to the rod is shifi@®#0Onm to

627nm. SEM images support tiishavioras the size of each structure gets smaller

than the original dimensioradter annealingvhich is the reason fdrlueshiftin their

resonancevavelength.

A contraryoutcome is obtained for another dimer faétion, this time with thicker

discs of 50nm. The polarized illumination DF spectra is examined for the two discs
shown inFigure4.19, the measurements on the Isftione right after the fabrication

and the graph on the right measured afteg216 minutes annealing treatment. A

red shift is observed in both parallel and perpendicular polarized measurements
indicatingoverall disc diameter is increased after anngalMoreover, comparing

the parallel polarized measurements the coupling between the discs are enhanced.
The inset SEM images supports the reduction in gap distance after annealing

treatment.
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Figure4.19. Polarized DF spectrums of a dimer fabrication with thicker discs, left:

before and right: after annealing.

4.3  Preferential Scattering Calculations forPlasmonEnhanced

Photovoltaics

Plasmonic nanopatrticles on interfacesdilaeen shown to radiate preferentially to

the higher refractive index mediyi2]. One particular paper examirtbgratio of
forward scattering compared to overall scattering for various simple nanoparticle
georretries placed over a solar cell surfd@d3]. Farfield radiation mode of
simulation software can be used to realize and reproduce this result. Since HMCL
can be used to fabricate various geometries on intsffacd one of th@romising
applications is photovoltaic surfacecorationfor efficiency enhancement. It has
been proposed such structures could be most effective on the surfaces of thin film
solar cellshby increasing the effective patbngth of light reducingenergy scape

from the active regiorMnpbem is usetbr calculation of the radiation pattern from
structures placed on Si substrate, 3D angulafiééd scattering distribution pattern

for 100 nm diametediscat 500 and 650nm wavelengths and for a spfrere left

to right, respectively are shown fRigure4.20. The radiation pattersuggestghat

the preferential scattering into the Si substrate is much higher than backscattering

throughtheair side.
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Figure4.20. Mnpbem simulatiomesults.3D polar plotsfor angular far field

Scattered Intensity (

scattering distbution pattern fog) 100 nm diameter spheref)0 nm diameter
discat800 nm wavelength. ¢jemisphere defined at infinity for poting vector

calculation.

With the calculation model built for fdreld scattering patterns, the ratio of
scattering intothe substrate to total scattering can be calculated for various
structures. Model is first used to reproduce the results in the paper published by
Catchpole and Polmd@213], in which preferential scattering ratio is calculated

Ag disc, hemisphere, and two sizes of spheres shown in the left $tdpuod4.21,

same calculations performed by our model and results are shown in thed&gbt si
Figure4.21. When compared, a very similar trend is observed; the disc with a 100nm
diameter has the largest preferential scattering, followed by a 100nm hereisph
100nm sphere, and 150 nm sphere. Moreover, wavelength dependencies follow very
similar trends. However, the values of the ratio are much higher in our simulations.
The discrepancy in ratio values is thought to originate from the differences in model
building. In our simulations, the structures are placed directly over the Si surface,
while in the article, there is an intermediate SiO2 layer. Another difference is the
simulation method; we used ad8nensional Maxwell solution with the BEM

method; in tle paper, a-2limensional solution with the FDTD method is uE&mB3].
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Figure4.21. Simulation results showing fraction of incident radiation scattered into

substrate for 4 diffemt plasmonic structures. Left: simulation results acquired

from [213], right: Reproduction of results by Mnpbem simulations

Using the same approach several different geometries have been examined, for

geometry selection structures that can be fabricated with HMQhreferred Since
thediscs yield thehighestpreferential scatteringatio uponexaminedyeometriesn
Figure4.21, results obtained from different geometries have been compadestto
results Preferential scattering ratios for Dimers of diameter 150 nm with 10 and 20

nm gapdistance, Quadromers with 50nm gap between neighbdalisag with

diameters 100 nm and 150 rmalyses include rods of 3 aspect ratio, cross with

different geometrical aspects, split rings and ring structures. For structured that does

not show symmetry twgerpendicular illumination polarizations are analyzed

independently.

The preferential scattering ratio results for 150 nm dimetis gap distances of
10nm and 20 nm and quadromé@ve been shown iRigure 4.22. The fraction

scattered into substrate show similarly high values over 94% for all the structures

The disc with 100nm dimeter is the winner again in this comparison. The values

calculated for 150nm dimetatisc a n d

150nm di ameter

di

polarization results are virtually the sarbémer gap distance change from 10nm to

20nm shows very little diérencewhen the polarization is parallelinlike their
scattering spectra previously calculated and showrfFigure 4.4, where the

plasmonic resonance peak is shdwbe redshifted and get wides the gap distance
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reduced. Wider resonance peak however, may be beneficial in overall plasmonic
contribution as the scatterimgosssectionis higher overall at a wider band of the

spectrum.

Fraction scattered into Si substrate
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Figure4.22. Fraction scattered into Si substrate for Dimers and quadromers
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Figure4.23. Fraction scattered into Si substrate fmts of different aspect ratio
the short axis lengtis left: 200nm, right: 150 nm.

The results obtained for rods are showfrigure4.23, in these analyses 3 different
rods with varying aspect ratio, width/length values are given in insets with 3D
models, are examined for 100 and 150nm widths. Similar to the dimers these

strudures also yield very high fractional scattering ratios. The fraction scattered into

113



substrate lowers as the aspect ratio getting lower and overall values are higher for
100nm width structures. The compadksis of same size, which are aspect ratie

rods, yields highest preferential scattering into Si.

Another consideration is the angular distribution of scattered light in the supstrate
which is especially important for thin film solar cell applicat'owhere light
escaping from thin active region begabsorption is a problem. Angular distribution

of scattered radiation calculations can be used to estimate how much of the scattered
light will be directed into guided modeég., scattered with an angle above TIR. The
simulation results for angular digtution of pointing vector norm inside the Si
substratet far fieldfor a sphere andiscof diameter 100nm is shown figure4.24.
Comparing the two results the joaty of scattered light from the sphere is directed
directly below with a smaller portion is directed into guided modegJisarhigher
portion of the scattered light is directed at higher angles.poynting vector norm

of the scattered light is mudbwer for the disc due to the efésonance of the
incident wavelengthA similar pattern is observed over a range of wavelengths
indicating thatdiscis better at directing the scattered light into guided modes for a

thin film solar cell

Tuuuu — Suuu

,' \ [~ Scattered direction — Scattered direction
9000 | [ Escape cone 1 Escape cone
2500 ¢

8000 ;

[ ‘
7000 [ I}
|
['H
|
|

8]
=
=}
S}

6000 -
5000 - 1500 -

4000 +

Poynting Vector Norm (W{mg)
3
o
o

Poynting Vector Norm (mez)

3000 ¢ / r |
‘ \

2000 -

~
o
=3
=]

1000 - s | Ny 1 // N \ \\‘

— . e P . NS . N L S
180 200 220 240 260 280 300 320 340 360 180 200 220 240 260 280 300 320 340 360
Angle (degrees) Angle (degrees)

Figure4.24. Angular distribution of pointing vector norm of scattered light inside
the substrate. Left: A spheight: A discwith 100nm diameter each at 500nm

wavelengthRed lines indicate the TIR angle of Qifmterface
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Figure4.25. Calculation of the fraction of scattered light directed into guided

modes of a thin film Si solar cell for different plasmonic structures

None of the geometries under examinatiearss to reach the preferential scattering
ratios obtained from discs. However, this analysis does not fully indicate the overall
contribution of such structures toe efficiency of a solar cell when placed on the
surface. One of the important values tmsider here is scattering efficiency. For
example, discs examined in these analyses have their plasmonic resonance at near
infrared regions shown idrigure 4.26, the resonance positions are redshifted
compared to previous analyses on glass substrates due to the high refractive index Si
substrate in the vicinity. While, the resonance position of a sphere of same diameter
does not reghift as much as the disc. @hesonance peak position is around 550nm

for a 100nm diameter Ag sphefithe wavelengths used for these analyses are out of
resonance for the discs. Even if the fraction scattered into substrate values are very
high, scattering efficiency of these disa®g delow 1 at 600nm. This means the
interaction area is lower than the geometrical area and depending on surface
coverage a very small portion of incident light interacts with discs in the visible

region.
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Figure4.26. Calculated scattering and absorption efficiencies for discs on Si

substrate. Blue curves are for disc diameter 100nm and green curves are for 150nm

4.4 A Model for Quantification of PlasmonicContribution to Photovoltaics

There are many variablethat should be considered whéme contribution of
plasmonic structure® efficiency is aimed to be calculatéddmodel can be used to
combinethese variables tguantify the overall effect of plasmonic surface scatterers

to PV efficiency. When the wavelength range for calculation is determined we can
incorporate scattering and absorption efficiencies, fraction scattered into PV,
plasmonic path enhancement factor and surface coverage together into the model.
Using this approach, fa PV surface covered with plasmonic particles, we should

be able to estimate the total plasmonic contribution to the absorption at active layer

A calculation modebelowis proposedor thin film solar cell
We should start witlsonditions that this modé valid:

1 Active layer is far from particles such that near field enhancement effects do
not contribute td®V absorption
Surface and back reflector are perfectly flat
No coupling between the structures, there can be coupling inside the analyzed
structurebut next structure on the surface does not interact with previous one
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T Particles are randomly distributed

collectively interfere

Portion of incoming energy interacting with plasmonic structutg@s#n be defined

as,;

(4-4)

Where;6 is extinctioncrosssection 0 is the area of the plasmonic structures

surface coveragetio of plasmonic structures.

' is defined as the ovepping factorSinced  may be much larger than 1 around
resonancef takes a value thaeducesQto 1if 0  "Yis higher than 1 indicating

a purely plasmonic interface interactjatherwisg¢ = 1.

p "Qportion of incoming energy does notteract with plasmonic structures,

governed by Fresnel-R coefficientsof the decorated interface.

Total plasmonic absorption loss (L) and total scattered portion (S) can be calculated

as,
o 0
V) Q—
(0]
(4-5)
5
Y Q—
(0]
(4-6)

Total portion scattered into substrate can be calculated using preferential scattering

ratio (Psr) calculated in the previous setts;
Y YO i i

(47)
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For a eSi PV active region with thickness in the range of 2@, all the light

entering the substrate can be assumed to be absorbed after one pass. The plasmonic
enhancement generally worked on thin film devices agplsmoniccontribution
compared taincoated case would be significantly more. For the case of &lthi
devicethe angular distribution calculation of scattered light in subsstabelld be
considered. Thpath enhancement factor can be calculated as;

P~ _
B 7o Y

"0
~

(48)

With active region thickness t and absorption coefficient PV absorption
coefficientby plasmonics structurés & iand norplasmonic absorption coefficient

O o iafter 2 pases in active regioan be found using;

(4-9)
boi p Q7Y p 0
(4-10)
After 2 passes from active region the leftover en@@yion Y that will
incident to the interface from inside is:
Y Y Q p Q7Y Q
(4-11)

Here, depending on the amount of leftover engpgytion, calculation can be
repeatedagain this time for light incident from the inside, the angular distribution
may be ignored and most dominant angle can be used as the angle of incidence. Until
the leftoverenergyfalls a certain threshold calculation can be repeated. Adding all
absorptio coefficientsyields total absdred portion of incoming light. Repeating for

multiple wavelengths a spectral graph of portion of energy absorbed will be obtained.
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By using the internal quantum efficien€§QE) of the cell total efficiency can be
predicted The obtained result can be compared to the case without plasmonic
nanoparticles and total contribution of plasmonic nanoparticle to overall efficiency
can be calculatedror a case with conventiorick solar cell complete absorption
after 2 passes cdme assumedequation( 4-7 ) would be enough to obtain total
absorption due to plasmonic scattering, which can be combined with Fresnel

transmission thus a simpler solution would be obtained.

For solar cell surface decoration, the plasmonic enhancement should be integrated
over the wavelength region of the device, weighted over the solar spectrum. The
equation( 4-12) can be usetb calculate th@verallplasmonicenhancemerfor Si

based solar cells both for experimental results and for calcul§ti®bk

0 _ 0 0p®Q_
0 _ 0 0p®Q_
(4-12)
Where AM1.5 is the normali zeéed isthel ar specH

absorption of Si device without plasmonic surface decoratioand _ is the

absorption of Si device with plasmonic surface decoration.

44.1 Comparison of BasicPlasmonGeometriesat Resonance

For comparison of differemgfeometriesa simpler approach deriving from this model

is used A completely plasmonic casmn be examineldy using resonant particles

at a specific wavelengtivith surface coverage chosen such that gRdsonance
position is chosen for purely plasmonic interaction analysis, at of resonance
illumination extinction efficiency falls below 1 quickly making purely plasmonic
analysis impossible even with very high surfama/erages. By conducting the
analysis his way maximum contributiorto PV efficiency due to plasmonic
structurescan becalculated.The surface this time kept more realistic by adding a
10nm SiQ layer on top of Si substrate as plain Si substrates quicktlyzes until a
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natural oxide layer is formed when exposed to atmosphse irst example532
nm is chosen for analysis. The Agcdiameter that will resonate at 532nwhen
placed on 10nm thick Sg@n Si substratloundby several calculations vita rough
and finediameterspan, the graphs aficattering spectraalculations are shown in

Figure4.27. 71 nm is found to be resonant at this wavelength.
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Figure4.27. Scatteringcrosssectioncalculations for finding the diameter of the

discresonant at 532nm on 10 nm thick $¢D Si substrate

The angular scattering distribution is calculated fordiseand polardistribution
graphis shown inFigure4.28. The calculated parameters are givei able2.

Figure4.28. Angular distribution of scattered radiation for digcof diameter

71nm on 10 nm thick Si&dn Si at 532 nm illumination
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