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EXTENDED ABSTRACT IN CROATIAN LANGUAGE

uvoD

Ultratanki slojevi plemenitih metala, srebra, bakra i zlata, na ¢vrstoj podlozi strukturno
predstavljaju dvodimenzionalno rasporedene metalne nanocestice. Mogu se jednostavno
proizvesti postupkom depozicije na ¢vrstu podlogu isparavanjem srebra, bakra ili zlata u
visokom vakuumu. Opticka svojstva nanocCestica plemenitih metala vrlo su zanimljiva i
posljedica su pojave lokaliziranih povrSinskih plazmona — koherentnih oscilacija slobodnih
elektrona metalnih nanocestica koje nastaju pri interakciji sa svjetlom. Istrazivanje optickih
svojstava metalnih nanocestica, za koja se pokazalo da su u uskoj vezi s njihovim strukturnim
1 morfoloSkim osobinama, otvorilo je podruc¢je znanosti koje se naziva plazmonika metalnih
nanocCestica. Razvoj plazmonike metalnih nanocestica potpomognut je pronalazenjem i
usavrSavanjem eksperimentalnih tehnika za dobivanje plazmonickih struktura, primjenom
naprednih mjernih metoda za njihovu karakterizaciju te pronalazenjem teorijskih modela i
simulacijama opti¢kih svojstava kompleksnih nanostruktura. Ova se disertacija bavi
istrazivanjem optickih svojstava te trazenjem korelacije izmedu optickih i strukturnih
svojstava ultratankih slojeva plemenitih metala. Opticke karakteristike ultratankih slojeva
nanocestica srebra, bakra i zlata u uskoj su vezi s njithovom veli¢inom, oblikom i raspodjelom

te dielektricnom okolinom.

Cilj istrazivanja bio je odrediti vezu izmedu optickih i strukturnih svojstava ultratankih
slojeva plemenitih metala srebra, bakra i zlata na podlogama od BK7 optickog stakla, u
kombinaciji s razli¢itim dielektricnim okolinama (staklena podloga, slojevi TiO; i SiO, ispod
i/ili iznad sloja metalnih nanocestica) te odrediti fizikalne parametre pripreme uzoraka

potrebnih za dobivanje Zeljenih optickih svojstava.

Hipoteze su da su plazmonska svojstva (polozaj apsorpcijske linije plazmona, njezina
Sirina 1 intenzitet) nanocCestica srebra, bakra i zlata u dobro definiranoj korelaciji s njihovim
strukturnim parametrima te da se optiCka svojstva mogu dodatno modelirati odabirom

odgovarajuce dielektri¢ne okoline.



EKSPERIMENT

Kao prvo, odluceno je koje vrste uzoraka zelimo istrazivati, a koje mozemo sami
pripremiti s obzirom na dostupnu instrumentaciju. Uzorke smo proizveli metodom isparavanja
srebra, zlata, bakra, TiO; i SiO, depozicijom na podloge od BK7 optickog stakla u visokom
vakuumu. Za pripremu je koriSten evaporator s elektronskim topom Varian 3117 u Zavodu za
laserska 1 atomska istraZzivanja i razvoj Instituta “Ruder Boskovi¢”. Spomenuta oprema
omogucuje kontrolu nominalne debljine deponiranog sloja pomocu kvarcne vage, grijanje
podloga na razliCite temperature od sobne temperature do 220 °C te kontroliranu brzinu
isparavanja upravljanjem strujom elektronskog topa. Nakon pripreme prvih uzoraka izvrSena
su preliminarna opticka mjerenja transmitivnosti i refleksivnosti uzoraka koja su pokazala uz

koje parametre su najizrazenije fizikalne pojave koje Zelimo istrazivati.
U svrhu opticke i strukturne karakterizacije uzoraka primijenili smo sljedece tehnike:
a) za opticku karakterizaciju

—mjerenje transmitivnosti 1 refleksivnosti uzoraka radi odredivanja koeficijenta
ekstincije — spektrofotometrijska mjerenja u podruc¢ju valnih duljina izmedu 200 nm 1
1100 nm na instrumentu Perkin Elmer Lambda 25 u naSem zavodu te mjerenja u podrucju od
200 nm do 1700 nm na instrumentu Perkin Elmer Lambda 900 na Joanneum institutu u

Weizu, Austrija,

—mjerenja spektroskopskom elipsometrijom pod razli¢itim kutovima radi odredivanja
optickih parametara — realnog i imaginarnog dijela indeksa loma i dielektri¢ne funkcije te
debljina slojeva — na elipsometru Woollam V-VASE na Joanneum institutu u Weizu te u
nasem zavodu nakon Sto smo dobili vlastiti elipsometar Woollam V-VASE s proSirenim

podruc¢jem valnih duljina do 2200 nm,
b) za strukturnu karakterizaciju

— pretrazna mikroskopija atomskih sila (AFM — atomic force microscopy) na uredajima na

Joanneum institutu u Weizu te na Institutu “Ruder Boskovi¢”
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—mjerenja rasprSenja X-zracenja pri malim upadnim kutovima oko kriticnog kuta na
uzorcima (GISAXS — grazing-incidence small-angle X-ray scattering) radi dobivanja
horizontalne i vertikalne veli¢ine nanocestica te njihove udaljenosti — na SAXS liniji

sinkrotrona Elettra u Trstu

Etape pripreme uzoraka i provodenja mjerenja izmjenjivale su se u iterativhom procesu
uz analizu podataka nakon koje bi se pripremali uzorci uz promijenjene fizikalne parametre u

procesu pripreme do postizanja odgovarajucih optickih i strukturnih svojstava.

Rezultati mjerenja metodom GISAXS na sinkrotronu obradivani su programskim alatima
MATLAB (priprema mapa rasprSenja X-zracenja za obradu te izratunavanje horizontalnih i
vertikalnih veli¢ina nanocestica te njihove medusobne udaljenosti primjenom Guinierove
aproksimacije) 1 ISGISAXS (detaljno modeliranje strukturnih parametara metalnih

nanocestica).

Rezultati pretrazne mikroskopije atomskih sila obradivani su programskim alatom
Gwyddion, a najvazniji parametar dobiven primjenom te metode bio je medusobna udaljenost
izmedu Cestica. On je usporedivan s rezultatima koji su dobiveni nakon GISAXS rasprSenja

primjenom programa IsGISAXS.

Detaljno istrazivanje optic¢kih parametara uz slozeno modeliranje (realni i imaginarni dio
indeksa loma odnosno realni i imaginarni dio dielektricne funkcije te ekvivalentne debljine

sloja) provedeno je primjenom programskog alata Woollam WV ASE32.

REZULTATI | DISKUSUA

Metode opticke spektroskopije, spektrofotometrija i elipsometrija, pokazale su da
optickim svojstvima ultratankih slojeva srebra, bakra i zlata na BK7 staklu dominira pojava
lokaliziranih povrSinskih plazmona. Rezonancija lokaliziranih povrSinskih plazmona vidljiva
je u spektrima kao izraZeni apsorpcijski maksimum. Osim rezonancije lokaliziranih
povrsinskih plazmona, kod uzoraka ultratankih slojeva zlata i bakra uocava se na viSim
energijama u spektru dodatna apsorpcija koju pripisujemo prijelazima izmedu energijskih
vrpei zlata i bakra. Kod uzoraka ultratankih slojeva zlata i bakra pripremljenih na nizim
temperaturama 1 s ve¢om koli¢inom materijala, u infracrvenom dijelu spektra pojavljuje se

pobudenje karakteristino za postojanje slobodnih nosilaca naboja.
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Pretrazna mikroskopija atomskih sila pokazala je da su ultratanki slojevi srebra, bakra i
zlata na BK7 podlogama u strukturnom smislu zapravo slojevi nanocestica na podlozi, a ne
homogeni slojevi metala. To je u potpunom slaganju s postojanjem rezonancije lokaliziranih
povrSinskih plazmona uofenom u optickim svojstvima. Na slikama pretrazne mikroskopije
atomskih sila uzoraka kod kojih se u infracrvenom dijelu spektra pojavljuje pobudenje
karakteristicno za metalnu vodljivost, jasno se uocava pojava perkolacije, odnosno spajanja
nanocestica u vece, povezane nakupine koje poc€inju stvarati mrezu §to omogucava elektri¢nu

vodljivost u ravnini uzorka.

Kod uzoraka ultratankih slojeva srebra, bakra i zlata na BK7 staklu uoceni su sljede¢i trendovi

strukturno-morfoloskih svojstava s promjenama parametara depozicije:

1. Povecanje veli¢ine Cestica 1 njihove udaljenosti s povecanjem nominalne debljine
naparenog sloja. Ovaj trend moZze se objasniti grupiranjem klastera materijala u vece

Cestice s porastom koli¢ine naparenog materijala.

2. Povecanje veliCine Cestica i njihove udaljenosti s povecanjem temperature podloge pri
naparavanju — rezultat je toga Sto je formiranje vec¢ih, viSe udaljenih Cestica povezano s

vec¢om energijom dostupnom atomima materijala kada dolaze na jace zagrijanu podlogu.

Trendovi promjene optickih svojstava s promjenom parametara depozicije uzoraka su:

1. Pomak prema manjim energijama, Sirenje apsorpcijske linije plazmona i porast njezinog
intenziteta s povecanjem debljine naparenog sloja (primjenom Maxwell Garnettovog
modela na sloj nanoCestica srebra sa zaStitnim tankim slojem SiO,, promatran kao
mjeSavina metalnih nanocCestica i dielektricne okoline, dobivaju se opticki parametri koji
pokazuju porast apsorpcijskog maksimuma uz Sirenje linije i pomak prema manjim

energijama s povecanjem debljine sloja).

2. Pomak prema veéim energijama i suzenje apsorpcijske linije plazmona s porastom
temperature — moZe se objasniti kao rezultat kombinacije morfoloskih trendova s
povecanjem temperature (povecanje sferi¢nosti Cestica, njihove veli¢ine i medusobne

udaljenosti) Sto uzrokuje pomak prema veé¢im energijama i Sirenje plazmonske linije

1Y%



Za opticku karakterizaciju ultratankih slojeva srebra, bakra i zlata primijenjena je
spektroskopska elipsometrija s razlicitim kutovima upada snopa svjetlosti na uzorak.
Napravljena je prilagodba eksperimentalno dobivenih elipsometrijskih kutova ¥ i A onima
koje daje model, uz modeliranje sloja nanocestica kao homogenog sloja s efektivnim optickim
parametrima (i, &2) 1 debljinom (der) uz uporabu oscilatora za opisivanje razli¢itih pobudenja

u spektru (Kramers-Kronig konzistentno).

Pokazalo se da je dovoljan jedan Gaussov oscilator na polozaju plazmonske rezonancije
te dodatni oscilatori za energijske prijelaze izmedu energijskih vrpci (jedan kod srebra i dva
kod zlata) za opis optickih svojstava uzoraka nastalih pri viS§im temperaturama podloge uz
manju nominalnu debljinu sloja. Kod uzoraka nastalih pri nizim temperaturama uz vecu
nominalnu debljinu sloja nema lijepo formiranih nanocestica ve¢ se vide povezana podrucja
metala. Za modeliranje su potrebni dodatni oscilatori — zbog nehomogenog Sirenja
plazmonske apsorpcije i radi opisivanja ponasanja slicnog makroskopskom metalu pri niskim

frekvencijama (elektri¢na vodljivost).

ZAKLJUCCI

Opticka svojstva ultratankih slojeva plemenitih metala srebra, bakra i zlata na podlogama
od optickog stakla, kojima dominira pojava lokaliziranih povrSinskih plazmona, mogu se
kontrolirati odabirom uvjeta pri postupku naparavanja (temperatura i koli¢ina naparenog

materijala/nominalna debljina sloja).

Kombinacija  primijenjenih  eksperimentalnih  tehnika  (spektrofotometrija 1
spektroskopska elipsometrija s razli¢itim upadnim kutovima snopa svjetlosti kao tehnike
opticke spektroskopije te pretrazna mikroskopija atomskih sila i GISAXS kao tehnike koje
daju uvid u strukturna svojstva uzoraka) omogucuje odredivanje veze izmedu strukturnih i
optickih svojstava istrazivanih uzoraka. Spektroskopska elipsometrija pod razli¢itim kutovima
uz opisani model (kombinacija oscilatora za opisivanje razli€itih fizikalnih pobudenja u

sustavu) daje potpunu opticku karakterizaciju uzoraka.

Rezultati opticke karakterizacije posluzili su kao prvi korak u modeliranju viSeslojnih
sustava — slojeva nanoCestica zlata izmedu slojeva dielektrika SiO, 1 TiO, s ciljem
dizajniranja inovativnih optickih komponenata. Ultratanki slojevi zlata uspjeSno su

upotrijebljeni u dizajnu reflektora visokog sjaja.



1. Introduction

Nanoscience and nanotechnology are tremendously increasing fields of research that aim
at producing, characterizing and understanding nano-objects and assemblies of nano-objects.
Their new physical or chemical properties that arise from confinement effects closely depend

on their morphological properties, i.e. their shapes, their sizes and their spatial organization.

Nanomaterials are widely seen as having a huge potential to bring benefits to many areas
of research and application. Therefore, they attract fast growing investments. Nanomaterials
are defined as having at least one dimension in the nanometre range (1 nm —100 nm). Their
properties may significantly differ from those at a larger scale for two main reasons. At first,
confinement effects, usually quantum effects, dominate the behaviour of matter at the
nanoscale affecting the structural, optical, electrical and magnetic properties of materials.
Secondly, nanomaterials have a relatively larger surface area when compared to the same
mass of macroscopic material. This can make them more chemically reactive (in some cases
materials that are inert in their macroscopic form are reactive when produced in their

nanoscale form), and influence their strength or electrical properties.

Nanoscience and nanotechnologies are already present for several decades, but advances
in the production and characterization tools have allowed materials to be examined with great
precision and enabling the expansion and further developments in this field. The field is today
not restricted to physics and chemistry, but it is also involved in life sciences. Recent
industrial developments are clearly targeted at introducing nanostructures into everyday life.
For instance the ongoing trend of miniaturization in electronics has reached the nanometre
scale, where the phenomena such as tunnelling, band structure or photon emission are
determined by confinement effects (size, morphology, atomic structure and composition). The
past years have thus been marked by the elaboration and study of materials on nanometric
scale, such as 2D layers or multilayers, 1D nanowires, 0D nanoparticles, such as quantum
dots, or buried aggregates. The properties of interest can be tuned by confining phenomena in

objects where at least one dimension is smaller than a typical bulk length scale.



One field with a lot of interest and impact in nanoscience and nanotechnology is
plasmonics. The term plasmon refers to collective oscillations of conduction electrons in
plasmonic materials, i.e. oscillations of charge density. Plasmonic effects are based on
interaction processes between electromagnetic radiation and conduction electrons at metallic
interfaces or in small metallic nanostructures, leading to an enhanced optical near field of sub-
wavelength dimensions. Thus, it makes plasmonics a major part of the fascinating field of
nanophotonics, which explores how electromagnetic fields can be confined within dimensions

on the order of or smaller than the wavelength.

The history of plasmonics dates back to Roman times, with application of metallic
nanoparticles for the staining of glass [1]. The exquisite Lycurgus cup from the fourth century
A. D. represents one of the outstanding achievements of the ancient glass industry [2], owing
its unusual optical effects to gold nanoparticles in the glass (in daylight the cup appears a
greenish colour, but if illuminated from the inside it glows in ruby). Plasmonics also provides
a bridge to the future — optical metamaterials (manmade structures with ‘unnatural’
properties). By combining the modern form of a Roman technology with ideas from ancient
Greece, cloaking devices for visible light come a step closer to reality [3]. Cai et al. presented
theoretical simulations that show that a modified Roman cup based on modern

nanofabrication technology will act as an invisibility device [4].

The clear mathematical foundation of two main concepts of plasmonics, surface plasmon
polaritons and localized surface plasmons have been clearly described at the beginning of the
20™ century [5-7], but the wealth of phenomena and applications of this field together with

recent experimental and technological possibilities drive its development further.

There are numerous exciting applications of plasmonics: optical applications — polarisers
[8, 9], data storage [10, 11], chemical and biological sensing [12, 13], second harmonic
generation [14], surface enhanced spectroscopy [15-18], novel solar cells [19-23], drug
delivery and cancer treatment [24-27] etc. Guiding light in integrated optical systems and
interfacing with electronic components remain important challenges for research and
development in plasmonics today and nanostructured metals are believed to be one of the key

ingredients of such future optoelectronic devices [28, 29].



In this thesis, central physical phenomenon is localized surface plasmon (LSP) resonance
in nanoparticles of noble metal island films. Metal island films (MIFs) consist of metal
clusters deposited on a substrate surface and represent one of the most basic cases of
nanostructured matter. They can be obtained by thin film techniques such as evaporation,
when the deposited mass thickness is in the range of few nanometres and the film’s growth is
characterized by the formation of islands, typical for the Volmer-Weber growth mode. MIFs
show unique optical properties due to the LSP resonance of the clusters, i.e. resonant charge
density oscillations in clusters excited by light. Optical properties of metal nanoparticles are
strongly dependent on their size, shape, distribution and dielectric environment [30]. Thus,
LSP properties of MIFs may be tailored by changing deposition parameters (amount of
material, substrate temperature and deposition rate) [31, 32] or by changing dielectric
environment (different dielectric environment around metal nanoparticles) [33, 34]. Also, the
LSP properties of MIFs can be tailored by post-deposition treatments (e.g. irradiation with
laser light [35] and high-temperature annealing [36]). Further tuning of the LSP resonance
over a wide energy range can be obtained using bimetallic nanoparticles (e.g., gold-silver),
either as core-shell or as alloyed structure [37-39]. Due to this capacity of tailoring the optical
properties, MIFs are interesting for various applications. I would like to mention a surface
plasmon related technique investigated by our research group — the electric field assisted
dissolution of metal nanoparticles (EFAD) [40]. Owing to its simplicity and inexpensive
technical requirements, EFAD represents an attractive possibility for production of low-cost

plasmon-based two-dimensional [41] and three-dimensional [42] photonic structures.

In order to tailor the LSP properties of MIFs for applied purposes, it is necessary to
understand the link between the deposition conditions and the geometrical structure of the
MIF. The influence of two fabrication parameters (substrate temperature and mass thickness
of deposited metal) in the MIF optical behaviour was analysed in this thesis. MIFs were
characterised with grazing-incidence small-angle X-ray scattering (GISAXS), atomic force
microscopy (AFM) and optical spectroscopy in UV-VIS-NIR range. In addition it is required

to establish a correlation between the observed structure of the MIF and its optical properties.

Initially, the focus is on the properties of silver, copper and gold MIFs deposited by
electron beam evaporation on glass substrates. The structural and optical characterization of
the samples evidences that the evolution of LSP characteristics with the fabrication
parameters is explained by the differences in the concentration, shape and size of the islands,

and their dielectric environment.



We have investigated which model can correctly describe the effective optical constants
of MIFs. One way to describe the optical behaviour of MIFs is by modelling the MIF as a
homogeneous layer with effective optical constants and thickness [43]. Effective optical
constants of MIFs are necessary in designing complex multilayers incorporating metal
nanoparticles [44]. Also, they offer insight to different physical phenomena connected to
MIFs, such as LSP resonance, size effects in nanostructured matter, percolation etc. Optical
constants are usually determined by fitting of experimental data to some parametric dispersion
model. Unlike many materials for which standard dispersion model exist, MIFs are usually
modelled by effective medium theories (EMTs), which only roughly describe their optical
behaviour [45]. Another approach is to use first principles calculations [46, 47] which are too
complex to be incorporated in a fitting procedure. Various approaches were tested in this
thesis and the conclusion is that the effective optical constants of MIFs were well described
using a multiple oscillator approach that can take into account different light-matter

interaction phenomena which occur in the investigated spectral range.

Structural properties of MIFs were assessed using AFM and GISAXS as experimental
techniques. After investigating different materials, gold was chosen for further use in the
analysis of MIFs embedded in dielectric multilayers. For this reason, approach far beyond
simple Guinier’s approximation was applied to investigate and describe gold MIFs’ structure
and morphology. The connection between optical properties of gold MIFs elaborated in the
preceding part of the study, and MIFs’ structure and morphology was established.

Next, the influence of surrounding medium that changes the original behaviour of LSP
was of a particular interest. Understanding the influence of surrounding media influence to
plasmonic oscillations is of crucial importance for the further multilayer design containing
metal island films. We have thoroughly characterized the LSP resonances and optical

characteristics of gold island films embedded between SiO, and/or TiO, dielectric films.

The last part of this thesis makes a bridge between acquired knowledge about optical and
structural properties of noble metal island films and a possible field of application of this
knowledge. The obtained data was used for the design of optical multilayers containing MIFs.

Gold MIFs were used in the design of reflectors with high luminosity.



The present dissertation is structured as follows: After general Introduction, in the
Chapter 2 some theoretical aspects of interaction of light with-matter are presented,
introduction to the field of plasmonics is given, with the emphasis on the plasmons in noble
metal island films, and physical basis of variable angle spectroscopic ellipsometry and
grazing-incidence small-angle X-ray scattering are given. In Chapter 3, experimental aspects
of the research are presented: sample preparation, optical and structural characterisation
techniques used. In Chapter 4, the results of optical measurements using spectrophotometry
on silver, copper and gold MIFs are shown with the aim to illustrate the main physical
phenomenon — localised surface plasmon resonance common to all samples. Next three
chapters are devoted to presentation of results obtained in the MIF analysis using particular
noble metal: Chapter 5 to silver, Chapter 6 to copper and Chapter 7 to gold. The final chapter
before the Conclusions, Chapter 8, brings the results of using gold MIFs embedded in

dielectric multilayers.



2. Theoretical background

The main subjects of this thesis are optical and structural properties of ultrathin films of
noble metal nanoparticles (silver, copper and gold) on dielectric substrate (BK7 borosilicate
glass) and the influence of embedding dielectric environment (SiO, and TiO, layers

below/above nanoparticle layer).

The theoretical background is presented to enable a proper interpretation of the diverse
phenomena of interest. The first part of this chapter describes physical processes which
happen during particle growth. In the second part of this chapter the basic concepts of
electrodynamics and solid state theory needed for understanding the optical properties of

metal nanostructures are presented.

2.1. Noble metal nanoparticle growth

Various experimental techniques are developed for production of thin solid films such
as PVD, CVD, sputtering, sol-gel etc. Our samples were prepared with electron beam
evaporation. Particles impinging to the substrate have kinetic energy of the order of less than
1 eV. The following atomic processes take place on a substrate: adsorption, diffusion,
desorption, nucleation and island growth [48]. They are governed by specific activation
energies. The first step is the adsorption of an incoming metal particle on the substrate. The
attractive term of the surface potential along its normal is, in this case, governed by van der
Waals force. In order to stick, the particle should be thermally accommodated on the
substrate. Once adsorbed, the particles diffuse and nucleate on the surface. When the

saturation density of nuclei is reached, the growth of formed aggregates takes place.

For thin film growth on a substrate there are three different growth modes, represented

schematically in Figure 2.1 [49].

e Volmer-Weber or three-dimensional island growth mode. If the binding energy between
adatoms is higher than the binding energy between adatoms and the substrate, the growth
process leads to aggregation of atoms and particle growth. This is generally the case with

metals grown on oxides [50, 51].



¢ Frank-van-der-Merwe or layer-by-layer growth mode, displays the opposite behaviour.
Because the atoms are more strongly bound to the substrate than to each other, the

adatoms condense completing layers on the surface.

¢ Stranski-Krastanov or layer-plus-island growth mode. It consists of an intermediate case.
After the formation of one or a few monolayers, layer growth is not favourable anymore

and islands are formed on top of the last monolayer.
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Figure 2.1 Schematic representation of the three different growth modes: a) Volmer-Weber,

b) Frank-van-der-Merwe and c¢) Stranski-Krastanov.

The nanoparticle growth is a process far from thermodynamic equilibrium. The kinetics of
growth, rather than thermodynamics, determines the final film morphology. Nevertheless,

thermodynamic considerations can be applied being kinetically rate-limited.

Under conditions of thermodynamic equilibrium, the film growth mode is determined by the
help of the surface free energies of the metal (ymer), the substrate (ys) and of the metal-

substrate interface (int).

If the following condition is met,

yint + ymet < ysub’ (21)

the formation of a metal-substrate interface is thermodynamically favourable and the metal
wets the surface at equilibrium which corresponds to a layer-by-layer or two-dimensional
growth mode. In the opposite case, when the formation of a metal-substrate interface is

thermodynamically unfavourable, the metal is expected to form three-dimensional aggregates.



Eaqn 1s the adhesion energy given by:
Eadh = ymet + ysub - yint' (22)

The strength of the metal-substrate interaction is given by the relation between the adhesion
energy and the surface free energy of the metal, E,an/ ymer. This ratio is indicated for gold,

silver and copper on SiO, and TiO; substrates in Table 2.1.

Table 2.1 Ratio E,an/ ymet for the materials used in this research [52].

SiO, TiO,
Au 0.202-0.219 0.455 — 0.485
Ag 0.188 —0.214

Cu 0.384

With the increase of metal-substrate interaction, particles become more flat. However, the

final shape is limited by kinetics considerations.

The most important processes during the early stage of growth have been discussed up to
this point. Further stage of growth is characterized by a decrease of the density of particles
and an increase in their size. This process is referred to as coarsening of aggregates. There are

three different mechanisms which lead to particle coarsening:

1) Coalescence by growth — when two particles get in contact during their growth, they
show a liquid-like behaviour and coalesce to a single one;

2) Coalescence by cluster mobility, i.e. cluster migration — surface diffusion of clusters and
their collision lead to particle coalescence; and

3) Ostwald ripening — the surface free energy of an aggregate is larger if its size is smaller

and, as a result, large particles will grow at expense of smaller clusters.

In contrast to the first two cases, contact between the particles in Ostwald ripening is not
necessary. When the adhesion of the particles to the substrate surface is low, coalescence due
to cluster mobility leads to particle coarsening. In the case of strong adhesion, Ostwald

ripening dominates. Reviews of the processes involved in nucleation and growth of thin films

are available in [48, 50, 51].



2.2. Interaction of light with matter

Any optical phenomenon is connected with the interaction of electromagnetic radiation
with matter. This interaction may be theoretically treated at different levels. One may use the
purely classical description, where applicable, or resort to quantum mechanical theory. In
semi-classical approach, the fields are treated within the framework of Maxwell’s theory,
while the properties of matter are described in terms of quantum mechanical models. Semi-
classical theory is enough to describe the phenomena discussed in this study and there is no
need to go to more advanced theory. Maxwell’s equations are used in classical approach and

in semi-classical approach.

2.2.1. Maxwell’s equations in matter

Maxwell’s equations are fundamental equations governing the evolution of

electromagnetic fields in the presence of charges, currents and polarisable media:

VD :pext’ (23)
V-B=0, (2.4)
vxE=-B 2.5)
o
vxH=J, +2 2.6)
o

These equations link the four macroscopic fields E (the electric field), D (the electric
displacement), B (the magnetic induction) and H (the magnetic field) with the external charge
and current densities pext and Jex. We distinguish between external (pext, Jext) and internal (p,
J) charge and current densities. The external set drives the system, while the internal set

responds to the external stimuli. In total pot = pext T p and Jiot = Jexe + J.

The advantage of macroscopic Maxwell’s equations, i.e. a phenomenological approach, is
that details of the fundamental interactions between charged particles inside media and
electromagnetic fields need not be taken into account, since rapidly varying microscopic

fields are averaged over distances much larger than the underlying microstructure.



If we denote the local electric polarization of matter with P and the local magnetization with

M, the four macroscopic fields are linked as:

D=¢E+P, (2.7)
1

H=—B-M, (2.8)
Hy

where &, =8.854-10"Fm™" is the electric permittivity of vacuum and x, =47-107NAis
the magnetic permeability of vacuum. We will consider only nonmagnetic (M = 0) materials.
P is the electric dipole moment per unit volume inside material and is related to the internal
charge density via V-P=—p. The condition of charge conservation V-J=—0p/dt implies
the following link between internal charge and current densities:

)2

== (2.9)

The equations describing the response of material in case of linear, isotropic and nonmagnetic

media, the constitutive relations are:

D=¢,cE, (2.10)
B =y, 1H, (2.11)
J=0E. (2.12)

The phenomenological coefficients are: & (dielectric constant or relative permittivity), x= 1
(the relative permeability of the nonmagnetic medium) and o (conductivity). The linear
relationship between D and E is also implicitly defined using dielectric susceptibility y which

describes linear relationship between P and E
P=¢,yE. (2.13)

Using (2.7) and (2.13) we obtain
e=1+y. (2.14)

Charges are additive, and, as a result, all polarization mechanisms present in real matter will
contribute their dipole moments to the final polarization, which is a sum of all dipole
moments in the medium. Contributions may come from free electrons, from bound electrons,

from positive ion cores and from permanent dipoles if they are present.
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The susceptibilities that correspond to different polarization mechanisms (signed by

index j) add up to the full susceptibility and the dielectric function becomes
e=1+> 7, (2.15)
j
where 7, are the susceptibilities of corresponding groups of dipoles.

In the macroscopic picture, if there is a macroscopic electric field E in a material of
electric susceptibility y the result is polarization P. In the microscopic description, the
polarization is the sum of all dipole moments p in unit volume, where each dipole moment is

induced by the local electric field Ejoca at the dipole site, that is,

P=Np=NaE (2.16)

local »

where o represents the local microscopic polarizability and N is the number of dipoles per unit

volume.

The local electric field Ejo differs from macroscopic electric field E and it may be shown

that at a site inside a simple cubic crystal the connection between these two fields is [53]:

_E+——P. 2.17)
3¢,

E

local

Using equations from (2.13) to (2.17), the following relationship between macroscopic (¢) and
microscopic («) material properties of a medium may be derived [53]:
e-1 1

=—Na, 2.18
-2 3¢, (2.18)

which is known as the Clausius-Mossotti relation. It expresses the fact that measurements on
macroscopic scale, which yield the optical constants of material, give further access to

microscopic parameters such as atomic polarizability.

If we want to properly take into consideration temporal or spatial dispersion, we have to

generalize (2.10) and (2.12) (assuming homogeneity of the medium)

D(r,t)=¢, | dt'dr'e(r—x',t —t"E(', "), (2.19)
0

I(r0)= [di'dr'o(r -t~ YE(. 1) (2.20)

11



We can decompose the fields into individual plane-wave components of wave vector k and

angular frequency w according to:
D(r,t) = _[D(k, @)’ drdt 2.21)
E(r,t)= jE(k, @)’ drdt . (2.22)
This leads to constitutive relations in the Fourier domain
Dk, w) = ¢,e(k, w)E(k, ®), (2.23)
J(k,w) =0k, 0)Ek,w). (2.24)
Using (2.10), (2.12), (2.23) and (2.24) we can relate dielectric function and the conductivity

io(k,w)

e(k,0)=1+ (2.25)

£,
If the wavelength of electromagnetic field in the material is significantly larger than all

characteristic microscopic dimensions, &(K,®) can be approximated by spatially local
response &(k=0,0)=¢&(w). At low frequencies, € is usually used for the description of the

response of bound charges to a driving field, resulting in electric polarization, while o
describes the response of free charges, resulting in the current flow. At optical frequencies,

however, there is no more clear distinction between bound and free charges.

Maxwell’s equations can be used to derive wave equations which have travelling wave
solutions. If we combine (2.5) and (2.6) in case that there are no external stimuli, we obtain

the following wave equations:

2
V(V-E)-V’E =—y, 8812)
t

in the time domain, (2.26)

2
K(K-E)-K’E=-¢(K, a))a)—zE in the Fourier domain. (2.27)
c
We can distinguish between transverse electromagnetic waves (K-E=0), with

dispersion relation

2

K2 = g(K,a))Z)—z, (2.28)

and longitudinal electromagnetic waves for which ¢(K, ) = 0.

The above sets of equations, together with appropriate boundary conditions, are sufficient
to solve the time and spatial evolution of electromagnetic fields in the presence of matter.

12



2.2.2. Optical properties of materials

As elaborated in previous section, a dielectric function £ or conductivity o may be used to
describe the optical properties which determine how light interacts with a material. They are

generally represented as complex numbers:

(o) =¢(w)+is,(w), (2.29)

6(w)=o0,(w)+io,(w). (2.30)

Alternatively, the optical properties can be described using complex refractive index 7 which

consists of the refractive index » and extinction coefficient £:
n(w) =n(w) +ik(w), (2.31)
with the following relation between conventions:
§=n". (2.32)

The refractive index n describes the phase velocity of light v as it travels in a material

compared to the speed of light in vacuum, c:

v="2, (2.33)
n

Light slows as it enters a material with higher refractive index. The extinction coefficient £
describes the loss of wave energy by absorption and scattering in the material (optical
extinction is a result of both absorption and scattering). It is related to the absorption
coefficient gy, as:

2k(w)w _ 4rk(w)

. (2.34)

@, (@)=
The intesity of light decreases in a material by optical extinction according to Beer’s Law:
I[(z) =1(0)e %", (2.35)

where z is the propagation distance of light in the medium. Thus, the extinction coefficient

indicates how the intensity of light decreases through propagation in a material.

! Absorption coefficient a,,, has to be differentiated from polarizability a.

13



The dielectric function represents the degree to which the material may be polarized by
an applied electric field. The imaginary part of the dielectric function has the useful property
of being directly proportional to the amount of field power absorbed per unit time and unit
volume at a point in the material. This is a natural quantity to be calculated from physical

absorption models.

The optical constants n and k (the real and imaginary parts of the complex refractive
index) represent the optical properties of a material in terms of how an electromagnetic wave
will propagate in that material. They actually contain the same information as dielectric
function. Both types of optical constants are commonly encountered in the literature and the

choice of optical constant type is generally determined by the application.

As a result of causality (the requirement that a material cannot respond to an applied
electric field before the field is actually applied), the dielectric function and the optical
constants depend on light frequency w (dispersion). The dispersions of the real and imaginary
parts of the dielectric function are related to each other by integral transformations called the

Kramers-Kronig relations:

2 © ! !

gl(w)=1+—Pj%dm’, (2.36)
T oy -0
20 F &(w)-1

& (@) =—"2P| a@)l,,, (2.37)
Ty 0 -

where P denotes the principal (Cauchy) value of integral.

It follows from Kramers-Kronig relations that if the imaginary part of the dielectric
function is known over the entire spectrum, its real part may be evaluated from (2.36) (and
vice versa, if real part is known, imaginary may be evaluated using (2.37)). If we recall the
connection between light wave frequency and photon energy E=#Aw , the denominators of the
(2.36) and (2.37) indicate that the integrand does not contribute significantly unless E'=#h®'
is fairly close to E=hw, so that absorption processes far from the photon energy of interest

do not contribute strongly.
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The optical properties of all materials are determined completely by the types and
strengths of the optical absorption processes that occur in the material. Three primary

mechanisms by which energy is absorbed from a light beam by solid state matter are:
Interband absorption

Interband absorption is optical absorption which occurs when an electron in a bound state
in the material absorbs a single photon from the light beam and jumps to a higher energy level
in the material. This process may occur as stated, with the electron’s crystal momentum
remaining unchanged, or absorption and/or emission of a phonon may also occur in such way
that the crystal momentum of the electron changes as well. Semiconducting and dielectric
materials exhibit an energy gap in their band structure, with the Fermi level of the material
lying somewhere within the bandgap. Thus, interband absorption will not occur for such
materials until the photon energy exceeds the energy difference between the highest occupied
electron energy level and the lowest unoccupied electron energy level. If these two levels
occur for the same value of the crystal momentum, the onset of absorption occurs with direct
transitions, requiring no change in the crystal momentum. This is the case, for example, for
GaAs. If the highest occupied and lowest unoccupied levels occur at different crystal
momenta, the onset of absorption occurs through indirect transitions, requiring the emission
and/or absorption of a phonon for conservation of both crystal momentum and energy.
Absorption, due to interband transitions, dominates the optical spectra in the UV-VIS-NIR for
nearly all semiconducting and dielectric materials. It may be well described using Lorentz
oscillator model (elaborated in further sections). Metals exhibit interband absorption structure
in the optical constants as well, but also show strong absorption effects due to the absorption

of photons by free carriers — electrons.
Intraband absorption

A second important type of optical absorption is intraband absorption, in which an
electron absorbs a photon from the light beam but jumps to a different energy state within the
same band. This process requires the emission or absorption of a phonon unless the initial and
final electron states occur at identical values of the crystal momentum. A special case of

intraband absorption is absorption by free carriers.
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Free carrier absorption

Metals and other conducting materials contain a ‘sea’ of conductors which are not bound
to any specific atom or location within the material. These free carriers exhibit a distinctive
optical absorption, which may be derived by solving for the trajectories of free carriers under
the influence of a driving electromagnetic field. The Drude model for metals successfully
describes free carrier optical absorption. Drude model will be presented in following sections
together with Lorentz oscillator model for dielectrics and semiconductors. The Drude model
may be obtained as a special case of a single Lorentz oscillator with the centre energy fixed at
zero. This is due to the fact that metals exhibit no band gap, as the Fermi energy for a metal

lays within one of the electron energy bands.

2.2.3. Optical properties of dielectric materials and semiconductors

Dielectric materials and semiconductors are equivalent for purposes of discussing their
optical properties. The optical constant spectra of a typical semiconductor or dielectric may be
divided into two distinct spectral regions. The first region extends from the photon energy
where the material begins to absorb to higher energies. The onset of absorption is due to the
onset of interband transitions above the band gap energy, and the material will usually be
absorbing for all energies higher than the energy at which absorption begins to occur. Near
the onset energy, the extinction coefficient (and imaginary part of the dielectric function)
tends to increase abruptly with energy, but may show complicated dispersion as the energy
increases due to contributions from many different interband transitions. At photon energies
less than the band gap energy, the extinction coefficient (and imaginary part of the dielectric
function) will be zero, and the refractive index decreases slowly and monotonically with
decreasing photon energy. The refractive index cannot show strong dispersion in this region,

as previously discussed with respect to the Kramers-Kronig relations.

It should be pointed out that the refractive index (and the real part of the dielectric
function) of a material should never increase with decreasing photon energy (or increasing
wavelength) if the extinction coefficient (and the imaginary part of the dielectric function) of
the material in the spectral range of interest is zero. This is very useful for identifying
physically acceptable results in model dependent optical characterisation techniques such as

ellipsometry when fitting for the refractive index of transparent films.
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A simplified, classical model for the behaviour of electrons in dielectrics will be
presented with the aim to deduce the frequency-dependence of the dielectric function. The
electrons in a non-conductor are bound to specific sites. The actual binding forces can be
quite complicated, but we shall picture each electron as attached to its site by binding force of
force constant kregioring

F =—k x=-magx, (2.38)

binding restoring

where m is electron mass, x is the displacement and wy is the natural oscillation frequency.

There will presumably be some damping force on electron:
Fdamping =-—my—. (2.39)

In the presence of an electromagnetic wave of frequency ®, amplitude Ey, polarized in the x

direction, the electron with charge ¢ is subject to a driving force

Fdriving = qE = qEO COS(a)t)' (240)
Newton’s second law now gives
d’x
F = Liotal = binding + Fdamping + F;iriving (241)

or as the real part of complex equation

ty—+wjx=+Ee "™, (2.42)
m

which has a solution

2
)’E(l‘) = #Eoef"‘”. (243)
w,—w —1yw

The induced dipole moment (due to the electron shift) is the real part of p(f)=¢gX(z). The
polarization is given by P=Np for the volume density of electrons N. Then, from (2.43),

P=¢,7E and & =1+ y it follows that

2

[0
gLorentz (a)) = 1 + 2 217 . 4 (244)
W, — 0" —iyw

2

© s called the plasma frequency;

where w,=
me,
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with real and imaginary parts

2 2 2
£y () =1+ — (% =@ (2.45)
@ -y
@ yw
&(w) = . (2.46)

The resulting model (2.44) is a classical Lorentz oscillator model of optical properties in
which bound electrons of matter are treated as simple harmonic oscillators subjected to the

driving force of applied electromagnetic fields.

In general, electrons in different states experience different natural frequencies w; and

damping coefficients y; (we assume groups of f; electrons) and

poiNe (Z /s JE (2.47)

2 2 .
m |\ T o -0 —iy,o

which together with P =g, yE and £ =1+ y gives

c(@) =1+ ¢ D /; (2.48)

2 2 . :
me, 5 w; -0 —iy;®

Notice that the imaginary term plays important role only when w is very close to one of

the resonant frequencies w;.

The quantum mechanical expression for the dielectric function may be written formally

identical to classical expression

o) =142 D Ty , (2.49)

2 2 .
me, T w; - —iy,w

but interpretations of the terms in the quantum and classical expressions are quite different.
Quantum mechanically w;; is the energy difference (divided by 7% ) between the initial or
ground state i and excited state j. The oscillator strengths f;; represent the probability of an
excitation from state 7 to state j; they are calculated through the matrix elements of the dipole

moment operator. y; relates to the probabilities of transition to all other quantum states.
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BKY7 glass substrates were used for all the samples in this research and thin films of SiO,
and TiO, were used in multilayer samples. These materials are transparent to the visible light
with absorption edge in the UV. Dispersion relations used for their optical characterization
(Cauchy dispersion model in visible and Urbach absorption in higher photon energy region)

are discussed in the following paragraphs.

Cauchy equation [54] is an empirical relationship between the refractive index and

wavelength of light for a transparent material (extinction coefficient k£ = 0)

B C
AD=A+—+—+..., k=0, 2.50
n(4) PRI (2.50)

4

where 7 is the refractive index, 4 is the wavelength, 4, B, C, etc., are coefficients that can be
determined for a material by fitting the equation to measured refractive indices at known
wavelengths. Cauchy equation is actually just a series expansion of a single term of Sellmeier
dispersion which, further, is a special case of Lorentz model. Sellmeier dispersion will be
presented in next paragraph. The Cauchy equation is only valid for regions of normal
dispersion in the visible wavelength region. In the infrared, the equation becomes inaccurate,
and it cannot represent regions of anomalous dispersion. Despite this, its mathematical

simplicity makes it useful and widely applied for transparent materials.

The Sellmeier’s equation [55], which is a later development of Cauchy’s work, handles
anomalously dispersive regions, and more accurately models material’s refractive index
across the ultraviolet, visible, and infrared spectrum. In Sellmeier dispersion model of
transparent media, the material is treated as a collection of atoms whose negative electron
clouds are displaced from the positive nucleus by the oscillating electric fields of the light
beam (at IR wavelengths, the atoms themselves are displaced by the electric field). The
oscillating dipoles resonate at a specific frequency (energy or wavelength), so the dielectric
response is modelled as one or more Lorentz oscillators. Sellmeier model assumes that the

atomic dipoles have no absorption, so the broadening of the Lorentz oscillators equals zero.
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The resulting equations are usually written as:

m A 2
g(A)=n’ =1+;ﬁ, g, =0. (2.51)
= k

Multiple terms are used for multiple resonances. Because there is no broadening term, the
equations are purely real (¢; = 0, £ = 0), and each term approaches +0o0 or —o0 as 4 approaches
Jx from the long or short wavelength sides. Thus, the Sellmeier dispersion model cannot be

valid in spectral ranges close to the resonant frequency.

Absorption spectrum associated with a defect-free semiconductor or dielectric terminates
abruptly at the absorption edge. In an amorphous semiconductors and dielectrics an
absorption tail extends into the gap region. Urbach’s rule states that the optical absorption
coefficient near the absorption edge is an exponential function of photon energy. The rule was
discovered in 1953 by Franz Urbach’s study of the optical absorption of silver halides [56]. In
the range of absorption coefficients below 10° cm™ the photon energy dependence of the
optical absorption is exponential over three or more orders of magnitude (“Urbach edge”)
[57]. The Urbach edge in the optical absorption spectrum arises as a result of optical
transitions involving the tail states with their density exponentially decaying into the gap.
Urbach also pointed out that the slope of the absorption edge depends on temperature,
impurities and structural disorder. Afterwards, many other insulator and amorphous materials,
including silica (amorphous Si0;), were found to obey Urbach’s rule. The Urbach equation
gives a convenient representation of the extinction coefficient when the material is only

slightly absorbing at the UV-end of the spectral range of interest.

The Urbach equation is

a(E)=a,exp [EE} (2.52)

u

where E, is the Urbach energy which is associated to structural and thermal disorder in the

material [56].
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2.2.4. Optical properties of metals

Optical properties of metals are determined by contributions from free electron
absorption and from interband absorption. As a result, the dispersion of the optical constants
of metals tends to be rather complicated. They don’t exhibit vanishing optical absorption

anywhere in the UV-VIS-NIR regions of the spectrum.

The Drude model for metals is a classical kinetic model of conductivity (1/resistivity)
developed by Drude and Sommerfeld [58, 59]. It describes the interaction of time varying
electric fields with charge carriers which move freely in conductive materials. The basic
picture of metals in the framework of this theory is gas of free and independent electrons. The
electrons move freely between collisions (with lattice ions, other electrons, defects, phonons,
etc.), which occur with an average rate of y=7"', where 7 is called electron relaxation time.
There is a complete loss of directional information after a collision and the result is a random
orientation of the electron velocity afterwards. In an external field, the electrons are
accelerated between collisions resulting in a drift motion — electric current. The resulting

alternating current conductivity o(@) of metals in Drude model is

G(w): Gstaric , (2.53)
l-ior

where o

static

is the static value for the conductivity.

Recalling relation between conductivity and dielectric function (2.25), the Drude

dielectric function, is obtained

2

a)P
gDi'ztde(a)) = 1_ 2 . ’ (254)
@ +iyo
with real and imaginary parts
2
w,
g(®)=1-——"—, (2.55)
W +y
@’y
& (0)=—F—-, 2.56
2( ) 0)(0)2 +7/2) ( )

which may be used to describe the interaction between light and free electrons in metals.
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Notice that the Drude dielectric function is represented by a Lorentz oscillator having zero
centre energy. @, = NICE / g,m, is plasma frequency, N is volume density of electrons, e is

electron charge, m. is electron mass and y is the electron relaxation rate.

The coupling of free electrons to the ion core can be described by introducing effective
electron mass m*, which is in general different from the free-electron mass m,. It is a simple
way to incorporate into model the influence of specific band-structure of metal on the

behaviour of conduction electrons.

The contribution of the bound electrons to the polarizability may also be included by
replacing number 1 in expression (2.54) with &_ (which is equal to 1 in the case that just the

conduction band electrons contribute to the polarization).

Free-electron types of metals to which Drude model applies well are the alkali metals Li,
Na, K and Rb, and multivalent metals such as Mg, Al and Pb. For most metals at room
temperature, y is much less than w,. Plasma frequencies of metals are in the visible and
ultraviolet spectral regions. A good approximation to the real and imaginary parts of Drude
dielectric function in these spectral regions is

2
w, @,y
b
a)Z

g =1- (0> 7). (2.57)

The high frequency limit of the Lorentz model (2.44) gives the same equations indicating that
at sufficiently high frequencies all non-conductors have metal like dispersion. Thus, the

Drude free-electron model is not limited to metals.

In this thesis, the focus is on the noble metals. According to the definition of a noble
metal in physics, noble metals should have the d-bands of the electronic structure filled and
below Fermi level [60, 61]. Copper, silver and gold fulfil this condition. The excitation of
bound electrons from filled d-bands that are closely below Fermi energy, into the conduction
band (interband excitations) in noble metals presents bound-electrons contribution to the

dielectric function:

2 2
w

@, _
fw)=1-—"0— N ——— (2.58)
O HIY oo @ T O — @ —iy;0
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The dispersion of the optical constants (real and imaginary parts of the dielectric

function) of the bulk noble metals (silver, gold and copper) is represented in Figure 2.2.

bulk silver
- bulk gold
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_60 ' 1 | 1 | 1 | 1 | 1 | 1 |
15 20 25 30 35 40

Photon energy (eV)

N
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1.5 20 2.5 3.0 3.5 4.0
Photon energy (eV)

Figure 2.2 Experimental values of optical constants of the bulk silver, gold and copper taken

from [62].

The Drude behaviour of dielectric function may be observed for silver in a broad spectral
range. Gold and copper have strong interband absorption in the spectral region above 2.5 eV

and 2 eV, respectively, as show in ¢, part of Figure 2.2.

There are very significant differences between the optical properties of ultrathin layers of
noble metals, which are the subject of this thesis, in comparison with optical properties of

bulk noble metals (compare Figure 2.2 and Figure 7.3).
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2.3. Plasmonics

A simple physical model of a metal is free electron gas of density N immersed in a
uniform background of equal and opposite positive charges known as a plasma. Oscillations
of a free electron gas (charge density oscillations) are known as plasma oscillations. As in the
case of a simple harmonic oscillator, the energy of plasma oscillations can be quantized into
units of 7 w,. The quantized entities are known as plasmons. As they are charge oscillations
and oscillating charges produce electromagnetic fields, plasmons are inherently associated
with an electromagnetic field. A theoretical description has to include this interplay of charges
and fields. The boundary conditions for electromagnetic fields lead to different conditions for
the occurrence of plasmons in the cases of bulk material, planar metal-dielectric interfaces
and metal particles. Therefore we distinguish three different kinds of plasmons: volume
plasmons (in bulk metal), surface plasmons (at the planar metal-dielectric interface) and
particle plasmons (e.g., in metallic nanoparticles). Plasmonics investigates the wealth of
phenomena related to plasmons and associated electromagnetic fields. Although particle
plasmons play a central role in this thesis, an introduction to all of three fundamental
plasmonic excitations is given in the following sections (valuable sources were: [63] for
plasmonics in general, [30, 64] for interaction of light with small particles; a systematic

rigorous approach to surface states is given in [65]).

2.3.1. Volume plasmons (bulk plasmons)

The fundamental excitations of the conduction electron sea in bulk metals are volume
plasmons. The long wavelength ¢(w, K = 0) response of free electron gas may be obtained
from the Drude dielectric function (2.54) in case of negligible damping y (the same result can
be derived by solving equation of motion of a free electron of mass m and charge e in an
electric field E). The dielectric function for free electron gas of density N immersed in a

uniform background of positive charges (known as a plasma) is given by
a)2
&(w) zl—a)—‘z’, (2.59)

where the plasma frequency w, is defined by the relation

2
, Ne
w, = )
EN

(2.60)
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When e(w) = 0 (which is the case if ® = w),), it is not necessary to apply an external field
to the free electron gas in order to produce an internal electric field. The electrons can be
excited to oscillate at w, with the Coulomb attraction between the electrons and the positive
background providing the restoring forces. Such oscillations of a free electron gas are known
as plasma oscillations. The plasma frequency w, is the natural frequency of plasma
oscillations. It is assumed that all electrons move in phase, thus @, corresponds to the
oscillation frequency in the long-wavelength limit (where k = 0). The quanta of these charge
oscillations are called plasmons (or volume plasmons, to distinguish them from surface and
particle plasmons, which will be discussed further in the text). In general, plasmons cannot be
excited in optical absorption since they are longitudinal excitations (i.e., the electrons vibrate
along the direction of propagation) while photons are transverse (the electric field is
perpendicular to the direction of propagation). Because volume plasmons do not couple to

transverse electromagnetic waves, they can only be excited by particle impact.

Experimentally, the plasma frequency of metals is typically determined by electron loss
spectroscopy experiments, where electrons are passed through thin metallic foils. For most
metals, the plasma frequency is in the ultraviolet regime: w, is on the order of 5eV — 15 eV,

depending on details of the band structure [53].

Using (2.28), the propagation of transverse electromagnetic waves in electron plasma can

be investigated. The dispersion relation for travelling waves is obtained using (2.59) in (2.28):

) 22
o =w,+Kc". (2.61)
plasma dispersion -7
eD. ///
~ //
Q //
5 1 .
C ,’
() .
: 7
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ok” -

0 1
Wave vector KC/a)p

Figure 2.3 The dispersion relation of the free electron gas.

For w < w, the propagation of transverse electromagnetic field is not possible, but for
@ > w, the plasma supports propagation of transverse waves and this is known as ultraviolet
transparency of metals (as mentioned, w, of metals is in UV).
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2.3.2. Surface plasmon polaritons (surface plasmons)

Surface plasmon polaritons (SPP) are essentially two-dimensional electromagnetic waves
propagating at the flat interface between a conductor and a dielectric, evanescently confined
in the perpendicular direction (i.e., decaying on both sides of the interface). These
electromagnetic surface waves arise via the coupling of the electromagnetic fields to

oscillations of the conductor’s electron plasma (charge density oscillations).

The most simple geometry sustaining SPPs is that of a single, flat interface between a
dielectric, non-absorbing half space (z > 0) with positive real dielectric constant ¢, and an
adjacent conducting (metal), half space (z<0) described via a dielectric function &,(w) (a
metal here implies that Re [¢,] < 0. For metals this condition is fulfilled at frequencies below
the bulk plasmon frequency w,.) Propagating wave solutions confined to the interface, with
evanescent decay in the perpendicular direction can be obtained from wave equation and
appropriate boundary conditions. Without going into details of derivations, several important
physical results will be mentioned. The confinement to the surface demands that Re[e,] <0 if
e» > 0, so the surface waves exist only at interfaces between materials with opposite signs of
the real part of their dielectric permittivities, i.e. between a conductor and an insulator. The

dispersion relation of SPPs propagating at the interface between the two half spaces is

K, _e ﬁ’ (2.62)
c \/ g, &,

where K, is a wave vector in the plane of propagation. The SPP dispersion curve lies to the
right of the light line of the dielectric (given by w=cK / \/5 ), and excitation by light beams

is not possible unless special techniques for phase-matching are employed.
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Figure 2.4 Dispersion relation of SPPs at the interface between a metal with negligible
collision frequency and air (solid curves) and silica (dashed curves).
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In the range of large wave vectors, the frequency of the SPPs approaches the
characteristic surface plasmon frequency

w
__ Y% (2.63)

O NIE A .

In the limit of negligible damping of the conduction electron oscillation (Im[e,(®w)] = 0), the
wave vector K, goes to infinity as the frequency approaches wg,, and the group velocity
ve— 0. The mode thus acquires electrostatic character. The strict definition of the surface
plasmon is that it is a large wave vector limit mode of the surface elementary excitations in

metals [65].

2.3.3. Localized surface plasmons (particle plasmons)

The third fundamental excitation in plasmonics is localized surface plasmon (LSP). As
described in previous section, SPPs are propagating, dispersive electromagnetic waves
coupled to the electron plasma of a conductor at a dielectric interface. Localized surface
plasmons on the other hand are non-propagating excitations of the conduction electrons of
metallic nanostructures coupled to the electromagnetic field. These modes arise naturally
from the scattering problem of a small, sub-wavelength conductive nanoparticle in an
oscillating electromagnetic field. This resonance is called the localized surface plasmon
resonance, or shorter, particle plasmon resonance. Important consequence of particle sample
geometry is that localized plasmon resonances can be excited by direct light illumination, in

contrast to propagating SPPs, where the phase-matching techniques have to be employed.

For silver, gold and copper nanoparticles, the LSP resonance falls into the visible region
of the electromagnetic spectrum. A striking consequence of this is that particles produce
bright colours of transmitted and reflected light, due to resonantly enhanced absorption and
scattering. This effect has found applications for many hundreds of years, for example in the

staining of glass for windows or ornamental cups.

The interaction of small metal particles with electromagnetic fields may be well
described in a classical framework based on Maxwell’s equations. Even metallic
nanostructures, down to sizes of a few nanometres, can be described without a need for
quantum mechanics (because of high density of free carriers, there is a minute spacing of the

electron energy levels compared to thermal excitations of energy kg7 at room temperature).
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In order to understand the diverse optical behaviour of noble metal island films from a
qualitative point of view, we shall first consider the localized surface plasmon resonance
condition for a single small spherical metal particle with dielectric constant ¢,, embedded in a
dielectric host with dielectric constant ¢, . This condition may be derived using quasi-static
approximation which presumes that wavelength of interacting light is much larger than

particle size so electric field inside the particle is uniform and induces dipole oscillation.

Figure 2.5 Simplified scheme of the interaction of a small metal particle with light (a particle

should be much smaller than the light wavelength).

The static polarizability of the sphere is

3 gm_gh

a=4rr (2.64)

b
e, +2¢,

and the polarizabilities of a ellipsoid with semi axes a, b and ¢, with corresponding

geometrical factors L;, for applied fields parallel to corresponding axes i, are

(2.65)

If particles are placed in a beam of electromagnetic radiation, the presence of particles results
in the extinction of the incident beam. If the surrounding medium in which particles are

embedded is non-absorbant, the incident beam is partly absorbed in particles and partly

scattered by particles. The extinction cross section C, =C, +C  is the sum of cross

sections for absorption and scattering of light by small particles which are related to particle

polarizability as [30]:

Cabs :%Im[a]a (2.66)
1 (27
sca 25(77[) |a|2 ‘ (267)
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For a metal sphere of volume V" and dielectric function ¢,, = ¢,,, +i&,,, in the quasi-static limit,

the expression for the extinction cross section C,, =C,, +C, , is

(2.68)

since for small particles of radius @, much smaller than wavelength of light, the efficiency of
absorption, scaling with ’, dominates over the scattering efficiency, which scales with a°

[11]. In practical sense, the scattering may be neglected for particles smaller than 40 nm.

The extinction cross section (2.68) shows a resonant behaviour if the following condition

1s met;:

|51m +25h|—>0. (2.69)

This is the condition of the localized surface plasmon resonance of small metallic particles
embedded in a dielectric medium (within quasi-static approximation). The resonance
condition (2.69) may be satisfied for metallic particles in dielectric medium because there is a
spectral region where the real part of the dielectric function of a metal is negative (&1, < 0)
and a dielectric medium has g, > 0. In the special cases of small en(w) (€2 <K 1), the

resonance frequency can be derived from
&, =—2&,. (2.70)

Using (2.59) for free electron metals and ¢, = 1, resonance frequency is obtained:

®,

@, p =$' (2.71)
As a result of specific boundary conditions for fields at particle surface, plasma resonance
frequency of particle is shape dependent. It may be also seen in the shape dependence of
polarizability through depolarization factor L in (2.65). Hence, more than one resonance may
appear for certain particle shapes depending on polarization state of incident light. Plasma
resonance positions for various sample geometries in vacuum are listed in Table 2.2 (taken

from [30]). Detailed study of curvature dependence of plasmon frequencies is given in [66].
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Table 2.2 Plasma resonance conditions and corresponding resonance frequencies for various

sample geometries in vacuum.

Geometry Resonance condition Resonance frequency
Bulk metal &, (@)=0 @, = O,

@y
Planar surface &, (@) =-1 @,y = T

‘ 2
g, (@)+1 0]

Thin film (@) +] exp(—K,d) @, =—=+/1texp(-K d)

(9
Sphere glm (a)) = _2 a)res = —=

V3

1- L.

Ellipsoid Ep(@)=——F Wy = O, L

L res,i p i

1

L; denote shape dependent depolarization factors, d is the film thickness and x gives direction parallel to the film

The quantity | eim + 2en | is presented in Figure 2.6 to illustrate qualitatively the
differences observed for the LSP characteristics of noble metal island films, considering SiO,

as the dielectric host (e, = 2.3).
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Figure 2.6 Resonance condition for localized surface plasmon resonance of small, spherical,
noble metal particles embedded in a dielectric medium. Bulk metal dielectric functions shown

in Figure 2.2 were used for ¢, and SiO, environment with ¢, = 2.3 was assumed.
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First, the wavelength of the minimum of |gm + 2¢y, | is close to the wavelength value
where the minimum in transmittance spectra of metal island films occurs (see Figure 4.2 for
comparison). For silver, the resonance condition is best accomplished because the imaginary
part of the dielectric function of silver is close to zero in the visible part of spectrum. This is
not the case for gold and copper, where there is a contribution to the imaginary part of the
dielectric function at short wavelengths due to electronic interband transitions. As result, the
minimum of | eim + 2ep | is broader than in the case of silver and not as deep. Consequently,

the LSP resonance is broader and less deep for copper and gold than for silver.

2.4. Plasmons in noble metal island films

Real MIFs consist of nanoparticles of different sizes and shapes randomly distributed on
the substrate on which they form a kind of thin film. Approach to investigate optical
properties of such complex systems from the first principles may show as intractable.
Therefore, in order to describe and understand the diverse optical behaviour of noble metal
island films, effective medium theories and oscillator models are applied in the analysis. The
main assumption that justifies suggested approaches is that the wavelength of light is
significantly larger than characteristic dimensions of nanoparticles in MIFs. Then, complex
structure of supported nanoparticles which form MIFs may be modelled with a homogeneous

layer with effective dielectric function and layer thickness [43].

e R

metal island film model layer

& & deff

Figure 2.7 MIF is modelled with a homogeneous layer with effective dielectric function and

layer thickness.

Optical constants are usually determined by fitting of experimental data to some
parametric dispersion model. Unlike many materials for which standard dispersion model
exist, MIFs are usually modelled by effective medium theories, which only roughly describe

their optical behaviour [45].
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In this thesis, it is shown that the effective optical constants of MIFs were well described
using a multiple oscillator approach that can take into account different light-matter
interaction phenomena which occur in the investigated spectral range. Effective optical
constants of MIFs offer insight to different physical phenomena connected to MIFs, such as

plasmon resonance, size effects in nanostructured matter, percolation etc.

2.4.1. Effective medium theories for plasmons in metal island films

In the context of modelling MIF with a homogeneous layer with effective dielectric
function, it is tempting to try to describe its optical properties as a mixture of properties of
metal nanoparticles and of surrounding media, (either air or embedding dielectric). Therefore,
it would be useful to define effective optical constants of the mixture that are related to the

optical constants of the composing materials.

When considering material mixtures, it is assumed that the composing materials are in the
mixture as phases of microstructure that is big enough to maintain its own dielectric identity,
the same as in a layer of a single material, but smaller in comparison to the wavelength of the
incident light. In this way the medium is microscopically heterogeneous but macroscopically
homogeneous. To satisfy this condition for the visible light and up to mid-infrared radiation,
the constituents of the microstructure should have dimensions typically between 3 nm and

30 nm (the shorter the wavelength, the lower the upper limit of the size).

The models developed for description of properties of such effectively homogeneous
media are called effective medium theories (EMTs) [67]. They are based on the Claussius-
Mossoti equation (2.18) which links relates microscopic and macroscopic material properties

and which can be generalised to the case of different phases:

&, —¢€,

Eqp TEn _Z EiTE

. (2.72)
ey t+Le, T € +Leg,

Here €. is complex dielectric function of the effective medium, ¢, of the host (the matrix

of the mixed phases) and ¢; of the individual phase, f; is volume fraction of the individual

phase and L is screening factor that is related to the shape of microstructures that form the

mixture. If the microstructure consists of spherical particles L = 2.
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The EMTs that are the most widely used are Lorentz-Lorenz [68, 69] model, Maxwell
Garnett model [70] and Bruggeman model [71]. They have the same general form, a special
case of (2.72) with two phases (a and b) and L = 2:

Egqr & £,— &, £, —&,

= + . 2.73
Egr 28, f”ga+25h fbg,,+25h @73)

The particular expressions for calculation of effective optical properties of two materials
mixtures using described EMTs, where ¢, and ¢, are dielectric constants of two components,

with f; and f; being volume fractions of corresponding components, are:

ty =l _ 6=, 5l

Lorentz-Lorenz model =f h , (2.74)
Ey t2 g, +2 &, +2
Epp — € &, —&
Maxwell Garnett model (- f) e, (2.75)
&y T2¢, g +2¢,
E,—& &~ &
Bruggeman model « Ay b_I — . (2.76)

b
‘e, +2¢, g, +2¢,,

Lorentz-Lorenz model takes an average of molecular polarizability of the components. In
this case no phase separation is considered as it is supposed that the mixture is realized at

atomic/molecular scale. The host material in (2.73) is vacuum (g, = 1) and (2.74) is obtained.

If f, > f», then the mixing materials may be treated in an unsymmetrical way assuming
that the material a is the host (¢, = ¢;) and that the material with dielectric function &, plays

the role of inclusions. In this case expression (2.73) takes the Maxwell Garnett form (2.75).

Bruggeman proposed that neither phase should be given preference, but that the
inclusions should be considered as being embedded in the effective medium itself. This is

equivalent to choosing €;, = .4 in (2.73) and the expression (2.76) is obtained.

The Maxwell Garnett model and Bruggeman model assume that the mixing materials are
in separated phases. Maxwell Garnett model considers the mixture that has two (or more)
separated grain structures where particles of the first material are dispersed in the continuous
host of the second material. Thus, Maxwell Garnett model presents a natural choice to

describe embedded nanoparticles.
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On the other hand, Bruggeman model assumes aggregate structure having a random space
filling mixture of two (or more) material phases. Thus, Bruggeman model can describe
percolation. In the limit of small volume fractions f, the predictions of the two theories
approach each other. It is shown that in the case of higher filling factors, i.e. when volume
fraction of one material is comparable to the volume fraction of another, the Bruggeman

model is valid up to the smaller particle radius than Maxwell Garnett model.

Evolution of optical properties of MIFs may be understood on basis of Maxwell Garnett
model [72] with the effective dielectric constant of a composite material: the dielectric host of
dielectric function ¢, with spherical metal inclusions of dielectric function ¢,, having a fill
factor f. The phenomena of LSP resonance naturally arises in this model, which can be seen in

Figure 2.8 and Figure 2.9.

In order to take into account the influence of particle size on the LSP resonance
broadening, the most common approach is to consider that confinement effect appear as a
result of the reduction of the mean free path of electrons, leading to an increase of the

damping constant in the Drude model and, thus, of the LSP resonance width:
v
Ui (R) = Y (R) = Yy + Afa (2.77)

where yp, 1s the damping term for the bulk metal, R is the radius of metal inclusions, vz is
Fermi velocity for the metal and A4 is a constant related to the electron scattering process,

typically 4 = 1 is used in literature [73].

The results of a simulation for the case of silver nanoparticles embedded in the SiO;
dielectric medium within just described model are shown in Figure 2.8 and in Figure 2.9. In
Figure 2.8, an evolution of absorption coefficient ., with increase of fill factor f is given.
The value of the damping constant in the Drude expression for the dielectric constant of silver

was fixed to the damping constant of bulk silver y(R) =7, .- Figure 2.9 shows evolution
of a0,y with change of radius R of spherical silver inclusions, with fill factor value fixed to

£=0.05.

The main results of the simulation using Maxwell Garnett model with MIF-SiO, layer as
a composite film are red shift, broadening and intensity increase of LSP resonance with

deposited mass thickness.
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Figure 2.8 Evolution of absorption coefficient a.,; with increase of fill factor f is given for

MIF-SiO; layer as a composite film with optical constants from Maxwell Garnett model
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Figure 2.9 Evolution of absorption coefficient a., with change of radius of silver inclusions R

is shown for MIF-SiO; layer as a composite film with optical constants from Maxwell Garnett

model (the value of fill factor was fixed to f'= 0.05).
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2.4.2. Oscillator model for plasmons in noble metal island films

To build a physical dispersion model for the effective optical constants of MIFs, analysis
is needed of different phenomena which determine optical properties of MIFs. The main
phenomenon is the LSP resonance. Resonant behaviour of physical systems is naturally
described by an oscillator model. Absorption due to interband transitions (in visible for gold
and copper, and in UV for silver) may also be modelled with oscillators (see sections 2.2.3
and 2.2.4). Behaviour of bulk metals in near infrared is well described with Drude oscillator
model and it may be expected to appropriately describe behaviour of MIFs in case of
percolation of islands [74]. As a result of the discussion above, the proposed form of complex

effective dielectric function ¢

. as a function of photon energy £ (where E = i) may be:

N(I_X(

tp(E)=) ¢, (E)+e,, (2.78)

n=l1

]\/H.YC
where zgn (E) represents the sum of N, oscillators ¢, (E), and &, is a contribution to the

n=1
dielectric function from resonances at higher frequencies which are not accessible to our

measurements.

According to their physical origin, multiple oscillator contributions to the ¢, (£) can be

expressed as:

geff (E) = gLSPR (E) + ginterband (E) + gDrude (E) + goo (279)

In the analysis of optical properties of the samples in this research, three different kinds

]\/H.YC
of oscillators ¢, (E) were used in various combinations in zen (E ) term of (2.78):

n=1

1) Lorentz oscillator

ABE
E)= e 2.80
gn Lorentz ( ) En2 _E2 —ZBnE ° ( )
2) Gaussian oscillator
gnGaussian (E):gnl(E)+ign2 (E)’ (281)
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3) Drude oscillator
AB
£ =———"1 2.82
nbrde E*4+iBE (2.82)

Oscillator parameter E, is n™ oscillator centre energy, 4

n

is oscillator amplitude and B,

is a broadening parameter.

The LSP resonance contribution ¢,,,(E) was modelled with one or two Lorentz
oscillators ¢, . (E) or Gaussian oscillators &, . (E). Contribution from interband
transitions ¢,,,... (E) was modelled using two oscillators for gold or one for silver [75],

either ¢, . (E) Or &, ;. (E). Contribution &, attributed to possible percolation

effect, present only for samples with infrared absorption shoulder, was modelled either with

€, pruae (E) OF With & E).

n Gaussian (

Although Lorentz oscillators arising from theoretical considerations elaborated in the
sections above are most commonly used in the analysis of MIFs (e.g. [74, 76]), it is shown in
this research that Gaussian oscillators are a better choice (detailed analysis is presented in
section 7.1). While Lorentz oscillators may be appropriate in describing optical response of
the collections of particles of the same size, Gaussian oscillator is more successfully applied
when there is a distribution of particle sizes and shapes. This is actually the case with noble
metal island films. One Gaussian replaces many Lorentz oscillators belonging to different

particles in an ensemble [77].

The oscillator model for optical properties of noble metal island films was used for
analysis of the optical properties of the samples investigated by variable angle spectroscopic

ellipsometry measurements in this research.
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2.5. Spectroscopic ellipsometry

Ellipsometry is a very sensitive measurement technique that uses polarized light to
characterize thin films, surfaces, and material microstructure. Further elaboration of
ellipsometry relies on several valuable sources which are excellent handbooks of ellipsometry

[78-82].

Ellipsometry measures the change in polarization state of light reflected from (or
transmitted through) the surface of a sample. Fundamentally, ellipsometry refers only to the
measurement of the polarization state of a light. However, ellipsometric measurements are
usually performed in order to describe an “optical system” that modifies the polarization state

of'a beam of light. For thin film sample analysis, the “optical system” is, simply, the sample.

When plane electromagnetic wave incidences to a structure composed of one or several
thin layers of different media on a substrate, then transmission, reflection, refraction and
absorption phenomena take place. In general, the fields E, B, D, and H will be discontinuous
at a boundary between two different media. In the case of linear media, if there is no free
charge or free current at the interface, the boundary conditions can be derived from Maxwell’s

equations (2.3)-(2.6):

(i) &nE —€yE =0 (iii) E!-E!=0
(2.83)
(i) B -By =0 (iv) iB‘l‘ —iBQ =0,
H H

where indexes 1 and 2 sign the fields just to the left and just to the right of the interface

between two media (L and || sign field components perpendicular and parallel to the

interface, respectively), n is the unit vector normal to the interface. These equations are the

basis for the theory of reflection and refraction of light.
The first important relation that can be derived from (2.83) is the Snell’s law

i, sin @, = 71, sin 8. (2.84)

If the Fresnel coefficients for reflection and transmission are defined as the ratio of reflected

to incident and transmitted to incident electric field components:

38



E reflected E transmitted

F=——— and f(=—— (2.85)

Eincident Eincident

Fresnel equations can be derived from (2.83)

- _ 1,086, — 1, cos b,
P

(2.86)

~ ~ =~
7, cos G, + 1, cos O,

= _ Mcos 6, —n, cos 6,
s

~ ~ = (2.87)
7, cos 6, + 1, cos 6,

The measured values in ellipsometry are psi () and delta (A), values related to the ratio

of Fresnel reflection coefficients 7 and 7, for p and s polarized light (field components

parallel and perpendicular to the plane of incidence, respectively) (Figure 2.10):

=tan(5’/)em. (2.88)

SN |,§ ?

p:

| p plane E

z !

™
plane of incidence ‘— L/

e
/,,, s plane

&\\

Figure 2.10 Geometry of an ellipsometric experiment, showing p and s directions [83].

¥ and A are called ellipsometric angles. They determine the differential changes in
amplitude (%) and phase (A) experienced upon reflection by the component of the electric

vector parallel and perpendicular to the plane of incidence.

Ellipsometry measures the ratio of two complex values. Because the ratio is a complex
number, it also contains “phase” information (A), which makes the measurement very

sensitive.

39



The ellipsometric ¥ and A data measured on a bulk sample can be directly inverted into
the ‘pseudo-optical’ constants of the material, assuming that surface oxide and/or roughness
effects are negligible (this transform is given by (2.89), in which @ is the angle of incidence,

and p is the complex ellipsometric ratio defined in (2.88)):

2
(8)=(&)+i{e,)=(A) =((n)+i(k)) =sin’ 0.{1+tan2 9.[:_/0} ] (2.89)
P
This approach may be applied for optical characterization of bare substrates in the case where

backside reflections are suppressed.

Most of the measurements in this research are done on three layer systems where:
medium 1 is ambient (air) — medium 2 is thin film (MIF) with thickness d — medium 3 is
substrate (BK7 glass). Basically, reflection ellipsometry of a three layer system measures the

function

—i2f —i2
l/in +r23pe 1+7, 135€

— A _ 125
p=tan¥ e" = 5

(2.90)

Yy
1+’”12p’”23pe Nas T13,€

where = 27[%(112 cosd,) is the phase thickness of thin film, 4 is the wavelength of incident

light in medium 1, r;; is the Fresnel reflection coefficient for the interface between i-th and j-th
medium and 6; is the angle between the light beam in the j-th medium and the normal to the

interface between media. The final functional form of p is
tan¥ e = p (n,,n,,n,,d, 0, 1). (2.91)

There is only one propagating angle (#,) variable dependence of p because 4, 6, and 65
are related through the Snell law. In general case, p explicitly depends on nine real variables,
the refractive index and extinction coefficient of ambient (n;, k), film (n, k;) and substrate
(n3, k3), film thickness (d), angle of incidence (6,), and the wavelength (A). By knowing n,, na,
n3, d, 01, the ellipsometric angles can be calculated at any wavelength. In ellipsometry ¥ and
A can be measured at a given #; and 4. The ambient optical constants are usually taken to be
n; =1 and k; =0, and the substrate optical constants may be measured independently. The

only unknowns left in (2.91) are the complex refractive index of the film and its thickness.
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Although the function p may appear from (2.91) to be deceptively simple, it is a non linear
equation which has multiple solutions and there is no general unique inversion to obtain n,
and d. The usual procedure in ellipsometry to solve the inverse problem is explained in

section 3.3 and illustrated in Figure 3.1.

Ellipsometry derives its sensitivity from the determination of the relative phase change in
a reflected polarized light beam, exceeding the sensitivity of an intensity reflectance
measurement. Also, ellipsometry is more accurate than intensity reflectance because the
absolute intensity of the reflected light does not have to be measured, thus no special

reference samples need to be maintained.

The combination of variable angle of incidence and spectroscopic measurements allows
large amounts of data from a given sample to be acquired. More importantly, the spectral
acquisition range and angles of incidence may be optimized for the determination of certain
sample parameters such as layer thickness or the optical constants of one of the films. In many
cases the dispersion (variation with wavelength) of the optical constants of a given material is
known, or the optical constants may be parameterized in such a way as to enforce some type
of dispersion on the optical constants (e.g. Cauchy, Lorentz, multiple oscillator model applied
for noble MIFs in this thesis, parametric semiconductor models etc.). It is possible to acquire
data in spectral regions where the measured data are most sensitive to the model parameters
which are to be determined. As a result the variable angle of incidence spectroscopic
ellipsometer has possibility to characterize many complex structures, which a single angle

and/or a single wavelength ellipsometers cannot.

Ellipsometry is commonly used to characterize both thin films and bulk materials. For
many samples, ellipsometry is sensitive to film thickness on a sub-monolayer level. It has also
proven to be the primary technique for determining optical constants in the UV, visible, and
IR wavelength ranges. Ellipsometry is very flexible and is sensitive to many microstructural
material properties. Using modelling that connects microstructure with optical constants,

ellipsometry is used to obtain information about:

* Doping concentration

* Surface and interfacial roughness
* Alloy ratio

* Crystallinity

* Optical anisotropy

* Depth profile of material properties, etc.
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Ellipsometers consist of the light source, optical system for preparation of light beam and
a system for detection of light (Figure 2.11). Polarizers are especially important in the optical
systems. They provide control over the state of polarisation of the beams and they are critical
for determination of ellipsometric angles. They can be positioned in the beam path before or
after the sample. In the later case they are called analysers. Compensators are used for

introduction of phase shift between s and p beam components.

Light source I Detector
[
[
[
Polarizer : Analyzer
|
[
Compensator @ Compensator
Retarder | Retarder
Phase modulator Phase modulator
(optional) (optional)

Sample

Figure 2.11 Basic scheme of an ellipsometer components: a white light source used for
illuminating the sample (wavelength selection may be done either using monochromator after
the light source or using spectrally selective detectors like diode arrays or CCD), a polarizer, a
compensator (retarder, photoelastic modulator) which can be placed in the path of the incident

or reflected light beam, a second polarizer called analyzer, and the detector. [43].

The most commonly used types of ellipsometers are the following:

a) Null ellipsometer — angles are determined from measured minima of intensity. Before
reaching the sample, the beam passes through linear polarizer and compensator and upon
reflection at the surface of the sample through analyser. The angles are determined from
angular positions of polarizer and analyser at the moment when minimum of intensity is
detected. This setup enables very precise measurements and good control over systematic
errors. However, since the measurements are very slow, this type of ellipsometer is not often

commercially used, especially for spectral measurements.
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b) Ellipsometers with rotating elements are based on periodical modulation of polarisation
states of beam incident or reflected at the sample by mechanical rotation of some of the
optical elements. Ellipsometers with rotating analyser or rotating polarizer can be
distinguished. The detected signal intensity is time dependent and upon Fourier analysis it is
possible to determine ellipsometric angles. This type of ellipsometer performs measurements
much faster compared with null ellipsometers. This setup is very stable and the measurements
are very precise. The drawback of this setup is a necessity for a very accurate calibration to
avoid systematic errors. The ellipsometer used in this research was rotating analyser

ellipsometer with autoretarder (patented compensator).

c) Phase modulation ellipsometers don’t need rotating elements. Before reaching the
sample, the beam passes photoelastic modulator that vibrates with a defined frequency and
introduces phase shift between components of electric field. The detected signal varies
periodically and can be decomposed into the continuous signal, the signal that vibrates with
frequency of modulator and the one that varies with double frequency of the modulator.
Angles are determined from analysis of these signals. Constructing and calibrating an
ellipsometer of this type is difficult because polarization modulators tend to exhibit strong

sensitivity to ambient temperature. The advantage is that they don’t have mobile parts.

One of the main concerns of ellipsometry is systematic errors. The required optics is
pretty complex and it is necessary to make very precise calibration of the device to avoid

errors in alignment of different optical elements.

Ellipsometric measurements are always done at large angles of incidence and therefore it
is difficult to estimate the contribution from multiple reflections from the back side of the
substrate. There are several solutions to eliminate contribution from back side reflections:
using substrates with sanded back side, using thick substrates (~ 3 mm or more), substrates
with non-parallel surfaces, absorbing substrates or using incidence beam of micrometer
diameter (microspot). In these cases, it is possible to treat the sample as being deposited onto

semi-infinite substrate. Also, the influence of back-side can be included in the modelling.
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2.6. Grazing-incidence small-angle X-ray scattering

A detailed morphological characterisation of deposited layers, multilayers and
nanostructures like quantum dots or supported islands may be obtained with analysis of
grazing-incidence small-angle X-ray scattering (GISAXS) which is based on the phenomenon

of total internal reflection of X-rays from surfaces in the grazing-incidence range.

In GISAXS experiment a monochromatic beam of X-rays is brought to a sample surface
from which X-rays elastically scatter under condition of total internal reflection. The optical
properties of materials in the photon range above 30 eV can be described by the refractive

index that is smaller then 1, compared with vacuum value of 1:
n=1-0+if 0,0k, (2.92)

where parameters J and /3 are called the refractive index decrement and the absorption index”.
For silver 0 =2.94 x 10°, = 2.66 x 10°; for gold § = 4.71 x 10, f =4.85 x 10°® when X-
rays wavelength is A =0.154 nm. Refractive index of materials for X-rays is less than 1

because the driving field frequency is higher than any resonance present in a material (see

Figure 2.12).

R

Refractive index, n
—h

o
\

Infrared Visible | Ultraviolet X-ray

R Oyy Ok M

Figure 2.12 Simplified picture of frequency dependence of refractive index n(w) for materials

with typical resonances.

Until the use of high brilliance synchrotron radiation and grazing incidence geometry
became possible, the small interaction of hard X-rays with matter prevented its
straightforward use for surface or interface studies. Nowadays, surface sensitivity with a

reasonable signal to noise ratio is available in synchrotron facilities.

* Notice that the absorption index /8 in X-ray terminology corresponds to extinction coefficient k in optics.
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Typical grazing-incidence experiment geometry is shown in Figure 2.13. A
monochromatic beam of X-rays of wave vector k; (wavelength 1 between 0.5 A and 2 A and
corresponding wave number K; = 2m/4) incidences on a surface with an incident angle «; of a
few tenths of a degree with respect to the surface. The light is scattered in the direction (26,
ay) along ks by any type of roughness on the surface.

z

Figure 2.13 The GISAXS geometry. An incident wave of wave vector k; is scattered in the

direction K.

The scattered X-rays form a scattering pattern which is then detected by a detector which
is typically a 2-dimensional flat X-ray detector situated behind the sample, perpendicular to
the direction of the primary beam that initially hits the sample. The scattering pattern contains
information about the structure of the sample. GISAXS patterns are typically represented as
scattered intensity /(g) as a function of the magnitude of the scattering vector (,
q =4n sin(f) / 1. Here 26 is the angle between the incident X-ray beam with wave vector k;
and the scattered X-ray beam with wave vector ky . The scattering vector or wave vector
transfer equals q = ky—k;. Energy conservation holds and the scattering wave vector q is
given by:

cos(,) cos(26,) —cos(e;) cos(26,)
q=| cos(a,)sin(26,) —cos(¢;)sin(26,) (2.93)

sin(e,) +sin(a;)

It is difficult to characterize a single nano-object because of the beam size, divergence,
and limitations of X-ray optics (although this field, called coherent X-ray diffraction, is going
to develop). The statistical average over the sample can be seen as an advantage since the
beam probes a macroscopically large area of the sample and gives information about

morphology of a “mean island”.
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Compared to microscopy, Grazing Incidence X-Ray Scattering or Diffraction (GIXS or
GIXD) and its small angle subset, Grazing Incidence Small-Angle X-Ray Scattering
(GISAXS) have several advantages:

1. The technique is fully non-destructive provided that the sample bears hard X-ray

cXposure;

2. The measurement is averaged over the sample surface, giving statistical information
over several square millimetres (while microscopy gives local information about very

small sample spot);

3. By varying the probed depth changing the incident angle, X-rays offer the ability to

probe from surface to buried interfaces as well as the bulk of the sample;

4. The measurements usually don’t require any special sample environment or
preparation — the technique can be applied in various types of environment, from ultra-
high vacuum to gas atmospheres, even during chemical reactions, in situ and in quasi
real-time when kinetic phenomena are involved, like during growth or a catalytic

reaction;

5. The Grazing Incidence Small Angle Scattering (GISAXS) technique, which provides
morphological information from the nanometer to micrometer length scales, can be
combined, for the same samples, with the grazing incidence wide angle X-ray
scattering (WAXS) or diffraction (GIXD) techniques which are sensitive to the atomic

arrangement and strain state.
The drawbacks of GISAXS are:

1. The use of synchrotron radiation is mandatory because the collected signal scales with

the amount of material, which can be rather small (of the order of the monolayer);

2. The interesting information, e.g., the morphology is obtained in reciprocal space, and
thus has to be translated in the real space. As only scattered intensities can be
measured, the phase information is lost, which means that some model assumptions
are most often mandatory to fit the data. This problem can be overcomed if the

coherence of the synchrotron radiation is employed.
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2.6.1. Approximate quantitative analysis — Guinier’s approximation

In the analysis of experimental result of GISAXS measurements of metal island films in
this research, Guinier’s approach was applied to get a first approximation of horizontal and
vertical sizes of nanoparticles. Thus obtained values were used as input parameters to start

further, elaborate analysis in the case of gold MIFs samples.

The Guinier’s approximation [84] is a linearization of the small angle scattering data in
the region close to the zero scattering angle. Low particle concentration (no interaction) is
assumed.The starting point is the classical expression for scattering intensity /(q) as a function
of the magnitude of the scattering vector (g):

1(q) = 4;:T PS40 4 (2.94)

q-r

where P(r) is a probability of finding a vector of length » between scattering centres within
the scattering particle (it can be seen as an inverse Fourier transform of scattering intensity

1(q)). The derivation of the Guinier’s approximation is presented in the following paragraphs.

The sine function in the expression (2.94) can be approximated by a Taylor series
expansion. If the first two terms in the expansion are considered to be significant and if higher

order terms (q4, q6, qg, ...) are ignored, the following expression is obtained
. 5 '[ r*P(r)dr
I(g) =4z [ P(r)dr 1—[‘1—|j-0w— . (2.95)
0 ' j P(r)dr
0

Now, we can define /; and R, as follows

TFZP(r)dr
13 , (2.96)

g

I, = j P(r)dr, R = o
0 .[ P(r)dr
0

where R, represents Guinier radius or radius of gyration (RMS value of scattering density),

and after substitution to (2.95), the result is

I(q)~ 1(0)-(1 4 é’Rg J (2.97)
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The equation (2.97) is not a linear equation, but the second factor can be recognized as a part

of Taylor series expansion of exp [—q2R§ / 3] and in the approximation of small ¢ we obtain

2

TR

I(q)=1(0)-e * . (2.98)

Finally, we can linearize the equation (2.98) by taking the natural logarithm of both sides

thereby producing the recognizable linear form (y = a x + b)

2

In/(q) zlnI(O)—%-qz. (2.99)

If the shape of the particles is known, their sizes can be determined from the radius of
gyration. As an example, for a sphere of radius R [85]:

R =§R2. (2.100)

2.6.2. GISAXS analysis beyond Guinier’s approximation

Obtaining more information from GISAXS data requires numerical simulations (also
approximate) of scattering. The details of various approximate approaches to the GISAXS
analysis beyond Guinier’s approximation are described in the Appendix. In the analysis of the
samples in this research, several approaches were tried. Successful one was using the
scattering calculations in Distorted Wave Born Approximation (DWBA) on gradient layer
because it was an appropriate way to treat dense particle systems supported on the substrate
[86]. Calculation of the particle-particle correlations was in the framework of Local
Monodisperse Approximation (LMA) [86]. As a natural choice for MIFs and suggested by
results of AFM and Guinier’s approximation, truncated spherical and truncated spheroid
particles were chosen as the model particle shapes, with uncoupled size distributions parallel
and perpendicular to the surface. The described model gives good results in the analysis of the

gold MIFs samples which is presented in section 7.2.2.
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3. Experimental

3.1. Sample preparation

MIFs were prepared by the electron-beam evaporation on 1 mm thick BK7 glass
substrates. Prior to deposition, substrates were cleaned with the Balzers substrate cleaning
liquid nr. 2, wiped with a cotton cloth and puffed with air. The depositions were done in a
modified Varian 3117 evaporator with base pressure of 5 x 10 torr. The source materials
deposited by evaporation were 99.99 % pure silver, gold and copper. The materials were
evaporated from a conical crucible.

The film thickness was controlled by quartz crystal (Sloan Digital DTM). The oscillation
frequency of quartz crystal changes as a function of the mass of deposited material. The
frequency change is proportional to the deposited mass per unit area. The ratio between
deposited mass per unit area and density of deposited material represents “mass thickness” of
the deposited layer. Mass thickness of a layer is equal to its real thickness if a material is
deposited as homogeneous layer. Silver, gold and copper were deposited in three different
mass thicknesses each (3 nm, 7nm and 12 nm). Deposition rates determined from mass
thickness increment with time were ~ 0.5 nm/s for silver and ~ 0.1 nm/s for gold and copper.

The substrates were heated using quartz heaters positioned in the chamber. The
depositions were done at different substrate temperatures: 25 °C, 75 °C, 120 °C, 175 °C and
215 °C. In some experiments, a protective capping layer of 10 nm SiO, was deposited over
MIF in the same deposition run. The role of protective capping layer was to prevent
oxidization of silver and copper in air. Sets of samples were prepared without capping layers
as well.

The samples with gold MIFs in a sandwich between dielectric layers were also produced
by e-beam evaporation; BK7/Si0,/Au/TiO,, BK7/TiO,/Au/TiO, and BK7/Si0,/Au/Si0,.
Silicon dioxide (Si0) and titanium dioxide (TiO;) films were prepared by reactive e-beam
evaporation of silicon dioxide and titanium(III) oxide (T1,O3). During the deposition, partial
pressure of oxygen was at 9 x 107 torr for TiO, and 5 x 107 torr for SiO,. The deposition
rates of SiO; and TiO, films were 1 nm/s. The substrate temperature during deposition was
215 °C. Thicknesses of dielectric layers were 100 nm and mass thickness of gold films was

7 nm.
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3.2. Materials

Silver, gold and copper, which are noble metals, were the main materials studied in this

thesis because of their plasmonic properties.

BK7 glass is a widely used borosilicate glass of optical quality. Borosilicate glass is a
type of glass with the main glass-forming constituents: silica (silicon dioxide) and boron

oxide. Softening point of BK7 glass is at 550 °C. It is chemically resistant.

Optically, borosilicate glasses have low dispersion and relatively low refractive indices
(1.51 — 1.54 across the visible range). Their optical properties are homogeneous through the

substrate. BK7 glass has significant absorption at wavelengths below 380 nm.

Si0; is a favourable low refractive index material with refractive index of 1.45 —1.50 at
500 nm. It can be deposited with good adhesion to dielectric substrate and it has a good
mechanical durability. It is appropriate for applications in UV and visible range, i.e. for range
between 250 nm and 1100 nm. Films are amorphous and they have compressive stress.
Crystallisation occurs upon thermal treatment at temperatures above 1100 °C. When
evaporated with electron beam gun, the amount of material deposited on a monitor chip or
quartz crystal does not have the expected reproducible ratio to that received at other positions
in the chamber. This is explained by erratic melting/sublimation of SiO; in both, granular and

solid disc forms.

TiO; is the most widely used material in optical coatings for the visible range due to its
high refractive index of 1.9 — 2.6 at 500 nm and good mechanical properties. Sub-oxide free
films start to absorb below 400 nm and therefore the material is not appropriate for UV
coatings. The TiO, films are crystalline with rutile or anatase phases or their mixtures.
Refractive index varies a lot depending on deposition technique and conditions, especially on

pressure and rate of deposition [87].

Using TiO; in combination with SiO,, it is possible to obtain multilayer of high number

of layers having excellent durability and stability due to mutual compensation of stress.
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3.3. Optical characterisation techniques

Spectrophotometry and spectroscopic ellipsometry are very well established and widely
used experimental techniques for characterisation of optical properties of materials. Both
techniques were used in optical characterisation of samples in this research and their
description is given in the following subsections.

For extracting relevant information from optical experiments the same general procedure
is usually applied [83]. They never directly measure the sample parameters of interest (optical
constants, thicknesses, etc.); rather they measure some quantity that is a function of the
parameters of interest. It is then necessary to solve the inverse problem of modelling the
measured data to estimate the values of the sample parameters that yield data predicted from
the model which best match the measured data. This procedure may be divided into the

following four steps, as illustrated in Figure 3.1.

. Exp.Data
Measurement | ~__

Fit Parameters
nk
Thickness
Results Roughness /K
Uniformity! >

Figure 3.1 Procedure to determine material properties from experimental data.

First, optical measurements are performed and experimental data are obtained. Then we
must construct a model which can accurately describe our sample. The model contains some
known parameters, such as the wavelength of the incident light, the incident beam
polarization state and the angle of incidence, and some unknown physical parameters such as
layer thicknesses and optical constants.

Next we optimize the model parameters to fit the measured data, i.e. vary the unknown
physical parameters and generate data until we find a set of optimal parameters that yield
calculated data that closely match measured optical data. When a set of physical parameters
yielding calculated data which closely match the experimental optical data is found, we must
establish that the best-fit set of parameters is unique, physically reasonable, and not strongly
correlated. If these criteria are met, we can conclude that the best-fit model probably

represents the physical reality of the sample.
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3.3.1. Spectrophotometry

Spectrophotometry measures reflectance and/or transmittance of a sample over a defined
spectral range. The light beam from a source is transmitted through a sample or reflected from
a sample and the ratio between the transmitted/reflected and incident intensities is determined.
If a spectrophotometer is equipped with integrating sphere, scattering measurements are also

possible.

According to wavelength region accessible to measurement and experimental method
implemented, spectrophotometers may be divided to dispersive spectrophotometers and
Fourier Transform Infrared (FTIR) spectrophotometers. Dispersive spectrophotometers
measure usually in the wavelength region from 200 nm to 3000 nm (which spans ultraviolet,
visible and near infrared; UV-VIS-NIR). FTIR spectroscopy measures in the range from 2 um
to 100 um. The main components of dispersive spectrophotometer are: light source,

monochromator, optical system for light beam guidance and a detector.

Spectrophotometric measurements may be applied in determining of refractive index and
thickness of the layers. But in this research, for the purpose of obtaining optical constant and
layer thickness, spectroscopic ellipsometry is used because of higher sensitivity.
Spectrophotometry is used to acquire transmittance and reflectance measurements, from
which optical loss is calculated. Clear identification of LSP resonance in optical spectrum is
thus possible by spectrophotometry and, accordingly, tracking LSP behaviour with changes in

sample preparation parameters.

The LSP resonance properties of the samples were studied by analysis of optical loss
using optical spectroscopy in the 300 nm— 1100 nm spectral range. In order to do this,
transmittance (7) and reflectance (R) measurements were performed using a Perkin-Elmer
spectrometer Lambda 25. Optical loss L was then calculated according to the formula:
L=1-T-R (where L =S+ 4 is the sum of scatter S and absorptance 4) [88]. Typical value
of experimental error, without systematic errors, is 0.15% for transmittance and 0.3% for
reflectance at normal incidence (it is not possible to perform actual reflectance measurements
at completely normal incidence, so special attachments are used and reflectance

measurements are usually done at 6° angle of incidence and this is taken as normal incidence).
y
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3.3.2. Variable angle spectroscopic ellipsometry

Optical constants of the bare BK7 substrates, silver, copper and gold MIFs samples were
determined using spectroscopic ellipsometry under different angles of incidence (50° and 60°
for BK7 substrates; 65° and 75° for silver and copper MIFs; 35°, 45°, 55°, 65° and 75° for
gold MIFs) and transmittance measurements at normal incidence in 300 nm— 1650 nm
spectral range (corresponding to 0.75eV —4.1eV). J.A. Woollam Co. V-VASE variable
angle spectroscopic ellipsometer was used. Fitting of experimental data was done using
WVASE32 software (J.A. Woollam Co.). The optical model for MIFs was implemented in the
WV ASE32 software using “GenOsc” function [83].

The problem of incoherent backside reflections for silver and copper MIFs samples was
solved by roughening back side of BK7 substrates using mechanical grinder. In the analysis of
gold MIFs, incoherent backside reflections of the samples were accounted for in WVASE32

by including the number of backside reflections parameter in the optimization process [83].

For evaluation of fit quality the mean squared error (MSE in (3.1)) was used which
quantifies the difference between model and experiment for all regressed quantities. The
random measurement error for each data point was incorporated via the following MSE

equation:

2
Vo | N | (ot e
1,a 1,a

2
A.MOd _A'Exp TMod _TExp
MSE® = ! DN TETE | | | |
(2N,N,+N,)-M = | = Oy e Cia Or.i (3.1)

where ¥ 57, AP” and YZE)‘” are experimental ellipsometric angles and transmittance data.
Mod Mod Mod : T4t Exp Exp Exp

pro LAY and T are corresponding model quantities. o, , o, and o7 are the

standard deviations of the experimental data points ¥ %7, A”” and YZE“” . N; is the number of

photon energies in each spectrum, N, number of angles of incidence in ellipsometric

measurements, and N is the total number of data points. Compared with well known
likelihood estimator, the chi-square ( Va ) , the MSE expression is normalized by the pre-factor

so it is not directly affected by the change in the number of data points N or number of free fit

parameters M.
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3.4. Structural characterisation techniques

The morphological and structural properties of nanomaterials are usually addressed by a
wealth of techniques such as Transmission Electron Microscopy (TEM), High resolution
Scanning Electron Microscopy (SEM), Scanning Tunnelling Microscopy (STM) or Atomic
Force Microscopy (AFM), laboratory X-ray diffraction (XRD), and synchrotron radiation
based X-ray techniques.

3.4.1. Atomic force microscopy

The AFM provides the morphological information for particles on top of a surface. It also
has some limitations, such as limited statistics, the problem of convolution with the tip shape,
problems with in situ measurement during growth because of shadowing effects and
temperature drift. Therefore long acquisition times and interruption of the growth process are
needed. The AFM cannot be used for particles embedded in matrix, below the surface and
most other techniques are destructive. Complementary information can be obtained in

reciprocal space using X-ray scattering.

The AFM of silver and copper MIFs were performed with a Dimension 3100 (Digital
Instruments) instrument in the tapping mode. The radius of the tip was < 10 nm. Lateral
accuracy was typically within 1 %. AFM was used for the island morphology characterisation
as a complementary method to GISAXS. These measurements were performed in Joanneum

Research, Institute of Nanostructured Materials and Photonics in Weiz, Austria.

The other AFM measurements was performed at “Ruder Boskovi¢” Institute in Zagreb
where the surface topography of gold MIFs was determined using a MultiMode Probe
Microscope with the Nanoscope Illa controller (Veeco Instruments Inc.) and a ”J” scanner
with a vertical engagement (JV) 125 pm (AS-130V scanner, Veeco Instruments, Santa
Barbara, CA). Imaging was operated in the “tapping mode” using silicon tip (TESP, Veeco,
nominal frequency 320 kHz, nominal spring constant of 42 N/m) under ambient conditions in
the air. The linear scanning rate was optimized between 1.0 Hz and 2.0 Hz at a scan angle of

0°. Data were collected with (512 x 512) pixel number. The radius of the tip was < 10 nm.
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3.4.2. Grazing-incidence small-angle X-ray scattering

GISAXS measurements were performed at the Austrian SAXS beam line [89, 90] at the
Synchrotron ELETTRA, Trieste, Italy. GISAXS setup data were: X-ray photon energy was
8 keV (i.e. wavelength A= 0.154 nm); energy resolution (AE/E) was <2.5 x 10~ and focal
spot size FWHM was (4 x 0.15) mnr’.

The GISAXS intensity curves are obtained from the scattering pattern recorded by a two-
dimensional charge-coupled device (CCD) detector with image sizes of 1024 x 1024 pixels.
The distance between the sample and detector was L = 1.5 m. A motorized Al beam absorber
was positioned perpendicular to the sample surface to reduce the transmitted and specularly
reflected beams. The samples were mounted on a stepper-motor-controlled tilting stage with a
step resolution of 0.001° and measured at the chosen grazing angles. GISAXS for each sample

was measured at critical angle and also at one slightly larger angle.

Analysis of GISAXS intensity patterns was done using Guinier approximation. For gold
MIFs samples, IsGISAXS program was used for simulation and fitting of experimental data
of islands on a substrate [91]. ISGISAXS program provides a wide variety of calculation
frameworks: different scattering formalism, different form factor calculation formalisms,
various particle shapes and size distributions; interference functions: lattice (perfect or with

defects), random distributions, para-crystal model. Further details are given in the Appendix.
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4. Localized surface plasmons of noble metals

As an introduction to a series of experimental results that will be presented and discussed
in the following chapters, optical transmittance spectra of silver, gold and copper island films
will be shown which were prepared under different deposition conditions and with different
dielectric environment. Optical properties of these samples illustrate important phenomena

which are the subjects of this thesis.

Optical transmittance spectra of samples with silver, gold and copper metal island films,
all with mass thickness of 7 nm, deposited at hot substrates (220°C) and coated with a 10 nm
SiO; protective dielectric layer are shown in Figure 4.1.
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Figure 4.1 Transmittance spectra of samples with silver, gold and copper metal island films

obtained at hot substrates (220 °C) and coated with 10 nm SiO; protective layer.

The optical properties in the spectral range of interest are dominated for all the samples
by the LSP resonance of free electrons in clusters. The LSP resonance is shown by a
minimum in transmission spectra which is positioned in the blue part of the spectrum for
silver and in the red part for gold and copper. Beside red shift of the resonance, going from
silver to copper, a broadening of the resonance is observed. Transmittance is additionally
lowered in the blue part of the spectrum for gold and copper because of interband transitions
of these metals. Strong interband absorption very close to the LSP resonance characterizes
copper.
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Optical transmittance spectra of samples with silver metal island films obtained under
different conditions: at hot substrate (220 °C) and coated with SiO, or TiO,, and at cold

substrate and coated with SiO, or TiO; are shown in Figure 4.2.
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Figure 4.2 Transmittance spectra of samples with silver metal island films obtained under
different conditions: at hot substrate (220 °C) and coated with SiO, or TiO,, and at room

temperature substrate and coated with SiO, or TiO,.

The blue shift of LSP resonance for silver metal islands coated by SiO,, compared with
those coated by TiO,, can be understood from the dielectric function of silver (see Figure 2.2).
As TiO, has a higher dielectric constant than SiO;, the resonance condition will occur for
more negative values of the real part of the dielectric constant of silver, i.e., at longer
wavelengths. The analysis of the resonance condition for single small spherical particles,
however, cannot explain the changes on the SP characteristics depending on the substrate
temperature. These changes must be attributed to the modification of the geometrical
arrangement of the metal clusters depending on the substrate temperature. Indeed, clusters
grown at cold substrates typically present a wider size and shape distribution and higher
percolation degree [92], resulting in an increase of the cluster-cluster interaction and leading

to a broader LSP resonance [73].
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5. Silver metal island films on glass substrates

5.1. Optical characterisation of silver MIFs

5.1.1. Spectrophotometry of silver MIFs

It is quite rewarding to have qualitative information about optical behaviour of samples
immediately after finishing the deposition procedure. Differences on LSP resonance position
in the visible spectrum for the samples may be easily detected by an eye. The trends of colour
change (of light reflected from the sample surface) both with increase of substrate temperature

and with deposited mass thickness increase, are easily seen in Figure 5.1.

Inm 7 nm 12 nm

25°C

120°C

215°C

Figure 5.1 Photographs of silver MIFs samples in case of three deposition temperatures;
25°C, 120 °C and 215 °C (presented in rows from top to the bottom) and for deposition

thicknesses of 3 nm, 7 nm and 12 nm (presented in columns from left to right).
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A quantitative assessment of the optical properties of silver MIFs was done by transmittance

and reflectance measurements of the samples. The optical loss was then calculated as

100% — T'— R and used for tracking LSP resonance of samples. The LSP resonance trend with

the increase of the substrate temperature during deposition is displayed in the Figure 5.2.
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Figure 5.2 The evolution of LSP resonance with substrate temperature increase (increasing

temperature from the top to the bottom of the figure) for the samples with 3 nm, 7 nm and

12 nm mass thickness of deposited Ag.
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The Figure 5.3 displays the change of LSP resonance with the increase of the deposited mass

thickness of silver.
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Figure 5.3 The evolution of LSP resonance with increase of mass thickness of deposited Ag
(increasing mass thickness from the top to the bottom of the figure) for the samples with

25 °C, 120 °C and 215 °C substrate temperatures during deposition.
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All the spectra are characterized by a peak related to the LSP resonance. Two main
effects are observed: i) red shift and widening of the LSP resonance with the increase of
deposition thickness and ii) blue shift and narrowing of LSP resonance with the increase of

deposition temperature.

Red shift, broadening and intensity increase of LSP resonance with deposited mass
thickness may be explained by modelling MIF-SiO, layer as a composite film with optical
constants that can be calculated using Maxwell Garnett model. The results of Maxwell
Garnett simulation are presented in section 2.4.1 using the Drude model for the dielectric
function of silver and with the confinement effect incorporated through the increase of
damping constant (see equation (2.77)). It was thus possible to show that the LSP resonance
becomes more intense, broader and red shifted when the concentration of silver increases.
Blue shift and narrowing of LSP resonance with temperature are effects that could be
attributed to the combination of morphological trends with temperature (increase of particle
sphericity, interparticle distance and particle size). This topic is further studied in the section

5.2 where structural properties of silver MIFs are investigated.
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5.1.2. Variable angle spectroscopic ellipsometry of silver MIFs

The series of five silver MIF samples with the mass thickness of 7 nm and substrate
temperatures of 25 °C, 75 °C, 125°C, 175°C and 215 °C were prepared without SiO;
capping layer.

Optical properties of bare BK7 glass substrates were measured prior to deposition of
MIFs. BK7 glass is transparent for the visible light with absorption edge in the UV, so
Cauchy dispersion model and Urbach absorption in high energy region were used in optical
characterization. The complex dielectric function obtained for BK7 glass substrates was fixed

in the further modelling of the silver MIFs.

Silver MIFs were modelled as a homogeneous layer with effective dielectric function and
layer thickness (see section 2.4). The analysis started with a point by point fit, keeping
effective layer thickness value d.y equal to the mass thickness. In the point by point fit, the
effective optical constants are determined for each photon energy by inversion from ¥ and A.
It yielded acceptable agreement to measured data. Although point by point fit does not
guarantee Kramers-Kronig consistency, it gives some valuable physical information about the
dispersion of optical constants due to the different light-matter interaction phenomena which
occur in the investigated spectral range. Based on the results of point by point fit, it was
possible to identify different phenomena which determine optical properties of silver MIFs: 1)
a strong absorption between 1.8 eV and 2.9 eV attributed to LSP resonance, ii) a tail of
interband transition absorption of silver in UV and iii) a Drude-like infrared absorption
shoulder (only for the sample with of 25 °C substrate temperature) which indicates metallic

behaviour and suggests a possible percolation of islands.

Finally, multiple oscillator model described in the section 2.4.2 was used (2.79), with
Gaussian oscillators modelling LSP resonance and interband transitions, and Drude oscillator
in the low photon energy part of spectrum for the sample with 25 °C substrate temperature.
The choice of Gaussian oscillators instead of Lorentz oscillators was based on the results of
more detailed analysis applied for gold samples which will be presented in section 7.1. MSE

values obtained were between 1.6 and 3.9.
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The effective dielectric functions of the silver MIF samples are presented in Figure 5.4.
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Figure 5.4 The real and imaginary part of the effective dielectric function of silver MIF
samples with mass thickness 7 nm in case of five substrate temperatures during the

deposition: 25 °C, 75 °C, 125 °C, 175 °C and 215 °C.
The effective layer thicknesses of the silver MIF samples are presented in Table 5.1.

Table 5.1 The effective layer thicknesses of the samples

T5 (°C) 25°C 75 °C 125 °C 175 °C 215°C

de (Nm) 8.0+0.2 14.0+0.9 18.9+0.2 209+03 265+0.3

The main results of the ellipsometry study of silver MIFs are: i) there is blue shift,
narrowing and intensity decrease of LSP resonance with temperature and ii) effective layer
thickness increases with temperature indicating the formation of larger particles. For the

sample with 25 °C substrate temperature, indication of percolation of islands is present.
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5.2. Structural characterisation of silver MIFs

Structural characterization of silver MIFs was done using AFM and GISAXS with the

aim to explore the relation between optical and structural properties.

5.2.1. Atomic force microscopy of silver MIFs

Figure 5.5 presents AFM micrographs of silver MIFs samples. It was observed that the
lateral size of the islands shows an increase with the increase of deposition thickness as well

as with the substrate temperature. Quantitative analysis is in Table 5.2.
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Figure 5.5 AFM micrographs of silver MIFs samples for three deposition temperatures;
25°C, 120 °C and 215 °C (presented in rows from top to the bottom) and for deposition
thicknesses of 3 nm, 7 nm and 12 nm (presented in columns from left to right).
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5.2.2. GISAXS of silver MIFs

To obtain quantitative structural information about silver MIFs, GISAXS measurements

were done. Figure 5.6 depicts 2D GISAXS scattering patterns of the silver MIFs samples

mass thickness
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Figure 5.6 2D GISAXS scattering patterns for measured silver MIFs samples. The first
column presents samples with 3 nm deposited mass thickness, the second with 7 nm and the

third with 12 nm. The first row presents samples deposited at 25 °C, the second at 120 °C and
the third at 215 °C.
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In all cases well-defined areas of maximal intensities at both sides of the beam stop can
be observed. The scattered intensity concentrates more and more towards the origin of the
reciprocal space as the deposited Ag thickness increases (see Figure 5.6 from left to the right)
as well as the deposition temperature increases (see Figure 5.6 from top to the bottom). This
reveals the growth of island sizes in all real-space directions as expected [93] and this

assumption will be proved later in this section.

In each pattern in Figure 5.6 two maxima situated parallel to the g, axis are separated by
the partly seen (partly screened by the beam stop) specular rod at qy=0nm'1. This
interference effect arises because there is a preferential closest neighbour centre-to-centre
distance (D) between the islands [93]. This intensity is oscillating in z direction due to

interference effects in the SiO, capping layer.

The island size analysis was performed using a simplified approach. D was determined
by direct extraction from the position of the intensity maximum ¢ using the “Bragg” law
(D =2m/gm). In order to determine the average vertical and lateral size of the silver islands,
1D vertical (i.e. perpendicular to the sample surface at ¢m) and horizontal cuts (i.e. parallel to
the sample surface at ¢gn,) of a 2D GISAXS patterns were done, respectively. When the
Guinier’s approximation (explained in Section 2.6.1) [84, 94] is applied to the vertical and
horizontal cut data the respective island sizes are estimated. The obtained vertical and
horizontal island’s average sizes clearly show the trend of growing with both the deposition

thickness and deposition temperature. The GISAXS characterisation results are presented in
Table 5.2.
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Table 5.2 Characterization results obtained by three methods (spectroscopy, GISAXS and
AFM) for all measured silver MIFs samples. Apcax 1s the position of the LSP resonance peak
maximum, Adrwam 18 the respective peak width (full width at half maximum). D represents
average interparticle centre-to-centre distance, Rms is the film surface roughness, H is the
islands’ average vertical size (height) and d is their average horizontal (lateral) size, all in

nanometres (nm).

Ag samples Methods
Spectroscopy AFM GISAXS
Apeak / MM Adpwpm / NM D /nm R / nm H/nm d/nm D /nm
3nm 25°C 497 297 15,7 0,98 5,6 8,2 17
3nm 120°C 464 170 22,1 1,10 7,4 9,4 17
3am 215°C 455 126 20,8 1,13 7,8 9,2 17
7nm  25°C 591 - 17,7 0,79 14,0 11,2 24
7nm 120 °C 490 212 27,1 1,52 13,0 14,0 30
7nm  215°C 461 171 32,0 1,27 14,8 14,8 30
12nm 25°C 940 - 243 0,70 10,0 13,4 39
12nm 120 °C 547 398 40,7 1,72 14,2 21,0 41
12nm 215°C 476 248 51,9 2,42 18,6 23,0 47

For a more precise determination of the island sizes and interparticle distances, only the
direct modelling of the data is adequate. It should include reflection-refraction effects, the
coupling between interference function and the island’s form factor which greatly increases

the complexity of the analysis [91, 93, 95].

The most evident trends of the geometrical properties of the clusters with the deposition
parameters are the increase of the interparticle distance and sizes in all directions with the
deposited mass thickness. Such trends are explained by the typical growth mechanism of
metal films [49] that starts with a nucleation process that gives place to small clusters and as
the amount of deposited metal increases, the clusters start to coalesce and form bigger islands.
A secondary trend observable from the structural characterization is an increase of the particle
size, together with an increase of the interparticle distance, as the deposition temperature
increases. The formation of larger, more spherical and more separated islands, also reported in

[96], is connected to the higher energy available to silver atoms arriving to a hotter substrate.
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The discrepancy between the interparticle distances extracted from GISAXS and AFM is
up to 25 % (except for films of 7nm and 12 nm thickness deposited at 25 °C). It must be
noticed that GISAXS technique provides a more complete description of the clusters
geometry. Due to the presence of the protective SiO; layer, no information on the vertical and
horizontal dimensions of the islands is available from AFM since the bottom of the islands is
not reachable by an AFM tip, and only the centre-to-centre distance can be estimated. Even
without the presence of a SiO, layer, the determination of islands’ dimensions might be
limited by the convolution of islands’ shape with the tip shape. Nevertheless, AFM can
provide some qualitative information on the vertical dimensions of the islands, since it is
possible to observe an increase of the surface roughness with temperature and deposited mass
thickness. Such increase of roughness can be explained by the formation of a less smooth

Si0; surface due to an increase of the islands’ vertical dimension, as confirmed by GISAXS.

A broadening and red shift of the LSP peak characterize the evolution of the optical
properties of MIFs with the amount of deposited Ag. Such behaviour can be qualitatively
explained by modelling the MIF-SiO, layer as a composite film with optical constants that
can be calculated using effective medium theories [97]. Using the Maxwell Garnett model
[70], it is possible to show that when the concentration of silver increases in the composite

film, the LSP resonance peak becomes broader and red shifted [98].

Regarding the evolution of LSP with temperature, blue shift and narrowing of the LSP
resonance is observed. Such behaviour can be attributed to changes in: 1) particle shape — LSP
of spherical particles is blue shifted and narrower compared to that of elliptical particles [99];
i1) interparticle distance — interaction between particles is decreased when particles are more
separated, leading to a broadening and blue shift of LSP [96]; iii) particle size — optical
constants of small Ag particles are different from that of the bulk Ag due to the shorter mean
free path of electrons. The change in optical properties depending on Ag cluster size leads to a
broadening of the LSP peak for smaller particles [99]. Combination of these geometrical
trends can be identified from the structural characterization of the islands. In order to
precisely analyse the contribution of these three effects — shape and size of islands and
interparticle distance — in the observed optical properties, modelling of the collective optical
response of islands [46] is required. However, for such purpose a more precise knowledge of
the size and shape distribution of islands is necessary. This information could be extracted by
more complex analysis of GISAXS data [91, 93, 95] beyond the Guinier’s approximation.

Such approach was applied in the analysis of the gold MIFs.
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6. Copper metal island films on glass substrates

The series of five copper MIFs samples were prepared, with the mass thickness of 7 nm
and 25 °C, 75 °C, 125 °C, 175 °C and 215 °C substrate temperatures during the depositions,
without SiO; protective layer. This was for the purpose of obtaining the information about the
change of structural and optical properties of copper MIFs with respect to different substrate

temperatures during the depositions.

6.1. Structural characterization of copper samples

6.1.1. Atomic force microscopy of copper samples

The results of AFM of bare BK7 substrate and copper samples with 7 nm mass thickness

of copper deposited at 25 °C and 215 °C substrate temperature are shown in the Figure 6.1.

Figure 6.1 The AFM of a) bare BK7 substrate, b) copper sample with 7 nm mass thickness

deposited at 25 °C and ¢) copper sample with 7 nm mass thickness deposited at 215 °C.

The AFM micrographs of the copper MIFs confirm the formation of copper nanoparticles
in the case of high substrate temperature (215 °C) when enough energy is available for atoms
coming to the substrate surface to follow Vollmer-Weber growth mode. For sample deposited
at 25 °C, the film of percolated small clusters is formed with some large clusters of percolated
copper also present on the film. Compared with silver samples deposited at 25 °C, for the
corresponding copper sample it seems that growth of nanoparticles is less favourable for

copper. This behaviour is further investigated with GISAXS in the following section.
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6.1.2. GISAXS of copper samples

The GISAXS measurements of 7 nm mass thickness copper samples were done to obtain
information about the change of structural properties with substrate temperature during the

deposition. The results are shown in the Figure 6.2.
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Figure 6.2 2D GISAXS scattering patterns of copper samples with 7 nm mass thickness

deposited with substrate temperatures: 25 °C, 75 °C, 125 °C, 175 °C and 215 °C.
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The GISAXS scattering patterns reveal that the copper MIFs are composed of nanometric
clusters distributed at the sample surface in the case of 125 °C, 175 °C and 215 °C substrate
temperatures, as evidenced by the presence of two lobes of scattered light symmetric with
respect to the incidence angle. For higher substrate temperatures the intensity of the scattered
light is more concentrated at smaller angles, suggesting that the particle size increases with
substrate temperature. Well defined areas of maximal intensities at both sides of the beam
stop cannot be observed in samples with 25 °C and 75 °C indicating formation of compact

films with much smaller surface roughness then in MIFs.

The strength of the metal-substrate interaction (see Table 2.1) for copper on SiO; (0.384)
is larger than for silver on SiO, (0.188 —0.214) thus indicating that higher substrate
temperatures are needed for formation of copper nanoparticles [52]. The comparison of the

results obtained using AFM and GISAXS of silver and copper samples clearly confirms this.

6.2. Optical characterisation of copper samples

Optical transmittance spectra measurements of copper MIFs samples gave the results in
accordance with assumptions based on the results of GISAXS. The dip in the transmittance
spectrum between 1.5 eV and 1.6 eV is clearly present for samples deposited at 125 °C,
175 °C and 215 °C (pronounced for samples deposited at 175 °C and 215 °C) which may be

attributed to LSP resonance of copper nanoparticles (Figure 6.3).
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Figure 6.3 Optical transmittance spectra of copper samples with 7 nm mass thickness
deposited with substrate temperatures: 25 °C, 75 °C, 125 °C, 175 °C and 215 °C
71



The detailed optical characterization of copper samples was performed by variable angle

spectroscopic ellipsometry using the same model and the same procedure as for silver (see

Section 5.1.2). The strong absorption between 1.5eV and 1.6 eV was attributed to LSP

resonance. There was further absorption above approximately 2.2 eV due to interband

transitions of copper. Drude-like absorption shoulder in NIR (which is pronounced for the

samples with 25 °C and 75 °C substrate temperatures, and just emerging for the sample with

125 °C substrate temperature) indicated metallic behaviour and the percolation of islands.

MSE values obtained were between 1.4 and 2.5

The results of the VASE analysis, real and imaginary parts of the effective dielectric

function, are presented in Figure 6.4 and Figure 6.5.
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Figure 6.4 The real part of the effective dielectric function of copper MIFs samples with mass

thickness of 7 nm, for five different substrate temperatures during the depositions: 25 °C,

75 °C, 125 °C, 175 °C and 215 °C.

72



14'''I''"I''"I""I""I""I""I'

- Ts= 25°C
12 9 —=- Ts= 75°C 7
N e Ts=125°C
10F "~ --- Ts=175°C 7

Ts=215°C |

0||I||||I||||I||||I||||I||||I||||I|
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Photon energy (eV)

Figure 6.5 The imaginary part of the effective dielectric function of copper MIFs samples
with mass thickness of 7 nm, for five different substrate temperatures during the depositions:

25°C, 75 °C, 125 °C, 175 °C and 215 °C.

The results of the structural characterization obtained by GISAXS show that the copper
nanoparticles are formed at 125 °C, 175 °C and 215 °C and the optical characterization by the
VASE show the presence of LSP resonance in these cases (Figure 6.5), with additional result
showing that the percolation of clusters is present at 125 °C confirmed by emerging Drude tail

in NIR.

Notice that the LSP resonance is positioned in the NIR and that the shift of resonance due
to the change of substrate temperature is quite small compared to the one in the case of silver
MIFs. Thus, the possibilities of tailoring optical properties of copper MIFs in visible spectrum
with our experimental capabilities were quite limited. This, together with the existence of
strong interband absorption of copper in visible spectrum, was the reason not to use copper in

further investigation of MIFs embedded in multilayer structures.
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7. Gold metal island films on glass substrates

Optical and structural properties of gold MIFs were investigated in more detail than those
of silver and copper MIFs, as a prerequisite for later analysis of MIFs in multilayer structures.
The main reason for this was the stability of gold MIFs during deposition of TiO; layer above
MIF in elevated oxygen pressure environment. Oxidation of silver MIFs in the same
conditions prevented the use of silver in the production of multilayer structures where MIFs
are embedded between TiO, layers. The copper was not used in multilayers because of copper
interband transitions present immediately after 2 eV and low LSP resonance tailoring

potential with our experimental capabilities.

7.1. Optical characterisation of gold MIFs

Different approaches were tried to model the measured ellipsometric data for gold MIFs.
At first, EMTs (Maxwell Garnett and Bruggeman) were tried. Here, the gold MIFs have been
modelled as a mixture of gold and SiO,/air, with corresponding materials’ optical constants
taken from [100] and with volume fraction of components as optimization parameters. This

approach was without success, with MSE > 20 in all the samples.

The second approach starts with a point by point fit in which the effective optical
constants are determined for each photon energy by inversion from ¥ and A. It yielded
acceptable agreement to measured data, but without guarantee for Kramers-Kronig
consistency. Nevertheless, it gives valuable information about the dispersion of optical
constants due to the different physical phenomena which occur in the investigated spectral
range. Therefore, the point by point fit is the first step in a progress to build a physical

dispersion model for the effective optical constants of gold MIFs.
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Based on the results of point by point fit, it appeared that three different phenomena
determine optical properties of gold MIFs: i) a strong absorption between 1.3 eV and 2.1 eV
attributed to LSP resonance, ii) two weaker absorption peaks in UV connected to interband
transitions of gold and iii) a Drude-like infrared absorption shoulder (only for certain samples)

which indicates metallic behaviour and suggests a possible islands percolation [74].

After point by point fit, multiple oscillator approach was used. The total number of
parameters optimized for each sample is obtained as a sum of three parameters for each

Gaussian and Lorentz oscillator, two parameters for Drude oscillator (if it was used), one for

effective layer thickness d.r, one for &, and one for number of backside reflections

parameter. The number of parameters used in the analysis of our samples varied between 12

and 20 per sample.

As a result of simultaneous analysis of spectroscopic ellipsometry and transmittance
measurements in the same point of the sample, the uniqueness of fit with respect to the
effective layer thickness d.; was achieved. If transmittance measurements were not included

in fitting, the statistical uncertainty of the d.y was significantly higher.
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Experimental and model values of ellipsometric ¥ and A together with measured normal

incidence transmittance 7 in the same point of the sample are shown in Figure 7.1 for 7 nm

mass thickness sample deposited at 120 °C.
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Figure 7.1. Experimental and model values of ellipsometric ¥, ellipsometric A and normal
incidence transmittance 7 in the same point of the sample deposited at 120 °C with 7 nm mass
thickness. Upper row corresponds to the model using Gaussian oscillators and lower row

corresponds to the model using Lorentz oscillators.

In the first row the results of modelling with four Gaussian oscillators are shown, and in
the second row there are modelling results with four Lorentz oscillators. Fitting with Gaussian

oscillators gives better result (MSEGaussian = 2.3; MSE1orent; = 5.6).

The imaginary part ¢, (E)of the dielectric function for this sample, obtained from best fit

using four Gaussian oscillators for parameterization (oscillator 1 for main LSP resonance,
oscillator 2 and oscillator 3 to account for interband transitions of gold and oscillator 4 for
inhomogeneous broadening of LSP resonance) is shown in Figure 7.2. The optimal values of

the parameters obtained in this example are presented in Table 7.1.
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Figure 7.2 The imaginary part ¢, (£ )of the dielectric function for the sample with 7 nm mass

thickness deposited at 120 °C (full bold line) obtained with fit using four Gaussian oscillators
for parameterization (oscillator 1 for main LSP resonance, oscillator 2 and oscillator 3 to
account for interband transitions of gold, and oscillator 4 for inhomogeneous broadening of

LSP resonance). The optimal values of the parameters obtained in this example are shown in

Table 7.1.

Table 7.1 The optimal values of the parameters obtained for the sample with 7 nm mass

thickness deposited at 120 °C.

Fit parameter Value

Effective layer thickness doy(nm)  7.70 £ 0.07

Oscillator 1 Oscillator 2 Oscillator 3 Oscillator 4
Oscillator centre energy £, (eV) 1.921 +£0.002 2.48 £0.06 4.83 £0.09 1.58 +£0.02
Oscillator amplitude 4, 14.0+0.3 3.0+ 0.5 3.74 +£0.07 41+02
Broadening parameter B, (eV) 0.481 +0.003 2.03+0.08 32+05 0.63 £0.02
&, 2.21+£0.07

Number of backside reflections 23+0.1

MSE 23
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By using Lorentz oscillators we either got good numerical fit with non-physical solution
(negligible effective layer thickness) or lesser fit than using Gaussian oscillators (MSE larger
by factor of 2 or more). Combinations of different oscillators (Lorentz/Gaussian) for LSP
resonance and interband transitions have been also tried with similar outcome (either non-
physical solution or higher MSE). Fitting with Gaussian oscillators was always better than
with Lorentz oscillators although the same number of parameters was used: in all the cases,
with Gaussian oscillators we got a good fit from numerical and physical point of view.
Although the LSP resonance of isolated spherical gold nanoparticle may have Lorentz line
shape [101], we have a distribution of LSP resonances of individual nanoparticles due to
disorder, size and shape distribution. Gaussian line shape accommodates this distribution well

because a convolution of many Lorentz oscillators results in a Gaussian.

The results of modelling, i.e. complex dielectric function and effective layer thickness for
all measured samples are shown in Figure 7.3. The first column presents the samples with
3 nm deposited mass thickness, the second with 7 nm and the third with 12 nm. The first row
presents the samples deposited at 25 °C, the second at 120 °C and the third at 215 °C. The
number of oscillators used and MSE are shown in Table 7.2. In some cases more than one
Gaussian oscillator is needed to describe LSP resonance because of the inhomogeneous line

broadening of resonance [74].

Table 7.2 The number of oscillators used for fitting data and corresponding MSE for all the

measured samples.

Mass thickness 3 nm 7 nm 12 nm

Substrate temperature

4 x Gaussian 4 x Gaussian 5 x Gaussian
2 1 x Drude

MSE =2.4

120 °C 3 x Gaussian
MSE=1.2
3 x Gaussian

215°C MSE=1.6

MSE =27

4 x Gaussian
MSE =23

3 x Gaussian
MSE =34

MSE =1.6

4 x Gaussian
MSE =33

4 x Gaussian
MSE =4.5
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The results of optical characterization shown in Figure 7.3 give valuable information
about gold MIFs. We can follow the behaviour of LSP resonance with substrate temperature
during deposition and different mass thickness by looking at imaginary part of dielectric
response function &;. Two main effects occur: i) red shift, broadening and intensity increase of
LSP resonance peak with deposited mass thickness and ii) there is a blue shift and narrowing

of LSP resonance peak with substrate temperature increase.
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Figure 7.3 Complex dielectric function and effective layer thickness for all measured samples
in case of three deposition temperatures: 25 °C, 120 °C and 215 °C (presented in rows from
top to the bottom) and for mass thickness of 3 nm, 7 nm and 12 nm (presented in columns

from left to right).

These trends can be explained in terms of variations of particle size and shape for
different amount of deposited material or substrate temperature [32, 96, 102]. Absorption at
higher energies, to the right of LSP resonance, is attributed to the interband transitions of
gold. Samples with 7 nm and 12 nm mass thickness prepared at room temperature and 12 nm
sample made at substrate temperature of 120 °C show absorption at low energies (in infrared)
typical for Drude (metal like) behaviour. This is an indication of percolation of gold

nanoparticles [74, 103].
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7.2. Structural characterisation of gold MIFs

Structural characterization of gold MIFs was done using atomic force microscopy and
grazing-incidence small-angle X-ray scattering with an aim to explore the relationship

between optical and structural properties.

7.2.1. Atomic force microscopy of gold MIFs

First information about structural properties of gold MIFs samples was obtained by AFM

measurements. Figure 7.4 presents AFM micrographs of the samples.

12 nm

Figure 7.4 AFM micrographs of gold MIF samples in case of three deposition temperatures;
25°C, 120 °C and 215 °C (presented in rows from top to the bottom) and for deposition

thicknesses of 3 nm, 7 nm and 12 nm (presented in columns from left to right).
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As expected, according to Volmer-Weber mechanism of growth of ultrathin gold layers,

supported nanoparticles of gold were formed [49].

It can be observed that the lateral size of the islands shows an increase along with the
increase of deposition thickness, as well as with the substrate temperature. In the graph of
12 nm mass thickness sample deposited at 120 °C qualitative feature of percolation effect can
clearly be observed where several particles join to make larger connected areas/clusters. This
percolation effect is more pronounced in the case of low substrate temperatures with larger
mass thickness of gold deposited — for 7 nm and 12 nm mass thickness samples deposited at
25 °C and 120 °C. Described qualitative evidence of percolation from AFM is in complete
agreement with results of optical analysis and modelling of Drude-like behaviour in infrared.
Very small particle sizes, comparable with the radius of AFM tip, resulted in limited
possibility of extracting quantitative information obtained from AFM measurements (problem
of convolution of particle shape and tip shape, and possible artefacts). Therefore, only average
centre-to-centre particle distances between nearest neighbours (interparticle distances D) and
corresponding standard deviations op were calculated and presented for all the samples

without percolation in Table 7.3.

Table 7.3 The results of AFM measurements of gold MIFs samples.

Mass thickness 3 nm 7 nm 12 nm
Substrate D/mm op/nmm D/nm op/nm D/nm op/nm
temperature
25 °C 16.3 4.0 percolation — percolation -
120 °C 18.6 4.0 23.3 5.7 percolation —
215 °C 19.0 34 31.0 6.2 35.1 8.8
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7.2.2. GISAXS of gold MIFs

For the purpose of detailed analysis of gold MIFs’ structural properties with the aim of
determining correlation with optical properties determined from VASE and to complement
information obtained with AFM measurements, GISAXS studies have been done. Figure 7.5

depicts 2D GISAXS scattering patterns of the samples.
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Figure 7.5 The experimental 2D GISAXS scattering patterns for gold MIFs samples. The first
column presents samples with 3 nm deposited mass thickness, the second with 7 nm and the
third with 12 nm. The first row presents samples deposited at 25 °C, the second at 120 °C and

the third at 215 °C. The intensity is represented with logarithmic colour scale.
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In all scattering patterns in Figure 7.5, well-defined areas of maximal intensities at both
sides of the beam stop could be observed. The scattered intensity concentrates more towards
the origin of the reciprocal space as the deposited gold thickness increases (Figure 7.5 from
left to the right), with an increase in the deposition temperature as well (Figure 7.5 from top to
the bottom). This suggests that nanoparticle sizes grow in all real-space directions as it will be
confirmed in further analysis. In each pattern in Figure 7.5 two maxima situated parallel to the
qy axis are separated by the partly seen (partly screened by the beam stop) specular rod at
qy=0 nm™' . This interference effect arises because there is a preferential interparticle distance

(D) between nanoparticles [93].

The first step in gold nanoparticle size analysis was performed using a simplified
approach (explained already in the analysis of structural properties of silver MIFs) where
Guinier’s approximation was applied. Further step included quantitative analysis in which the
program IsGISAXS was used [91, 95]. The scattering calculations were done in Distorted
Wave Born Approximation (DWBA) on gradient layer [86] (see Appnedix). Calculation of the
particle-particle correlations was in the framework of Local Monodisperse Approximation
(LMA) [86]. For the model particle shapes, truncated spherical and truncated spheroid
particles were chosen (Figure 7.6) with uncoupled size distributions parallel and

perpendicular to the surface (log-normal and Gaussian, respectively).

a) truncated sphere
b) truncated spheroid

A

Hl R
2R

O0<H/R<2 0 <H/R < 2f,

f, - flattening parameter

Figure 7.6 Schematic representation of nanoparticle morphology with explanation of

parameters used in GISAXS analysis.
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In simultaneous fitting of GISAXS intensity profiles g, and g. crossing at maximum of
intensity position ¢, fit parameters were average particle radius R, height H and interparticle
distance D with corresponding widths of distributions og, o and op. For two samples,
flattening parameter f, was also introduced (Figure 7.6). For starting parameter values in fit
procedure, numbers obtained from simplified approach with Guinier’s approximation and
“Bragg” law were used. In Figure 7.7 an example of GISAXS analysis is presented. gy and g,
cuts (1D cuts of experimental 2D GISAXS intensity pattern parallel and perpendicular to the
sample surface at the position of intensity maximum) together with fitting results are shown
for the sample with 3 nm mass thickness of gold deposited at 25 °C, 120 °C and 215 °C (see
corresponding 2D GISAXS patterns in Figure 7.5).

4 1000

_ 1000 ¢ O experiment 3 O experiment
5 —fit —fit
\Gi g ""‘-q,i
> 100k 9 -
‘@ 100
C
@
E
10k ]
10
O experiment i Ry, O experiment |
—~ 1000 k it 1 1000 o e fit
>
s
2>
% 100k 100 E
kS
10k 4
10
—1 —‘ o gxperiment | 1000k o gxperiment ]
S —fit —fit
E‘/ s
> 5
£ 100f 100¢ E
E XX e
10k 4
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10 11 02 04 06 08 10 12 14 16 18 20
-1 -1
g,(nm") g,(nm")

Figure 7.7 Parallel (left) and perpendicular (right) linear cuts through the intensity maximum
of experimental GISAXS pattern for the sample with 3 nm mass thickness deposited at 25 °C,
120 °C and 215 °C. The experimental points are represented by circles with error bars and
lines correspond to the simultaneous best fits. Resulting values for average truncated spherical

particle radius, height and interparticle distances with dispersions of these values are shown in

Table 7.4.
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Rich morphological information obtained by GISAXS analysis of gold MIF samples is
summarized in Table 7.4 together with the results of optical characterization obtained by
VASE. For the samples with percolation, described GISAXS model does not give reasonable
physical results and for the purpose of completeness of analysis, simple Guinier’s
approximation for R and H, and “Bragg law” for D values are shown in Table 7.4. Overall, the
obtained average vertical and horizontal nanoparticle sizes and interparticle distances clearly

show the trend of growing with both the deposition thickness and deposition temperature.

Table 7.4 Summarized characterisation results obtained by three methods (VASE, GISAXS
and AFM) for all measured gold MIF samples. Apcac is the position of the e(Epnoton) peak
maximum, Alrwim is the respective peak width (full width at half maximum). For AFM, D
represents average interparticle distance with standard deviation op. For GISAXS, H is
average vertical size (height) of nanoparticles, R is their average horizontal (lateral) radius
and D is average interparticle distance (om, or and op are widths of distributions of
corresponding values). All the values are in nanometers (nm) except flattening parameter f,

which is a number.

Au samples

Methods

VASE AFM GISAXS

Apea/NM  Adpwaw/nm  dep/nm D /nm op/nm R/nm or/nm H/nm oxy/nm D/nm op/nm 5
3nm  25°C 640 290 4.0 16.3 4.0 39406 1.5+£09 51+09 0503 10+3  4+2 -
3nm 120°C 600 175 4.4 18.6 4.0 47+05 1.6+06 6709 0805 156 6=4 -
3nm 215°C 585 145 4.6 19.0 3.4 5+1 2+2 7£2  05+£03 147  6£3 -
7nm  25°C 810 380" 6.4 percolation - 6.9° b 9.8° b 25.1° b -
7nm  120°C 650 225 7.7 233 5.7 10.8 42 7.6 4.6 19 5 0.6
7nm 215°C 615 155 8.0 31.0 6.2 9.6 53 9.6 3.3 21 9 -
12nm 25°C 940 460° 9.4 percolation - 7.8° b 11.6° b 36.6° b -
12nm 120 °C 715 250" 11.4 percolation - 13.8° b 16.4° b 45.3° b -
12nm 215°C 635 175 13.1 35.1 8.8 12+4 - 15.6 - 30 13 0.7

"Because of percolation and Drude-like infrared absorption shoulder on the left side of the LSP resonance peaks for these samples, the value
of half-width on the right side of peak, at half maximum, multiplied by 2 is shown.

®For these samples, results of simplified Guinier's approximation for GISAXS analysis are shown
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8. Gold metal island films in dielectric multilayers

In this part of the research we found particularly interesting the influence of surrounding
media that change the LSP resonance properties of embedded MIFs compared with MIFs on
bare substrate. Understanding of the surrounding media influence on plasmonic oscillations is

of crucial importance for the further multilayer design containing metal island films.

At first we have studied the plasmon resonances and optical characteristics of gold island
films embedded between SiO, and/or TiO, dielectric films each of 100 nm thickness. The
effects of gold islands size, shape and arrangement on the optical properties have been studied
earlier in details with bare silver and gold island films [32]. In the second phase, we used the

obtained data for design of optical multilayers containing thin metal island films.

8.1. Optical characterization of embedded gold MIFs

The influence of a dielectric surrounding on the optical properties of MIFs may be seen in
the series of figures that will be presented; the optical loss spectra of gold MIFs are shown for
MIFs on bare BK7 substrate and for MIFs in different combinations of SiO,/TiO, layers

above/below.
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Figure 8.1 The optical loss spectrum of gold MIFs on bare BK7 substrate.
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Figure 8.2 The optical loss spectrum of gold MIFs on 100 nm TiO; layer on BK7 substrate.
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Figure 8.3 The optical loss spectrum of gold MIFs embedded between SiO; and TiO, layer.
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Figure 8.4 The optical loss spectrum of gold MIFs embedded between two 100 nm TiO, layers.
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More detailed optical characterisation was done using spectroscopic ellipsometry. At first
bare BK7 glass substrates and SiO, and TiO, films on BK7 substrates were measured and
characterized. The yielded optical parameters » and k were used in subsequent analysis. Gold
island films on bare BK7 substrate were prepared and analyzed using an efficient procedure
for optical characterization of gold island films that we developed and described in previous
chapter [104], where gold island films were modelled as homogeneous layers with effective
optical constants and thickness. For modelling the dispersion of optical constants, multiple
oscillator approach with Gaussian oscillators was used. The values of parameters obtained
from characterization of gold island film on BK7 glass were used as a starting point for
analysis of gold films embedded between dielectric layers and then refined. For example,
experimental data for the sample with TiO,/Au/TiO, assembly together with results of fitting
of spectroscopic ellipsometry and transmittance are presented in Figure 8.5. Transmittance
measurements at the same point of the sample were needed to achieve uniqueness of fit with

respect to the effective layer thickness [105].
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Figure 8.5 Experimental and modelled values of ellipsometric ¥ and A functions and normal

incidence transmission measured at the same point of the sample with TiO,/Au/TiO;

assembly.
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In the Figure 8.6 all four complex refractive index dispersions of the studied gold films
are presented. For all the samples, results show strong extinction in the visible spectral range
that is associated with the localized surface plasmon resonance of the islands. Additional
absorption was observed in the near UV spectral range, which can be associated with the
electronic interband transition of gold. The plasmon frequency is shifted, depending on the
embedding media. The plasmon resonance is red shifted for gold island films embedded in

media with higher refractive index which is in agreement with earlier observations [30].
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Figure 8.6 Refractive indices of gold island films in various assemblies: BK7/Au,

BK7/Si02/Au/Si02, BK7/SiOz/Au/Ti02 and BK7/TiOz/Au/Ti02

The dielectric layers were considered to have fixed values of » and & in a standard
multilayer design procedure. On the contrary, the gold island films had to be characterized
from the same environment in which they will be within an optical multilayer. Their » and k&
cannot be used from the characterization of a single gold island film on the substrate as
evident in the Figure 8.6. It’s up to conclusion that effective optical constants » and k of gold
island films depend strongly on dielectric environment. Thus, different values of optical
constants, corresponding to particular dielectric environment, have to be taken for the design

of optical multilayers.
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8.2. Design of multilayer reflectors with gold MIFs

We designed various multilayer reflectors based on the enhancement of reflectance of
silver in the region of 400 nm — 700 nm. Actually, we started with improvement of one of
earlier designs done by P. Heger et al. [106], where they used a silver island film as a part of
the multilayer on the top of a thicker silver film with the similar purpose. The optical
characterization described in previous section yielded the data required for further design of

optical multilayers with embedded gold island films.

Three various designs were studied: blue reflector, white reflector and yellow reflector.

The used target functions are listed as follows (R denotes reflectance):

Blue reflector: R =1 for 400 nm — 580 nm and
R =0 for 600 nm — 900 nm

White reflector: R =1 for 420 nm — 680 nm

Yellow reflector: R =0 for 380 nm — 500 nm,
R =1 for 520 nm — 600 nm and
R =0 for 620 nm — 900 nm

The idea was to use the surface plasmon properties of gold island films. In the given
wavelength range, its high absorbance of refractive index indicated a potential to get good

results for high reflectance.

For design the TFCalc™ software was used [107]. In the design several approaches were
tried. Basically we started by creating a reflector on the top of a silver film with an idea to get
induced resonance absorption for the maximum reflectance. Therefore, in the process of
optimization we had to fix groups containing gold island film in order to keep surrounding
media. We started with a 500 nm thick single layer of SiO, and then applied needle
optimization with the three material combinations plus SiO, and TiO, [108-110]. Target
functions were varied in order to get blue, yellow and white reflectors with high luminosity.
The obtained results for blue and white reflectors are presented in the Figure 8.7. The

corresponding designs are presented in Table 8.1 together with the obtained luminosities.
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Figure 8.7 The reflectance of the blue and white reflectors

Table 8.1 Design details and luminosities of the blue and white reflectors

Blue reflector

1 |
700

White reflector

800

BK7

Ag 100.00 nm 100.00 nm
Si0, 41.26 nm 68.09 nm
TiO, 53.78 nm 57.06 nm
Au 9.50 nm 9.50 nm
Si0; 64.66 nm 66.20 nm
TiO; 59.59 nm 124.76 nm
Si0, 211.33 nm 167.74 nm
Air

Luminosity: 66.7% 93.0%



The same design approach did not yield satisfactory results for the yellow reflector and,
therefore, a different design strategy was applied. It turned out that multilayers based on the
enhanced reflectivity of compact silver films were not selective enough and systems without
silver layers on the substrate made far better designs. The details are presented in the Figure

8.8 and the corresponding design is presented in Table 8.2.

10 ———F————+7——+—+
80 4
X 60 .
[}
O
[
IS
8 40 i
D
Y
20 i
0 P N SR TR 1 PR I T T
400 500 600 700 800

Wavelength (nm)

Figure 8.8 Reflectance of the yellow reflector

Table 8.2 Design details and luminosity of the yellow reflector

BK7

TiO, 71.21 nm
Au 9.50 nm
SiO; 87.53 nm
TiO, 68.33 nm
Au 9.50 nm
SiO; 65.54 nm
TiO, 211.33 nm
Au 9.50 nm
SiO; 124.55 nm
TiO, 39.31 nm
Au 9.50 nm
TiO; 122.34 nm
Air

Luminosity: 71.6%
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9. Conclusions

Metal island films of silver, copper and gold were fabricated by electron beam
evaporation. The tailoring of optical and structural properties of the samples was done by
changing two experimental parameters: mass thickness of deposited material and substrate

temperature.

The formation of metal islands on the substrates was confirmed by AFM and GISAXS.
The first trend of the islands morphology dependence (deduced from AFM and GISAXS) is
an increase of the interparticle distance and of all island dimensions with an increase of
deposited mass thickness. This could be explained by greater amount of deposited material
available for particle nucleation. The second trend is an increase of particle size and
interparticle distance as the deposition temperature increases. This is explained by the higher

energy available to the silver atoms arriving to a hotter substrate.

The optical properties of the samples were investigated using spectrophotometry and
variable angle spectroscopic ellipsometry. The existence of the LSP resonance was identified
in the optical spectra and the change of LSP resonance position and width with the change of
deposition mass thickness and substrate temperature was quantified. The absorption in
visible-to-UV range for copper and gold, and in UV for silver was associated with interband
transitions of these metals. Metal-like behaviour of dielectric functions, at low frequencies for
samples at low substrate temperatures and high mass thickness, was observed and attributed

to appearance of percolation.

Efficient procedure for optical characterization of MIFs wusing variable angle
spectroscopic ellipsometry was developed. This procedure is based on modelling the
dispersion of effective optical constants using a multiple oscillator approach. As a result, it
gives effective optical constants which are Kramers-Kronig consistent over the whole
frequency range examined, and corresponding effective layer thickness. Although the Lorentz
oscillators are usually employed to represent LSP resonance [74], it appears that Gaussian
oscillators are more flexible and provide better fits to experimental data [104]. The modelling
of interband transitions of noble metals and Drude absorption in NIR is also successfully

performed in the multiple oscillator model previously described.
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A broadening and red shift of the LSP peak characterize the evolution of the optical
properties of MIFs with the amount of deposited noble metal. Such behaviour could be
qualitatively explained by modelling the metal MIF-SiO; layer as a composite film, which
shows that, when the concentration of metal increases in the composite film, the LSP
resonance becomes broader and red shifted [70, 97, 98]. Regarding the evolution of LSP with
temperature, a blue shift and a narrowing of the LSP resonance is observed. It is attributed to
the changes in size and shape of islands and interparticle distance. The multiple oscillator

model successfully reproduced all the trends of behaviour of LSP resonance.

The research of the gold MIFs on bare BK7 substrates gave a basis for describing the
optical properties of gold MIFs embedded between SiO, and TiO, layers. Plasmonic
properties of gold MIFs were characterized for various combinations of embedding media and

used for design of reflectors.

The used design strategies resulted in blue, white and yellow reflectors based on
multilayers containing gold MIFs. Two of them were spectrally selected enhancements of
silver film reflectance and the yellow reflector was designed by only using gold MIFs, SiO,
and TiO; films [44].

If one compares the results with those given in the paper [106] it is obvious that use of
either gold island films or silver island films can produce very similar results. To produce this
filters, one has to maintain constant deposition conditions and fixed gold island film
thickness. The influence of gold island film environment, SiO, and TiOs, in this study had to
be taken into consideration, because those neighbouring materials drastically change optical

behaviour of islands.

Gold MIFs show interesting potential for the future considerations in thin film optics.
Multilayers with high absorbance and no reflectance are one of them. Well controlled
production, in which the influence of gold island film environment is properly taken into
consideration, is one of the basic prerequisites. Nevertheless, gold island films are on the right

way to find their use in interference coatings.
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Appendix: Different approaches in GISAXS analysis

In this appendix various approximate approaches to GISAXS analysis are presented

which were used in the study of gold island films.

When a beam of collimated X-rays comes to a perfectly flat surface, all the outcoming
intensity is concentrated in the reflected beam. The off-specular scattering appears when any
type of surface roughness or scattering density is present on the surface. In our case, the
roughness comes from presence of small particles or islands on the surface, where each object
is characterised by its position on the substrate R’ and its shape function S'(r), equal to one
inside the object and to zero outside. The scattering density (electronic density in the case of

X-rays) is given by a convolution product
p(r)=p, 2 S' (N®5(r-R", (1.1
where p, is the mean electronic density of the islands.

X-ray beam is scattered from the supported small particles due to changes in electronic
density described by (1.1), with scattering wave vector q which equals q = kr—k;. (k; is the
incident X-ray beam wave vector and Kk is the scattered X-ray beam with wave vector). The

scattering wave vector magnitude g = 4 sin(6) / 4, where 26 is the angle between krand k;.
The scattering cross section is defined by

N

: 1.2
NI,AQ (12

dZ
QD=
with N the number of photons scattered into the solid angle AQ around (26, ay), Iy the flux of

incident photons and N the total number of scattering centres (islands). The scattering

intensity /(q) is proportional to the scattering cross section.
1 . " L
Ha) =5 22 F (a)F" (a)exp(~ig(R' = R), (1:3)
i

where ' is the shape function and R’ is the position of particle indexed with i.
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Small angle scattering is the sum of a coherent scattering term and an incoherent
scattering term. The incoherent scattering term is present when the size distribution of the
nanostructures is not monodisperse. The coherent term is the product of the square modulus of
the mean nanostructure form factor F(q) (which is the Fourier transform of the nanostructure
shape) with the interference function S(g) (which is the Fourier transform of the pair
correlation function of the nanostructures position described later). The incoherent scattering
is very difficult to evaluate analytically in the general case. Therefore, two limit cases are
usually used: (i) the Decoupling Approximation (DA), assuming no nanostructure
correlations, and (ii) the Local Monodisperse Approximation (LMA), assuming full
correlation between nanostructure sizes at a scale corresponding to the coherence length of the

X-ray beam.
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Statistical approximations for scattering intesity

Usual statistical approximations for scattering intensity
1 : « o .
I(q) = FZZFI (q)Ff (q)exp(—lq(R —R’))
i

depend on particular morphology of particles in different cases:

(1.4)

a) Size, shape and position completely uncorrelated — Decoupling Approximation (DA)

L NN NAaanl OV AN A NN

c) Particle distance partially depends on size — Size-Spacing Correlation

Approximation (SSCA)

‘/\r\m\r\r\m\/\r\ /\n,./\,\‘

(1.5)

(1.6)
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Form factor F(q)
Form factor F(q) may be calculated within approximations of increasing complexity:

a) Isolated particle: Born Approximation (BA)

e

F}(q)=qsexp(iqr)d3r, (1.7)

b) Particle supported on a substrate: Distorted Wave Born Approximation (DWBA)

Vacuum

Substrate }

N n(z)

c) Dense particle system supported on a substrate: DWBA on gradient layer

ki \ Vacuum . / kf o
- - v P
Layer of particles "% Vs !/ AY 5
— P 547\ 7N 1 1
Y [ 3 IS, S LT | ] [ \ /
Substrate ‘
Ns  n(z)

Several approaches were tried in the GISAXS analysis of metal island films in this
research, but only the framework of DWBA on gradient layer with local monodisperse

approximation gave appropriate results that are presented in the text.
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Interference function S(q)

Let us assume that dP(r) is the number of particles at r, knowing that a particle is present
at origin. As for a completely random distribution, this value tends towards the surface per
particle times the elementary surface area around r, we define the pair correlation function

g(r) as the departure from this mean value:

dP(r) = psg(r)d°r (1.8)
with pg the particle density per unit surface.

The interference function S(g) is the Fourier transform of partial pair correlation function
g(r) and their corresponding relation is illustrated below for three characteristic cases of

particle order:

a) Ordered systems (lattice)

g(r)
3.0
a)
25
20
—_
:1 5
=
1.0+
0.5
0.0
0
i ¢
a ‘ —_uD=05 —_ oD=05
5 ) H D =025 b) A oD =025
- oD =0125 oD = 0125
‘”\ —— o'D =0.0625 3r p—— oD= 0.0625
4k ' ‘ I I
| / ~ 1
— A\ =3 |
= I \ =2 |
<) AT — Al |
501 O | O I A A
| |1 [ i [ /
| A A S 11| N N S W A
\ | [ / T i =7\ [\
1:/\ N I / /] N/ -
7/ / /N \—/ N
0 ) ! SN / o= J 1 I L
1 2 3 4 0 1 2 4
r/D qD/2n

The para-crystal model was applied in the analysis of the gold MIFs samples in this thesis

which is presented in section 7.2.2.
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List of symbols and abbreviations

C velocity of light in vacuum
d particle diameter

defr effective layer thickness

D interparticle distance

E energy

Euan adhesion energy

E electric field
f filling factor
fo flattening parameter
h particle height
h reduced Planck’s constant
1 light intensity
k extinction coefficient (imaginary part of complex refractive index)
k wave vector
K absolute value of wave vector
me electron mass
m* electron effective mass
N number of particles per unit volume
i complex refractive index
n real part of the refractive index
)4 dipole moment
R reflectance
R sphere radius
R, Guinier radius or gyroradius — RMS value from centre of scattering density
Rims film surface roughness

111



€0
€1

&2
En
Em

0

A
Cabs
Cex t

Cvca

OR(H)(D)

time

temperature

volume

polarizability

absorption coefficient

absorption index

refractive index decrement

damping constant; electron relaxation rate
surface free energy of a metal
line-width of the plasmon resonance
dielectric function

dielectric permittivity of vacuum

real part of the dielectric function
imaginary part of the dielectric function
dielectric function of host material
dielectric function of metal inclusions
angle of incidence

wavelength

absorption cross section

extinction cross section

scattering cross section

size distribution dispersions

electron relaxation time

resonance frequency

plasma frequency
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AFM
EMT
FTIR
FWHM
GISAXS
LSP
LSPR
MSE
NIR
SERS
TEM
UHV
Uuv
VASE
VIS

XRD

a.u.
e.g.
et al.

Le.

atomic force microscopy
effective medium theory
Fourier Transform Infrared Spectroscopy

full-width-at-half~-maximum

grazing-incidence small-angle X-ray scattering

localized surface plasmon

localized surface plasmon resonance
mean squared error

near infrared

surface-enhanced Raman scattering
transmission electron microscopy
ultra-high vacuum

ultra-violet light

variable angle spectroscopic ellipsometry
visible light

X-ray Diffraction

arbitrary unit
for example (exempli gratia)
and others (et alia)

that is (id est)
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